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The authors obtained small pieces of materials from portio vaginalis uteri of women 
being in postmenopause and premenopause, in different stages of pregnancy and parturition 
respectively after delivery. Biochemical investigations of these specimens were performed to 
study the background of physiological ripening of the uterine cervix. They examined the 
changes in activity of sialidase which cleaves terminal sialic acids. Investigations were 
performed with the use of Triticum vulgaris (WGA) and Limulus polyphemus (LPA) 
agglutinins (lectins) marked with F1TC. These lectins bind specifically to the sialic acids. The 
evaluation of the lectin linkage was carried out with fluorescence microscope. Separately was 
evaluated the fluorescence of different extracellular matrix elements concerning the whole 
fluorescence of connective tissue as well. It was stated that the number of WGA- and LPA- 
binding sites of the uterine cervix compared to the non-pregnant state increases 
predominantly in the 1st trimester pregnancy. In relation to the 1st trimester we described a 
slight reduction of LPA- and WGA-binding sites in the 3rd trimester. The most impressing 
changes of LPA- and WGA-binding sites we observed during parturition in the extracellular 
matrix. These results coincide with the author’s previous experience whereas the sialidase 
activity increases significantly during parturition. These data support the assumption that the 
terminal sialic acids and the sialidase play certain role in human uterine cervix during the 
gestational process. Their role at the time of pregnancy and delivery however remains to be 
cleared.
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4 M. Szeverényi et al.

The unripe rigid cervix [13, 31, 34] or cervical incompetence [14, 28, 32] are of 
utmost clinical interest as one of the most important obstetrical problems. Despite 
intensive research biochemical mechanism of cervical maturation and dilatation are 
not fully understood.

Basing on several investigation it is widely accepted that cervical dilatation is an 
enzymatically controlled process [6, 8, 18, 19, 20, 21, 23, 24, 36, 37]. Up to now we 
know that mostly proteases [8, 9, 20, 21, 24, 30, 36, 37] are responsible for the 
degradation of several structural proteins like collagen, elastin, proteoglycans and 
fibronectin [21, 23, 24, 30, 36, 37]. There are only few indications that glucosidases 
are also involved in the process of cervical dilatation [19, 29, 33]. Osmers et al. first 
could demonstrate the sialidase activity peak during parturition at early onset of 
labour [19]. In the literature the polymorphonuclear leukocytes are discussed to be 
the possible source of the measured sialidase activity [26]. In the present investigation 
we tried to answer the question whether the increase of sialidase activity correlates 
with a digestion of terminally linked sialic acid, the typical substrate of sialidase [25]. 
For this purpose we used lectins like Wheat germ agglutinin (WGA) (Triticum 
vulgaris) and Limulus polyphemus agglutinin (LPA) conjugated with fluorescein- 
isothiocyanate (FITC) for staining of terminal sialic acid.

Material and methods

The design of the study was submitted to the appropriate ethic committee and it was accepted. 
Patients were informed about the aims of the study and they gave their written consent. Tissue samples 
were taken from a total of 122 women.

The distribution of the patients was as follows: postmenopause: 24, premenopause: 17, 1st 
trimester pregnancy: 30, 3rd trimester pregnancy without contractions: 10, during delivery (2 -3  cm 
cervical dilatation): 10, during delivery (6 -8  cm cervical dilatation): 13, directly after delivery: 18.

The biops'- s were taken from the posterior lip of the portio vaginalis uteri at 6 o’clock position. 
Specimens of 50-200 mg wet weight were obtained under standardized conditions by a scalpel from a 
depth of 5 mm. In the follow-up study of the patients we did not find any early or late complications.

The obtained tissue specimens were fixed in acidic formalin (150 ml 37% formalin, 830 ml aqua 
bidestillata, 20 ml acidum aceticum and 9 g sodium chloride/1000 ml) and embedded in paraffin. For the 
investigations with fluorescent microscope ultrathin sections (2 -4  (cm) were deparaffinated with 
solutions of decreasing alcohol content (xylol 100%, ethanol 85%, -75% , -70% , Merck, Darmstadt, 
Germany), then washed in distilled water and PBS (phosphate-buffered saline). It was followed by an 
incubation over 40 min with FTTC-conjugated lectins in dark humid chamber at room temperature. We 
used for incubation the Wheat germ agglutinin (WGA) (1:100) and Limulus polyphemus agglutinin 
(LPA) (1:100) (Sigma). After incubation the slides were thoroughly washed in PBS, embedded in 
glycerin-PBS and covered with glass. The microscopic evaluation was carried out with an Axiophot 
fluorescent microscope (Zeiss, Germany) The emission spectrum of the inducing filter was between 
450-490 nm. The intensity of fluorescence was semiquantitatively evaluated with a computer-guided 
automat that indicated the optimal exposure time in seconds. The whole intensity of extracellular matrix 
fluorescence was evaluated as follows: each measurement was carried out at 200x magnification at five
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Binding capacity of sialic acid-specific lectins in the uterine cervix 5

randomly chosen fields. The intensity of fluorescence was measured in each field extrapolated to the 
optimal exposition figures of a 400 ASA film. According to this method the intensity of fluorescence is 
inversely proportional to the exposure times.

In our investigations we evaluated the fluorescence of the extracellular matrix elements, 
fibroblasts, smooth muscle cells, granulocytes and vascular endothelia separately. The fluorescence of 
different connective tissue elements and other cell types was estimated at a 630x magnification. The 
fluorescence of these cells was estimated subjectively in every field of sight.

According to the intensity of fluorescence we set up five categories: 0 = no fluorescence, 
( + ) = just visible fluorescence, + = weak fluorescence, + + = medium intensity of fluorescence, 
+ + + = strong fluorescence.

The specific binding of WGA and LPA to sialic acids was proven in the following way: the 
deparaffinated slides were incubated with Vibrio cholerae sialidase (Behring, Mannheim, Germany) for 4 
hours at 37 °C in humid chamber [9, 27]. Then the slides were incubated with the two lectins as described 
earlier.

Results

The extracellular matrix of the uterine cervix incubated with WGA-FITC 
showed an average ( + + )  fluorescence in pre- and postmenopausal women. The 
intensity strongly increases (+ + +) in 1st and 3rd trimester pregnancies and 
decreases during and after the delivery (Table I). The granulocytes behave exactly in 
the opposite way with granules of a maximum fluorescence staining in the 3rd 
trimester pregnancy, during parturition and in the postpartal period. With exception 
of vascular endothelium no other component of the extracellular matrix shows any 
expressive changes in the WGA binding capacity during the physiological maturation. 
In the case of vascular endothelium a gradual increase can be observed in the 
fluorescence at the end of the pregnancy.

Our experience with incubation of Limulus polyphemus agglutinin considerably 
coincides with those of WGA incubation (Table II, Fig. 1). At this case the strongest 
fluorescence in the extracellular matrix was found in the 1st and 3rd trimester 
pregnancy. At the same time the gradual increase in granular fluorescence of 
polymorphonuclear leukocytes was observed during the parturition.

Acta Physiologica Hu ugarira 82, 1994
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Table I

The intensity o f fluorescence o f some connective tissue elements in the cervix uteri during pregnancy delivery and in postpartal period after incubation with
Triticum Vulgaris (WGA)-FITC

Time of excision
Extracellular

matrix
Fibroblasts

Cytoplasm Membrane
Smooth muscle cells 

Cytoplasm Membrane
Polymorphonuclear leucocytes 

Cytoplasm Membrane Granules
Vessel endothel 

Cytoplasm Membrane
N

Postmenopause + + (+) e 0 (+) 0 (+) (+) 0 (+) 24

Pre menopause + + (+) e 0 (+) 0 (+) + 0 + 17

1 st trimester 
pregnancy + + + (+) e 0 (+) 0 ( + ) + 0 + 30

3rd trimester 
pregnancy without 
contractions

+ + + (+) e 0 (+) 0 ( + ) + + + 0 + + 10

During delivery 
(2-3 cm cervix 
dilatation)

+ (+) e e (+) 0 ( + ) + + + 0 + + 10

During delivery 
(6-7 cm cervix 
dilatation)

+ (+) 0 0 (+) 0 ( + ) + + + 0 + + 13

Directly after 
delivery (+) (+) e 0 (+) 0 ( + ) + + + 0 + + 18

M
. Szeverényi et al.
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Table II

The intensity' offluorescence o f some connective tissue elements in the cervix uteri during pregnancy, delivery and in postpartal period after incubation with
Limulus polyphemus (LPA)-FITC

Time of excision
Extracellular

matrix
Fibroblasts

Cytoplasm Membrane
Smooth muscle cells 

C>toplasm Membrane
Polymorphonuclear leucocytes 

Cjtoplasm Membrane Granu] as
Vessel endothel 

C)toplasm Membrane
N

Postmenopause + (+) e 0 (+) 0 (+) (+) 0 (+) 24

Premenopause + (+) e 0 ( + ) 0 (+) ( + ) 0 (+) 17

1st trimester 
pregnancy + + (+) e 0 (+) 0 (+) + 0 (+) 30

3rd trimester 
pregnancy without 
contractions

+ (+) 0 0 ( + ) 0 (+) + + 0 + 10

During delivery
(2-3 cm cervix 
dilatation)

(+) (+) 0 0 ( + ) 0 ( + ) + + 0 + 10

During delivery 
(6-7 cm cervix 
dilatation)

(+) ( + ) 0 0 ( + ) 0 ( + ) + + + 0 + 13

Directly after 
delivery (+) ( + ) 0 0 ( + ) 0 ( + ) + + 0 + 18

B
inding capacity of sialic acid-specific lectins in the uterine cervix
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Table III

The exposure time o f slides from cervical connective tissue treated with LPA-FITC measured under standard circumstances

Time of excision n X ± SD Range Unit

Postmenopause 24 219.0 83.0 89.0 - 370.0 S

Premenopause 17 162.0 123.9 59.0 - 490.0 S

1st trimester
pregnancy 30 150.5 43.0 94.0-202.0 s

3rd trimester 
pregnancy without 
contractions

10 285.0 97.3 160.0-512.0 s

During delivery 
(2-3 cm cervix 
dilatation)

10 250.0 161.6 95.0-480.0 s

During delivery 
(6-7 cm cervix 
dilatation)

13 176.0 16.4 155.0- 220.0 s

Directly after 
delivery 18 200.0 60.6 125.0 - 344.0 s

M
. Szeverényi et al.



Binding capacity of sialic acid-specific lectins in the uterine cervix 9

Fig. 1. During the delivery fast remarkable fluorescence was detected. (Cervical tissue during delivery at 
6 -8  cm dilatation. Incubation with WGA-FITC agglutinin. Paraffin slide 630 times magnification)

As control after Vibrio cholerae sialidase incubation the slides showed a total 
lack of WGA- and LPA-FITC fluorescence.

The exposure times indicated by an automatic exposuremeter at 200x 
magnification attached to’ the microscope are in agreement with our subjective 
estimation (Table III). The most intensive fluorescence, which meant the shortest 
exposure time, was recorded in the 1st trimester pregnancy, whereas the degree of 
fluorescence decreased at the end of the 3rd trimester and during parturition.

Discussion

The sialoglycoconjugates are important components of cell membranes and of 
the extracellular matrix and have characteristic biological functions [16, 18]. The 
degradation of oligosaccharides is discussed to play an important role in the turnover 
of glycoproteins and therefore in the structural alteration of connective tissue [3, 19, 
24, 26, 30, 33].

The ability of sialidase to cleave the terminal-linked sialic acids of 
oligosaccharides facilitates the further degradation by other glucosidases [17, 19]. 
This seems to be an important prerequisite for consecutive digestion by proteases 
[19, 25, 33]. Indeed, it is known from fibronectin that the enzymatic degradation of
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10 M. Szeverényi et al.

the attached oligosaccharides does not influence its molecular function but induces 
an 8-fold increased proteolytic turnover of fibronectin [19].

The main sources of sialidase are the polymorphonuclear leucocytes (PMNL). 
The enzyme is stored in the azurophilic granule of PMNLs [7,19, 24, 26, 33].

From a recent publication by Osmers it is known that sialidase takes part in the 
enzymatic controlled process of cervical dilatation during parturition [19]. One of the 
possible methodological pitfalls of an extraction of active sialidase from cervical 
specimen could have been that the measured enzymatic activity is due to artificially 
extracted sialidase from PMNLs during processing without any biological function. 
Therefore we used Limulus polyphemus agglutinin (LPA) and Wheat germ 
agglutinin (WGA) which bind in a highly specific way and covalently to terminal- 
linked sialic acid [1, 2, 4, 5, 11, 15, 16, 17, 18, 22, 25, 35, 38]. A decrease of binding 
sites for LPA and WGA was interpreted as an increase of sialidase activity. The 
specificity of LPA and WGA has been verified in several publications [3, 16 -18, 22, 
38].

The WGA binds not only to sialic acids but also to N-acetyl-glycosamine [3, 15, 
16, 18] which is based on the structural analogy of GlcNAC and NeuSac [16, 17]. In 
contradiction to WGA the LPA binds only to terminal-linked sialic acids with 
glycosidic linkage [15].

In our investigation the number of WGA and LPA binding sites of the uterine 
cervix increases predominantly in the 1st trimester pregnancy compared to the non
pregnant state. A possible interpretation of these findings might be that total amount 
of connective tissue proteins as proteoglycans, fibronectin or collagen increases in the 
extracellular matrix [7, 12, 19, 24, 30, 36, 37]. The increase of these structural 
molecules must be associated with an increase of sialic acid covered oligosaccharides. 
The biological function of this increase is up to now still unknown. A possible role 
could be proteolytic digestion [7,19, 22, 24, 26, 33]. In relation to the 1st trimester we 
described a slight reduction of LPA- and WGA-binding sites in the 3rd trimester.

This finding correlates with our earlier published data about the sialidase 
activity in cervical specimen [19, 33].

Although we could not demonstrate a significant elevation of sialidase activity 
near term nevertheless we found a slight increased enzyme activity which could 
explain the slight reduction of LPA- and WGA-binding sites at that time. The most 
impressing changes of LPA- and WGA-binding sites were observed during 
parturition in the extracellular matrix. By use of LPA-FITC we found in all 
specimens marked reduction of fluorescence even in some case a nearly negative 
staining. The same result could be induced by preincubation of the sections with 
Vibrio cholerae sialidase. At that time during parturition Osmers et al. published the 
highest sialidase activity in the cervical connective tissue [19, 33].

Acta Physiologica Hunganca 82, 1994



Binding capacity of sialic acid-specific lectins in the uterine cervix 11

We concluded from our findings that sialidase must play a still unknown role 
during cervical ripening and dilatation.

From collagenase and elastase, which are also critically involved in these 
physiological processes, it is known that they predominantly originate from PMNLs 
[7, 10, 19, 20, 21, 24, 26, 33]. The storage of sialidase in the azurophilic granula of 
PMNLs makes it very likely that PMNLs are also the source of this enzyme. Further 
investigations have to elucidate whether other enzymes as sialyltransferases and other 
glucosidases are also involved in the process of cervical ripening and dilatation.
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Treatment of pregnant rats with allylestrenol on the 15th and 19th days of pregnancy 
induced the activity of enzyme system of adult offspring in females while it did not influence it 
in males. The steroid anticoncipient treatment of adults decreased the activity of some 
enzymes of the PSMO. The adulthood anticoncipient steroid treatment of rats which 
encountered allylestrenol in their fetal age compared to the only anticoncipient steroid treated 
group produces an increased activity of the majority of the tested parameters both in females 
and males. The effect of the adulthood alcohol treatment was not influenced by the embryonic 
treatment with allylestrenol. Differences in the second generation are non-significant.

Keywords: microsomal enzymes, allylestrenol, pregnancy, late effects, imprinting

During the embryonal development and in the perinatal period the 
discriminative potentials of the receptor and enzyme systems do not express the 
characteristic values of an adult one. In this crucial period of maturation the presence 
of some molecules -  being able to link to the receptors or enzymes but being 
different from the adequate molecules somehow -  might provoke disorders, while 
the presence of the adequate molecule itself promotes the maturation of the 
responsible structures. The phenomenon developed following the encounter with the 
physiological or the non-physiological molecules is the hormonal imprinting or 
enzyme imprinting. Development or the absence of hormonal imprinting [6], just like 
deficiencies in it may influence the binding capacity and responsiveness of receptors
[8] and enzymes [9] for a life-long term.
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The imprinting of the microsomal enzyme system develops in this period, too. 
At this time substrate molecules of the enzyme system might induce pathological 
imprinting when they are in non-adequate quantity or quality or in a non-adequate 
time available. Thus the presence of phénobarbital [1, 15, 17] some steroids [14], the 
polycyclic aromatic hydrocarbons [2, 10, 17] etc. [24] are able to influence the activity 
of the microsomal enzyme system for life.

The synthetic steroid allylestrenol (AE) which was used for curing endangered 
pregnancy is also a substrate of the microsomal enzyme system and in this way it 
influences the function of the system [12]. This has a special importance considering 
that the daughters of those mothers who were treated with these synthetic steroid 
during their pregnancies, will take also synthetic hormones as anticoncipients and 
they may consume beverages containing alcohol which also influences the 
microsomal enzyme system of both the male and female in puberty and adult age [5, 
18, 25]. In the present experiments we study the potency of allylestrenol to influence 
the sensitivity of microsomal enzyme system to the anticonceptive steroids and 
alcohol in descendants. On the basis of our previous experiments [11] we also studied 
the effects in those offspring generations which had no direct encounter with the 
synthetic steroid.

Materials and methods

144 male and female closed-bred Wistar rats were used in our experiments. The 3-month-old 
females were paired and (the fact of) fertilization was proved by cytological investigations of vaginal 
smears. In addition the animals were considered to be fertilized when sperm cells were found in the 
estrous stage smears in the morning hours (at the same time always). The pregnant female was separated 
from the males to decrease the effects of stress during pregnancy. The day of fertilization was considered 
day 0 of embryonal development. 0.7 mg/kg allylestrenol (Túrinál, Richter, Budapest) was administered 
im.m. to dams on day 15 and on day 19. Control groups were treated with sunflower oil. Up to age of 4 
weeks the newborn rats were kept together with dams then following the ablactation males and females 
were separated. The 3-month-old animals of this generation (FI) were grouped again.

1. Group of control (untreated) animals.
2. Group of animals treated with anticoncipient steroid. The animals were treated i.m. with 12.5 

pg/kg norgestrel and 2.5 pg/kg ethylestradiol (both Richter, Budapest) solved in sunflower oil, daily, for 
two weeks.

3. Group treated with alcohol. For two weeks the animals drank water containing 10% alcohol 
instead of drinking water. This solution contained 5 g/1 glucose to taste well. Animals were allowed to 
drink from the latter solution ad libitum while they had no drinking water.

One week after finishing the chronic treatment animals were investigated for the microsomal 
enzymes. In each group livers of 6 animals were removed and were submitted to a subcellular 
fractionation [4]. Protein concentration [19] and the following indexes were tested as described 
previously [13]: cytochrome P450 in the microsomal fraction [20], anylin-hydroxylase in the 
postmitochondrial fraction [3], aminopyrine N-demethylase [16], p-nitroanisole -  о -  demethylase [21] 
p-nitrophenol hydroxylase [23].

Acta Physiologic a Hungarica 82, 1994



Microsomal enzyme system, allylestrenol and pregnancy 17

For statistical evaluation the paired t-probe was applied (the performability was checked by the 
help of F-probe in advance). A certain part of the female animals, not included into the investigations, at 
3 months of age was paired with males of untreated parents and remained untreated during pregnancy. 
1'he offsprings (F2 generation) were treated and processed in the same way as the FI generation.

Results and discussion

Our experimental schedule made it possible to investigate the following 
problems:

1. does the treatment of the pregnant rats with the synthetic gestagene sexual 
steroid (allylestrenol) -  which is used for protection of pregnancies in human -  
influence the activity of the microsomal enzyme system of adults in the offspring 
generation;

2. does the anticoncipient steroid treatment of adult animals influence the 
activity of the microsomal enzyme system (after one week);

3. does sensitization of the microsomal enzyme system of adult rats occur to 
anticoncipient treatment when allylestrenol is administered to the dams during their 
pregnancy;

4. does sensitization of the microsomal enzyme system of adult rats develop 
alcohol when allylestrenol is administered to dams during pregnancy.

From the experiments we could draw conclusions about the possible 
differences between males and females in respect of the above-mentioned problems. 
We can study if there is any difference between the FI generation -  those animals 
which participated in the treatments by the mediation of the mother -  and those 
animals which had no allylestrenol treatment even through the mother (F2 
generation).

It was established that the anticoncipient steroid treatment carried out in 
adulthood could somehow inhibit (average 20%) the microsomal enzyme system, 
while alcohol given also in adulthood had no effect on it. At the same time the PSMO 
induction developed by the anticoncipient steroid in FI generation adults of 
allylestrenol treated dams is significantly higher than in the offspring of the non- 
allylestrenol treated (control) dams. The difference was detectable both in males 
(Table I) and in females (Table II).
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Table I

PSMO values o f F l and F2 generations (female) (nmol/g)

FI fetal 
F I adult control

Control
steroid alcohol control

Allylestrenol
steroid alcohol

Aniline- 8.69 5.78“ 8.47 10.39 8.97* °° 10.13
p-hydroxylase ±0.49 ±0.82 ±0.60 ±1.36 ±0.52 ±0.96
Aminopyrine- 243.4 210.0° 240.2 287.7° * 257.2° 2 7 3 ,7 +  + . .
N-demethylase ±7.24 ±13.88 ±7.87 ±14.30 ±13.08 ±7.49
p-Nitroanisol- 42.19 36.78 42.04 48.24 40.57° 47.67
demethyl ase ±0.58 ±2.69 ±1.69 ±2.51 ±1.35 ±2-59
p-Nitrophenol- 23.84 18.08° 20.31° 29.65 26.60** 28.16
hydroxylase ±1.18 ± 2 .2 2 ±0.71 ±4.51 ±1.67 ±3.23
Cytochrom- 9.32 4.83“ 7.05 11.90 8.27* 9.%
P450:CO ±1.17 ±0.90 ±1.22 ±2.28 ±1.19 ±2.08
Cytochrom- 3.27 1.40 2.53 3.41 1.69++ + 2.64
P450:metyrapon ±0.43 ±0.10 ±0.45 ±0.62 ±0.22 ±0.42
microsomal 21.19 21.90 21.97 22.03 20.97 22.53
protein (mg/g) ±0.25 ±0.48 ±0.46 ±0.63 ±0.55 ±0.73

FI fetal 
F I adult control

Control
steroid alcohol control

Allylestrenol
steroid alcohol

Aniline- 8.72 7.82 8.84 8.44 756 7.82
p-hydroxylase ±1.18 ±0.52 ±0.98 ±1.32 ±0.40 ±0.72
Aminopyrine- 395.8 382.8 381.7 377.1 353.0 371.8
N-demethylase ±23.74 ±11.29 ±15.19 ±19.86 ± 12.97 ±10.80
p-Nitroanisol- 67.57 62.74 67.53 65.43 44.50°“ * + + + 48.17°' + +
demethylase ±5.62 ±6.89 ±7.18 ±5.89 ±2.64 ±4.30
p-Nitrophenol- 13.75 13.03 17.55 13.55 12.25 15.26
hydroxylase ±1.83 ±0.91 ±0.97 ±1.10 ±0.85 ±1.32
Cytochrom- 8.18 7.76 10.28 7.77 650 7.39*
P450:CO ±0.47 ±0.76 ±0.81 ±1.15 ±0.79 ±0.74
Cytochrom- 2.61 3.11 4.00 3.77 255 3.66
P450:metyrapon ±0.63 ±0.52 ±0.47 ±0.74 ±059 ±0.68
Microsomal 34.60 32.06 37.10 39.76* 33.72 39.81
protein (mg/g) ±0.86 ±0.84 ±0.84 ±2.12 ±2.35 ±253

°,00,000 = p < 0.05, 0.02, 0.01 resp. to control (of the same group)
+ ,+ +, + + + = p < 0.05, 0.02, 0.01 resp. to absolute control (not treated at all)
*,’ *,*** = p < 0.05, 0.02, 0.01 resp. to control + steroid or control + alcohol
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Table II

PSMO values o f FI and F2 generations (male), nm ol/g

FI fetal 
FI adult control

Control
steroid alcohol control

Allylestrenol
steroid alcohol

Aniline- 9.74 10.95 9.72 7.24 10.18 9.74
p-hydroxylase ±1.50 ±1.69 ±1.34 ±1.07 ±1.35 ±1.69
Aminopyrine- 240.9 241.6 259.5 232.6 247.9 255.2°
N-demethylase ±2.55 ±13.01 ±7.13 ±5.52 ±5.74 ±6.78
p-Nitroanisol- 40.95 34.98 50.03 45.42 51.15** 43.18
demethylase ±4.90 ±5.06 ±4.43 ±4.75 ±2.15 ±3.50
p-Nitrophenol- 14.00 14.47 10.23 15.88 14.82 1157
hydroxylase ±1.52 ±2.15 ±0.94 ±2.07 ±1.57 ±1.48
Cytochrom 9.28 8.07 10.68 10.47 13.76°** + + 12.53
P450:CO ±1.29 ±1.66 ±0.83 ±0.93 ±0.79 ±1.09
Cytochrom- 3.46 2.74 4.72°° 3.12 5 29°o° ...+ +  4.53°°°+ +
P450:metyrapon ±0.29 ±0.50 ±0.30 ±0.24 ±0.58 ±0.25
Microsomal 33.63 37.33°°° 31.20 37.13 33.53*** 33.20°
protein (mg/g) ±0.34 ±0.59 ±0.86 ±1.53 ±0.47 ±0.94

FI fetal Control Allylestrenol
FI adult control steroid alcohol control steroid alcohol

Aniline- 9.27 5.16°°° 8.02 10.13 7.09 9.26
p-hydroxylase ±0.77 ±0.87 ±1.17 ±1.68 ±0.75 ±0.93
Aminopyrine- 331.9 307.0 328.1 331.0 304.4 343.0
N-demethylase ±25.84 ±27.96 ±20.76 ±27.27 ±16.06 ±21.37
p-Nitroanisol- 72.00 59.10 72.06 73.00 64.43 76.77
demethylase ±5.43 ±7.41 ±8.76 ±7.99 ±6.63 ±4.99
p-Nitrophenol 16.90 13.46 16.90 14.34 11.23°.+ 16.11
hydroxylase ±1.59 ±2.37 ±1.99 ±0.67 ±1.09 ±2.30
Cytochrom- 11.65 4.82°° 8.51 12.74 8.23 10.72
P450:CO ±1.92 ±1.26 ±1.59 ±1.92 ±1.03 ±2.03
Cytochrom- 5.50 1.32 2.36° 3.51 2-55+.* 4.51*
P450:metyrapon ±1.10 ±0.24 ±0.08 ±0.38 ±0.45 ±0.80
Microsomal 31.02 33.50 36.95 37.70 33.47 40.38
protein (mg/g) ±0.44 ±1.78 ±1.77 ±1.50 ±1.69 ±1.38

o oo ooo _ r\» 1 p ^ 0.05, 0.02, 0.01 resp. to control (of the same group)
W  + + = p < 0.05, 0.02, 0.01 resp. to absolute control (not treated at all)
*,<•,*** = p  < 0.05, 0.02, 0.01 resp. to control + steroid or control + alcohol
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The effect of alcohol treatment in adulthood was essentially similar in the 
offspring of control and allylestrenol treated dams. Thus it can be supposed that the 
change of responsiveness of the microsomal enzyme system following a neonatal 
allylestrenol treatment is able to influence the effect of steroids which are applied in 
adulthood, but it cannot influence the effect of alcohol.

Following the treatment with allylestrenol the activity of microsomal enzyme 
system was higher in the F I females of the offspring generation, but only one index 
altered significantly. Nevertheless it is worth to consider the general tendencies which 
are strengthened by the value of the significant index representing significant 
difference. In this way it seems that the anticoncipient steroid has an inhibitory effect 
on the PSMO system, the embryonic treatment with allylestrenol prevents the 
inhibition or namely increases it to the absolute control level as compared to the 
animals treated in adult age. In males the treatment in adult age with the 
anticoncipient steroid was ineffective on the PSMO system, but in the allylestrenol 
pretreated and anticoncipient steroid treated animals the activity of PSMO was 
increased. It may be appeared that fetal treatment with allylestrenol makes the 
PSMO system sensible to the effect of induction of a steroid treatment in adult age in 
both sexes.

The adulthood alcohol treatment of females was not effective either following 
an embryonic allylestrenol treatment, a minimal effect could be observed in males.

In our previous experiments with insulin [11] the effect of the receptor level 
hormonal imprinting was transmitted also to the F2 generation. Therefore we have 
studied if this phenomenon is detectable in the case of steroid hormones at the level 
of the microsomal enzyme system. Present results show that the differences of F2 
generation are only sporadic and we can draw the conclusion that the embryonic 
allylestrenol effect on the microsomal enzyme system is detectable only in the 
generation exposed to the effect.

On the basis of our results it is obvious that the embryonic treatment with the 
pregnancy protective substance allylestrenol is able to influence the effect of 
adulthood steroid treatment and this is manifested not only at receptorial level but at 
microsomal enzyme level and in the activity of biotransformation as well. The effect 
is not transferred to the offspring generation not being encountered with 
allylestrenol.
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In male adolescent rats kidney mass attained maximum terminal value already at week 
1 after streptozotocin treatment, and this value did not change over the next two weeks. At 
week 1 the kidney size of diabetic rats was greater than that of untreated controls, whereas at 
week 3 renal mass was the same in both groups. In adult rats with final body and kidney mass 
streptozotocin treatment failed to induce further increment in renal growth, and the kidney 
size of diabetic animals was the same as the final kidney size of age-matched control animals. 
The identity of terminal maximum values for kidney mass in male rats suggests rather an 
accelerated kidney growth than a true hypertrophic response in diabetes. Similar conclusion 
can be drawn from our observations made on the compensatory growth of the solitary kidney 
in diabetic rats with prior uninephrectomy.

Keywords: experimental diabetes, diabetic renal growth,' renal hypertrophy, 
streptozotocin-diabetes in male rats

In rats with experimentally induced diabetes kidney size has been found greater 
than that of age- and body mass-matched untreated control animals as soon as at the 
1st week after streptozotocin treatment [3, 4, 6, 7, 8, 10, 12]. In the diabetic rats 
during the course of the 3 - 6-weeks observation period kidney mass was either 
identical or slightly greater than the value noted at week 1 with unaltered or with 
slightly or sometimes with considerably altered body mass [1, 2, 8]. During that 3 -6  
weeks period the body and kidney mass of control rats increased steadily until 
attaining maximum terminal value. No data are available in the literature on the 
comparison of body and kidney mass values for diabetic and non-diabetic normally 
developing rats in a long-range study. Elucidation of the fact whether the terminal
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kidney mass in the diabetic rats exceeds that of the normally growing kidney would 
be of great significance not only for the definition of the phenomenon but also for the 
clarification of the underlying mechanism. In the classic model of the so-called 
compensatory hypertrophy after uninephrectomy the size of the remnant kidney is 
not only greater than that of age- and body mass-matched controls, but the terminal 
kidney mass substantially exceeds normal control value [5].

The present investigations were designed to describe the characteristics of 
renal growth in diabetic rats.

Methods

Male rats of Wistar (Hannover) origin with an initial body weight from 200 to 220 g were used. 
Diabetes was induced by a single intravenous injection of 55 mg/kg streptozotocin. According to the 
literature this amount of streptozotocin elicited remarkable elevation of blood sugar level while acidosis 
remained compensated with no sign of ketosis. Animals were divided into 9 groups.
Group 1. Untreated control rats at age of 60 days (C -60)
Group 2. Untreated control rats at age of 67 days (C -67)
Group 3. Streptozotocin-treated rats at age of 60 days studied at age of 67 days (D 60-67)
Group 4. Untreated control rats at age of 81 days (C -81)
Group 5. Streptozotocin-treated rats at age of 60 days, studied at age of 81 days (D 60-81)
Group 6. Untreated control rats at age of 102 days ( C - 102)
Group 7. Streptozotocin-treated rats at age of 81 days, studied at age of 102 days (D 81 -  102)
Group 8. Rats with left uninephrectomy performed at age of 60 days, studied at age of 81 days 

(Nx 60-81)
Group 9. Rats with left uninephrectomy + streptozotocin treatment both performed at age of 60 days, 

studied at age of 81 days (Nx + D 60 -  81)
Body mass was measured daily during the course of the whole observation period. At the 

termination of each study kidney fresh and dry weight, and levels of blood glucose were determined. 
Statistical evaluation of data was performed using linear regression analysis, analysis of variance and 
Student t-test for two means.

Results

Results are presented in Table I. In the untreated control group body mass and 
right kidney mass increased from the initial 206.8 g to 247.6 g and from 0.725 g to
0.812 g, respectively after the elapse of one week. In the group of diabetic rats body 
mass and right kidney mass increased from the initial 209.6 g to 241.5 g and from
0.725 g to 0.943 g, respectively during the same time period. Thus, the kidney size of 
the diabetic animals was significantly higher than that of the age-matched control 
rats. At week 3 in the control group mean body mass was 315.7 g, mean kidney mass 
was 0.978 g. The latter value being significantly greater than those measured at days 
60 and 67. At week 3 in the streptozotocin treated diabetic rats body mass was
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slightly lower (192.8 vs 209.5 g), whereas right kidney mass (1.008 g) was significantly 
greater than those of controls measured at days 60 and 67, but it did not significantly 
differ either from controls at day 81 (0.978 g) or from diabetics at day 67 (0.943 g). In 
the untreated control group after the elapse of 6 weeks body mass increased further 
but the right kidney mass did not show further growth, the mean value (0.987 g) 
measured at day 102 did not significantly differ from that (0.978 g) recorded at day 
81. The body mass of diabetic rats was substantially smaller than that of age-matched 
controls (mean 262.5 g vs 333.0 g), whereas the mean value for the right kidney mass 
was 1.007 g, which is essentially the same as the respective values for untreated 
controls at days 81 and 102, or those for diabetic rats at days 67 and 81. At these time 
intervals values for right kidney mass did not show statistically significant differences 
between the two groups.

Table I

Values for kidney mass as a function o f age and body mass in untreated control and streptozotocin -diabetic
rats (Mean ± S. E.)

G r o u p n A g e  (d a y s )

I n i t i a l  A t  S tu d ie s

B o d y  m a s s  (g )

I n i t i a l  A t  s tu d ie s

R ig h t  k id n e y  m a ss

(g )

F r e s h  D ry

B lo o d

g lu c o s e

m M / L

C -60 10 60 60 206.9 206.9 0.725 0.176 4.84
4.8 4.8 0.020 0.004 0.79

C -67 5 60 67 206.8 247.6 0.812 0.193 5.96
2.7 5.1 0.021 0.004 0.74

D 60-67 10 60 67 209.6 241.5 0.943 0.230 16.42
3.8 7.2 0.021 0.006 2.31001u

6 60 81 210.7 315.7 0.978 0.249 4.54
8.0 6.2 0.037 0.014 0.59

D 60-81 8 60 81 209.5 192.8 1.008 0.246 17.68
4.1 4.2 0.041 0.007 2.89

C-102 5 60 102 210.6 333.0 0.987 0.248 6.02
1.2 9.1 0.069 0.015 0.81

D 81-102 10 81 102 310.6 262.5 1.007 0.245 15.32
6.1 12.2 0.028 0.008 2.53

Nx 81 7 60 81 205.7 302.7 1.188 0.291 5.22
5.8 13.0 0.052 0.009 0.70

Nx + D 81 10 60 81 209.9 211.2 1.312 0.320 19.90
5.1 10.0 0.060 0.008 2.95

For right kidney mass 
C -  60 vs C -  67: p = 0.05 
C -6 7 v sD  60-67: p = 0.05
D 60-67 vs C - 81 vs D 60-81 vs C-102 vs D 81 -102: p >>  0.1 
D 60-67 vs D 60-81: p = 0.5 
C -81 vs D 60-81 vs N x-81 vs Nx + D -81:p  < 0.001 
Nx-81 vs Nx + D -81: p > 0.4
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In non-diabetic rats with prior left uninephrectomy performed at day 60, body 
mass increased from initial 205.7 g to 302.7 g at day 81, which increment corresponds 
to the normal body growth rate. The mass of the remnant (right) kidney increased 
from control 0.725 g (value at day 60) to 1.188 g which is significantly higher than the 
respective value for age- and body mass-matched controls. In rats with 
uninephrectomy performed at day 60, and with simultaneous streptozotocin 
treatment (55 mg/kg i.v.) body mass at day 81 was almost identical with that at day 
60, whereas the mass of the remnant kidney increased to 1.312 g which value is 
significantly greater than that of unoperated controls or diabetic rats at day 81, but it 
did not differ significantly from that of non-diabetic uninephrectomized animals.

Discussion

On the basis of the growth curve (Fig. 1) the final maximum kidney mass for 
untreated control rats is approximately 1 g, which value is attained at about week 3 
commencement of studies. On the other hand, in the diabetic rats the same value is 
attained at the end of the first week and it remained unaltered thereafter (weeks 3, 
and 6). Thus it appears that the final size of the rapidly growing kidneys of the 
diabetic rats is identical with that of the normally developing control ones. It should 
be taken into consideration, however, that the body mass of the diabetic animals did 
not increase during the course of the observation period with a duration of three 
weeks, and it was almost identical with the initial value even at the end of week 3. 
Nevertheless endocrine and/or metabolic disorders associated with deceleration of 
body growth rate are known to entail proportional changes in organ growth in the 
same direction. If this statement holds also true for the metabolic disorder in 
diabetes the kidney mass (1.008 g) of the diabetic rats should be compared to the 
kidney mass (0.725 g) of three weeks younger untreated control rats with matching 
body mass (206.9 g) instead of the kidney mass (0.978 g) of age-matched control with 
a body mass of 315.7 g. Thus, results can be also interpreted in such a way that 
diabetes induces renal hypertrophy which peaks already at week 1 after 
streptozotocin treatment and this would not change further despite the known 
correlation between body mass and kidney growth. The streptozotocin-induced 
responses in renal growth are, however, difficult to reconcile with this interpretation 
in rats with almost final maximum body mass and kidney size. At the end of week 3 
posttreatment kidney mass was 1.007 g, i.e. unchanged as compared to that of 
untreated control (0.987 g), while body mass was reduced from the initial 310.9 g to 
262.5 g. We do not know any data in the literature which might indicate that in 
animals with close to, or final body size, a loss of body mass of any origin would 
entail a proportional decrement in organ mass. In our studies we could not 
demonstrate a correlation between the loss of body mass and reduction in kidney
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mass (г = -0.2094; р > 0.1) either. Thus the first interpretation seems to be more 
acceptable, namely, the accelerated renal growth in the diabetic rats leads to earlier 
attainment of final kidney size, but it never exceeds the final size of the normally 
developing kidneys.

1.50-,

0 .50 -

—r— 
60

—I--------------------------- 1------------------------------i---------------------------- i--------------------— l

70 00 90 100 110

Age, days

Fig. 1. Relationship between age and kidney mass in untreated control and streptozotocin-treated 
diabetic rats. — curves calculated for normal and uninephrectomized (o), - - - curves predicted for 

diabetic and diabetic-uninephrectomized ( •  ) rats, respectively. (For calculation see [5])

At week 3 after uninephrectomy the kidney mass of both diabetic or non
diabetic rats was higher than that of the right kidney of unoperated control or 
diabetic animals. The compensatory growth of the diabetic kidney appeared to be 
more pronounced than that in the non-diabetic uninephrectomized rats, but due to 
the relatively large scatter and small sample size this difference was not statistically 
significant. At week 3 after uninephrectomy the mass of the remaining kidney in the 
non-diabetic animals was exactly the same as could be predicted from the growth 
curve, but statistically lower than the mean of the final maximum value (1.4 g). On 
the other hand, the mass of the hypertrophied kidney almost attained, but did not 
exceed 1.4 g (Fig. 1). These results are rather supporting a kidney growth 
accelerating action than induction of a true hypertrophic response in diabetes
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mellitus. At the same time we also suggest that the mechanism of the compensatory 
renal hypertrophy and that of the diabetic "kidney hypertrophy" are different.

It is important to emphasize that we used male rats. Results published by 
Seyer-Hansen [8, 9, 10] in female rats appear to show, however, that the final 
maximum kidney mass of diabetic rats are substantially greater than that of the 
normal kidneys, and in diabetes there is a strong inverse correlation between 
reduction of body mass and kidney size [9]. Therefore, animals with a reduction in 
body mass greater than 30 g were excluded from the studies and this fact did not 
seem to be fully justified. On the other hand, the conclusions of the cited publication
[9] with regard to the different mechanisms of compensatory renal hypertrophy after 
uninephrectomy and renal hypertrophy in diabetic rats are in good agreement with 
our view. At present, on the basis of data available it is not quite clear whether the 
difference in results obtained in male and female animals can be attributed to sex 
differences or non-identical experimental conditions.
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The tripeptide aldehyde GYKI-14766 (D -M eP he-P ro-A rg-H ) synthesized by 
Bajusz et al. in 1975 [1] is a specific, reversible thrombin inhibitor. It was found effective in 
vitro in clotting time assays as well as in vivo in thrombosis models [2].

To study the biochemical effects of the inhibitor various experimental setups were 
applied. First we measured the binding of thrombin to platelets using 125J-trombin. KD was 
55 nM. Second, 125J-thrombin was displaced by thrombin or by a GYM -  14766-thrombin- 
complex with similar efficacy. However, the binding of thrombin to the platelets increased the 
intracellular free Ca2+ concentration, but the inhibitor-thrombin complex did not influence it. 
Analyzing the kinetics of the reactions involved we found that the formation of the 
GYKI -  14766-thrombin complex was slower than the triggering of the platelet Ca2+ signal by 
thrombin.

Keywords: D -M eP h e-P ro-A rg-H , thrombin, platelets, intracellular Ca2+ levels,
kinetics

In search of an effective and specific antithrombotic and anticoagulant drug 
with a defined mechanism of action, Bajusz et al. [1] designed and synthesized 
tripeptide-derivatives of which D -M e P h e -P ro -A rg -H  (GYKI-14766) has proved 
to be a highly specific, direct and reversible inhibitor of thrombin. This compound is 
effective in vivo, through parenteral and oral administration.

The compound has been characterized in terms of its effects on blood 
coagulation and platelet aggregation in vivo and ex vivo as well as in terms of in vivo 
pharmacodynamics [3]. The peptide has proved to be completely harmless to 
platelets and red blood cells and caused no significant change in platelet count and 
function, nor in the haemodynamic parameters and respiration. No rebound effect or 
bleeding was demonstrated even after subtoxic doses. The present paper deals with 
the further biochemical characterization of GYKI -14766.
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Materials and methods

Radiolabelling o f thrombin

Thrombin (3000 NIH U/mg, Hoffmann La Roche) was labeled with 125I-Bolton-Hunter reagent 
(2,200 Ci/mmol) according to the instructions of the manufacturer. Briefly, 17.8 pg of thrombin in 
0.05 M sodium borate buffer with 0.15 M NaCI (pH = 8.5) was added to 1 mCi 125I-Bolton-Hunter 
reagent for 12 hours at 4 °C. (The solvent of the latter had previously been evaporated under N2.) 
Protein was separated from the low molecular weight contaminants (e.g. unreacted reagent) on a 
Sephadex G -25 column (bed volume 5 ml). It was then equilibrated and eluted with 0.05 M phosphate 
buffer (pH = 7.4) containing 0.15 M NaCI and 0.1% gelatine. The specific activity of the product was 
1.7 X  107 cpm/nmol.

Thrombin binding assay

Rabbit thrombocytes were prepared as described by Crouch and Lapetina [4]. Platelets were 
incubated (2 -3  x 109 platelets/tube) in a total volume of 400 pi with 10~7 M of 125I-thrombin or a 
thrombin-GYKI-14766 complex in a buffer (25 mM tris HCl, 136 mM NaCI, 0.6% polyethylene glycol 
6000; pH = 7.4) for 30 min at 25 °C. 125I-thrombin was displaced by various concentrations of 
nonlabelled thrombin. In another series of experiments, a thrombin-GYKI -14766 complex, which had 
simply been prepared by a 5-min preincubation of thrombin with the inhibitor compound (in about 20% 
excess), was used to displace 125I-thrombin from its specific binding sites. The binding reaction was 
terminated by adding 450 p.1 of ice-cold washing buffer (500 mM HEPES, 5 mM CaCl2, pH = 7.4). Then 
the reaction mixture was centrifuged for 3 min at 3500 rpm and the supernatant was aspired. The pellet 
was washed twice with 1 ml ice-cold washing buffer. Platelet-associated radioactivity was measured with a 
gamma-counter (LKB-WALLAC 1470 WIZARD).

Measurement of thrombin induced Ca2+ liberation

Rabbit thrombocytes were separated according to Crouch and Lapetina [4]. Blood was drawn 
from the ear vein. It was anticoagulated with 3.8% trisodium citrate and centrifuged at 200 g for 20 min. 
The platelet-rich plasma was then centrifuged for 20 min at 800 g. The platelets obtained were 
resuspended in buffer (138 mM NaCI, 2.9 mM KC1, 20 mM HEPES, 3.3 mM NaH2P 04, 1 mM MgCl^ 
1 mM glucose, pH = 7.4) and incubated with 1 mM aspirin and 1 mM EGTA for 20 min at room 
temperature. The preparation was centrifuged again (for 20 min at 800 g) to remove aspirin and EGTA, 
resuspended in the same buffer and incubated with the fluorescent dye INDO-1 (5 pM) for 45 min at 
37 °C. Then cells were washed twice by resuspension in the same buffer and centrifugation (800 g) for 20 
min. In our experiments the thrombocyte count of the preparations obtained varied between lO’ -lO 10 
platelets/ml. The intracellular Ca2+ concentration of the aliquots was continuously monitored using a 
fluorescence spectrophotometer (Hitachi 4000) with excitation and emission wavelengths of 340 and 
390 nm, respectively. To examine the eventual drug effects 500 pi of the thrombocyte preparation was 
diluted in 1500 pi buffer, then 10 pi CaCl2 (05 mM) and 20 -  20 pi of a 1 mg/ml solution of 
GYKI -14766 and thrombin were added to the mixture. Thrombin was added either alone (1 NIH U in 
10 pi buffer) or after a 5-min preincubation with GYKI -14766 at room temperature. The thrombin to 
GYKI-14766 ratios were 3:1, 2:1,1:1 and 1:2 during preincubation.
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Hydrolysis o f the chromogenic substrate

Thrombin (3000 NIH U/mg, Hoffmann La Roche, Basle, Switzerland) at a concentration of 
0.5 U/ml was preincubated with 500 p.g/ml G Y K I-14766 for different lengths of time at 22 °C in a 
20 mM KH2P 04 buffer (pH 7.4). The enzyme reaction was initiated by the addition of the chromogenic 
substrate Chromozym TH (Boehringer, Mannheim, FRG) to the mixture. Volume of the mixture was 
2.5 ml. The increase in light absorption at 405 nm was monitored with a Perkin Elmer (type 551) 
thermostable spectrophotometer. The temperature was kept constant (22 °C). The initial velocity of 
reaction was determined from the slope of the F'405 vs t graph and was considered proportional to the 
amount of noninhibited thrombin in the reaction mixture.

Results

E ffe c t o f  b in d in g  o f  th ro m b in  to  p la te le ts

125I-thrombin showed a specific binding to rabbit platelets with a reasonably 
good ratio of total to nonspecific counts (above 2:1). As shown in Fig. 1,

Competitors : 
a : thrombin
b : thrombin -14766 complex

Fig. 1. The effect of GYKI-14766 on the binding of thrombin to platelets. The abscissa shows the 
concentrations of unlabelled thrombin (a) and the thrombin-GYKI-14766 complex (b). The ordinate 

indicates the specific binding in per cent of that measured in the absence of the competitor
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G Y K I-14766 did not influence the binding of 125I-thrombin to platelets, i.e. the 
thrombin-GYKI -14766 complex competed as effectively for the 125I-thrombin 
binding sites as the native thrombin. Specific thrombin binding was linearly 
dependent on platelet concentration up to 1.4 x 1010 platelets/ml. 125I-thrombin 
could be displaced with the nonlabelled enzyme resulting in an IC50 of about 1 gM.

[ C a 2 + ]  sig n a l

Addition of thrombin to platelets caused an increase in cytosolic Ca2 + 
concentrations even when Ca2+ ions were not present in the medium, suggesting that 
thrombin mobilized Ca2+ ions from the intracellular Ca-stores. After adding Ca2+ to 
the medium the Ca2+ signal increased even more indicating a Ca2+ influx from the 
extracellular medium into the cell. When thrombin was added to platelets suspended 
in buffer containing 0.5 mM Ca2 + , we could not distinguish between the Ca2+ level 
originating from the intracellular Ca-stores or from extracellular buffer (Fig. 2). 
GYKI-14766 did not inhibit the thrombin-platelet reaction even when we added the 
inhibitor to the platelets first. After preincubation of GYKI - 14766 with thrombin no 
Ca2+ signal was induced in the platelets by the complex. However, the subsequent 
addition of an aliquot of thrombin produced Ca2+ signals as large as before the 
treatment with GYKI -  14766 (Fig. 3).

The results suggest that an inactive complex was formed during preincubation. 
It seems that the complexation reaction requires a much longer time than the time 
needed for the thrombin-platelet interaction. The sensitivity of the platelets to 
thrombin was apparently affected by GYKI -  14766.

K in e tic s  o f  in h ib itio n  o f  th r o m b in  a c tiv ity  in v itro

Preliminary experiments showed that the interaction between thrombin and 
GYKI-14766 is not fast enough to employ the usual kinetic assays presuming a 
chemical reaction leading to a rapid equilibration or even steady-state approximation. 
Therefore, a different approach was used to estimate the GYKI-14766-induced 
inhibition of thrombin activity. Their chemical reaction was measured using 
Chromozym TH, which is hydrolyzed by thrombin. The hydrolytic product of 
Chromozym TH is a chromogenic substance (p-nitroaniline) and its concentration 
can be determined spectrophotometrically.

Saturation analysis of the enzyme reaction resulted in а Км of 60 gM at 25 °C, 
p H  7 .4 .
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Cq2* resting (г )

Fig. 2. The addition of thrombin to platelets caused an increase in cytosolic Ca2+ concentration even 
when Ca2+ ions were not present in the medium. This observation suggests that thrombin mobilized 
Ca2+ ions from the intracellular Ca2+ stores. After adding Ca2+ to the buffer, the cytosolic Ca2+ level 
increased even more, indicating a Ca2+ influx into the cells. When thrombin was added to platelets 
suspended in a buffer containing 0.5 mM Ca2+, we could not distinguish between the Ca2+ level 

originating from inside the Ca2+ stores and that from outside the platelets.
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T h r

1 AT U G Y K I -  1 A 7 6 6

0 . 5  mM Cq 2 *

Cq2* r.

Fig. 3. When 1 ATU of GYKI-14766 (a concentration completely inhibiting 1 NIH U thrombin in the 
fibrinogen-fibrin conversion system) was dissolved in the medium, we obtained the same Ca2+ signal as 
that presented in Fig. 2. In another experiment we used an aliquot of a thrombin-GYKI -14766 mixture 
preincubated (22 °C, 5 min) at a 4:1 activity ratio. When the platelets were stimulated with an aliquot of 
the complex formed no Ca2+ signal was observed. 1 lowever, on the addition of an aliquot of fresh 

thrombin to the same platelets, the normal Ca2+ signal reappeared
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Preincubation of thrombin (T) with G Y K I-14766 (I) for increased lengths of 
time resulted in a progressive inhibition of the hydrolysis. The dependence of 
inhibition on the length of preincubation can be described by the following 
stochiometric equations:

K,
T + I TI and

K-I

KM Pi
T + S — TS -** TS’ -» T + P2

where S is the substrate (Chromozym TH), Pj is the chromogenic product and P2 is 
the other product of the hydrolysis.

Under the conditions employed the progression of the thrombin-inhibitor 
reaction was practically halted by the addition of the substrate. Thus, it was possible 
to calculate the concentration of free thrombin as a function of the preincubation 
time ( t) with GYKI -14766, as follows:

[TT] = [TJe-M ib

where [T] is the thrombin concentration, [I] is the inhibitor concentration. The 
backward reaction can be neglected. The second order rate constant of the thrombin- 
G Y K I-14766 complex could be determined. The analysis of the data was performed 
after semilogarithmic transformation (Fig. 4). Inhibition could be reversed by the 
addition of a large excess of hidrazine sulfate, indicating the reversibility of the

Fig. 4. Inactivation by GYKI-14766 of thrombin measured by the inhibition of the hydrolysis of 
Chromozym TH. The abscissa shows the length of preincubation of thrombin with GYKI-14766. The 
ordinate indicates the remaining thrombin activity (on a logarithmic scale), as determined by the rate of

the hydrolysis of Chromozym TH
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Conclusion

The specific thrombin inhibitor GYKI -14766, at a concentration blocking the 
in vitro effect of thrombin on blood clotting and platelet aggregation [5], did not 
influence the displacement of radiolabelled thrombin by the enzyme: i.e. the inhibitor 
does not influence the thrombin-platelet binding even if it is complexed with 
thrombin. In other words: blocking the active center of thrombin by GYKI -14766 
did not influence the association of thrombin with its receptor on platelets, indicating 
that the active center is not involved in the receptor binding. Thrombin binding to 
platelets results in a sudden increase in the intracellular Ca2+ ion concentration. The 
inhibitor did not reduce this change even if it was present in the platelet suspension 
at the time of thrombin addition, but the Ca2 +-signal was abolished if GYKI-14766 
was preincubated with thrombin. Our results suggest that the thrombin-platelet 
interaction determines the rate of reaction: the inhibition of the thrombin-induced 
platelet aggregation by GYKI -14766 occurs at the level of signal transduction rather 
than the level of thrombin binding.

The kinetic study shows that the peptide-aldehyde inhibitor blocks the 
proteolytic activity of thrombin. The assay on the low molecular weight chromogenic 
substrate revealed that the inhibition required several seconds to appear and several 
minutes to fully develop. These experiments show that the slowest reaction is the one 
between thrombin and G Y K I-14766, irrespective of what reaction thrombin takes 
part in the subsequent step (hydrolysis of the substrate or binding to the receptor). 
This, however, does not necessarily imply that the inhibition of the fibrinogen-fibrin 
transformation is similarly affected by the slowly reacting inhibitor. Clarification of 
that issue needs further studies.
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This study was performed to compare cardiac output (CO) values determined by 
means of impedance cardiography (ICG) with the conventional four-band electrode array and 
with different spot electrode arrays in anaesthetised dogs. CO values determined at end- 
expiratory apnoea with hand-calculation (ICG1) and during several respiratory cycles with a 
computer program (ICG2) were compared with values obtained via simultaneous 
thermodilution (TO) measurements. Changes in CO during isoproterenol infusion, bleeding 
and reinfusion were also studied by means of ICG1, using one of the spot electrode arrays and 
TD. Band voltage electrodes yielded a significantly lower CO, whereas spot electrodes on the 
left thorax gave a significantly higher CO than that measured with TD. In spite of the high 
correlation coefficients in the different electrode arrays, the bias between ICG1 and TD, and 
that between ICG2 and TD CO in the SL1-SL8 and B N -B X  electrode arrays showed 
differences statistically significant from zero. The percentage changes in CO measured with 
ICG1 in the SN -SX  electrode array and TD during isoproterenol infusion, bleeding and 
reinfusion also showed a high correlation. These results indicate that band voltage electrodes 
can be replaced by the more convenient spot electrodes in certain arrays. Further CO may be 
measured during several respiratory cycles by using a computer program. Thus, ICG is a 
reproducible, non-invasive method for the measurement of CO in anaesthetised dogs.

Keywords: impedance cardiography; thermodilution; band and spot electrodes

Electrical impedance cardiography (ICG) may be widely used for the 
noninvasive determination of cardiac output (CO) in clinical medicine and research 
laboratories. The method is based on beat-to-beat analysis of the electrical 
impedance of the thorax. Changes in the thoracic impedance derive from movements 
of blood with high conductivity in and out of the thorax. The thoracic impedance is

Correspondence should be addressed to 
Ágnes A d a m ic z a

Institute of Experimental Surgery, Szent-Györgyi Albert Medical University 
H-6701 Szeged, P.O. Box 464, Hungary

Akadém iai Kiadó, Budapest



38 Ágnes Adamicza et al.

determined by passing a high-frequency (40-100 kHz), low-intensity (1 -5  mA) 
alternating current between two current electrodes and measuring the voltage 
changes between the two voltage electrodes during the cardiac cycle. Our earlier 
measurements [1] were made with the conventional four-band electrode arrangement 
(two current electrodes around the neck and below the thorax, and two voltage 
electrodes around the base of the neck and at the level of the xiphoid process) in 
anaesthetised dogs. A close correlation was found between the CO values 
determined by means of the impedance method at end-expiratory apnoea and those 
obtained with three reference methods (isotope dilution, electromagnetic flow 
measurements, and a pulsatile flow contour method). Recent studies have reported 
on the use of spot electrodes instead of band electrodes, as the latter are not 
comfortable in long-term measurements and may be moved in hyperventilation. 
Some investigators [3, 6, 35] have measured CO with ICG by using only spot 
electrodes in patients. In other studies on patients [25-27, 36] spot and strip 
electrodes were applied instead of band electrodes and quantitative and qualitative 
impedance changes were compared. Few studies have been reported [3, 26, 36] in 
which a reference method was used and a comparison was made with CO values 
obtained with the band electrode and different spot electrode arrays. All these 
studies were performed on humans. A common problem with the otherwise 
convenient ICG method is that the respiratory movements may cause artefacts on the 
impedance signal. Therefore, ICG measurements require breath-holding to avoid 
distortion of the impedance signal. This can be a critical obstacle in animal studies. 
Some investigators [7, 19, 20, 22-24, 31, 37, 38] have recently described different 
methods to free the impedance signal of respiratory effects. Our study was 
performed 1) to determine the applicability of spot voltage electrodes on the neck 
and on different parts of the thorax in anaesthetised dogs, 2) to determine CO during 
several respiratory cycles after filtering out the respiratory artefacts with a computer 
program, and 3) to compare CO values obtained with ICG with those measured by 
means of thermodilution (TD) as a reference.

Methods

Anim al procedure

This study was approved by the Ethical Committee for the Protection of Animals in Research of 
Szent-Györgyi Albert Medical University. Mongrel dogs of both sexes (mean weight = 17.4 kg) were 
anaesthetised with sodium pentobarbital (Nembutal, 30 mg/kg iv), and anaesthesia was maintained 
throughout the experiments. The neck, thorax and upper abdomen were shaved. The animals were 
placed on heating pads to maintain the body temperature at about 37-38 °C. A catheter was introduced 
into the ascending aorta through the femoral artery to permit the recording of arterial blood pressure. A 
polyethylene catheter in the femoral vein was used to infuse drugs. Two current band electrodes were 
positioned around the neck and the upper abdomen. In some experiments, a tetrapolar band electrode
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configuration was used for the recording of impedance changes; that is, two voltage band electrodes were 
placed around the base of the neck and around the thorax at the level of the xiphoid process. In other 
experiments, two spot voltage electrodes with a contact area of 2 cm2 were used on different parts of the 
thorax. Both the band and the spot electrodes were made from silver conductive cloth (In Vivo Metric 
Systems, Healdsburg, USA). Electrode gel (Aquasonic 100) was used to improve contact with the skin. A 
flow-directed balloon thermodilution catheter (Corodyn T D -N , B. Braun AG, Melsungen, Germany) 
was introduced into the pulmonary artery through the femoral vein.

Cardiac output measurement

1. Impedance cardiography

The current electrodes were connected to a constant current oscillator supplying a high-frequency 
(50 kHz), low-intensity (1 mA) alternating current (Fig. 1). The potential changes between the voltage 
electrodes were amplified and rectified with a demodulator. After separation of the d.c. component (Zq ), 
the signal was further amplified and the AZ component was obtained. This was passed through a 
differentiator to provide the first-time derivative of AZ (dZ/dt). Aortic pressure (Рд) was continuously 
measured with a Statham P23Db transducer and recorded on a Beckman R611 Dynograph recorder. The 
pressure signal was passed through a differentiator to obtain dPA/dt, which was useful in determination 
of the ejection time. AZ and dZ/dt were also recorded. The basal thoracic impedance (Zq) was 
measured with a voltmeter. Stroke volume was calculated according to the empirical equation of Kubicek 
et al. [14]: SV = pTdZ/dtmjn-L2/Z o2, where p = blood resistivity (assumed to be 135 ohm-cm), T = left 
ventricular ejection time (s), dZ/dtmm = maximum rate of decrease in impedance (ohm/s), L = mean

Fig. 1. Block diagram of the two impedance cardiography systems
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distance between the voltage electrodes (cm), and Zq = basal thoracic impedance (ohm). Two methods 
were used to obtain CO with ICG. First, impedance parameters were recorded at end-expiratory apnoea 
on a Beckman R 611 Dynograph recorder at a paper speed of 50 mm/s and the values of 3 -5  cardiac 
cycles were averaged (ICG1). Second, after AD conversion the impedance changes were recorded in 
several respiratory cycles with a computer program, which produced the Fourier spectrum of the signals. 
By means of an electrocardiogram spectrum, the common frequency of the respiratory and heart 
components was separated and the inverse transform was then taken. Only the signals containing the 
heart components (Д7.) were used. This method is similar to that of Raza et al. [30] but an optimal 
amplitude characteristic without phase is used in the filtering technique. Stroke volume was obtained 
after averaging the cardiac cycles occurring within a 20-s sample period. All the parameters were 
displayed on the screen and printed out on hard copy (ICG2).

2. Reference method

TD was used for the simultaneous measurement of CO. A bolus injection of iced isotonic saline 
solution (5 ml) was administered by using a computerized TD measurement system (Corodyn TD 
computer, B. Braun AG, Melsungen, Germany), and a digital display of the CO was obtained.

Experimental protocol

The experiments lasted approximately 2 hours. The two types of ICG CO measurements with the 
different electrode arrays were performed successively and the TD CO measurements were carried out 
simultaneously with the ICG measurements. The following voltage electrode arrays were used (Fig. 1): 
1. SN -SX  = spot, neck -  spot, xiphoid process (n = 36), 2. SN-SL8 = spot, neck -  spot, left 8th 
intercostal space (n = 31), 3. SL1 -SL8 = spot, left 1st intercostal space -  spot, left 8th intercostal space 
(n = 18), 4. BN-SX  = band, neck -  spot, xiphoid process (n = 9), and 5. B N -B X  = band, neck -  
band, xiphoid process (n = 29). CO was not measured by means of ICG2 in the fourth electrode array 
(BN -SX ). Alterations in CO were produced by isoproterenol infusion (Isuprel, Winthrop; 0.2 
pg/kg/min), by bleeding the dogs gradually of not more than 30 percent of their estimated blood volume 
(92.6 ml/kg) and by reinfusion of the shed blood. Changes in CO were measured simultaneously with 
ICG1 in the SN-SX electrode array and with TD.

Statistical analysis

Data are given as mean, median and semi-interquartile range (SR). SR is defined as half of the 
difference between the 75th and 25th percentiles [7, 8, 11]. The nonparametric Wilcoxon-Mann-Whitney 
test and the Wilcoxon signed rank test were used for intergroup and within-group comparisons [32, 39]. 
The between-technique variabilities of different measurement methods were estimated through 
Spearman rank-order correlation coefficients [32] and bias [4, 15]. Bland and Altman [4] have suggested 
a new method in the comparison of two measurement techniques. Two parameters, the bias (the mean 
difference between the methods) and the standard deviation of the bias (SD), were used to evaluate the 
agreement between the measurement methods. The differences were evaluated by Student’s t-test. The 
mean difference ± 2SD are known as the "limits of agreement". Repeated measurements were taken 
with the different electrode arrays during a stable period. The within-technique variability was estimated 
through the coefficient of variation. In order to permit comparison of our results with those of others, 
linear regression analysis was also used. Statistical significance was set at the 5%  level.
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Results

The animals were carefully monitored during the experiments. The blood 
pressure and heart rate values were stable during the resting CO measurements 
(data not shown). There were no significant differences in CO values measured with 
TD during the protocol (Fig. 2). The CO values determined with the ICG1 and ICG2 
methods with two spot electrode arrays (SN-SX and SN-SL8) were the same as 
those measured with TD. However, spot electrodes positioned only on the left thorax 
(SL1-SL8) yielded significantly higher values, while band voltage electrodes on the 
neck and on the xiphoid process gave significantly lower values.

I I ThermodltutLon У / / / Л  IC6 1 1 «««I IC6 2

Fig. 2. Impedance cardiographie and thermodilution cardiac output values in the different electrode 
arrays. The left and right horizontal lines indicate the mean and median values, respectively.

The columns represent the 25th and 75th percentiles

Spot electrodes on the left thorax (SL1-SL8) with the shortest distance 
between the electrodes provided significantly smaller Z0 and dZ/dt than those 
obtained with the band electrode array (Table I). In this group, therefore, a 
significantly higher CO was obtained. The band-spot electrode configuration 
(BN -  SX) also gave higher CO values than those with the band-band electrode array. 
If band electrodes were replaced by spot electrodes (SN-SX and SN-SL8), the CO 
values did not differ significantly from those measured with band electrodes. With 
these two electrode arrays, the only change was observed in Z0 , which was 
significantly smaller with the spot electrode arrays. Albeit dZ/dt was also 
significantly smaller in the SN-SX array, this difference did not appear in the mean 
CO value.
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Tahié I

Impedance parameters and cardiac output measured with impedance cardiography (ICG1) in the different
electrode arrays

Electrode arrays SN-SX SN-SLS SL1 -SLÄ BN-SX BN-BX

dZ/dt (n /s) 2.00 (0.3)b 2.19(0.5) 1.71 (0.6)№ 2.32 (0.2) 2.36 (0.2)
Z o(H ) 44.3 (3)bb 44.5 (4)bb 24.3 (2)bb 43.7 (3)ьь 51.3 (5)
L (cm) 30.5 (1) 30.3(1) 19.2 ( l)bb 29.5 (2) 29.2 (2)
Zq /L  (n/cm ) 1.46 (O.l)1* 1.48 (0.2)bb 1.26 (0.08)bb 1.48 (0.1)bb 1.76(0.04)
dZ/dt-L2/Z o2 (cm2/Os) 0.99 (0.2) 1.02 (0.3) 1.04 (0.3)bb 1.08 (0.2) 0.77 (0.08)
c o icgi (ml/min/kg) 160.3 (43) 164.1 (30) 181.5 (43)b 181.5 (37)b 145.8 (25)

Each value represents the mean, with the semi-interquartile range in brackets. 
b = P < 0.05 against BN -  BX 
ьь = p < 0.01 against B N -B X

In some experiments (n = 4), we decreased the distance of the spot voltage 
electrodes by placing the upper electrode on the suprasternal notch and the other 
electrode on the xiphoid process. We then observed lower ZC) (18.3) and dZ/dt 
(0.95) values than those measured with the SN-SX array; these values were similar 
to those obtained with the SL1-SL8 configuration (data not shown).

Table II contains the statistical data relating to TD and ICG measurements. 
We obtained high correlation coefficients for the different electrode arrangements. 
However, the bias between ICG1 and TD, and that between ICG2 and TD CO with 
the SL1-SL8 and B N -B X  electrode arrays exhibited differences statistically 
significant from zero. The within-technique variability was estimated in terms of the 
coefficient of variation calculated from repeated measurements at the different 
electrode configurations. The coefficients of variation revealed less variability in the 
TD CO data than in the ICG1 and ICG2 data.

Figures 3 -5  present the differences between CO values measured with two 
methods (TD-ICG1 and TD -ICG 2) against the average CO values obtained with 
the two methods for the different spot electrode arrays and the band electrode array. 
The percentage changes in CO measured by means of 1CG1 with the SN-SX 
electrode configuration and TD during isoproterenol infusion, bleeding and 
reinfusion also displayed a high correlation (Fig. 6) (linear regression, rR = 0.927, 
P < 0.0001).
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Table II

Statistical data

Electrode arrays S N -S X SN-SL8 SL1 -SLÄ BN-BX

c o TD- c o 1CG1 0.747 0.814 0.941 0.851
r R

c o TD- c o , CG2 0.644 0.690 0.873 0.832

COTO-C O |CG1 0.781 0.849 0.915 0.893
r Sp

c o TD -  c o )CG2 0.740 0.683 0.718 0.901

c o TD- c o 1CG1 -0.76 22.42 -19.16
Bias 0.856 0.005 0.001
P COTD-C O |CG2 1.26 18.46 -22.85

0.814 0.017 0.001

COTD-C O |CG1 34.08 31.39 15.84
SD

COTD-C O |C02 37.04 29.12 16.47

Coefficient COTD 5.7 4.1 4.5 7.2
of CO|CG1 9.2 8.5 7.8 12.3
variation c O|CG2 9.8 3.7 4.3 8 .0

rR = correlation coefficient of the linear regression 
t*Sp = Spearman con, lation coefficient 
Bias = mean difference
P = the significance of the mean difference from zero 
SD = standard deviation of the mean difference
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ICG 1 ICG 2

■ SN-SX + SN-SLB ■ SN-SX + SN -SL8

Fig. 3. Plots of differences between cardiac output values measured by means of impedance cardiography 
(ICG1 and ICG2) and thermodilution against the average values in the SN -SX  and SN-SL8 electrode 

arrays. The dashed lines indicate the mean differences and the limits of agreement, respectively

ICG 1 ICG 2

ж SL1-SL8 X SL1-SL8

Fig. 4. Plots of differences between cardiac output values measured by means of impedance cardiography 
(ICGI and ICG2) and thermodilution against the average values in the SL1-SL8 electrode array.

Lines as in Fig. 3
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ICG 1 ICG 2

xBN-BX ж BN-BX

Fig. 5. Plots of differences between cardiac output values measured by means of impedance cardiography 
(ICG1 and ICG2) and thermodilution against the average values in the BN-BX electrode

array. Lines as in Fig. 3

% ICG 1

■ Isoproterenol + Bleeding □ Reinfusion

Fig. 6. Correlation between percentage changes in cardiac output measured by means of thermodilution 
(TD) and impedance cardiography (ICG1) during isoproterenol infusion (rSp = 0.844, P < 0.005), 

bleeding and reinfusion (rSp = 0.883, P < 0.005) in the SN -SX  electrode array
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Figure 7 depicts plots of the mean differences between CO measured by means 
of ICG1 with the SN -SX  electrode array and TD against the average values 
obtained with the two methods during isoproterenol infusion, bleeding and 
reinfusion. The values obtained during isoproterenol infusion scatter more widely 
than those obtained during bleeding and reinfusion.

■ Isoproterenol ♦ Bleeding * Reinfusion
Fig. 7. Plot of differences between cardiac output values measured by means of impedance cardiography 
(ICG1) and thermodilution against the average values during isoproterenol infusion, bleeding and 

reinfusion in the SN-SX electrode array. Lines as in Fig. 3

Discussion

In an earlier study [1] we used three reference methods (isotope dilution, 
electromagnetic flow measurements, and a pulsatile flow contour method) and found 
high correlations between both the absolute values and the changes in the ICG CO 
data and those measured with the reference methods. In those experiments, the 
ICG CO was determined with the conventional four-band electrode configuration. In 
the present report, the effects of different spot voltage electrode arrays on the 
measurement of CO were studied in anaesthetised dogs. The CO values determined 
by the ICG method were compared with those measured simultaneously by TD.
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Earlier studies [12, 16] showed that TD could be used as a reliable reference 
for the measurement of CO as the error of the method is less than 10%. Numerous 
papers [5, 10, 13, 17, 18, 21, 22, 28, 29, 31, 33, 37, 40] have been published on studies 
in which ICG CO was compared with TD CO. The average value of the correlation 
coefficients between the ICG and TD measurements in those studies was high 
(r = 0.82). Similar and even higher correlation coefficients were obtained in our 
experiments. Other investigations [1-3, 19] have indicated that the impedance 
technique slightly overestimates CO as compared with any reference method. A 
similar relation was found between the impedance and the TD method in other 
studies [5, 13, 17, 22, 31, 37]. Muzi et al. [22] found that only high CO values are 
overestimated by ICG with band electrodes. However, Gotshall et al. [10] and 
Millson et al. [18] measured smaller CO values by using band electrodes with the 
impedance method than those obtained with TD. Pickett and Buell [28] compared 
CO data measured by means of computer-averaged ICG and TD in patients. 
However, they calculated the stroke volume with the Sramek equation, which used 
the electrically participating tissue volume instead of p and Zq, and observed a high 
level of agreement between the methods. Our results show that the relation may 
depend on the electrode configuration. With two electrode arrays (SL1-SL8 and 
BN-SX ), CO was significantly overestimated by the ICG method, but, the band 
electrode array yielded significantly lower values than those measured with TD. The 
measurement of CO by means of TD depends on the indicator injection relative to 
the respiratory cycle [12, 34]. The authors claim that the variability can be decreased 
by timing the injection with the phase of the respiratory cycle. However, this cannot 
always be achieved during spontaneous respiration, especially at high respiratory 
frequency. Moreover, Wang et al. [37] found that CO values measured with ICG 
were similar to those obtained with TD by using the baseline dZ/dt signals. Levett 
and Reploge [16] emphasizxd the importance of the injection rate. We used an 
injection device which delivered the saline automatically at a constant rate.

Patterson et al. [25] replaced band electrodes with strip electrodes, and 
reported a linear increase in dZ/dt with distance, starting from the top of the heart 
and continuing to the neck. However, a significant proportion of dZ/dt and Z0 
derived from the band signal could be obtained with spot electrodes above the 
suprasternal notch. They suggested not only the aorta and major arteries as possible 
sources of the dZ/dt signal, but the smaller vessels as well. In another study, 
Patterson et al. [26] made simultaneous measurements with band electrodes around 
the neck and thorax, and with spot electrodes on the neck and upper and lower 
thorax. They did not obtain the same information with spot electrodes on the upper 
thorax, either qualitatively or quantitatively, in human patients. Penney et al. [27] 
found that the impedance signals recorded with a band electrode and a four-spot 
electrode configuration resulted in similar waves. Qu et al. [36] used another four-
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spot electrode array and found that the signal-to-noise ratio was larger than with the 
band electrode array both at rest and during exercise.

On the other hand, Qu et al. [36] recorded larger dZ/dt signals with spot 
electrodes than with band electrodes in human patients. Spinale et ai. [33] measured 
CO with TD and ICG by using eight subcutaneous needle electrodes on the neck and 
the lower thorax in the midaxillary line in dogs. They found a high correlation 
(r = 0.91) between the results of the two methods, though a higher scatter was 
observed with ICG. Our results also show high correlations between the CO data 
measured with ICG and TD in the different electrode configurations. However, the 
mean differences indicate agreement between the methods (both TD-ICG1 and 
TD -IC G 2) only in the SN -SX  and SN-SL8 electrode arrays. Replacement of the 
band voltage electrodes with spot electrodes caused a significant decrease in Z0 and 
a slight decrease in dZ /d t, and resulted in slightly, but not significantly higher CO 
estimates with either the neck-xiphisternum or the neck-left 8th intercostal space 
electrode array. When spot electrodes were used on the 1st and 8th intercostal spaces 
on the left thorax, near the sternum, significantly lower dZ/dt and Z0 , and 
significantly higher CO data were obtained than with band electrodes. Similar dZ/dt 
and Z 0 values were measured with spot electrodes placed on the sternum, on the 
suprasternal notch and on the xiphoid process. This is in agreement with the findings 
of Patterson et al. [26], who found lower dZ/dt and Z() data with spot electrodes 
positioned on the suprasternal notch and 10 cm below it. Moreover, the stroke 
volume was slightly higher in this electrode configuration than with band electrodes. 
In our study, dZ/dt-L2/Z 0 2 from the Kubicek equation was significantly larger and 
hence CO was significantly higher than that for the band electrode array. A band 
electrode around the neck and a spot electrode on the xiphisternum (BN-SX) 
provided the same dZ /d t and a significantly lower Z() than those obtained with the 
band electrode array, though CO with the former electrode array was not 
significantly higher than with the latter.

Alterations in CO were also examined in our study. Increases in CO were 
produced by isoproterenol infusion and reinfusion of the shed blood, while a 
decrease was achieved by bleeding the dogs gradually to not more than a 30 percent 
loss of the estimated blood volume. A close correlation was found between the CO 
data measured by means of ICG1 and TD, and the mean differences also displayed a 
high level of agreement. The results of Wong et al. [40] and Spinale et al. [33] 
revealed that the agreement of ICG CO data with those obtained with TD was 
impaired by tachycardia (heart rate > 180/min) and by arrhythmias. We suggest that 
the higher heart rate during isoproterenol infusion may be the cause of the higher 
scatter. Spinale et al. [33] reported that CO was overestimated by ICG at low flows. 
In contrast, we observed a high correlation and agreement between the CO values
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measured by ICG and TD during bleeding. In addition, the variability was less during 
bleeding than during isoproterenol infusion.

One of the most important disadvantages of the impedance technique is the 
dZ/dt baseline shift caused by respiration [7, 20, 22-24, 31, 37, 38]. Measurement of 
CO during breath-holding is very difficult in the course of exercise and is impossible 
in animal experiments. Accordingly, the development of averaging techniques was 
needed to filter the noise from the impedance signal. In our study, beat-to-beat CO 
measurements were compared with those obtained simultaneously by an averaging 
technique. To improve our hand-calculated ICG1 method, we recorded dZ/dt not 
only at end-expiratory apnoea, but also in several respiratory cycles with a computer 
program. Nagel et al. [24] stated that the baseline shift of dZ/dt is a consequence of 
changing thoracic geometry and current distribution, and the altered amplitude of 
dZ/dt causes the change in the stroke volume estimate. Sherwood et al. [31] and 
Muzi et al. [22] used an ensemble averaging technique to eliminate respiratory and 
motion artefacts from the impedance signals. Miyamoto et al. [20] found a high 
correlation between CO data determined by means of ICG with the ensemble 
averaging technique and those determined with the C 0 2 rebreathing method. Eiken 
and Segerhammar [7] used a signal processing technique for the elimination of 
breathing noises. Muzi et al. [22], observed a high correlation between CO values 
measured during free breathing and breath-holding, suggesting that the latter did not 
affect the measurement of CO. Our results are in agreement with those of Muzi et al. 
[22] as our method of filtering the respiratory artefacts from the impedance signals 
did not significantly influence the measurement of CO. The correlation coefficients 
display almost the same relationship at that between the ICG1 and TD data. 
However, White et al. [38] emphasized that it would be advisable to measure dZ/dt 
in mid-inspiratory cycle rather than at functional residual capacity, especially during 
exercise. Wang et al. [37] found that the CO values calculated with the inspiratory or 
the expiratory dZ/dt differed from the TD values, but were similar when the 2nd or 
3rd signal post-inspiration was used.

In discussing our results, we have to take into account that these data were 
obtained in animal experiments and most of the cited papers reported measurements 
on patients. The Kubicek equation is based on a time-varying column of blood in 
parallel with the other conducting material in the cylindrical thorax. The geometry of 
the thorax differs from a cylinder, especially in dogs, and involves tissues with 
different resistivities. However, White et al. [38] emphasized the existence of a 
common vascular system in the thorax, despite variations in thoracic size and shape 
in the different mammalian species. In our study, the CO values determined by 
means of ICG with the SN -SX and SN-SL8 electrode arrays showed a close 
correlation and high agreement with those determined by means of TD. Thus, band 
voltage electrodes can be replaced by spot electrodes positioned on the neck and
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xiphisternum, or on the neck and the 8th intercostal space, for the measurement of 
CO with ICG in anaesthetised dogs. The CO data determined with a computer 
program during several respiratory cycles and those determined with hand- 
calculation at end-expiratory apnoea also correlated well with those determined with 
the reference method. In summary, the use of spot electrodes in certain 
configurations and the calculation of CO with the computer program may be useful 
for the estimation of CO under extreme conditions (e.g. in hyperventilation).
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Chronic water deprivation induced severe disruption of the oestrous cycle in regularly 
cycling laboratory mice. Most of the water-deprived females became anoestrous from the 
beginning of water deprivation or after one complete cycle in the initial stages. The presence 
of a conspecific male was ineffective in preventing the cycle disruption in water-deprived 
females. The inability of conspecific males to prevent the water deprivation-induced disruption 
of oestrous cycle in females contrasts with the ability of conspecific males to prevent the diet 
restriction-induced irregularities in the oestrous cycle in females. It is suggested that as 
compared with diet restriction, water deprivation induces a greater suppressive effect on the 
hypothalamo-hypophysial-gonadal axis in females which cannot be removed by the male- 
originating olfactory cues.

Keywords: Oestrous cycle disruption, water deprivation, male stimuli, mice

Various types of stressful stimuli are known to disrupt ovarian cyclicity in 
mammals. For example, food deprivation or underfeeding is reported to suppress 
ovulation and disrupt the oestrous cycle in rats [5, 10] and mice [8]. The nutritional 
stress-induced disruption of oestrous cycle is generally attributed to decreased 
secretion of gonadotrophins from the pituitary. The nutritional stress-induced 
depression of hypophysial gonadotrophic activity can be prevented by external factors 
such as light, presence of a conspecific male, or short periods of refeeding [6]. 
Furthermore, the presence of a conspecific male is effective in preventing the 
disturbances induced by diet restriction in the oestrous cycle of rats [5] and mice [8]. 
There is strong circumstantial evidence that androgen-dependent olfactory cues are 
involved in the protective effect of males on the oestrous cycle in underfed rodents
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(cf.) [7]. The report [18] that the presence of spayed and androgen-treated females 
prevents the underfeeding-induced disruption of the oestrous cycle in laboratory 
mice is consistent with this view. The ability of males to prevent the nutritional stress- 
induced disruption of oestrous cycle in females is comparable to that of males in 
abolishing the irregularities in the oestrous cycle in mice induced by unisexual 
grouping [20].

Water deprivation exerts deleterious effects on reproductive functions in 
mammals [3]. In Mongolian gerbils (M e r io n e s  u n g u icu la tu s) chronic water 
deprivation causes no long-term side effects on body weight, but it completely 
suppresses reproduction when both members of a pair or when only the female is 
deprived [22]. In 4 or 5 day cycling rats, when water is supplied only from 9.00 to
10.00 h each day for a minimum of one month, there is a tendency towards prolonged 
oestrous cycles with 5 day cycles predominating regardless of the pretreatment cycle 
history [19]. However, when female rats are deprived of water for prolonged periods, 
there is severe disruption of the oestrous cycle leading to suppression of ovarian 
cyclicity [14]. Exploratory studies have revealed that water deprivation for prolonged 
periods in otherwise normally fed mice causes severe irregularities in the oestrous 
cycle. The present investigations were designed to evaluate the ability of conspecific 
males to prevent the oestrous cycle irregularities in mice subjected to chronic water 
deprivation.

Materials and methods

All mice employed in the investigations were albinos belonging to the Parkes (P) strain. They 
were housed under standard laboratory conditions and maintained on pelleted food (Lipton India Ltd.) 
and water ad libitum. Rice husk was used as bedding. Females were regularly cycling virgins; they were 
10-12 weeks old at the beginning of the investigations. They were housed individually in cages, 
40 x 1 5 x 1 0  cm, and vaginal smears were examined daily. Only those females which exhibited at least 
three consecutive normal (4 -6  days) cycles were selected for use in the investigations. They were divided 
into four groups and treated as follows: Groups I  and //: Housed individually in cages with free access to 
food and water with (Group II) or without (Group I) a confined P male. Groups III and IV: Housed 
individually in cages and deprived of water but free access to food with (Group IV) or without (Group 
III) a confined P male.

The males during exposure (Groups II and IV) were individually confined in a wire mesh corral,
15 X 12 X 9 cm, and placed in the cage housing the female, with free access to food and water. Body 
weights of all females were regularly monitored. Vaginal smears were examined daily from all females till 
the termination of the investigations. Water-deprived females lost about 33% of their body weight by day
16 which was found to be the safety limit for survival. Hence the females were deprived of water only for 
16 days. For calculating the length of the oestrous cycle, the day of the appearance of nucleated epithelial 
cells in the vaginal smear was taken as the first day and the day before the appearance of the next crop of 
epithelial cells as the last day. Oestrous cycles were classified as ’normal* (4 -6  days), ’prolonged' (7 days 
or more) and ’anoestrous’ (absence of vaginal cornification for 16 days) [8]. The data were analysed by 
the Student’s t test (for mean number of cycles) and the X2 test (for proportion of normal cycles).
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Results

Table I

Cycle history o f females

G r o u p  a n d  t r e a t m e n t

N u m b e r  o f  c o m p l e t e  

o e s t r o u s  c y c le s  

( M e a n  *  S E M ) *

P r o p o r t i o n

n o r m a l  

c y c le s *  *

a n d  ( % )  o f

p r o lo n g e d

cy c le s

I. Housed with free access 1.90 ± 0.14 28/38 10/38
to food and water without 
conspecific male

(73.68) (26.31)

II. Housed with free access 2.45 ± 0.13 43/49 6/49
to food and water with 
conspecific male

(87.75) (12.24)

III. Water deprived and 0.30 ±0.12 3/6 3/6
housed with free access 
to food without 
conspecific male

(50.00) (50.00)

IV. Water deprived and 0.80 ± 0.21 11/16 5/16
housed with free access 
to food with conspecific 
male

(68.75) (31.25)

Significance of differences: * I vs II, P < 0.01; I vs III, F < 0.001
II vs III, P < 0.001; II vs IV, P < 0.001
III vs IV, N.S.

** I vs II, N.S.; I vs III, N. S.; II vs III,
P < 0.025; II vs IV, N.S., III vs IV, N.S.

The cycle history of females is presented in Tables I and II. Females with free 
access to food and water exhibited normal oestrous cycles irrespective of whether 
they were housed with (Group II) or without (Group I) conspecific males. The mean 
number of cycles, however, was higher in the former as compared with the latter. No 
difference could be detected between females housed with (Group II) and without 
(Group I) males in the proportion of normal cycles. Water deprivation resulted in 
severe disruption of oestrous cycle in females (Group III). Fifteen females exhibited 
anoestrus during the period of water deprivation. Three females showed one 
prolonged cycle followed by anoestrus whereas one female exhibited one normal 
cycle followed by anoestrus. One female continued to show normal cycles during 
water deprivation (Table II). Water-deprived females housed with conspecific males
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Table II

Oestrous cycle irregularities in water-deprived females housed with and without conspecific males

P r o p o r t i o n  a n d  ( % )  o f  fe m a le s  s h o w in g

Treatment A n o e s t r u s * O n e  p r o lo n g e d O n e  n o r m a l O n e  n o r m a l O n e  p r o l o n g e d N o r m a l

c y c le  fo l lo w e d c y c le  fo l lo w e d cy c le  fo l lo w e d c y c le  fo l lo w e d cy c le

b y  a n o e s t r u s b y  p r o l o n g e d b y  a n o e s t r u s b y  a  n o r m a l

c y c le cy c le

I. Water deprived 1 5 /2 0 3 /2 0 Nil 1 /2 0 Nil 1 /2 0
and housed 
with free 
access to food 
without
conspecific male

(7 5 ) (1 5 ) (5) (5)

II. Water deprived 9 /2 0 3 /2 0 1 /2 0 5 /2 0 1 /2 0 1 /2 0
and housed with 
free access to 
food with 
conspecific 
male

( 4 5 ) (1 5 ) (5) (2 5 ) (5) (5)

Significance of difference: * 1  vs II, N.S.

Table III

Changes in the body weight o f females

Group B o d y  werigh t (g m )  ±  S E M * *

In i t ia l F in a l

I 25 .5 0  ± 0 .2 2 2 9 .1 0  ±  0 .29
и 25.45  ± 0 .15 28 .2 5  ±  0 .37

i n 29 .45  ± 0 .22 20 .3 5  ± 0 .33
IV 28 .65  ± 0 .2 4 21 .2 5  ±  0 .46

* For treatment see Table II
** Significance of differences: I Initial vs Final, P < 0.001

II Initial vs Final, P < 0.001
III Initial vs Final, P < 0.001
IV Initial vs Final, P < 0.001

also exhibited marked disruption of the oestrous cycle (Group IV). Nine females 
showed anoestrus and five females showed one normal cycle followed by the 
anoestrous condition. Three females exhibited one prolonged cycle in the beginning
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followed by anoestrus; another female showed one normal cycle followed by a 
prolonged cycle. In one there was an initial prolonged cycle followed by a normal 
cycle lasting four days. One female continued to show normal cycles (Table II). 
Irrespective of the presence or absence of males, water deprivation induced severe 
decrease in the body weight of females (Table III). By contrast, females supplied with 
food and water a d  lib itu m  showed an increase in body weight. No significant 
difference could be detected in weight loss between water-deprived females housed 
with males and these housed without males. Following rehydration, body weight and 
oestrous cyclicity rapidly returned to the pretreatment levels in all females.

Discussion

Stressful stimuli are known to inhibit LH release and block ovulation in 
mammals [1, 11]. Acute and chronic starvation, protein deficiency, caloric restriction 
as well as vitamin and mineral deficiency disturb the functional integrity of the 
endocrine system [12, 13]. In rats [5] and mice [8], the stress induced by diet 
restriction causes disturbances in the oestrous cycle. The present studies have shown 
that water deprivation, like diet restriction, causes disruption of the oestrous cycle in 
laboratory mice. It is noteworthy that oestrous cycle was either suppressed or 
severely disrupted in almost all females during water deprivation. This is analogous 
to the disruption of oestrous cycle reported in water-deprived rats [2]. Even though 
the endocrine changes responsible for the disruption of oestrous cycle in water- 
deprived females have not been investigated, it seems likely that acute dehydration 
results in diminished levels of circulating gonadotrophins as a result of decreased 
production of the gonadotrophin releasing hormone (GnRH). During pilot studies it 
was noticed that the ovaries of mice subjected to chronic water deprivation contained 
only very few antral follicles and no recently ovulated follicles suggestive of the 
suppression of ovarian activity.

It is remarkable that the water deprivation-induced disruption of oestrous cycle 
in mice in the present study was not prevented by the presence of conspecific males. 
In fact deprivation of water induced severe disruption of the oestrous cycle in mice 
irrespective of the presence or absence of a male. This is analogous to the reports of 
Botero Correa, Libermann, Capano and Chiancone [2] who noticed that both in the 
presence or absence of conspecific males water-deprived rats became anoestrous 
after the occurrence of a complete cycle in the early stages of water deprivation. The 
inability of conspecific males to prevent the disruption of the oestrous cycles in 
water-deprived females contrasts with the ability of conspecific males to prevent the 
underfeeding-induced disruption of oestrous cycle in mice [8] and rats [5]. It is 
apparent that the water deprivation-induced pituitary block in terms of FSH and LH 
secretion is not removed by the presence of a conspecific male.
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The inability of conspecific males to prevent the water deprivation-induced 
disruption of oestrous cycle in mice is difficult to explain. It is possible that as 
compared with diet restriction, acute water deprivation results in a more effective 
suppression of GnRH and hypophysial gonadotrophins (FSH and LH) release in 
females. This could account for the ineffectiveness of conspecific males to stimulate 
the gonadotrophic activity in water-deprived females. Even though the relation 
between water deprivation and food intake was not investigated in mice in the 
present study, there are reports which suggest that animals often limit their food 
intake when water availability is scarce [3, 9, 21] and food restriction can cause 
gonadal regression [3, 12]. The inability of conspecific males to prevent the 
dehydration-induced disruption of oestrous cycle in females could also be due to the 
decreased sensitivity of the ovary to gonadotrophins. The report [4] that hormones 
secreted during stress might exert inhibitory effects on the gonad in particular 
through decrease in gonadal sensitivity to gonadotrophins is relevant in this context.
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Protein metabolism was studied in the brain and muscle tissues of mice, Mus booduga 
after administering orally 50 mg/kg body weight of benzenehexachloride (BHC) daily for 1, 5 
and 15 days. Both tissues exhibited considerable decline in all the protein fractions such as 
total, soluble and structural proteins. This corroborates with the increased levels of free amino 
acids (FAA) and protease. To fortify these alterations, elevation in the activities of aspartate 
aminotransferase (AAT), alanine aminotransferase (A1AT) and glutamate dehydrogenase 
(GDH) were noticed. The two nitrogenous end products namely, ammonia and urea levels 
were also increased. These results clearly demonstrate the impairment of protein metabolism 
due to sublethal BHC toxicity.

Keywords: protein metabolism, brain, muscle, Mus booduga, benzenehexachloride, free 
amino acids, aspartate aminotransferase, alanine aminotransferase, glutamate dehydrogenase

Among the pesticides, organochlorine (OC) group of pesticides is widely used 
in India because of their cheapness and long persistence. These insecticides have 
been of interest for years because of their potential toxicological activities in a wide 
variety of organisms including man [10]. The technical grade benzenehexachloride 
(BHC) (1, 2, 3, 4, 5, 6-Hexachlorocyclohexane) is a mixture of variable amounts of 
various stereo isomers [10] and it has low acute toxicity but high chronic toxicity to 
animals mainly due to the accumulation and slow degradation of ß-isomer in animal 
tissues [26].

BHC is found to cause biochemical changes thereby bringing about 
physiological variations in tissues and in cellular components [24]. Since the 
derangement in tissue protein degradation is reflected by changes in protein
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composition [17] later may be considered in assessing the protein metabolic 
perturbations during toxic stress. The present investigation is designed to correlate 
the changes in the protein metabolism, if any, induced in the mice, under BHC stress 
to humans, who receive these concentrations through biomagnification.

Materials and methods

The details of collection and maintenance of Mus booduga have already been described earlier 
[8]. BHC (obtained from Mico Farm Chemicals, Madras, India) was dissolved in com oil which was 
found to be safe in preparation of stock solution [8]. A sublethal dose 50 mg/kg was administered daily 
for 1, 5 and 15 days. After the stipulated time, brain and muscle were isolated and chilled in ice box. 
Proteins were determined with Folin phenol reagent [14] using bovine serum albumin as standard. 
Proteins were precipitated with 10% trichloroacetic acid and the protein free supernatant was processed 
for free amino acid estimation by Ninhydrin method [15] using tyrosine as standard. Ammonia was 
estimated by the method o f Bergmeyer [3] using ammonium chloride as standard and urea levels were 
studied with Diacetyl monoxime method [18] using urea as standard.

Homogenates (5%) of both of the tissues were prepared in 0.25 M sucrose solution for aspartate 
aminotransferase (AAT), alanine aminotransferase (AlAT), glutamate dehydrogenase (GDH) and in ice 
cold distilled water for protease. Homogenates were centrifuged at 2500 g for 10 min at 4 °C to remove 
cells debris. The clear cell free extract was used for enzyme assays. Protease activity was determined by 
the amount of tyrosine formed/mg protein/hr at 37 °C incubation by the method of Moore and Stein 
[15]. The reaction mixture of 2 ml contains 100 p.moles of phosphate buffer (pH 7.2) and 12 mg of 
denatured protein. AAT and AlAT activities were assayed by the amount of pyruvate formed/mg 
protein/hr at 37 °C incubation [21]. The incubation mixture of AAT contains 100 p.moles of phosphate 
buffer (pH 7.4), 50 pmoles of L-aspartic acid (pH 7.4) and 2 pmoles of a-keto glutaric acid. For ALAT 
incubation steps followed are the same as described for AAT but the substrate was DL-alanine 
(2 p.moles). GDH was assayed [13] with the reaction mixture of 2 ml containing 100 pmoles of phosphate 
buffer (ph 7.4), 40 nmoles of sodium glutamate, 0.1 pmole of NAD and 4 p.moles of INT. The activity 
was expressed as nmoles of formazan formed/mg protein/hr. Statistical analysis was carried out with 
student’s t test [1].

Results and discussion

The changes in total proteins (Tp), soluble proteins (Sop) and structural 
proteins (Stp) in brain and muscle tissues as a result of BHC treatment are presented 
in Tables I and III. Progressive depletion was noticed in all the protein fractions and 
this depletion exhibited tissue specificity. Other OC pesticides are known to induce 
similar effect of decrement in various animal models. Acute endosulfan caused 
marked reduction of the protein content in C a tla  ca tla  [20] and C irrh in u s m rig a la  [25]. 
The decrease in proteins may be due to its degradation and also can be due to 
possible utilization of these compounds for metabolic purposes [5]. Protein depletion 
in tissues may be a physiological mechanism and a part of a compensatory 
mechanism under pesticidal stress providing intermediates to the Kreb’s cycle or to
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enhance osmolality [11]. At this juncture, it seems reasonable to suppose that 
pesticide stimulates proteolysis in tissues by activating proteases.

Enhanced level of protease activity observed in both tissues (Tables I and III) 
clearly suggests the onset of degradable activities in both the tissues of BHC treated 
mice due to its toxic impact. Under proteolysis, enhanced breakdown dominates over 
synthesis, while in the case of anabolic process, increased synthesis dominates protein 
breakdown [9]. Elevated protease activity resulted in a marked increase in free amino 
acid content in both brain and muscle tissues (Tables I and III). Geethanjali [7] 
reported a similar increase in FAA content with an enhanced acid, alkaline and 
neutral protease activity in C h a n n a  p u n c ta tu s  exposed to BHC. Higher levels of FAA 
content may also be attributed to the decreased utilization of amino acids [22] and 
also suggestive of catabolism of proteins or transamination of keto acids [23].

Table I

Protein content in the brain o f Mus booduga treated with BHC (50 mg/kg body weight/day)

C o n t r o l T r e a t e d E x p o s u r e

(d a y s )

C h a n g e s

(%)
S ig n i f i 

c a n c e

Total proteins (TP) 356.0 330.2 ± 34.6 1 -  7.38 NS
(mg/g wet wt.) ± 32.6 302.2 ± 21.7 5 -  15.23 P < 0.05

277.6 ± 28.7 15 -  22.13 P < 0.001

Soluble proteins 184.6 170.6 ± 12.1 1 -  7.58 NS
(Sop) (mg/g wet wt.) ± 12.4 166.3 ± 13.4 5 -  9.91 NS

153.4 ± 14.0 15 -  16.90 P < 0.001

Structural proteins 172.6 160.3 ± 4.6 1 -  7.13 NS
(Stp) (mg/g wet wt.) ± 15.4 136.1 ± 11.5 5 -  21.1 P < 0.001

124.4 + 11.9 15 -  27.9 P < 0.001

Free amino acids 17.4 19.1 t  5.14 1 + 9.77 NS
(FAA) (mmoles of ± 4.04 21.3 ± 4.62 5 + 22.4 P < 0.001
tyrosine/g wet wt.) 23.4 ± 5.47 15 + 35.5 P < 0.05

Protease 0.20 0.22 ± 0.02 1 + 10.0 NS
(ixmoles of tyro- ± 0.03 0.24 ± 0.02 5 + 20.0 P < 0.001
sine/mg protein/hr) 0.27 ± 0.02 15 + 24.0 P < 0.001

Mean ± SD (n = 6); NS = Not Significant

To support this, enhanced levels of both transaminases (AAT and AlAT) were 
observed in the present study (Tables II and IV). Aminotransferases serve as a 
strategic link between carbohydrate and protein metabolism under environmental 
stress [12]. Increased AAT and AlAT levels indicate that there is an active
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transamination of amino acids and operation of keto acids or they serve as precursors 
of essential organic constituents. The trend observed in this investigation is in 
agreement with earlier reports demonstrating consistent increase in these 
transaminases under conditions of enhanced gluconeogenesis [12] and increased 
glucocorticoid activity during dieldrin toxicity [5]. Similar findings were reported 
earlier in guinea pigs treated with BHC [6] and in A n a b a s  te s tu d in e u s  exposed to 
lindane [4]. The trend of transaminases seen in this study can be taken as a measure 
of compensatory mechanism.

The GDH activity exhibited a progressive enhancement in both tissues (Tables 
II and IV) suggesting a need for ketoglutarate. Acute exposure of B a ry te lp h u sa  

g u e r in i to endosulfan also exhibited a similar trend [19]. Murthy and Devi [17] 
observed a regulatory role of this enzyme in C h a n n a  p u n c ta tu s  for checking the 
deamination process. Increase in GDH activity corroborates with increased ammonia

Table II

Changes in protein metabolism in the brain o f Mus booduga treated with BHC (50 mg/kg body weight/day)

C o n t r o l T r e a t e d E x p o s u r e

(d a y s )

C h a n g e

0*9
S ig n i f i 

c a n c e

Aspartate amino- 3.18 3.85 ± 0.29 1 + 21.2 P < 0.001
transferase (AAT) ± 0.30 4.25 ± 0.35 5 + 33.6 P < 0.001
(ixmoles of pyruvate 4.59 ± 0.37 15 + 44.3 P < 0.001
formed/mg protein/hr)

Alanine aminotrans- 5.37 6.22 ± 1.19 1 + 15.8 NS
ferase (A1AT) ± 0.76 6.57 ± 1.02 5 + 22.3 NS
(jimoles of pyruvate 6.85 ± 1.01 15 + 17.6 P < 0.05
formed/mg protein/hr)

Glutamate dehydro- 0:22 0.25 ± 0.03 1 + 13.6 NS
genäse (GDH) t  0.04 0.35 ± 0.04 5 + 59.1 P < 0.001
(pmoles of formazan 0.42 ± 0.04 15 + 90.9 P < 0.001
formed/mg protein/hr)

Ammonia (pmoles of 0.38 0.39 ± 0.04 1 + 2.6 NS
ammonia/g wet wt.) ± 0.03 0.43 ± 0.06 5 + 13.2 P < 0.001

0.49 ± 0.007 15 + 18.9 P < 0.001

Urea (p.moles of 0.15 0.19 ± 0.04 1 + 26.7 NS
urea/g wet wt.) ± 0.03 0.20 ± 0.02 5 + 33.3 P < 0.05

0.25 ± 0.03 15 + 66.7 P < 0.001

Mean ± SD (n = 6); NS = Not Significant
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Table III

Changes in protein content and metabolism in the brain o f Mas boodaga treated with BMC (50 mg/kg body
weight/day)

C o n tr o l E x p e r i m e n t a l E x p o s u r e

( d a y s )

C h a n g e

(%)
S ig n i f i 

c a n c e

Total proteins (Tp) 378.2 367.0 ± 19.5 1 -  2.96 NS
(mg/g wet wt.) ± 26.9 340.8 ± 30.5 5 -  9.91 NS

328.2 ± 23.1 15 -  13.2 P < 0.01

Soluble proteins 165.2 160.1 ± 10.4 1 -  3.15 NS
(Sop) (mg/g wet wt.) ± 15.1 145.0 ± 12.7 5 -  12.2 P < 0.001

151.3 ± 13.2 15 -  8.41 P < 0.001

Structural proteins 213.1 207.4 ± 13.8 1 -  2.69 P < 0.05
(Stp) (mg/g wet wt.) ± 13.8 196.4 ± 13.4 5 -  7.79 P < 0.05

177.4 ± 11.8 15 -  16.7 P < 0.001

Free amino acids 12.4 13.0 ± 1.79 1 -  3.91 NS
(FAA) ((xmoles of ± 2.14 15.0 ± 2.02 5 + 20.9 NS
tyrosine/g wet wt.) 16.5 ± 4.59 15 + 21.9 NS

Protease (p.moles 0.33 0.38 ± 0.04 1 + 15.2 P < 0.05
of tyrosine/mg ± 0.03 0.44 ± 0.03 5 + 22.2 P < 0.001
protein/hr) 0.49 ± 0.05 15 + 48.5 P < 0.001

Mean ± SD (n = 6); NS = Not Significant

level (Tables II and IV). Nucleotide deamination by AMP deaminase and adenosine 
deaminase observed under lindane stress [16] may also be responsible for over
production of ammonia and thereby its increased level. Excess of ammonia is 
converted into urea as evidenced by increased urea level in the present circumstances 
(Tables II and IV). Since ammonia is a toxic metabolite, the tissues try to convert it 
into less toxic urea [2].

The complex alterations discussed above provide a clear evidence that BHC 
treatment to M u s b o o d u g a  causes significant biochemical changes which are more 
hazardous and could reduce the growth fecundity and affect the ability to assimilate 
food. Further analysis of nucleic acids and amino acids would provide the needed 
insight into the exact compensatory role of protein metabolism.
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Tahié IV

Changes in the protein metabolism in the brain o f Mus booduga treated with BHC (50 mg/kg body
wcight/day)

C o n t r o l T r e a t e d E x p o s u r e

(d a y s )

C h a n g e

(%)
S ig n i f i 

c a n c e

Aspartate aminotrans- 2.75 3.18 ± 0.27 1 + 15.6 P < 0.05
ferase (AAT) (nmoles ± 0.22 3.62 ± 0.25 5 + 31.6 P < 0.001
of pyruvate formed/mg 3.88 ± 0.20 15 + 41.1 P < 0.001
protein/hr)

Alanine aminotrans- 6.57 7.21 ± 1.33 1 + 9.74 NS
ferase (A1AT) (gnioles ± 1.07 8.27 ± 1.05 5 + 25.9 P < 0.05
of pyruvate formed/mg 9.49 ± 1.43 15 + 33.3 P < 0.001
protein/hr)

Glutamate dehydro- 0.23 0.37 ± 0.04 1 + 17.4 NS
genäse (GDH) (nmoles ± 0.03 0.35 ± 0.15 5 + 52.2 NS
of formazan 0.39 ± 0.05 15 + 69.9 P < 0.001
formed/mg protein/hr)

Ammonia (nmoles of 0.49 0.55 ± 0.05 1 + 12.2 NS
ammonia/g wet wt.) ± 0.05 0.69 ± 0.07 5 + 40.8 P < 0.001

0.62 ± 0.05 15 + 26.5 P < 0.001

Urea (nmoles of 0.11 0.15 ± 0.03 1 + 36.4 NS
urea/g wet wt.) ± 0.02 0.16 ± 0.03 5 + 45.5 P < 0.05

0.17 ± 0.03 15 + 54.5 P < 0.05

Mean ± SD (n = 6); NS = Not Significant
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The role of thyroid hormones on the contractile responses of the isolated rat urinary 
bladder strips to acetilchoiine and potassium chloride (in depolarising Tyrode solution) was 
examined. Chronic administration of thyroxine (6 -8  p.g/100 g body wt/day) for 15 days 
caused stimulation of acetylcholine and potassium chloride-induced contractile responses of 
the rat urinary bladder strip. Thyroidectomy caused inhibition of acetylcholine and potassium 
chloride-induced contractile responses of the rat urinary bladder strip. These findings suggest 
that the thyroid state affects the intrinsic contractile state of bladder muscle.

Keywords: thyroid hormones, urinary bladder, acetylcholine, potassium chloride, 
thyroxine, thyroidectomy, bladder muscle

It has been demonstrated that the free cytosolic Ca2 +-concentration plays a 
key role in the regulation of the contraction-relaxation cycle of smooth muscle. 
Contractile stimuli such as membrane depolarization or agonists raise the free 
cytosolic Ca2+-concentration either by releasing Ca2+ from an intracellular store or 
by activating a Ca2 +-influx mechanism through the plasma or by a combination of 
both mechanisms. The increase of the free cytosolic Ca2+-concentration results in an 
activation of the contractile apparatus and in doing so Ca2+-functions as a second 
messenger for the extracellular signals [11, 12]. Thyroid gland secretes calcitonin, a 
hormone which is known to have significant influence on intracellular Ca2+ store and 
the magnitude of extracellular Ca2+ in the body [10]. Thyroxine and 
Triiodothyronine also produced by the thyroid gland are known to be involved in 
protein metabolism and are therefore of great importance in regulating the 
functional status of most smooth muscles such as the bladder [14]. A series of
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investigations has shown that the level of thyroid activity profoundly affects the 
intrinsic contractile state of skeletal and cardiac muscles [3, 7, 13]. In view of these 
findings, the present study examines the effects of thyroidectomy and thyroxine 
administration on the intrinsic contractile properties of the rat bladder muscle.

Materials and methods

Animals

Adult male wistar strain rats weighing 120-140 g were divided into four groups: control, 
thyroxine-treated, thyroidectomized; and thyroidectomized rats treated with thyroxine. Thyroxine-treated 
rats and thyroidectomized rats treated with thyroxine were given thyroxine (6 -8  (i.g/100 g body wt/day, 
A. H. Cos Barnstaple, UK) for 35 days. The thyroxine tablets were ground and administered through the 
drinking water.

Surgical thyroidectomy was performed using other anesthesia. After the thyroid glands were 
extirpated, the rats were checked to be sure that the external parathyroids were intact. After surgery, rat 
chow and tap water were provided ad libitum for a period of 35 days prior to the determination of the 
intrinsic contractile properties of the bladder muscle.

Clinical evaluation of thyroid state was confirmed by carrying out morphological studies on the 
thyroid gland from the control and thyroxine-treated rats as previously described [1, 2].

Determination o f intrinsic contractile properties o f the bladder muscle

Rats were sacrificed by a blow at the base of the neck. The entire bladder was removed, quickly 
dissected free from all adhering tissues (connective and blood) and emptied. The bladder was then cut 
open and transferred into a petri-dish containing tyrode solution at 37 °C. It was sectioned to form single 
strips of approximately 2 cm in length. Thread was tied to each end. The thread attached to one end of 
the bladder strip was tied to a fixed pin attached to the aerator, while the thread attached to the other 
end was tied to the lever. The tension on the tissue was approximately 2.0 g and the magnification was 
sevenfold.

Contractions of the muscle strips were elicited by direct stimulation using rectangular pulses of 2 
msecs at a frequency of IHZ and a supramaximal voltage. Isometric contraction was recorded using a 
Force-displacement transducer (Grass FT. 0.3) and a Grass polygraph (mode 7 D, Grass instruments, 
Quincy, MA).

Physiological solution and drugs

The tissue was suspended in Tyrode solution in 20 ml organ bath maintained at 37 °C and Ph 7.4. 
The composition of the Tyrode solution was (mMol/L) Na + , 149.2; K+, 2.7; Ca2+, 3.6; Mg2+, 2.1; Cl- , 
145.3; H2P 04, 0.4; HC03", 11.9 and glucose 10. The bath was aerated with a gas mixture of 95% 0 2 5%
c o 2.

The drugs used in the experiment are acetylcholine (ACH) at concentrations of 10-8 -  10-2 g/ml 
and potassium chloride (KC1) at IM concentrations. Drug doses were expressed as final bath 
concentrations.
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Acetylcholine

о------- о Control
Thyroidectomized treated with thyroxine

Thyrodectomized

Thyroxine treated

Fig. 1. Effects of thyroidectomy and chronic thyroxine administration on acetylcholine (ACH) 
contraction-response curves on the rat isolated urinary bladder

Protocol

After the tissue has been allowed to stabilize for one hour and good baseline could be measured 
dose response curves for both ACH and KC1 were obtained. For ACH a dose of 0.2 ml was used for the 
different concentrations, while KCI at doses of 0.1 ml, 0.2 ml, 0.3 ml, 0.5 ml, 0.7 ml and 1 ml was used.
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Statistical analysis

The results presented are expressed as means ± SEM. Statistical analysis was carried out using 
Student’s t-test. Dose-response curves were calculated as geometric means. Curve-fitting analysis (logit 
transformation) was performed. A P value less than 0.05 was considered to be statistically significant.

Results

As shown in Fig. 1, muscles obtained from thyroxine-treated rats exhibited a 
greater contractile response and those from the thyroidectomized rats a smaller 
response than muscles from control and thyroidectomized rats treated with 
thyroxine. With the largest concentration of acetylcholine (10 4 g/ml) the increments 
in tension averaged 3.83 ± 0.33 g/mm2 for the muscle strips from the thyroxine- 
treated rats, a value significantly (P < 0.05) greater than 1.88 ± 0.03 g/mm2 in the 
control muscles, and 1.30 ± 0.01 g/mm2 in the thyroidectomized muscles.

Muscles obtained from the thyroxine-treated rats were significantly (P < 0.05) 
more sensitive to KC1 than those obtained from the control and thyroidectomized 
rats treated with thyroxine (Fig. 2). This result also shows that the responsiveness of 
muscles from the thyroidectomized rats to KC1 was significantly (P < 0.05) lower 
than euthyroid muscles.

Discussion

The major finding of this investigation is that the thyroid state profoundly 
affects the intrinsic contractile state of bladder muscle, primarily by altering the 
frequency of contraction. The results showed clearly that thyroidectomy inhibited and 
chronic thyroxine administration stimulated the urinary bladder muscle contractile 
responses to acetylcholine and KC1 (in depolarising Thyrode solution). As 
Thyroidectomy and thyroxine administration produced marked effect on the 
contractile responses evoked by various contractile agents, it can be suggested that 
thyroid hormones may not exert specific action on the rat urinary bladder.

It is known that contractile responses induced by acetylcholine are brought 
about by stimulation of muscarinic receptors. The result of this study therefore shows 
that thyroidectomy inhibits and chronic thyroxine administration stimulates the 
sensitivity of the muscarinic receptors of the bladder to acetylcholine. The increased 
contractions observed in the thyroxine-treated rats with acetylcholine are therefore 
attributable to stimulated transmembrane Ca2+ influx via Ca2+ channels associated 
with muscarinic receptors; receptor operated Ca2+ channels (ROCs). Thyroidectomy 
on the other hand inhibited the sensitivity of the muscarinic receptors with a resultant 
decrease in contractions.

Acta Physiologic a Hungarica 82, 1994



Intrinsic contractile properties of the bladder muscle 73

Control
Thyroidectomized rats treated with thyroxine

Д-----Д Thyroidectomized

Thyroxine treated

Fig. 2. Effects of thyroidectomy and chronic thyroxine administration on KCI contraction-response curves
on the rat isolate urinary bladder

An interesting finding of the present investigation was that thyroidectomy 
inhibited and thyroxine administration enhanced KCl-induced contractions of the rat 
urinary bladder. KCl-induced contractions are due to a depolarizing action on the 
plasma membrane of the rat urinary bladder, as a result of which extracellular Ca2 + 
influx occurs via voltage-dependent Ca2+-channels, VOCs [4-6, 8, 15]. As 
thyroidectomy blocked acetylcholine and KCl-induced contractions, in the present 
study, it can be suggested that the absence of thyroid hormones in the body causes 
interference with the transmembranal Ca2+ movement in a nonspecific way distinct 
from the mode of action of classical Ca2+ entry blockers.
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In conclusion, the results of this study indicate that thyroidectomy and chronic 
thyroxine administration influence muscarinic action as well as nonspecific 
interference with transmembranal Ca2+ entry into the smooth muscle of rat urinary 
bladder. The possibility that thyroxine administration also acts intracellularly to 
modulate contraction in the rat urinary bladder can, by no means, be excluded.
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Atrial natriuretic peptide (ANP) has been shown to reverse functional impairment in 
ischemic acute renal failure (ARF). To prolong and/or to enhance the effects of peptide, in 
this investigation dopamine (D) (3 p,g/kg BW/min) was applied together with ANP (100 
ng/kg BW/min) after 90 min unilateral renal artery occlusion in anesthetized dogs. ANP 
significantly increased creatine clearance, filtration fraction, diuresis, sodium excretion, 
sodium reabsorption, and free water clearance, as in postinfusion period only V remained 
elevated. D alone did not effect renal function beneficially. ANP + D improved kidney function 
impairment to a level comparable with that of ANP alone, but V and UNa.V remained 
increased in the postinfusion period. MAP was elevated during ANP + D infusion as compared 
to ANP alone and was sustained to the end of the experiment. We conclude that D does not 
potentiate the positive effects of ANP on postischemic kidney, but prolongs its action on 
UNa.V, possibly by maintenance of high MAP after renal ischemia.

Keywords: atrial natriuretic peptide, dopamine, ischemic renal failure, dog

Acute renal failure (ARF) remains a major problem in clinical nephrology. 
Morbidity and mortality are high, especially after ischemia or surgical trauma, in 
spite of the availability of modern dialysis techniques. So far no single 
pharmacological intervention has been shown to reliably prevent maintained loss of 
renal function. Recently, however, several studies reported a beneficial effect of atrial
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natriuretic peptide (ANP) in acute ischemic renal failure [1, 4, 7, 13, 16, 19]. 
Although, the precise mechanisms of its protection are not clear, it is likely that 
multiple physiological and pharmacological effects of the peptide involving both 
vascular and tubular components underlay its action. However, the hypotensive side 
effect of ANP, particularly when pharmacological doses are infused, is apparently a 
limiting factor of its therapeutical applicability in ARF. In previous experiments [13], 
during nonhypotensive infusion rate of ANP (100 p-g/kg BW/min) we have shown 
that it improves the postischemic renal function, but the influence is limited to the 
period of infusion. To enhance and/or prolong the action of the peptide either 
higher, i.e. hypotensive doses should be applied, or a combination should be searched 
with another substance, which supports the effects of ANP. It is known that, in intact 
animals, Dopamine (D) in a dose < 3 p.g/kg BW, augments renal excretory function 
without compromising blood flow [3,12].

Hence, the present study was designed to evaluate the action of the combined 
intravenous infusion of ANP and dopamine on renal function following 90 min 
unilateral renal ischemia in anesthetized dogs. In addition, histopathological 
assessment of the kidneys of the animals treated by ANP + D was performed and 
compared with these, subjected to D infusion alone.

Methods

Animal preparation: Studies were performed on 32 Nembutal (CEVA, Düsseldorf) anesthetized 
(30 mg/kg BW) mongrel dogs (15.5 ± 0.79 kg) of both sexes. Surgical preparation included: 
tracheostomy, cannulation of the left ureter for urine collections, both femoral arteries for arterial blood 
pressure monitoring and arterial blood sampling, and both femoral veins for infusions. The left renal 
artery was exposed by flank incision and a flow probe was placed around it. All animals were infused with 
isotonic saline at a rate 0.1 ml/kg BW/min during the entire experiment. 60-min recovery period elapsed 
before starting the experiments. Acute ischemic renal failure was induced by clamping the left renal 
artery for 90 min.

Experimental groups and protocol: The experimental protocol consisted of 4 periods: 45 min 
control, 90 min left renal artery occlusion, 60 min infusion and 75 min postinfusion period. Urine 
samples were collected every 15 min. Blood was withdrawn at the 30, 75,105, 135,150, 180, 220 and 270th 
min from the beginning of the experiment. The animals were randomly divided into 4 groups (n = 8 for 
each group). During the infusion period group I (non-treated controls) was given vehicle, isotonic saline; 
group II (ANP-infused animals) -  ANP. The peptide was dissolved in isotonic saline with 0.1% bovine 
serum albumin. Priming dose of a h-ANP 0.6 ng/kg BW was applied i.v. and was followed by an infusion 
of a h-ANP at 100 ng/kg BW/min. In the same period group III (dopamine-infused animals) were 
treated with dopamine in a dose 3 |ig/kg BW/min and group IV (ANP + dopamine-infused animals) -  
with both ANP and dopamine. The infusion rates for all drugs were 0.1 ml/min.

When the experiments were completed, the kidneys were excised, bled out and weighed. The 
kidneys of animals in groups III and IV were bisected, frozen at -20 °C and stored for histopathological 
assessment.
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Analytical procedures: Arterial blood pressure (MAP) was recorded by an electronic pressure 
transducer (Gould/Statham P23ID) and heart rate (HR) was estimated by the peaks of systolic blood 
pressure. Left renal blood flow (RBF) was monitored by an electromagnetic flowmeter (Gould/Statham 
SP2202; flow probes -  size 2.5-3.5 mm). Urine flow rate (V) was measured gravimetrically. Plasma and 
urine creatinine concentrations were determined by the Jaffe reaction (Boehringer tests). Plasma and 
urine concentrations of sodium (PNa, UNa) were measured by ion selective electrodes (Coming Na/K 
analyzer 902); plasma and urine osmolarity (Pft4m, ^osm) by vapour point depression (Vapour pressure 
osmometer Wescor 5500). From these data the following parameters were calculated: creatinine 
clearance (Cq .), filtration fraction (FF), renal vascular resistance (RVR), sodium excretion rate 
(UNa.V), sodium reabsorption rate (RNa) and free water clearance (Ch2o).

Histopathological assessment of renal tissue alterations: Tissue samples were taken from 
identical topological regions of all kidneys. Two different paraffin embedded blocks were used. Stained 
with hematoxyline-eosine sections were coded and viewed by a pathologist who did not know the details 
of the experiments. Evaluation of histological Findings was carried out according to standard light 
microscopic criteria for ischemic injury of tissues.

Statistical analysis: Statistical analysis was performed by Student’s t-test for paired and unpaired 
data as required. For each period results are presented as means ± SEM; p values less than 0.05 were 
accepted as significant. Comparisons between groups are given as percent change (Д %) from baseline.

Results

During the infusion period animals of group I showed all the features of 
ischemic ARF (Table I): A fall in CCr (from 323 ± 32 to 46 ± 45 |xl/min/g kidney 
tissue (KT), p < 0.001), RBF (from 2.33 ± 0.8 to 1.96 ± 0.9 ml/min/g KT), FF 
(from 12.8 ± 2.6 to 1.9 ± 2.2%, p < 0.001), V (from 7.7 ± 4.7 to 1.8 ± 1.3 pl/m in/g 
KT, p < 0.01), UNa.V (from 0.9 ± 0.28 to 0.25 ± 0.19 pmol/min/g KT, p < 0.01), 
RNa (from 47.5 ± 3.4 to 6.45 ± 6.5 |xmol/min/g KT, p < 0.001) and -̂H2o (from 
-5.9 ± 3.6 to -0 .9  ± 0.9 pl/m in/g KT, p < 0.01) and an increase in RVR (from 
59.4 ± 18.1 to 80.1 ± 30.4 mmHg/ml/min/g KT. ANP infusion ameliorated this 
impairment (Table I): CCr fell from 389 ± 95 only to 206 ± 80 pl/m in/g KT, 
p < 0.01; FF -  from 16.4 ± 4.2 to 12.2 ± 8.6%, RNa -  from 57.1 ± 13.8 to 
29.3 ± 11.8 pmol/min/g KT, p < 0.01; ^H20 -  from -7.0 ± 3.5 to -4.0 ± 3.7 
pl/m in/g KT; RVR did not change (56.6 ± 17.0 vs 58.4 ± 23.5 mmHg/ml/min/g 
KT) and RBF was even slightly increased: from 2.27 ± 0.5 to 2.73 ± 1.2 m l/min/g 
KT. However, diuresis and natriuresis were significantly enhanced: V from 7.0 ± 2.8 
to 22.5 ± 9.4 pl/m in/g KT, p < 0.001 and UNa. V from 1.23 ± 0.72 to 3.08 ± 0.96 
pmol/min/g KT, p < 0.01. Moreover, MAP remained unchanged compared to the 
control period: 129 ± 13 vs. 130 ± 4 mmHg. Hct was increased (from 0.41 ± 0.03 to 
0.45 ± 0.03 1/1, p < 0.02). However, except for V, which remained higher compared 
to control group (Fig. lb), the positive effects of ANP were not maintained in 
postinfusion period. D did not effect kidney function beneficially (Table I), but it 
significantly elevated MAP (from 119 ± 18 to 138 ± 15 mmHg, p < 0.05), which was
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sustained after the termination of the infusion. The infusion of ANP plus D induced 
changes in renal parameters that were similar to those of ANP alone (Table 1): 
RBF -  4.71 ± 0.7 vs 4.39 ± 0.9 ml/min/g KT; RVR -  22.2 ± 4.5 vs. 29.5 ± 10.7 
mmHg/ml/min/g KT; CCr -  354 ± 139 vs 226 ± 147 pj/m in/g KT; FF -  7.2 ± 2.6 
vs 4.2 ± 1.9%, p < 0.05; V -  5.1 ± 1.5 vs 22.2 ± 13.7 pl/m in/h KT, p < 0.01; UNa.V 
-  1.00 ± 0.26 vs 3.46 ± 2.13 p.mol/min/g KT, p < 0.01; RNa -  45.5 ± 16.2 vs 
29.5 ± 20.7 |xmol/min/g KT and Сцад ~ ~ 5.7 ± 1.3 vs -2.9 ± 1.2 p.l/min/hg KT, 
p < 0.001. ANP + D also increased MAP (from 106 ±11 to 124 ± 15 mmHg, 
p < 0.05) and Hct (from 0.41 ± 0.05 to 0.48 ± 0.04 1/1, p < 0.01), while HR was 
reduced (from 115 ± 21 to 91 ± 21 b/min, p < 0.05). In the postinfusion period this 
elevation of MAP was maintained (128 ± 21 mmHg, p < 0.05) and V and UNa.V 
were sustained at levels even a little higher than the control ones (5.6 ± 2.0 vs 
5.1 ± 1.5 and 1.08 ± 0.64 vs. 1.00 ± 0.26, respectively). When comparisons to the 
control group were made, it appeared that the diuresis and natriuresis were 
significantly increased: p < 0.01 and p < 0.05, respectively (Fig. la -c ) .

Histological assessment: Dopamine group (Fig. 2): In 4 out of 8 kidneys wide 
zones of necrosis, both in the medulla and the cortex, were noticed. Cell reaction was 
missing probably due to the short period of renal organs survival after the ischemia. 
In the other 4 kidneys the histology was characterized by severe hyperemia, hydropic 
changes of tubular epithelia, plasmorrhages in the glomerular capsulas, spot 
haemorrhagias and interstitial edema up to necrobiosis and focal necrosis in the 
glomerular capillaries. Dopamine + ANP group (Fig. 3): As a whole the damages 
were less pronounced. The kidneys were with well-preserved renal structure. Wide 
necrosis was seen only in 2 out of 8 kidneys. The hyperemia was diminished in 
comparison with the other group and although there were still some focal necrotic 
and necrobiotic spots, their quantity was considerably smaller. Intact, right kidneys 
(Fig. 4): In all intact kidneys the structure of the medulla and the cortex was fully 
preserved. In some single zones hyperemia and hydropic changes of tubular epithelia 
could be seen, which, probably were due to increased functional load.

Discussion

Atrial natriuretic peptide has been shown to have a considerable potential in 
reversing the effects of acute renal ischemia [1, 16, 19]. However, the systemic 
hypotensive action of the peptide is apparently a weak point for its clinical use. In 
previous experiments with 45 min [7] and with 90 min [13] renal ischemia, we noted 
that intravenous infusion of 100 ng/kg BW ANP had a beneficial effect on renal 
function without lowering of MAP below preischemic values. With respect to these 
results, in the present study we used the same dose of ANP, which had already been

Acta Physiologica Hungarica 82, 1994



A
cta PhysioJogica H

im
garica 82, IW

4

Table

Effect of ANP, D and ANP+D after 90 min, unilateral renal ischemia

C o n lro l  g ro u p A N P  g ro u p D o p am in e  g ro u p A N P -t-D o p am in e  g ro u p

c 0 1 P C 0 I P C 0 1 p С 0 I р

M A P 134±11 144 ±12 143 ±10 135 ±9 129± 12 142 ±12 130±4 129 ± 5 119± 18 135 ±18 138 ± 15 138 ± 11 106± 11 126±6 124 ±15 128 ±21
m m H g *** ж ж жжжж ж Ж

H R 112 ± 20 109 ±20 115 ± 32 111 ±35 117 ±  17 106± 15 102± 18 94± 15 125 ±15 107 ±22 106±27 99 ±30 115 ±21 98 ±24 91 ±21 85 ±22
b 'm in ** ж * жж

H c t 0.47 ±0.05 0.44 ±0.07 0.44 ±0.07 0.44 ±0.07 0.41 ±0.03 0.42 ±0.03 0.45 ±0.03 0.43 ±0.02 0.42 ±0.05 0.43 ±0.06 0.46 ±0.08 0.44±0.09 0.41 ±0.050.43 ±0.05 0.48 ±0.04 0.48 ±0.04
n *» ЖЖЖ жж

R B F

m l/m in /

2.33 ±0.8 1.96±0.9 1.78 ±0.8 2.27 ±0.5 2.73 ±1.2 1.90±0.7 4.26±0.7 3.87 ±0.9 3.36± 1.2 4.71 ±0.7 4.39±0.9 2.36± 1.1

g K T ж ж жж

R V R

m m H g  m l

59.4± 18.1 - 80.1 ±30.4 86.5 ±40.8 56.6 ±17.0 58.4± 23.5 76.7 ±25.4 25.1 ±6.5 - 35.7± 10.8 46.0 ±18.0 22.2±4.5 29.5 ±10.7 62.6 ±33.7

m in /g  K T ж ЖЖЖ ж ж ж

323 ±32 - 46 ±45 87 ±70 389 ±95 206 ± 80 159 ±49 478 ± 157 - 47 ±39 43 ±31 354 ±139 - 226 ±147 82±56
/ i l  m in /g  K T * * * » **** * * *  *** * ЖЖЖЖ ЖЖЖЖ ж ж жж

F F 12.8 ±2.6 l.9±2.2 6.4 ±6.1 16.4±4.2 12.2±8.6 9.5±5.7 11.2 ±4.9 - 1.1 ±0.9 1.3 ±0.9 7.;±:.б 4.2± 1.9 4.2 ±2.6
% *** * ** * ЖЖЖЖ ЖЖЖЖ * ж

V

/i l/m in .

7.7±4.7 1.8 ±1.3 2.6 ±2.1 7.0 ±2.8 22.5±9.4 6.8 ±2.1 3.6± 1.7 2.4±2.7 3.0 ±  2.1 5.1 ±1.5 * 22.2± 13.7 5.6±2.0

g K T *** * * * *** ЖЖЖ

U M  V  
N a

/ tm o l  m u i

0.90±0.28 0.25 ±0.19 0.38 ±0.30 1.23 ±0.72 3.08±0.96 0.82 ±0.15 0.65 ±0.41 * 0.29±0.29 0.36 ±0.27 1.00 ±0.26 3.46±2.13 1.08 ±0.64

g K T **** *** *** жжж

r n „
/ im o l  m in

47.5 ±3.4 6.45 ±6.5 12.3 ±10.2 57.1 ±13.8 29.3± 11.8 22.4±6.8 70.2±23.9 12.1 ±9.3 7.6±4.7 45.5 ±16.2 29.5±20.7 11.1 ±8.2

g K T *** * **** * ж *  ** ж » ЖЖЖЖ жжжж жжжж

C H , 0 -5.9 ±3.6 -0.9±0.9 -1.8± 1.9 -7.0±3.5 -4.0±3.7 -2.8 ±0.8 -6.4 ±2.4 -0.9±0.7 -0.5±0.3 -5.7 ±1.3 -2.9 ±1.2 -1.4 ±0.4
/ i l  m in

g K T ЖЖЖЖ жжжж жжжж жжжж

Abbreviations: C = Control period, О = left renal artery occlusion, I = ischemic period, P = postischemic period 
* : p < 0 .0 5 ,  ** : p < 0 .0 2 .  *** : p < 0 .0 1 ,  **** : p < 0 .0 0 1 .

Comparisons are made to control period in each group.
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M e a n  a r t e r i a l  p r e s s u r e  

c z n  C o n t r o l  C Z Z Z )  A N P  У7777Л D r . X X Tt A N P  + D

U r i n e  f l o w  r a t e
I I C o n t r o l  x /  /  Л  A N P  У ////Л  D ГЧЛАЛ A N P +  D

S o d i u m  e x t r e t i o n

I------- 1 C o n t r o l  \ / / n  A N P  Г777771 D 1ХХУ1 A N P  + D

Fig. l .a -c :  MAP, V, UNa.V: comparisons between groups -  in percent change in relation to the 
baseline * p < 0.05; ** p < 0.02; *** p < 0.01; **** p > 0.001
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Fig. 2. Postischemic kidney treated with dopamine: A wide field of cortical necrosis is seen. The nuclei 
have disappeared, the Cytoplasma is coagulated and granular leukocyte reaction is not evident

Fig. 3. Postischemic kidney treated with dopamine+ ANP: A prominent plasmorrhagia within glomerulus, 
swelling of tubular epithelia and epithelial casts in distal tubules are seen

Aria Physiologic a Hungarica 82, iW
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Fig. 4. Cortex of an intact, nonischemic kidney: The renal architecture is well preserved. There are 
hydropic changes of tubular epithelia and hyperemia due to the increased renal functional load

found to rise plasma levels of the peptide from 22 ± 3 to 552 ± 124 pg/ml [13]. 
Although the precise mechanisms mediating the effects of ANP are not yet fully 
understood, it appears likely that the maintenance of renal blood flow following renal 
ischemia, as in this study, contributes to the restoration of renal function [2]. 
Characteristic accumulation of intrarenal and circulating catecholamines, angiotensin 
II and activation of the renal sympathetic nerves, which have been implicated in 
ischemia, may also be prevented by ANP [20]. Consistent with this assumption is our 
observation that the elevated MAP during ischemia returns to control values and the 
further prevention of RVR increase at the time of peptide infusion. Our results also 
demonstrate an increase of urine flow rate and natriuresis induced by ANP, which 
through alleviation of tubular obstruction may provide an additional protective 
mechanism after ischemia [19]. Although the details underlying this enhancement of 
diuresis and sodium excretion are not completely understood, several possibilities 
have been suggested: The prevention of the postischemic fall in creatinine clearance 
by ANP, shown in this study, could be connected with a dilatation of the afferent 
arteriole and a constriction of the efferent arteriole and an increase of the glomerular 
ultrafiltration coefficient [8]. A change in papillary peritubular Starling forces and 
perhaps also a medullary redistribution of renal blood flow, seems to play an 
important role [2]. In addition, ANP may contribute to the natriuresis through direct
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inhibition of reabsorption along the papillary collecting duct [21] and/or reduce 
activity of the renal catecholamine system [6], whereas diuresis may be promoted 
further by inhibition of ADH-mediated tubular water permeability [18]. However, in 
the present study except for V the positive action of the peptide was not maintained 
in the postinfusion period and all the other kidney function parameters deteriorated 
to the level of saline-treated left kidneys.

It is known that D in a dose < 3 p.g/kg BW/min in intact animals supports 
stable systemic blood pressure [9] and at the same time leads to an increase of GFR, 
to diuresis and natriuresis by direct intrarenal effects and by influencing RAAS [3]. 
However, the data concerning D application in ARF are quite contraversial. In a 
study in dogs with ARF induced by intravenous uranyl-nitrate, Lindner [14, 15] 
demonstrated that single use of low-dose D or high-dose furosemide was totally 
ineffective. In contrast, the association produced renal vasodilation, increased 
diuresis and induced an attenuation of GFR fall. Henderson [11] treated with low 
dose D 11 patients with ARF who failed to respond to furosemide alone and had in 
majority of the cases an increased urine volume. Graziani et al. [10] gave dopamine 3 
p.g/kg BW/min plus furosemide 10-15 mg/kg/h to 24 oliguric patients with ARF 
who proved to be resistant to mannitol and high-dose furosemide and 19 of them 
responded with polyuria. Further, Conger et al. [4] recently reported that D alone, 
which did not elevate MAP above 120 mmHg and ranged from 0.4 to 1.6 p.g/kg 
bw/min increased significantly RBF, GFR, UNa.V and FENa% in ischemic ARF 
anesthetized rats. In the same study and in another in awake rats [5], it was shown 
that ANP plus D, sufficient to maintain MAP between 100 and HO mmHg further 
augmented the improved renal function in the postischemic kidney. In contrast, 
Pollock et al. [17] who used 10 p-g/kg BW/min of D found no significant effect either 
on MAP or on postischemic kidney function when infused alone and it actually 
prevented most of the beneficial actions of A68828, ANP analogue, when applied 
together. In our dog model of postischemic renal failure D alone in a dose of 3 p.g/kg 
BW/min rises MAP without decreasing RBF, but confers no discernible benefit on 
kidney function. The histology shows severe damage in the kidneys -  both in the 
medulla and the cortex. Further, in the ANP + D infused animals D does not 
enhance the effects of ANP during the infusion itself, but the elevated MAP is 
sustained in postinfusion period and is paralleled by an increase in both V and 
UNa.V. The histological assessment confers an improvement of the renal function -  
the injuries in the kidneys treated by ANP + D are of considerably low grade. These 
findings are similar to those of Shaw et al. [19], who found that 2 hours after a 
h-ANP infusion the postischemic kidneys appear to be associated with a progressive 
loss of hyperemia in the inner cortex and outer medulla and a decrease in the protein 
casts in the tubular space.
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In summary, in anesthetized dogs the infusion of dopamine together with ANP 
does not potentiate the beneficial effects of the peptide on the ischemic kidney, but 
prolongs its action on U Na.V, possibly by maintenance of higher MAP after the 
cessation of renal clamping. Thus, ANP plus D potentially may be therapeutically 
useful in human ischemic ARF.
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EVENT-RELATED POTENTIALS IN HUMANS AS INDICES OF 
ACCESS TO STORED INFORMATION DURING SLEEP
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The even-related potentials are good indices of brain functions during sleep stages. 
The contingent negative variation (CNV), occurring in the interval between a conditional and 
a target stimulus, reflects information processing. The emitted potential which occurs when an 
expected stimulus is omitted reflects the access to a specific memory.

During waking, deep slow wave sleep (stage 4) and paradoxical sleep seven subjects 
were submitted to a CNV paradigm, the target stimulus of which was occasionally omitted.

The endogenous components of the evoked potentials induced at Fz, Cz and Pz 
locations by the auditory stimuli were analysed during the three behavioral stages. During 
stage 4 they were of largest amplitude and longest latency. These results are discussed in terms 
of neural excitability. CNV and emitted potentials were observed during waking and 
paradoxical sleep, but not during stage 4. These results suggest that information processing 
occurs during paradoxical sleep with access to waking memories during this stage of sleep, 
whereas information processing is absent during stage 4.

Keywords: event-related potential, sleep, waking, human

A large number of studies have focused on the importance of paradoxical sleep 
in processes of learning and the modifications of evoked potentials during the 
different stages of sleep compared to waking. However, event-related potentials 
(ERPs) have not been studied during sleep as indices of stored information. ERPs 
are not strictly linked to physical stimuli presented in the experimental situation but 
are correlates of cognitive constructions. The contingent negative variation (CNV) 
[44] occurs during the interstimulus interval between a conditional and an 
unconditional target stimulus. Thus the CNV development after the conditional
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stimulus indicates that the subject is aware of the occurrence of the target stimulus 
and the required task. The induction of the CNV depends on the subject ability to 
process information and the establishment of a temporal relation between the two 
stimuli. The late components of the evoked potential are induced when a stimulus 
provides information [37]. These components are endogenous since they can occur in 
the case of an expectancy of an occasionally omitted stimulus [38], and then 
constitute an emitted potential. It is now well established that endogenous ERPs vary 
with the context of learning and memory tasks [9].

The CNV, the late components of the evoked potential, and the emitted 
potential are interesting variables in studies of brain function during sleep. 
Therefore, in the present experiment we investigated whether the same memorized 
material identified by ERP occurrence is accessible during waking, deep slow sleep 
(stage 4) and paradoxical sleep (REM sleep).

Methods

Subjects

Seven healthy volunteers (age 20-27 years) were paid to participate in the experiment. The 
subjects previously had not participated in psychophysiological experiments and were naive about the 
purpose of the experiment.

Procedure

Three sets of auditory stimuli were delivered at random to the subjects:
Set A: SI-SII (SI, the conditional or warning stimulus, was identical (50 msec; 5000 Hz)

to SII, the unconditional stimulus).
Set B: S I-S ill (SHI, the unconditional target stimulus (50 msec, 500 Hz) was different

from SI).
Set C: SI (SI was presented alone).

The interstimulus interval was always 1500 msec between stimulus pairs, which were presented at 
irregular intervals (from 5 to 30 sec). During waking and sleep, the auditory stimuli were presented 
through two loud-speakers fixed on the bedhead. The stimulus intensity was 20% higher than the 
absolute threshold during waking.

Each subject slept for three consecutive nights (two adaptation nights and one recording night) in 
a bedroom isolated from the experimental room. Subjects were trained to respond to the stimuli in two 
control sessions on the second and third evenings before going to sleep. Each subject, eyes open during 
control recording of the second evening and eyes closed for the third evening, was instructed to detect 
stimulus Sill (Set B) as the (unconditional) target stimulus and signal it by a motor response (pressing a 
switch). For each of the two control recordings during waking the subjects were submitted to an average 
of 192 sets of stimuli (64 for each different set).

During the third night the subjects were stimulated during sleep without being warned of their 
presentation and consequently without any instructions. During stage 4 and paradoxical sleep, 192 sets of 
stimuli were also delivered during each stage.
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Electrophysiological recordings and apparatus

Electrophysiological variables were recorded on a polygraph (with, for ERP, a time constant of 10 
sec and no filter) and also stored on a magnetic tape during all the night. The electroencephalogram 
(EEG) was recorded from silver-silver chloride cup electrodes, fixed with collodion and gauze at Fz, Cz 
and Pz locations according to the 10-20 system [17], which were referred to two linked electrodes 
attached to the ear lobes. The electro-oculogram was recorded from the external and the upper sides of 
one orbit. Galvanic skin response was recorded from two electrodes placed on the palm and on the back 
of one hand according to Tarchanoff [39] procedure. The electromyogram was recorded from the 
masseter muscle.

Data analysis

The electrophysiological recording were stored for stages of sleep and 
wakefulness according to standardized criteria [29]. For each stage the ERPs induced 
by the different stimuli were averaged separately. The EEG during each trial was 
digitized with a sampling rate of 200 Hz. Five sec-epochs starting 1 sec before the 
conditional stimulus were averaged. Any trial occurring during either an eye 
movement or a galvanic skin response was excluded from the analysis. Each average 
was realized from 32 free artefact trials. The amplitude of the contingent negative 
variation was quantified from the mean baseline value of 1000 msec of EEG 
recording before the conditional stimulus.

Two auditory evoked potential components induced by S1I and Sill were 
quantified in our study: one negative component N2 [20] and a positive component 
P3 [37]. For the emitted potential, observed in response to the omission of the second 
stimulus for set C, we quantified only the positive component. Although sometimes a 
negative component was clearly present, we could not quantify it because of its low 
amplitude and precariousness.

Owing to the presence of delta waves in stage 4, the determination of a 
baseline was not possible and the amplitude of N2 and P3 components was measured 
from peak to peak. The latency of these components from the onset of the stimulus 
was measured to the maximum peak.

Statistical analysis was performed by using analysis of variance. The different 
parameters of the ERP pairs during waking, eyes open and eyes closed, stage 4 and 
paradoxical sleep were compared with Duncan test.

Results

L a te  c o m p o n e n ts  o f  th e  E R P  d u rin g  w a k in g  a n d  sta g e  4

The auditory evoked potential induced by SII (unconditional stimulus) and Sill 
(unconditional target stimulus) was present during waking and stage 4 (Figs 1 and 2).
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During this sleep stage the vertex latency (SII: N2 = 374 ms; P3 + 583 ms; Sill: 
N2 = 413 ms; P3 = 603 ms) was significantly longer (P < 0.01) than during waking, 
eyes closed (SII: N2 = 166 ms, P3 = 268 ms, Sill: N2 = 160 ms, P3 = 275 ms and 
waking eyes open (SII: N2 = 174 ms, P3 = 299 ms; Sill: N2 = 151 ms, P3 = 311 ms). 
Similar differences were also found at Fz and Pz locations. The vertex amplitude 
increased non-significantly during stage 4 (SII = 17 pV, SHI = 27 p.V) from waking, 
eyes open (SII = 16 p,V, Sill = 22 p.V) and waking, eyes closed (SII = 12 p.V, 
SHI = 17 jjlV). The same result was obtained at Fz and Pz location.

W a k i n g  E0

S t a g e  U

P a r a d o x i c a l  s l e e p

f f J
Fig. 1. Event-related potentials during sleep and waking at Cz location. During waking, eyes open, eyes 
closed and paradoxical sleep the CNV appears in the interstimulus interval corresponding to set В (with 
target stimulus during waking). During stage 4 the CNV is not observed. The first arrow corresponds to 
the conditional stimulus (SI), the second to the target stimulus (Sill) (32 averaged responses). EC, 

eyes closed; EO, eyes open. Calibration: 10 p.V, 500 msec
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Fig. 2. CNV and emitted potentials during waking, eyes open, waking, eyes closed, stage 4 and 
paradoxical sleep at Cz location. Superimposition of 32 averaged responses from four different subjects 
for set C (conditional stimulus followed by an omission). During waking, eyes open and eyes closed the 
occurrence of the conditional stimulus (first marker) induces an evoked potential followed by a CNV and 
an emitted potential after the omission (second marker). During stage 4 only the evoked potential 
induced by the conditional stimulus appears. During paradoxical sleep a CNV develops after the 
conditional stimulus, and is always present after the omission until the occurrence of the emitted 
potential, whose latency is increased compared to waking. EC, eyes closed; EO, eyes open.

Calibration 10 p.V, 500 msec
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C N V  a n d  e m itte d  p o te n t ia l s  d u rin g  w a k in g  a n d  s ta g e  4

During waking the CNV which appeared after the conditional stimulus was 
obvious for all three stimuli sets at Fz, Cz and Pz locations (Figs 1 and 2). The mean 
amplitude at the vertex location (Cz) during waking, eyes open (set A: 11 pV, set B: 
11 pV, set C: 12 pV) did not differ for each set from the mean amplitude during 
waking, eyes closed (set A: 9 pV, set B: 10 pV, set C: 11 pV). The same result was 
observed at Fz and Pz locations.

The emitted potential was induced during waking in all subjects (Figs 1 and 2). 
The mean amplitude of the positive peak decreased significantly (P < 0.05) from 
waking, eyes open (10 pV) to eyes closed (6 pV) and a similar difference was present 
at Pz but not at Fz. The latency of the positive emitted component at Cz was not 
significantly greater during waking, eyes closed (366 msec) than during waking, eyes 
open (324 msec).

During stage 4 neither the CNV nor the emitted potential were evident (Figs 1 
and 2).

E v e n t-r e la te d  p o te n t ia ls  d u r in g  p a r a d o x ic a l s le e p

The vertex latency of the late components of the auditory evoked potential 
induced by SII and SHI (SII: N2 = 202 msec, P3 = 302 msec; Sill: N2 = 206 msec, 
P3 = 316 msec) were significantly (P < 0.05) shorter than during stage 4 but did not 
differ from those during waking. The same result was obtained at Fz and Pz 
locations. The mean vertex amplitude during paradoxical sleep (SII = 5 pV, 
Sill + 12 pV) was lower than during stage 4 and waking.

During paradoxical sleep the CNV was induced in all subjects by all three sets 
of stimuli at all three locations (Figs 1 and 2). The amplitude at the vertex (set 
A = 6 pV, set В = 11 pV, set C = 8 pV) during this stage did not differ for each set 
from that of waking, eyes closed, as was also the case at Fz and Pz locations.

Emitted potentials, induced during waking in all subjects, were also obvious 
during paradoxical sleep in four subjects. The mean vertex latency of positive peak 
(520 msec) was significantly (P < 0.05) greater than during waking, eyes closed, as 
was also the case at Fz and Pz but non-significantly. The mean vertex amplitude of 
the emitted potential during paradoxical sleep (7 pV) did not differ from that during 
waking, eyes closed.

Acta Physioiogica Hungarica 82, 1994



Event-related potentials in humans during sleep 93

Discussion

L a te  c o m p o n e n ts  o f  th e  e v o k e d  p o te n t ia l  du rin g  w a k in g  a n d  s ta g e  4

During stage 4 the latency and the amplitude of late evoked potential 
components were increased compared to waking, confirming previous findings [3, 4, 
6 , 15, 43, 45, 46]. The morphology of the evoked potential during stage 4, which 
differed from that during waking, resembled К complexes [7], which occur 
spontaneously or are induced by sensory stimulation, particularly auditory stimuli 
[40]. Perhaps, as was previously suggested [5, 19, 32, 42, 45, 46], the potentials evoked 
during stage 4 result from the summation of К complexes. If this is the case, then the 
К complex would represent a transformed associative potential expressing changes 
occurring in cortical reactivity during deep slow wave sleep, and then К spontaneous 
occurrence indicates that during stage 4 the responsiveness of the primary and 
associative cortical structures is significantly increased compared to waking. This high 
amplitude of the evoked potential during this stage of sleep may signify that when the 
cerebral rhythms are synchronized cortical reactivity increases [15, 43]. Weitzman 
and Kremen [45] showed that the amplitude of the long latency components of the 
evoked potential increases during sleep transition from stage 2 to stage 4. This 
progressive increase of amplitude could represent the effects of progressive 
diminution of central as sleep deepens from waking to stage 4. In the Rat, Arnaud et 
al. [1] noted that the amplitude of evoked potentials induced in SI somesthesic area 
by stimulation of thalamocortical radiations is maximal during slow wave sleep. This 
increased cortical excitability could result from a decrease of corticopetal inhibitory 
influences from subcortical structures such as the caudatus nucleus [8], the midline 
thalamic nuclei [35] or the brain stem. Indeed at this lowest level, the noradrenergic
[2] and serotoninergic [24] neurons which project to the cortex [22, 36], exhibit lower 
activity during slow wave sleep than during waking since these two neurotransmitters 
have mainly inhibitory influences [10, 26], their decreased release at the cortical level 
could be responsible for the increased cortical excitability.

However the extremely long recovery cycle of the evoked potential in the rat 
[11], and the significatively lengthened latency of the negative and the positive 
components in the present study show that the high amplitude of the evoked 
potential during slow wave sleep does not reflect the actual functional activity of the 
central nervous system.

C N V  a n d  th e  e m i t te d  p o te n t ia l  d u rin g  w a k in g  a n d  s ta g e  4

During stage 4 neither a CNV nor an emitted potential were evident. This 
result is at variance with that of Sasaki and Yoshi [31] who established a conditioned
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response in the dog during waking and then tested its reappearance during sleep by 
means of evoked potential variations and electromyographic discharges of the leg 
muscles-Sasaki and Yoshi reported that the conditioned response appeared at 
central and peripheral levels during slow wave sleep. Their results were obtained in 
unusual conditions since the animal was food-deprived for 23 hours and sleep 
deprived for 1 to 3 days; these conditions can modify the responsiveness of the 
animal as was the case for human after 48 hours sleep deprivation [13]. The results 
presented here agree with those of Bruneau et al. [3] in showing that in humans the 
effect of the conditioning disappears during slow wave sleep and the ERPs induced 
by single or paired stimuli stayed relatively constant. Johnson and Lubin [18] also 
noted that there is no habituation of the evoked potential during this sleep stage. Our 
results suggest that during stage 4 information stored during waking is not addressed 
and consequently not processed [25, 34]. During this stage it may not be possible to 
interfere with stored information [33].

A lack of information processing is confirmed by the inability in Rats to 
establish conditioned responses of central neural activity to intracerebral stimulation 
during slow wave sleep [23]. Townsend et al. [41] showed an absence of habituation 
during stage 2 and suggest that in this stage 2  a model of the initial stimulus would 
not be formed and that each stimulus would be processed as if it was the first. This 
hypothesis, predicts a marked decrease of memorizing processes in stage 2. Each 
stimulus would be restricted to sensory analysis since recall of the information is not 
possible insofar as information is not stored. The work of Maho and Bloch [23] is 
also consistent with this hypothesis.

Our results suggest that during stage 4 information stored during waking is 
inaccessible, since during waking CNV and emitted potentials are present as if is also 
the case during paradoxical sleep.

E v o k e d  p o te n tia l, C N V  a n d  e m itte d  p o te n t ia l  d u rin g  p a ra d o x ic a l s le e p

Our and other’s results [6 , 15, 45] are unanimous in showing amplitude 
reduction of evoked potentials during paradoxical stage when compared to other 
sleep stages. Nevertheless the differences are less emphasized between evoked 
potentials obtained during waking, eyes closed and paradoxical sleep. Corletto et al. 
[6 ] mention that several of their subjects had during paradoxical sleep evoked 
potentials similar to those of waking. In our study unlike Weitzman and Kremen [45], 
no significant changes were observed in latency between evoked potential obtained 
during paradoxical sleep and waking although a small increase occurred during 
paradoxical sleep. However the negative and positive component latency is less stable 
during paradoxical sleep than during waking. This increased variability also noted by 
Ornitz et al. [27] could be linked to the fact that the averages were obtained from
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trials presented during episodes of paradoxical sleep which were both accompanied 
and unaccompanied by phasic activities; these two subsets of paradoxical sleep have 
different behavioural responsiveness [21, 28].

Maho and Bloch [23] attributed the inability to establish conditioned responses 
during paradoxical sleep in animals to peripheral inhibition and showed that they can 
be established directly at the central nervous system level. This peripheral inhibition, 
however, does not prevent the occurrence of the CNV during paradoxical sleep in 
human, which shows that associative responses may occur during this sleep stage.

Therefore the conditioning trace is an active state during post-learning 
paradoxical sleep [16] and is accessible [31]. We were unable to confirm the 
observations of Salamy et al. [30] concerning a significant decrease in CNV 
amplitude between waking and paradoxical sleep. However, since an associated 
motor response was also elicited during paradoxical stage which is incompatible with 
muscular hypotonia characteristic of this sleep stage, the question can be raised as to 
whether the subjects were in paradoxical sleep rather than waking. The CNV 
induction by the three sets indicates that information processing persists during 
paradoxical sleep and that a parallelism exists between mental processes during 
waking and during this sleep stage. It is likely that in these two stages a common 
memory trace is accessible that was previously established during waking. The 
appearance of the emitted potential suggests that, after its activation by the 
conditional stimulus, stored information is accessed even if the second stimulus is 
omitted [12]. However these results need not imply that information processing 
during paradoxical sleep is similar to that of waking. Although it can be assumed that 
during paradoxical sleep the cue is first perceived and then processed from its 
memorized model, these discriminative abilities may differ from those during waking, 
as might be shown by a study on discriminative abilities during sleep.
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PHARMACOLOGICAL INHIBITION OF BRAIN CARBONIC 
ANHYDRASE PROTECTS AGAINST 4-AMINOPYRIDINE

SEIZURES

A. Mihály, K. Bencsik*, a . Nógrádi
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The effects of the inhibition of carbonic anhydrase on the manifestation of tonic-clonic 
seizures were investigated in freely-moving rats. 4-Aminopyridine, a specific blocker of the 
neuronal K+ channels was used to produce generalized convulsions. After pretreatment of 
adult male rats with 20 or 40 mg/kg acetazolamide, 3, 5, 7 or 9 mg/kg 4-aminopyridine was 
injected intraperitoneally and the latencies of the symptoms were measured. Pharmacological 
inhibition of brain carbonic anhydrase significantly increased the latency of onset of seizures. 
Bolus administration of acetazolamide decreased the incidence of generalized convulsions and 
protected against status epilepticus. Chronic acetazolamide treatment for 2 days affected only 
the generalized convulsions. The results suggested that alterations of the extracellular and 
intracellular pH by acetazolamide decreased the efficacy of synaptic transmission in several 
areas of the brain. The possible effects of HC03” ions on the sensitivity of synaptic and non- 
synaptic neuronal receptors are discussed.

Keywords: acetazolamide, carbonic anhydrase, 4-aminopyridine, seizure, rat

Carbonic anhydrase (CA) has been localized histochemically and 
immunohistochemically in several glial cell types of the central nervous system 
(CNS): astrocytes [3, 24], oligodendroglial cells [8 , 24, 32] and radial glial cells [4]. 
Many roles have been assigned to brain CA, including regulation of the tissue C 0 2 
level, the generation of HCO3 'ons and regulation of the tissue pH and fluid or ion 
compartmentation (for reviews, see [16, 40]).

Various experiments and clinical investigations have proved that acetazolamide 
(AC), a powerful inhibitor of CA, protects against experimental convulsions [1, 34] 
and can be used in the therapy of certain epilepsies [22].
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4-Aminopyridine (4-AP) is a convulsive substance which blocks the voltage- 
dependent K+ channels, facilitates inward Ca+ + movement [31, 37] and thereby 
causes neuronal hyperactivity [19, 21, 35]. Due to this simple and well-established 
mechanism of action, 4-AP has proved of use in the investigation of seizure 
susceptibility [27]. In our previous studies, the pharmacology of a tonic anticonvulsant 
opioid system was investigated successfully in a seizure model induced by 4-AP [18]. 
The aim of the present studies was to investigate the possible role of brain CA in the 
precipitation and maintenance of CNS convulsions. Experimental convulsions were 
induced with 4-AP injected intraperitoneally, similarly as in our previous experiments 
[18]. AC was administered prior to 4-AP and its inhibitory action on the enzyme was 
followed by means of the histochemical detection of CA.

Materials and methods

The experiments were performed on freely-moving male CFY rats (170-200 g body weight). 4- 
AP and AC (Sigma) were dissolved in physiological saline and injected intraperitoneally. In acute 
experiments (bolus administration), 40 mg/kg AC was given 10 min before 3, 5, 7 or 9 mg/kg 4-AP, and 
the latencies of the symptoms were measured. Controls received the solvent of AC and the same doses of 
4-AP. Ten animals were used in each group (altogether 80 animals). The latencies of onset of generalized 
muscle tremor, the first generalized tonic-clonic convulsion (GC), and the death of the animal were 
measured. The LD 50 and ED 50 values were determined by means of probit analysis (41]. The ED 50 
values were based on the incidence of GCs. With the help of a computer program possible correlation of 
the effect of 4-AP to the effect of AC was investigated by means of linear regression analysis, together 
with determination of the regression coefficients and standard errors. The regression diagram of the 
dose-response relations was constructed on the basis of the equations of the regression lines [36]. The 
slopes of the regression lines were compared statistically and used as the indicator of possible 
interactions between the two drugs [5, 36].

In chronic experiments, rats were pretreated for 2 days with either 20 (10 animals) or 40 (10 
animals) mg/kg AC intraperitoneally, twice per day. On the third day they received the last injection 10 
min before the administration of 7 mg/kg 4-AP. The latencies of the symptoms were measured similarly 
as in the acute experiments. Controls received physiological saline (10 animals). The data were compared 
statistically by Mann-Whitney-Wilcoxon analysis. Altogether 110 animals were tested in the acute and 
chronic experiments.

The inhibition of brain CA was checked histochemically on unfixed cryostat sections. Two 
animals received 80 mg/kg AC and 2 animals the solvent of AC once daily, for 4 days. One hour after the 
last injection they were decapitated under ether anesthesia, the brains were quickly removed and sliced 
on ice and 20 p,m thin coronal sections were cut between the approximate stereotaxic coordinates A 4.6 
mm and 1.7 mm [13] in a Dittes -  Duspiva cryostat. From each animal, 20 sections were cut and stained 
for CA activity. In order to avoid the elimination of tissue-bound AC during the histochemical 
processing, the sections were mounted on slides and dried with an air stream, and CA activity was 
detected by means of the dipping method [2]. The incubation medium contained (in mmol/l) 1.75 
CoS04; 11.7 KH2P 04; 157 NaHC03; 53 H2S 04; pH 6.9 after [2, 10]. At the end of incubation, the slides 
were quickly immersed in 0.5% Na2S in distilled water, rinsed in distilled water, dehydrated in absolute 
ethanol, mounted in Entellan and coverslipped.
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Results

Intraperitoneal injections of 4-AP precipitated a characteristic sequence of 
symptoms, the latencies of which were dose-dependent (Table I). At a low dose (3 
mg/kg), increased exploratory activity was the first sign, followed by generalized 
tremor of the skeletal and vibrissal muscles. No generalized convulsions developed in 
these animals (Table 1). At higher doses (5 -9  mg/kg), the frequency of shivering 
increased so that the animal was unable to move, and at the height of shivering GC 
developed (Table I), which lasted for 40 -  50 sec. A quiet postictal period (1 -8  min) 
followed, then the GC returned and (depending on the dose) status epilepticus 
developed, which caused the death of the animal. In the control rats, ED 50 was 
4 ±0.06 mg/kg, and LD 50 was 4.8 ±0.03 mg/kg 4-AP. This LD 50 value is close to 
that found in mice [11]. Those animals which recovered following the GCs showed no 
neurological symptoms afterwards.

Table I

Latencies (in min) o f the different symptoms following 4-AP injections in control and AC-treated rats

4 -A P  d o s e s  

( m g k g " 1) 3 5 7 9

TREMOR Control 4.3 ±0.2 3.8 ±0.1 3.6 ±0.1 2.7 ±0.1
AC 6.9 ±0.2 (a) 6.4 ±0.1 (b) 5.6 ± 0.2(c) 4.2 ±0.2 (d)

GC Control _ 18.0 ±1.6 12.2 ±1.4 6.8 ±0.4
AC - 60.0 ±0* 25.7 ± 4.2(e) 14.6 ±1.3 (0

DEATH Control _ 373 ±0* 36.0 ±3.2 15.8 ±13
AC - - 40.0 ±2.7 33.2 ±2.1 (g)

(m eantSEM). Where not indicated, symptoms did not develop. Significant differences are denoted 
(Mann-Whitney-Wilcoxon test).
(a)P = 0.0001 (b)P = 0.01 (c)P = 0.0001 (d)P = 0.01 (e)P = 0.008 (f)P = 0.0001 (g)P = 0.0001 

* The average of two measurements, not analyzed statistically.

Bolus administration of 40 mg/kg AC delayed the development of tremor and 
GCs. This effect proved to be statistically significant (Table I). Pretreatment with AC 
delayed the development of status epilepticus and the death of the animal (Table I). 
A regression diagram was constructed on the basis of the latencies of tremor. The 
dose-response relation reflected the increase in latencies (Fig. 1). However, the 
slopes of the regression lines were significantly different (P = 0.02). ED 50 increased 
to 4.9 ±0.02 mg/kg, and LD 50 to 6.1 ±0.07 mg/kg 4-AP.
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Fig. 1. Dose-response regression diagram on the basis of tremor latencies, following the bolus 
administration of 40 mg/kg AC. The doses of 4-AP are shown in mg/kg, the latencies of tremor in 
minutes. CON: received 4-AP and the solvent of AC; AC: acetazolamide plus 4-AP. The diagram has 
been constructed on the basis of four different concentrations. The slopes of the regression lines are

significantly different (P = 0.02)

Fig. 2. Effects of chronic AC administration on the latencies of tremor (striped columns), GCs (black 
columns) and death (white columns). The latencies are shown in minutes. SEM values are indicated. A: 
effects of 7 mg/kg 4-AP without AC pretreatment; B: 20 mg/kg AC plus 7 mg/kg 4-AP; C: 40 mg/kg AC 

plus 7 mg/kg 4-AP. Asterisks indicate significant differences (A -В: P = 0.001; B-C: P = 0.007)
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FBI
20 jjm

Fig. 3. Histochemical detection of CA activity in the cerebral cortex, using unfixed cryostat sections A: 
following the daily injections of physiological saline, glia-like cells (arrows) and fine, thread-like 
processes (arrowheads) are visible. B: complete inhibition of the histochemical reaction following chronic

administration of 80 mg/kg AC
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Chronic administration of AC exerted a slightly different action. When tested 
with 7 mg/kg 4-AP, the latencies of tremor and death did not change (Fig. 2). On the 
other hand, the latencies of GCs increased significantly (Fig. 2). Moreover, this effect 
was dose-dependent, 40 mg/kg AC being more effective than 20 mg/kg (Fig. 2). In 
spite of this beneficial influence of chronic AC treatment, GCs developed in every 
animal, and the latencies of the other symptoms were not affected (Fig. 2). However, 
the mortality in the AC-treated groups was lower: 80% following 20 mg/kg, and 70% 
after 40 mg/kg. In the control the group mortality was 100%. This effect of AC 
pretreatment was not analyzed statistically.

The inhibitory effect of AC was followed histochemically. Unfixed cryostat 
sections from the brains of control animals showed CA-reactive glia-like cells and 
thread-like processes in the neocortex (Fig. ЗА). Following the chronic 
administration of 80 mg/kg AC, no CA activity was detected (Fig. 3B).

Discussion

4-AP is a specific blocker of the IA potassium current, which regulates the 
spike frequency in postsynaptic structures [30]. 4-AP also inhibits the IK current and 
thereby prolongs the action potential [15], which in turn increases the inflow of C a+ + 
and facilitates transmitter release [37]. Voltage clamp studies indicated that 4-AP 
directly promotes the entry of Ca++ through voltage-sensitive channels and the 
generation of oscillatory potentials [31]. Patch-clamp studies on cultured astrocytes 
proved the presence of 4-AP-sensitive K+ channels (probably A-type channels) in 
glial cells, too [25]. However, the significance of these in the regulation of 
extracellular ion concentrations is not clear [25].

The aminopyridines have been reported not to influence acetylcholinesterase 
[17], the GABA receptors [28] and synaptic protein phosphorylation [6]. Presumably, 
they do not influence the glial uptake systems, nor the glial metabolism of transmitter 
substances. At present, it seems, that the convulsive activity induced by 
aminopyridines is a consequence of their action at the ion channels of the neuronal 
(and glial) membrane. Due to this, the 4-AP model seems to be suitable for the 
investigation of seizure susceptibility. A further advantage of 4-AP is that it readily 
crosses the blood-brain barrier [14], and consequently the latencies of the symptoms 
are very short. In our experiments, the seizure-related symptoms were highly 
reproducible as shown by the relatively small SEM values.

The pharmacological effects of AC seem to be restricted to the inhibition of 
CAs [29, 43]. Although AC causes systemic metabolic acidosis, its anticonvulsant 
potency depends on its concentration in the brain [23] and is proportional to the 
degree of CA inhibition [29]. We observed the complete inhibition of brain CA after 
the chronic administration of 80 mg/kg AC. Although we did not slice the whole
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brain in order to check the histochemical appearance of CA activity, the selected 
forebrain areas showed the complete inhibition of the enzyme. This is in accordance 
with pharmacological data which prove that the inhibition is complete in all organs at 
20 mg/kg [43]. However, pharmacohistochemical studies on the optic nerves of rats 
did not reveal any decrease of CA activity following the chronic administration of 15 
and 30 mg/kg AC [26]. In our opinion this was partly due to the processing of the 
tissue, i.e. to the perfusion fixation and washing in sucrose-containing buffers before 
sectioning: the procedure might dilute the AC-content of the tissue and lead to the 
recovery of CA activity during the histochemical reaction [26]. On the other hand, 
during the long (2  weeks) pretreatment the induction of the synthesis of the enzyme 
might counterbalance the pharmacological inhibition [26]. This is the reason why we 
used a higher dose (80 mg/kg) of AC for a shorter time (4 days) in our present 
experiments. The purpose of the utilization of unfixed cryostat sections has been to 
avoid contacts with solvents which could remove AC from the tissue. Unfortunately, 
this procedure resulted in bad structural preservation, however, we succeeded in 
demonstrating the inhibition of CA activity in histochemical sections. Recent 
biochemical measurements with subcellular fractionation in mice indicated 
differences in the degree of CA inhibition [1]. At 1 h after the administration of 200 
mg/kg AC the enzyme activity was maximally inhibited in all fractions except for 
myelin in the cerebral cortex [1]. A similar inhibition pattern has been found in 
subcortical structures [1]. Residual CA activity has been detected following a single 
intraperitoneal injection of 150 mg/kg AC in audiogenic mice, too [9]. The fact that 
we did not detect CA activity in the white matter could be explained by the lower 
sensitivity of the histochemical method used in our experiments.

Brain CA not only catalyzes the conversion of C 0 2, but also maintains several 
ion-exchange processes (particularly those of K+, Na + , Cl' and HCOJ') which result 
in the glial accumulation of H20 , K + and Cl* and an increased extracellular HCOj- 
concentration [40]. These processes are more marked in convulsions when C 0 2 and 
other products of neuronal depolarization [40] accumulate in the extracellular space. 
CA activity not only supports the buffering of the neuronal microenvironment, but 
also promotes the uptake of transmitters and the detoxification of ammonia [40].

We suppose, that when CA is inhibited during 4-AP convulsions, C 0 2 
accumulates and reduces the oxidative metabolism of neurons, which in turn 
decreases the activity of membrane ATPases [33]. On the other hand, the lack of 
НСОз" production will inhibit the chloride shift, and therefore the extracellular Cl* 
concentration and the efficacy of the inhibitory neurotransmission increases [33]. 
These changes hinder propagation of the seizure, which is probably reflected by the 
increase of ED 50 and the latency of GCs during 4-AP convulsions.

Studies on the inhibition of brain CA raise another interesting question 
concerning the role of HCOJ" in the regulation of some receptor-mediated processes
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[38] There are indications that the presence of HCOj" can enhance the effects of 
certain toxic ligands on the glutamate receptor [42]. Growth factors stimulate acid- 
base transporters in the presence of HCOj" [7]. In s itu  hybridization proved the 
widespread occurrence of Cl' -  HCOj" exchangers (plasma membrane proteins) in 
the mammalian brain [12]. These data indicate that the brain CA and HCOj" 
production is important in basic regulatory processes such as ligand-receptor 
interactions, and that some of the ion movements connected with regulation of the 
H C O j’ concentration may be secondary phenomena, consequences of ligand- 
receptor interactions. From this point of view it can be hypothesized that the 
inhibition of CA and the concomitant decrease in HCOj" production decrease the 
sensitivity of some membrane receptors, and therefore exert a beneficial effect in 4- 
AP convulsions. On the other hand, this could explain the ineffectiveness of AC in 
experimental convulsions triggered from certain transmitter receptors [39].

It seems that 4-AP influences glial K + channels, too [25]. Therefore, the 
possibility of interactions between 4-AP and AC in glial cells cannot be excluded. On 
the basis of regression diagrams, a competitive antagonism (i.e. the effect of 4-AP on 
the enzyme) is impossible. Some kind of non-competitive antagonism (e.g. a 
metactoid or functional interaction) may occur at the level of the membrane ion 
transporters. However, this cannot be investigated in our model system. 
Sophisticated electrophysiological techniques applied to glial cell cultures are needed 
to solve this problem.
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ATP AND pH PREDICTORS OF HISTOLOGIC DAMAGE 
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In vivo changes of high energy phosphates and pH were determined with 31P NMR 
spectroscopy in rats subjected to symmetric or asymmetric partial global ischemia with 
reperfusion. Tissue damage was assessed by histology. ATP depletion, following PCr 
depletion, developed shortly after the onset of ischemia. In prolonged ischemia reperfusion 
was not followed with full recovery. APT depletion of more than 20% during reperfusion was 
associated with histologic damage; marked necrosis was associated with 50% reduction. 
Although during ischemia, severe persisting intracellular acidosis developed sometimes, and it 
was also associated with tissue damage, it did not appear to elicit tissue damage independently 
of the ATP depletion. Splitting of the Pi peak was useful in predicting heterogeneous 
distribution of the necrosis, thus it can reflect a heterogeneous distribution of the intracellular 
pH.

Keywords: ischemia, reperfusion, brain metabolism, ATP depletion, acidosis

31P NMR permits noninvasive in  v iv o  monitoring of tissue energy metabolism. 
With 31P MRS, freely mobile adenosin triphosphate (ATP), phosphocreatin (PCr) 
and inorganic phosphorus (Pi) can be identified and quantified. Changes in the 
resonance frequency of Pi to PCr have been shown as a measure of intracellular pH 
[14]. Previous data indicate that depletion of high energy phosphates occurs during 
partial cerebral ischemia [11]. With ischemic insult of increasing severity ATP 
concentration and the calculated pH decline [3, 10, 13]. Tissue injury following 
ischemia is more severe than that following comparable energy depletion due to
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hypoglycemia [7]. Preliminary data show that the degree and duration of the 
depletion markedly influence the outcome of the necrosis [1].

The aim of our study was:
1. to answer which of the intracellular metabolites detected by 31P MRS correlates 
the best with the histologic changes,
2 . to identify the level of high energy phosphate depletion during ischemia when 
ischemic damage occurs,
3 . to define the severity of ischemic brain damage by determining the severity and 
time course of high energy phosphate depletion during the ischemia.

Materials and methods

Animal preparation

Asymmetric global ischemia model. Sprague -  Dawley rats of either sex, weighing 150 to 260 g, 
were placed under normothermic general anesthesia (70% N 02, 29% 0 2, and 1% Halothane). 
Tracheostomy was made, femoral artery and vein catheters were inserted. The rat was paralyzed and 
mechanically ventilated. Both subclavian arteries were ligated proximal to the vertebral artery origins, 
the left via a small thoracotomy between the third and fourth ribs, and the right from above the clavicle. 
One internal carotid artery was cannulated distally in order to monitor the carotid stump pressure (CSP) 
as an index of cerebral perfusion pressure, after ligation of the external carotid. A 3 mm diameter plastic 
cuff was placed around the opposite common carotid. Into this was placed a latex balloon fixed to a 4 
meter long PE-50 polyethylene catheter which was sutured at 2 points to the muscles underlying the 
carotid artery. Partial or total carotid occlusion was produced by manual inflation of the balloon 
controlling the cerebral blood supply [2], monitored by the opposite carotid stump pressure.

Homogeneous global ischemia: Flow heterogeneity was greatly reduced in a slightly modified 
model consisting of permanent occlusion of one subclavian and one carotid artery (with the carotid 
stump pressure monitoring catheter) and reversible complete occlusion (with the balloon) of the 
contralateral carotid. The systemic arterial pressure was modulated by varying the inhaled halothane 
concentration between 0.5 and 2%. In this modification, the lessened flow heterogeneity usually resulted 
in homogeneous bilateral cortical infarctions.

Spectroscopy and monitoring

The scalp and the temporal muscles were reflected laterally and retracted with ligatures through 
the zygomatic arch. The rat was placed in a probe containing plastic tubing coils for circulation of warm 
water for control of body temperature monitored with a rectal thermistor. The probe contained 
appropriate openings for the tubing and electrical connections. A 2 tum 1 x 1.5 cm elliptical coil tuned 
to 147.5 MHz (for 31P) was placed in contact with the skull and sutured in place with ligatures through 
the zygomatic arch and a loop around the upper front teeth. The coil was located with its center on the 
midline of the cranium midway between bregma and lambda. The distance between these skull reference 
points was recorded to facilitate relating the coil to the experimental ischemic volume. A capillary pipette 
containing methylene diphosphonate was placed behind the coil to serve as a reference calibration.

After the probe was tuned, it was placed within the bore of a superconducting upright Oxford 
magnet (8.5 Tesla) interfaced to a Bruker spectrometer. Spectra were collected in optimal blocks of free
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induction decays (FIDS) with a repetition interval of 63 milliseconds with a pulse width of 2 
microseconds (10 degree flip angle), using a 1 pulse sequence with a sweep width of 8 kHz and lk data 
points with reconstruction in 4k. With this system spectra with satisfactory signal; noise ratio could be 
collected in 4.25 minutes (4000 scans).

Phantom studies demonstrated that the 2 microseconds pulse confined the recorded spectral 
sampling to the outer 2 -3  mm of brain, comprising convexity cortex, dorsal hippocampus, and a small 
portion of the dorsal-most aspect of corpus striatum. Longer pulse durations (10-20 microseconds) 
yielded a larger brain sample extending to a depth of 6 mm (an average of cortex, hippocampus, and 
basal ganglia) but free from contamination by temporalis, pharyngeal, or tongue musculature. In pilot 
experiments, in which we sequentially switched the pulse duration from long to short in alternate spectra 
we found the "whole brain" sample somewhat more resistant to hypoglycemic energy failure than the 
cortex.

Pulsing strategy

It has been demonstrated by Ackerman's group that maximum frequency of pulsing 
(T /T l < 0.05) results in maximum signal: noise [4]. However, due to differences among the components 
of the spectrum in T1 relaxation times at this extremely high repetition rate there are distortions of the 
proportional relationships among the different components of the spectrum. In addition there is some 
variability in tissue volume sampled. With these qualifications, and the presumption that T1 does not 
change, the spectral measurements so obtained are presumed to be semiquantitatively valid for 
determination of per cent changes in any one element of the spectrum in serial measurements, i.e. a 
twofold increase in the area under the Pi peak represents a real doubling of the Pi concentration.

Experimental protocol

After recording of several control spectra while the rectal temperature and systemic blood 
pressure (SBP) were stabilized, the carotid blood pressure (СВР) was decreased with the inflation of the 
balloon to the desired value using a calibrated syringe. By changing of halothane level, we kept the 
PCr/Pi ratio between 0.25 -  0.75 [7] for 35 -  60 min. The balloon was then deflated, the halothane 
concentration lowered and a three-hour reperfusion started (Fig. 1).

After the experiment the brain was perfusion-fixed. Sections made at the level of the optic chiasm 
were stained with cresyl violet (Nissl) [16] and photographed and the infarction area measured. The size 
of the edematous area was determined after staining of the optic chiasm and video projection of the 
sections on a TV screen. The whole section and the less stained area were copied on a transparent film 
placed on the screen. These profiles were cut and weighted. The % ratio of the weight of the less stained 
area to the total weight of a section indicated the size of the damaged area. The top panel of Fig. 2 shows 
the original Nissl stained section, the lower part presents the digitized picture.
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time

Fig. 1. Changes of phosphorus metabolites and pressures during ischemia and recovery. After recording 
several spectra СВР and SBP were decreased for 35 -  60 minutes by inflation of the balloon around the 
carotid artery and by increasing the halothane level. PCr depletion was followed by ATP depletion 
shortly after the onset of ischemia. After the release of carotid occlusion a three-hour reperfusion 
started. The concentration of the high energy phosphates more or less returned to the control level, 

but the initial values were reached very rarely

IP ale  area 
lA rea к 1 0 0 »  •/• Damaged tissue

Fig. 2. The top panel shows a Nissl stained coronal section of the brain, the lower part presents the 
digitized picture. Per cent of normal tissue was calculated by dividing the area of the normal staining 
tissue from the surface of the cortex through the hippocampus by the total tissue area examined and

multiplying it by 100
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Relative metabolite concentrations and pH values calculated from the MRS spectra were 
compared with the size of the infarction.

Data evaluation

СВР and SBP values corresponding to all the spectra were recorded and the intensities of all 
characteristic peaks (Standard, Pi, PCr and beta-ATP) were measured. All values are expressed as % of 
the control. Thus the initial preischemic level was taken as 100% and the ischemic and reperfusion values 
indicate the changes throughout the experiment. We introduced the term of terminal PCr, Pi and ATP as 
the per cent reduction in the average of the final 10 spectra for each metabolite (terminal PCr, Pi, ATP).

Intracellular pH (pHi) was calculated by the chemical shift of Pi relative to PCr using the 
following equation:

pHi = 6.77 + log[(a -  3.29)/(5.68 -  a)] 

where a is the chemical shift in ppm [14,12, 8].

Modeling

Our experiments suggest that, when the surface coil overlies both the area of focal ischemia and 
normal tissue, three gross metabolic tissue populations are reflected in a splitting or by the broadening 
of the Pi peak:
1. The central core of ischemia, destined to become infarcted if a time threshold is reached. This is 
reflected in a marked chemical shift of the Pi component. We termed it "Pi(a)” representing the most 
acidic population of Pi and the pH that causes the shift "pH(a)" was calculated. Thus the ischemic core is 
characterized by low pH, maximal Pi per unit volume, and lack of ATP (Fig. 3).
2. We postulate that the less shifted component of the Pi represents the ischemic penumbra, in which 
disordered energy metabolism is reflected in elevated Pi. This Pi is termed "Pi(b)" and is used for 
calculations of ”pH(b)" (less acidic pH). ATP is presumably depressed, but not totally depleted, 
penumbra shows intermediate pH, elevated but not maximal Pi per unit volume, variable ATP (Fig. 4).
3. The third tissue population presumably also viewed by the coil, is metabolically normal. Its minimal 
contribution to the Pi is not recognizable directly, but it does contribute to the majority of the ATP 
signals, thus the normal tissue is characterized by normal pH, normal Pi (which is very low), normal ATP, 
probably comprises most of the ATP viewed by the coil (Fig. 5).
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Fig. 3. Terminal MRS spectrum and Nissl stained coronal section from rat with severe homogeneous 
tissue damage. Ischemic tissue damage was produced by bilateral carotid and unilateral subclavian artery 
occlusion supplemented by halothane induced hypotension. The shape of the high acid Pi peak and the 
small normal Pi peak suggests severe homogeneous damage, the two peaks labeled "a" and "b" had 
calculated pH’s of 5.41 and 7.17, respectively. Terminal values of ATP (56.6%) and PCr (66.6%) are 
consistent with observed pallor of cortex in the monitored brain tissue. Note the complete ischemia 

throughout the cortex, and the normal staining of the hippocampus

Fig. 4. Terminal MRS spectrum and Nissl stained coronal section from rat showing moderate 
heterogeneous tissue damage. Ischemic tissue damage was generated by bilateral carotid and ipsilateral 
subclavian artery occlusion combined with ballon compression of the contralateral carotid artery. Low 
acid and normal Pi peaks labeled "a" and "b" correspond to calculated pH's of 5.77 and 7.02, respectively. 
Terminal values of ATP (70.8%) and PCr (84.1%) are consistent with the demonstrated patchy

cortical damage
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Fig. 5. Terminal MRS spectrum and Nissl stained coronal section from rat do not show any tissue 
damage. Ischemia was produced by bilateral carotid and unilateral subclavian artery occlusion 
supplemented by halothane induced hypotension. Low and homogeneous Pi peak, high terminal 

PCr (85.3%) and ATP (95.7%) peak are consistent with the observed normal brain tissue

Terminal ATP (•/•)

Fig. 6. Plots of the per cent fraction of normal density (not infarcted) tissue found following varying 
degrees of global cerebral ischemia are compared to terminal values of ATP. Bars represent the mean q 
standard deviation of value obtained from the ten terminal spectra. Per cent normal density tissue was 
calculated by dividing the area of the normal staining tissue from the surface of the cortex through the 
hippocampus by the total tissue area examined and multiplying by 100. Correlation coefficient and 

the number of animals are shown in the lower right comer of the illustration

Fig. 7. Terminal MRS spectrum and Nissl stained coronal section from rat showing severe heterogeneous 
tissue damage. Ischemic tissue damage was generated by bilateral carotid and ipsilateral subclavian artery 
occlusion combined with ballon compression of the contralateral carotid artery. The shape of very high 
Pi peak(s) labeled "a" and "b" correspond to calculated pH’s of 5.79 and 6.84, respectively. Terminal 
values of ATP (61.2%) and PCr (58.4%) are consistent with the development of infarct in 40% of the

monitored brain tissue
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Results

We separately correlated:
I. The terminal spectra with histology
II. The time course of metabolite concentrations determined during and after the 
ischemic period with histology.

I. Table I summarizes the terminal values for ATP, PCr, Pi, PCr/Pi, and pH(a) 
and the associated histology. The per cent ATP reduction in the average of final 10 
spectra (terminal ATP) was the most reliable predictor of the size of infarction. This 
was true for both homogeneous and heterogeneous lesions (r = 0.90), (Fig. 6).

Table I

Terminal values for high energy phosphates (per cent reduction in the average o f final 10 spectra), pH(a) 
(average o f final 10 spectra) and the associated histology. The means ± standard deviations were obtained 
from the ten terminal spectra. The correlation coefficients found between the terminal values and histology

are included

N

P C r

(%)

A T P

(%)

P i

(%)

P C r / P i

(% )

p H ( a ) N o r m a l

t i s s u e

(%)

l 58.4 +  3.2 61.214.6 168.2H4.5 0.65 ±0.1 5.7910.11 40.1
2 96.116.4 100 ±7.6 98.2 ±23.5 3.12 ±0.9 7.15 ±0.06 100
3 85.3 + 8.4 95.4111 217.H48.0 1.37 ±0.3 6.65 ±0.11 100
4 55.2+4.9 73.615.7 369.2 1 22.7 1.0710.1 6.4910.05 55.6
5 52.9 + 2.9 44.616.4 159.2111.6 1.8410.2 5.1410.00 7.76
6 79.5 + 2.4 71.213.4 117.7112.6 1.7410.2 7.09 ±0.07 72.5
7 84.1 ±4.6 70.815.1 142.9 ±9.10 1.5210.1 5.77 ±0.26 61.2
8 66.6+4.6 56.616.9 199.4 ±290 1.11 ±0.2 5.41 ±0.03 27.2
9 88.0 + 3.7 89.0 ±30 100.0 ±12.2 3.0810.3 7.16 ±0.05 100
10 63.613.6 78.214.9 174.419.8 1.3210.1 6.41 ±0.04 56.1
11 94.714.7 78.814.4 70.3 ±15.8 3.39 ±0.9 6.97 ±0.05 100
12 94.912.9 77.316.1 104.916.1 2.67 ±0.5 6.99 ±0.06 78.7
Г 0.85 0.90 0.37 0.65 0.89 -

S'g P< 0.005 P< 0.005 NS NS P< 0.005 -

N = number of animals
r = Spearman rank order correlation coefficient 
Sig = level of statistical significance 
NS = not significant (P>0.05)
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In some of these animals the lesion was largely confined to one hemisphere 
(Figs 4, 7). Terminal ATP in these animals well correlated with the infarct volume, 
but showed relatively poor correlation with the average pH (r = 0.83), or PCr/Pi 
(r = 0.65) calculated from the area under the distribution Pi peak. In these animals 
the Pi peak showed splitting or substantial broadening, suggesting that two 
populations of tissue, at different intracellular pH, were being viewed. The pH and 
PCr/Pi calculated from the height of the more acidic peak (Fig. 8) did correlate 
strongly with the infarct volume (r = 0.89 for pHa), (r = 0.84 for PCr/Pia).

Fig. 8. Plots of the per cent fraction of normal density (not infarcted) tissue found following varying 
degrees of global cerebral ischemia are compared to the terminal pH value of the acid Pi fraction. Bars 
represent the mean q standard deviation of the value obtained from ten terminal spectra. Per cent 
normal density tissue was calculated by dividing the area of the normal staining tissue from the surface of 
the cortex through the hippocampus by the total tissue area examined and multiplying it by 100.
Correlation coefficient and the number of animals are shown in the lower right comer of the illustration

II. The other important aim of our study was the evaluation of the severity of 
brain ischemia. First we had to determine a uniform criterion for the onset and term 
of ischemia for all experimental animals. Earlier studies indicate that despite 
reperfusion, pathological metabolic pattern typical of ischemia persists. Thus, 
restitution of СВР to the control or near control values does not necessarily mean the 
end of ischemia [9] (Fig. 9).

The question arises, what part of this period means real ischemia in different 
animals subjected to ischemia of different duration and severity? Histological 
findings failed to support that СВР values under 25 mmHg [5, 6] elicited ischemic 
damage in all cases; no significant correlation between the СВР values and ischemic 
damage were observed.
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Time
о СВР 
.  PCr/PI

Fig. 9. Partial global ischemia in a rat, made by bilateral carotid occlusion and subclavian ligation was 
monitored by MRS determination of PCr/Pi, and cerebral perfusion pressure distal to one of the carotid 
artery ligatures. A severe fall, but not total depletion of PCr/Pi occurred at reduced perfusion pressure, 
and was maintained over 100 minutes. When reperfusion was allowed by release of one carotid artery 
ligature and restoration of systemic arterial pressure, the PCr/Pi showed only slight gradual recovery, 

indicating that energy deficit can also contributed to the development of irreversible changes

C o m p a r iso n  o f  M R S  a n d  h is to lo g y  o f  is c h e m ic  d a m a g e

Ischemic tissue damage depends both on the duration of the ischemia, and the 
period of reperfusion. The longer is the time period between insult and histology, the 
greater is the observed damage. If an "element of insult" is defined as the severity of 
the insult, e.g. depletion of ATP, which is present for a time interval required for the 
collection of one spectrum (4.25 minutes), it would follow that element Rj in Fig. 10, 
collected shortly after the onset of ischemia would have a greater effect on the 
histologic outcome than element RN, a few minutes before the end of the 
experiment. In this example, there was a substantially longer time Rj to elicit its 
tissue effect, compared to element RN. A systematic weighting of the sequential 
elements of insult is desirable to account for the continuing evolution of histological 
damage after the insult. With the absence of quantitative data on time course of 
tissue damage evolution we have tested three simple weighting models for "best fit" to 
the present experimental data (ATP):
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U n w eigh tin g , in a way that element R, (1 -  Ej) contributes to the determination of the 
histological outcome as much as element RN (1 -E N).

Insult = (SU M )(1-E1) where E is ATP level and is expressed as falling 
between 1 (control = 100% or 1) and 0 (no ATP).

L in e a r  w eigh tin g , in a way that in an experiment comprising 60 (N = 60) spectra 
collected from the onset of ischemia, the first is weighted by a factor of 60, the 
second by 59, the third by 58, the fifth from last by 5 and the last by 1. In order to 
make experiments which comprise different numbers of spectra comparable the sum 
of the thus weighted insults is divided by the sum of the numbers of the spectra.

Insult = [ SUM ] " (1 -  Ei) X (n -  i + l)/[SUM](n -  i +1)
i = 1

S q u a re  w e ig h tin g : the weighting decreases as the square of the number of the 
spectrum from the end of the experiment.

Insult = [SUM] ^(1 -  Ei) X (n -  i + l ) 2/[SUM](n -  i + 1)2

The correlation coefficients found between the metabolic integrals and 
histology (as well as a variety of other factors) are included in Table III.

ATP
(V.) 1 2345676910 .... N

Fig. 10. Calculation of ischemic insult. The per cent reduction of high energy phosphate (ATP) as a 
function of time from a single animal is shown. One "element of insult" is defined as the severity of the 
insult, e.g. depletion of ATP, which is present for a time interval required for the collection of one 
spectrum (4.25 minutes). Element Rj collected shortly after the onset of ischemia, element RN gathered 
a few minutes before the end of the experiment. N = number of the spectra from the onset of ischemia 
to the end of the experiment. The linear weighted metabolic insult was calculated using the formula as

follows

R, * N + R2 " ( N - l )  + R3 * (N -2 ) + ... + Rn * (N -N )

N + (N - l )  + (N -2 )  + ... + (N -N )
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In order to identify clues to a possible threshold of energy depletion below a 
level, where ischemic damage does not occur, the above formulae were also modified 
to exclude those spectra in which the ATP depletion (1-ATPi) was less than 
specified levels between 0 and 24%.

The best histology to integral correlation was found between the unweighted 
20% reduction ATP integral (-0.881) than with any other combination of ATP.

We believe the threshold of histologic damage is somewhere between the 20% 
and 24% ATP depletion.

Table II

Ischemic values (average o f ischemic period) for high energy phosphates, pH (а), СВР and time o f ischemia 
when the ATP depletion is/or more than 20%. The means ± standard deviations were obtained from the 

spectra of ischemia. The correlation coefficients found between the ischemic values and histology are
included

N

P C r

(%)
A T P

(%)
Pi

(%)
С В Р

( m m H g )

p H ( a ) T im e

( m in )

l 64.2 ±10 67.3 ±6.6 164.9 ±45.9 33.6 ±6.2 5.69 ±0.22 204.1
2 58.8 ±22 65.8 ±17 116.3 ±36.9 35.6 ±21 6.38 ±0.12 12.7
3 79.2 ±15 77.6 ±1.2 186.7 ±690 25.0 ±8.8 6.58 ±0.23 21.25
4 48.3 ±12 66.3 ±11 337.0 ±93.4 29.2 ±11 6.00 ±0.31 195
5 47.1 ±11 50.1 ±7.6 835.2 ±201 56.3 ±27 6.02 ±0.45 246.5
6 72.4 ±9.7 72.1 ±4.8 154.1 ±46.7 61.5 ±20 6.60 ±0.32 174.2
7 71.1 ± 16 64.5 ±8.1 169.2±41.4 40.1 ±13 5.98 ±0.25 2123
8 58.7±12 56.9 ±90 2510±50.0 58.9 ±22 5.33 ±1.02 238.1
9 68.9 ±19 73.2 ±30 161.4 ±38.2 30.6 ±13 6.66 ±0.24 55.2

1 0 59.5 ±9.6 74.5 ±5.4 189.1 ±29.9 29.1 ±7.1 5.71 ±0.41 89.25
1 1 76.4 ±24 69.1 ±8.9 146.9 ±66.8 39.6 ±18 6.7 ±0.26 106.25
12 78.3 ±22 69.1 ±6.9 157.1 ±78.4 413 ± 14 6.54 ±0.50 182.7

Г 0.67 0.76 0.69 0.51 0.79 0.83
S ' g NS P< 0.005 NS NS P< 0.005 P< 0.005

N = number of animals
r = Spearman rank order correlation coefficient 
Sig = level of statistical significance 
NS = not significant (P>0.05)

Table II summarizes the results of ischemic experiments. The comparison of 
the average ATP concentration du rin g  is c h e m ia  with histological data showed a 
correlation of lesser degree, that the area integrated from the ATP depletion. 
Average values do not reflect the degree of depletion, because for example, a 70% 
average ATP value can mean a 30% energy loss throughout the whole ischemic 
period, or a loss of 50-60%  in some spectra with only 15-20% loss in the others.
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Naturally the development of necrosis will not be the same in these cases. The 
neurons are much more vulnerable to a 60% lack of ATP, compared to a less 
pronounced, though long-term depletion. Thus a very intense insult for a brief period 
of time may produce the same lesion as a milder insult for a longer period [1].

Table III

The correlation coefficients found between the metabolic integrals and histology (as well as a variety o f other
factors)

Correlation coefficients between unweighted ATP integral and:

0% 5% 10% 15% 20% 24%

tATP -0.961 -0.859 -0.949 -0.930 -0.911 -0.872
tPCr -0.645 -0.633 -0.624 -0.618 -0.608 -0.597
pHa -0.811 -0.823 -0.842 -0.856 -0.864 -0.861
HCHIST -0.884 -0.891 -0.894 -0.893 -0.881 -0.863

Correlation coefficients between linear weighted ATP integral and:

0% 5% 10% 15% 20% 24%

tATP -0.932 -0.934 -0.939 -0.934 -0.918 -0.903
tPCr -0.598 -0.611 -0.623 -0.612 -0.624 -0.623
pHa -0.755 -0.749 -0.756 -0.775 -0.812 -0.821
HCHIST -0.831 -0.831 -0.842 -0.855 -0.872 -0.868

Correlation coefficients between square weighted ATP integral and:

0% 5% 10% 15% 20% 24%

tATP -0.933 -0.939 -0.951 -0.947 -0.933 -0.916
tPCr -0.551 -0.574 -0.601 -0.592 -0.616 -0.621
pHa -0.725 -0.718 -0.736 -0.755 -0.797 -0.811
HCHIST -0.809 -0.812 -0.834 -0.852 -0.877 -0.872

Explanation of the symbols and abbreviations: The first line of data is the degree of reduction of ATP 
used in the calculation. tATP = terminal ATP, tPCr = terminal PCr, pHa = terminal acid pH, 
HCHIST = Hippocampal-Cortical histology. The integrals go all the way to the end of the data (include 
the last ten values).
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Discussion

We have data from 12 rats subjected to varying durations and severities of focal 
and global ischemia. CSP was monitored for controlling the cerebral blood supply.

In validation experiments, Boehme et al. [2] serially measured local cerebral 
blood flow by H2 clearance at different constant cerebral perfusion pressures. They 
found that at CSP = 7 mmHg there was a progressive fall in cerebral blood flow 
(CBF), from the initial ischemic 10-12 cc/100 g/min (control CBF in the rat is 
around 60 mmHg/100 g/min [2]) declining to 0 after 2 -3  hours. At 9 mmHg CBF 
declined at a much slower rate, while at 12 mmHg, CBF initially fell, then gradually 
rose, presumably representing adaptation of intra- and extracranial collateral 
circulation.

There was a flow gradient between the hemispheres, lower on the side of the 
complete carotid occlusion (by the CSP catheter). At CSP 9 mmHg this averaged to 
10 cc/100 g/min on the side of the carotid occlusion and to 20 cc/100 g/min on the 
side of the controlling balloon. This difference is sufficient to produce a focal 
infarction.

The metabolic components of ischemia are a) energy failure and b) lactic 
acidosis.

a) The ATP level assessed by the te r m in a l spectra showed the strongest 
correlation (r = 0.9) with histology. We presumed that the ATP depletion is the 
primary metabolic cause of neuronal damage. Thus ATP loss represents metabolic 
decompensation and minimally stressed cells would have normal ATP [1]. The 
regression reveals no damage if the ATP level is 20% or higher (Fig. 6). The analysis 
of the spectra indicates that the animals with no neuronal damage had only 30 -  40% 
decrease of ATP during the is c h e m ic  period. We assumed that this relatively small 
and short-term ATP depletion is transient and regenerates after appropriate 
reperfusion. If the average loss of ATP in the brain tissue remains over 60% after 
reperfusion, total brain necrosis occurs. The relationship between histology and ATP 
changes supported this finding both in homogeneous and heterogeneous damages.

There was significant correlation between PCr and histology though weaker 
than that between ATP and PCr. However PCr being a pool for ATP affects the 
tissue damage only indirectly, via the ATP level.

b) Terminal intracellular pH also affects the outcome of the brain damage. If 
the pH values calculated from the acidotic fraction of Pi indicate a more ischemic 
area, then we assume that a lower pH means a larger size of damage. This findings 
made us to study the relationship between the size of edematous area and pH(a)
(Fig- 7).

The figure shows that at and under pH(a) = 6 one-half of the brain is necrotic. 
If the pH(a) is about or over 7, the necrotic area is only 20% or less. For better
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understanding of these events an integrated pH, showing the average pH of the 
brain, is also presented. We observed that a lower pH correspondes to larger size of 
damage.

At low СВР levels the tissue looses first PCr and later ATP, meanwhile the Pi 
concentration increases. Release of carotid occlusion brings the concentration of the 
high energy phosphates more or less to the control level, but the initial values are 
reached very rarely (Figs 1, 9). In some cases the blood pressure returned to normal, 
while the concentration of the phosphorus metabolites remained low (Fig. 9).

Our experimental data also support this view, showing that energy deficit can 
also be attributed to the development of irreversible changes.

The above data suggests, that in most cases neurons suffer partial or total 
oxygen and/or nutrient deficit during the reperfusion. Insufficient capillary flow 
might elicit free radical production and further tissue damage [15]. If the intracellular 
hydrogen concentration reaches a critical value, inhibition of the glycolytic enzymes 
occurs and ATP synthesis is abolished. Under these circumstances complete necrosis 
of the neurons will take place.

Therefore, in most of the cases reperfusion does not improve, it rather 
deteriorates the effects of ischemia. Our histology data and NMR spectra support 
these findings.
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The effects of experimental copper deficiency by itself, and in combination with other 
factor resulting in ischaemic heart diseases (IHD), were investigated on the lipid composition 
and copper status of serum and aortic wall in rat. The depletion of absorbed copper was raised 
by complex formation (D-penicillamine-treatment). This provoked secondary copper 
deficiency was combined with a dietary cholesterol- and stress-loading. After treatment the 
levels of triglyceride (Tg), total cholesterol (Choi), HDL-cholesterol (HDL) (HDL = high 
density lipoprotein) and HDL2-cholesterol (HDL2) as well as copper (Cu) and zinc (Zn) in 
the serum and in aortic wall were measured by chemical analysis. It was pointed out, that 
increase in triglyceride and total cholesterol levels were promoted by the provoked copper 
deficiency in the serum and in the wall of the thoracic aorta. In combination with other risk 
factors it caused an increase in the elevation of Tg and Choi concentrations and has reduced 
the level of HDL2 , significantly.

Keywords: risk of ischaemic heart disease, cholesterol, secondary copper deficiency, 
analysis of IHD risk factors

Copper is an essential trace metal with an important role in the cardiovascular 
system. The tendency of copper status and zinc/copper ratio has proved to be an 
useful index in the aetiology of IHD [6]. The elasticity of blood-vessels is 
determinated by copper status, since copper-dependent collagenase and lysil-oxydase 
catalyse the synthesis of collagen and elastin [5]. Concentrations of zinc and copper in 
blood and heart tissue of patients with coronary artery disease are subnormal [9]. 
Copper depletion in animals is known to alter tissue fatty acid and lipid composition 
[2] as well as energy metabolism. Since fatty acids are the preferred energy substrate
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in the heart, experimental copper deficiency affects heart performance in part by 
interfering with cardiac lipid metabolism [3]. Experimental copper deficiency is 
associated with cardiac rhythm disturbances and a greater risk of myocardial 
infarction in both humans [6], and animals [14].

The problems of prevention of IHD heve been examined in our institute for 
several years [12, 10]. A weighed model of risk factor analysis has been developed, by 
which we can evaluate and prognose the risk of IHD in the regularly investigated 
human populations. In our opinion, beside examining the traditional risk factors, the 
prognostic value of this model could be enhanced by considering such parameters -  
like copper and zinc status -  that may have an important role in the manifestation of 
IHD.

The effects of experimental copper deficiency were investigated by itself, and 
combined with other factors resulting in ischaemic heart diseases, on the copper 
status and lipid composition of aortic wall in rat.

Materials and methods

Adult male Sprague Dawley rats, weighing 210 ±25 g were divided into 5 group of 12 animals 
each. Every group was fed ad libitum with a standard diet sufficient in Cu (3 p.g/g). Group I was the 
untreated control. Group II received 1 mg of D-penicillamine sc. (Byanodine, Biogal, Hungary) per day 
dissolved in 1 ml of normal saline [1] for 4 weeks. The animals of Group III were fed with standard diet 
supplemented with 2% of synthesized cholesterol for 8 weeks. Group IV was pretreated with D- 
penicillamine and fed with standard diet for 4 weeks, and an additional diet supplemented with 2% of 
cholesterol for the next 4 weeks. Group V was pretreated with D-penicillamine and fed with standard 
diet for 4 week, and an additional diet supplemented with 2% of cholesterol for the next 4 weeks. During 
the last 4 weeks, these animals were housed in special plastic cages for 4 hours per day (it resulted in 
stress-situation because of immobilization/hypokinesis). The time course of procedures is outlined in 
Fig. 1.

After 8 weeks, all animal were sacrificed after an overnight fasting, blood was collected and serum 
was used for subsequent enzymatic analysis of triglycerides and Cholesterols (ELITECH 
DIAGNOSTICS, USA), and serum samples precipitated with MnCl2  were used to the enzymatic analysis 
of HDL and the samples precipitated with MnCl2  and dextran sulphate to the HDL2  determination [13]. 
Arch of the aorta was dissected and after shaking with chloroform-metanol it was analysed for 
triglyceride and Cholesterols by the method of Rappaport [11]. Zn and Cu content of serum and aortic 
wall were determined with atomic absorption spectrophotometry [4].

The statistical comparisons were performed with the Student’s t-test.
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fig. 7. Schedule of treatments as a function of time

Results

Table I summarizes our data on triglyceride and cholesterol concentrations in 
serum after an 8-week experiment. In comparison with control animals (Group I) we 
measured elevated Tg and total Choi concentrations in all groups which received 
diets supplemented with 2% of cholesterol, but higher concentrations were found in 
the pretreated and stressed animals (Groups IV and V; p < 0.05 and p < 0.01). HDL 
concentration remained unchanged in all groups, but the rate of ЬГОЦ were lower 
(p < 0.05) in the pretreated and in the stressed animals, each of whom received 
supplementary cholesterol diet.

Table II summarizes our data on Cu and Zn concentrations and rate of Zn/Cu 
in serum and thoracic aorta. The serum Cu level was reduced in the D-penicillamine- 
pretreated groups, but the decrease was not significant compared to the control. The 
relative decrease of copper in serum is reflected by the increase in rate of Zn/Cu. In 
the D-penicillamine-treated animals that received combined cholesterol- and stress
loading had an elevated rate of Zn/Cu (Group V; p < 0.05). In contrast with this, 
decreased concentrations of Cu (Group V; p < 0.01) and unchanged Zn/Cu were 
measured in the wall of thoracic aorta of each groups.
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Table I

Triglyceride and cholesterol concentrations in rat serum after 8 weeks o f treatment

G roup I II II I IV V

Triglyceride* x 1 .2 1.6 3 .4 4.5 4.8
±SD 0 .4 0 .6 0 .8 0.9 1.1

Cholesterol* x 2 .3 2 .6 3 .8 4.3 7.6
±SD 1 .3 1.4 1.6 2 3 3.6

HDL* x 1.1 1.1 1.1 0 .9 1.0
±SD 0 .3 0 .3 0 .3 0 .4 0.5

HDL2  X 0 3 0.4 0 .4 0 .3 0.3
±SD 0.1 0.1 0.1 0.1 0.1

* mmol/1

Table II

Си content and the Zn/С и  rate in serum and in the wall o f thoracic aorta in rat

G r o u p II III IV V

Cu
Serum X 137 130 135 133 1.43
((j.mol/1) ±SD 0.17 0.19 0.22 0.07 0.18

Aorta wall X 0.79 0.67 0.74 0.40 0.48
O g/g  wet weight) ±SD 0.17 0.13 0.12 0.12 0.08

Zn/Cu
Serum X 0.95 1.10 1.02 1.11 1.24

±SD 0.17 0.19 0.22 0.07 0.15

Aorta wall X 0.89 0.91 0.90 1.00 0.94
±SD 0.11 0.14 0.10 0.16 0.10

The disadvantageous changes occurred in the aortic wall are summarized by 
Fig. 2. As a function of time, the levels of cholesterol deposited in the aortic wall 
elevated (p < 0.1) proportional by the decrease of aortic Cu content (p < 0.02) in the 
pretreated groups that received additional cholesterol, but the process went on at an 
accelerated pace in the animals that received a combined cholesterol- and stress
loading.
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Cu content /jg/g wet weight

Fig. 2. Cu content and cholesterol deposition in the rat serum and wall of thoracic aorta as a function of
time

To sum up, it can be established, that by itself, the provoked secondary Cu 
deficiency or dietary cholesterol result in hardly measurable changes in the 
parameters examined. The risk of disadvantageous changes in aorta, however, can be 
multiplied by simultaneous existence of several risk factors (elevated cholesterol 
intake, stress) in the presence of Cu deficiency.

Discussion

It is proved by Meissner [8] that in animals the Cu deficient diet increases the 
synthesis of cholesterol, reduces the decomposition of lipoproteins and disturbes the 
depletion of cholestérols.

Increased depletion of Cu, namely secondary Cu deficiency resulted in similar 
changes in our experimental animals -  especially accompanied by the effect of other 
simultaneously existing well-known risk factors -  which has been proved by the 
elevated cholesterol content of thoracic aortic wall and disadvantageous reduction of 
cardiovascular protecting factor HDL2 in serum.

Relying upon these findings, we suppose that the prognostic value of our risk 
factor analysis for ischaemic heart disease could be improved by taking the Cu status 
into consideration, with special attention to the tendency of change in the calculated 
rate of Zn/Cu in serum.
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EFFECTS OF ACTH 1 -24  ON HYDROLYSIS OF BETA- 
CASOMORPHIN-4-NITROANILIDE IN BRAIN 

HOMOGENATES I N  V IV O  AND I N  V IT R O

E . E n d r ő c z i , Mária Sa s v á r y , Szilvia W a l e n t in , Judit S im o n
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Administration of АСГН 1-24  to 3 -1 0  days old rats produced a significant decrease 
in hydrolysis of beta-casomorphin-4-nitroanilide (ß-CM^INA) in the cytosolic fraction of brain 
homogenate in the first three hours after injection. Corticosterone treatment did not modify 
the hydrolysis of the substrate. ACTH 1 -2 4  but not АСГН 4-10 , Met-enkephalin or Leu- 
enkephalin given to the brain homogenate resulted in a dose-dependent decrease in liberation 
of 4NA from ß-CM-4NA. Kinetic data suggest competitive inhibition of ACTH molecule on 
hydrolysis of ß-CMA^lNA. The ACTH treatment, however, did not influence the hydrolysis of 
Pro-Gly-4NA or Pro-Pro-4NA in the brain homogenate in vitro.

Keywords: beta-casomorphin, brain tissue, ACTH peptides

The pentapeptide ß-casomorphin is the partial sequence 60 -  64 of bovine 
casein [1, 2, 8]. It has a high affinity to opiate receptors of the mu-type, inhibits the 
electrically induced contraction of the isolated longitudinal muscle of the guinea pig 
ileum, and causes an increase in the rat’s pain threshold after intracerebroventricular 
application [5]. The morphinoceptin which is the amide of a fragment of the ß-CM 
(NH2-Tyr-Pro-Phe-Pro-CONH) also has morphin-like activity and it is highly specific 
for morphine (mu-type) but not for enkephalin (delta-type) receptors [2]. The N- 
terminal tyrosine of the ß-CM is essential for the affinity to opiate receptors, and 
both naltrexone and naloxone completely blocked the effect of ß-CM in v iv o  and in  

vitro  [9]. Studies on degradation of ß-CM in the rat brain in  v iv o  indicated that a 
number of peptide fragments are generated although they do not possess significant 
analgesic effects [10].
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In the present investigations we have studied the hydrolysis of ß-CM-4NA in 
the brain homogenates of rats. It was found that ACTH 1-24 but not corticosterone 
interferes with enzymatic hydrolysis of substrate which may be due to a competitive 
inhibition of enzyme activity by the ACTH peptide.

Materials and methods

Wistar rats of 3- to 10-day old from our own colony were used in the study. The mother with pups 
were housed under standard laboratory conditions with free access to rat chow pellets and tap water. For 
measurement of enzyme activity the animals were killed by decapitation, and the brain was quickly 
removed and placed into an ice-cooled Petri-dish. The blood contamination was washed our with 
physiological saline, and the hypothalamus was dissected with fine scissors. Three to four hypothalami 
were pooled and homogenized in 2 volume of 0.05 mol/1 Tris-buffer (pH 7.8) containing 3.0 mmol/1 di- 
sodium-EDTA and 0.1% of Triton X -100 (v/v). The homogenate was centrifuged with 20.000 X g for 20 
minutes, and the supernatant was used for determination of enzyme activity.

The hydrolysis of ß-CM-4NA, Pro-Gly-4NA and Pro-Pro-4NA (Central Research Institute for 
Chemistry, Hungarian Academy of Sciences, Budapest) was studied in 1.0 ml Tris-buffer (0.05 mol/1, pH 
7.8) containing 0.1 ml supernatant. The reaction was started by addition of 0.05 ml substrate solution. 
The protein concentration was assayed at 260/280 nm wavelengths and it was adjusted to 10 mg per ml 
by dilution with physiological saline. The liberation of 4-nitroanilide was measured kinetically (25 °C) at 
the 405 nm wavelength with a spectrophotometer coupled to a DC-recorder (Hungarian Optical Co., 
Budapest). The changes in absorbance were recorded for 6 minutes, except for cases indicated in the 
Results.

The ACTH 1-24  (SERVA Fine Chemicals, Heidelberg) was injected sc. in physiological saline. 
Corticosterone (RICHTER Fa., Budapest) was dissolved in ethanol, and the stock solution was diluted 
to 50-fold with physiological saline and given intraperitoneally. Control rats were treated with vehicles. 
Met-enkephalin, Leu-enkephalin and ACTH 4-10  (SERVA Fine Chemicals, Heidelberg) were dissolved 
in Tris-buffer and they were given to the reaction mixture 5 minutes before starting the reaction.

Statistical significance of differences was estimated by means of the Student’s t-test.

Results

Administration of 0.1 and 0.2 p.g ACTH 1-24  to rats produced a significant 
decrease in hydrolysis of ß-CM-4NA in the cytosolic fraction of hypothalamus in the 
3rd hour after treatment (Fig. 1). The results are expressed in mU per mg protein 
concentration.

Intraperitoneal injection of 5 to 10 pg corticosterone per g body weight did not 
influence the rate of hydorlysis of ß-CM-4NA. The influence of ACTH, however, 
lasted only for few hours and its effect could not be observed next day (Fig. 2).
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Fig. 1. Effects of ACTH 1-24 and corticosterone treatment on the hydrolysis of beta-casomorphin-4NA 
in hypothalamic homogenates of rats in the 3rd hour after injections. Means and ± SD of 4 parallel 

determinations from three experimental series are shown
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Fig. 2. Time-dependent changes in hydrolysis of beta-casomorphin-4NA in hypothalamic homogenates of 
ACTH-treated 6-day old rats (0.2 pg per g b.w.). Means and ± SD of 6 parallel measurements are shown
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Fig. 3. Effects of ACTH 1-24  on the hydrolysis of ß-CM-4NA in hypothalamic homogenates in vitro. 
Changes of absorbance measured in 2-min intervals for six minutes are shown

Fig. 4. Time-dependent changes of inhibition by ACTH 1 -  24 in vitro. The concentration of substrate was
450 p.mol/1

Having observed that inhibition of hydrolysis of ß-CM-4NA by ACTH 
treatment is not mediated through corticosterone action, and the ACTH effect is 
short-lived, the action of ACTH was tested in  v itro . The addition of ACTH 1-24 to
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the reaction mixture resilted in a dose-dependent suppression in liberation of 4-NA 
(Fig. 3). The inhibition of enzyme activity was more pronounced in the first 10 
minutes which may be explained by degradation of ACTH molecule in the brain 
homogenate (Fig. 4).

The administration of ACTH 4-10, Met-enkephalin and Leu-enkephalin into 
the brain cytosolic fraction did not change the rate of hydrolysis of ß-CM-4NA. 
Moreover, the ACTH 1-24  failed to influence the hydrolysis of Pro-Gly-4NA and 
Pro-Pro-4NA (Figs 5 and 6).

dA/mtn (in the first 6 min)

Fig. 5. Effects of ACTH 1-24, Met-enkephalin, Leu-enkephalin and ACTH 4 -1 0  on the hydrolysis of
ß-CM^tNA in vitro

Liberation of 4-NA in*/« 

120 ■

0 100 200

ACTH nmol/1 *p<a01

IÊ-CM-4NA ^  PRO-GLY-4HA Е Э  PRO-PRO-4NA

Fig. 6. Effects of ACTH 1-24 on the hydrolysis of Pro-Gly-4NA and Pro-Pro-4NA in the hypothalamic 
homogenate. The concentration of dipeptides was 0.75 mmol/1
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The degradation of ß-CM in the brain tissue is a complex enzymatic process
[10]. An increase of the substrate concentration over 500 (xmol/1 was associated with 
inhibition of enzyme activity, and the optimal substrate concentration was found to 
be about 450 p.mol/1 at pH 7.8 (Fig. 7). The inhibitory influence of ACTH 1-24 on 
enzymatic hydrolysis of ß-CM-4NA seems to be competitive (Fig. 8). A lack of the 
effect of ACTH 4 -1 0  suggests that the parent molecule of ACTH 1-24  is involved 
in the competition.

Fig. 7. Influence of substrate concentration on the hydrolysis of ß-CM-4NA in hypothalamic 
homogenates of rats. The values represent the means of 4 parallel measurements

Fig. 8. Lineweaver-Birk reciprocal plot shows the competitive type of inhibition of ACTH 1-24 on 
hydrolysis of ß-CM-4NA in hypothalamic homogenates of 6-day old rats. The plot is calculated

from 4 parallel determinations
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Discussion

The quantity of ACTH 1-24 having effective to inhibit the hydrolysis of ß-CM- 
4NA is greater than the circulating ACTH level in the body. Therefore, it seems to 
be unlikely that endogenous ACTH released from the anterior pituitary influences 
enzyme activity of brain tissue involved in degradation of peptides. However, the 
proopiomelanocortin synthesis takes place in many extrapituitary cells, including 
brain tissue, which was associated with liberation of ACTH intracellularly [4, 7, 12]. 
The physiological role of extrapituitary ACTH synthesis is still the subject of 
speculation, although its participation in controlling the degradation of biologically 
active peptides at cellular level cannot be excluded.

The present observations do not give information about the mechanism of 
ACTH action but they suggest an interference of ACTH molecule on degradation of 
a pentapeptide having strong morphine-like activity. The ACTH action seems to be 
competitive at the enzyme-substrate level, although the degradation of pentapeptide 
is a multienzymatic process and the attack point of ACTH has not been cleared so 
far. It is worth to mention that ACTH failed to modify the liberation of 4-NA from 
Pro-Gly and Pro-Pro-4NA.

Behavioural, biochemical, pharmacological and electrophysiological studies 
indicated that ACTH and ACTH-like peptides have a considerable affinity to opioid 
receptors, although their effect on target cells are far from understanding. It was 
found that ACTH 1-24 and 1-16, as well as the gamma-MSH bind to receptor sites 
for morphine and beta-endorphin. Moreover, numerous observations demonstrated 
that ACTH peptides can counteract the effects of opioids. Thus, ACTH peptides 
were effective to antagonize morphine-induced analgesia, tonic immobilization and 
morphine-induced excitation [3, 5, 8, 9, 11, 13]. Moreover, ACTH peptides are 
capable of inducing morphine-like behavioural effects without involvement of opioid 
receptors [13].

The present study was performed during the preweaning period when the 
blood-brain barrier is yet unmatured in rats. The in v ivo  effect of ACTH was not 
tested in adult animals. In contrast to the 3-10 days old brain tissue, high 
concentration of lipids in the homogenate from adult brain tissue disturbed the 
measurement of relatively low-rate of enzymatic degradation of ß-CM-4NA.
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FURTHER CHARACTERIZATION OF THE 3-DIMENSIONAL 
CRYSTALS OF DETERGENT-SOLUBILIZED 

(Na+, К +)-ATPase FROM PIG KIDNEY

S. V a r g a , M. S z a b o l c s *

F . V E R Z Á R  I N T E R N A T I O N A L  L A B O R A T O R Y  F O R  E X P E R I M E N T A L  G E R O N T O L O G Y ,  H U N G A R I A N  S E C T I O N ,  A N D  

• C E N T R A L  R E S E A R C H  L A B O R A T O R Y , U N I V E R S I T Y  M E D I C A L  S C H O O L ,  D E B R E C E N ,  H U N G A R Y

Multilamellar 3-dimensional (Type I) crystals of detergent-solubilized, purified (Na + , 
K+)-ATPase enzyme of pig kidney grow in media consisting of 0.1 M KC1, 0.1 M NaCl, 20 mM 
imidazole pH: 75 (20 °C), 5 mM MgCl2, 5 mM DTT, 3 mM NaN3, 0.025 TIU/ml Aprotinin, 2 
(jtg/ml BHT and 20 -  40% glycerol, using nonionic detergents of C12Eg or BRU 36 for 
solubilization. The refined crystallization protocol: the use of media containing 20% glycerol, 
the low detergent: protein ratio and preincubation at subzero temperature at the initial phase 
of crystallization resulted in a remarkable increase of the yield and overall dimension of the 
crystals (up to 3 -4  pm), while the stacking of the crystalline sheets was dramatically reduced.

Biochemical and structural analysis of these crystals revealed further similarities 
between the 3-d crystals of the (Na+, K+)-ATPase and the Ca2+ ATPase of skeletal muscle- 
SR (Taylor and Varga,J.Biol. Chem., 269, 10107-10111, 1994). Computer image processing of 
the electron micrographs of stacked crystalline sheets of (Na + , K+)-ATPase molecules gave 
unit cell dimensions: a = 166.2 £ 3.8 Â, b = 54.2 ± 3.5 Л, with an included angle of 90 °C. 
Based on the close identity of the filtered images in projection and of other data, we 
concluded that the 3-dimensional crystals of the (Na + , K+)-ATPase contain only the a 
catalytic subunits.

Keywords: (Na+, K+)-ATPase, 3-d crystals, detergent-solubilized, membrane protein, 
electron microscopy

(Na+, K+)-ATPase [ATP phosphohydrolase (EC 3.6.1.37)] is a 
transmembrane protein that uses ATP to transport Na+ and K+ ions across the cell 
membrane, thus participating in several vital cell functions, such as regulation of cell 
volume, maintenance of transmembrane potential and excitability, transepithelial 
salt- and water-transport, to mention only a few. The enzyme belongs to the P-type of 
ion motive ATPases [22]. Other enzymes of this class are the Ca2+-ATPase of 
skeletal muscle sarcoplasmic reticulum and endoplasmic reticulum, the H + -
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transporting ATPases of plasma membranes of eukaryotic cells and the K+- 
transporting ATPases of E . c o l i  and S tr e p to c o c c u s  fa e c a l is .

The enzyme consists of two subunits. The a-subunit has a molecular weight of 
94-112 kDa and possesses all the catalytic activity. The ß-subunit is a 
sialoglycoprotein with a molecular weight of 35 -  58 kDa and seems to play a role in 
the in  situ  membrane insertion process [10, 27]. The amino acid sequence of several 
isoforms of the enzyme has been determined [14, 25, 26].

Despite the existing information about the structure and function of the (Na + , 
K + )-ATPase [6, 10, 11, 27], and molecular models that couple the primary structure 
[14, 25, 26] into a mechanistic model for the tertiary structure [13], the molecular 
mechanism of energy transduction and the translocation of Na+ and K+ ions across 
the membrane are still unknown. Further advance in this direction requires 
knowledge of the structure of the pump-protein at molecular level.

Structural analysis of the (Na+, K + )-ATPase like those of many other 
ATPases, except the Ca2 +-ATPase [30, 31, 32, 35], have so far provided only low- 
resolution structures. Submolecular organization of the enzyme has been studied in 
several laboratories [7, 20, 21, 28, 29, 37] by electron microscopy and electron 
diffraction using the two-dimensional crystals of the pump-protein, available by the 
time. However, due to the limited diffraction resolution of the negatively stained 
crystals (appr. =  25 Â), the 3-dimensional reconstructions could not provide any 
basis for the reaction mechanism and/or the ion-channel.

Growth of the 3-dimensional crystals represent a key step in obtaining high- 
resolution structure of the enzyme, therefore the first report about the detergent- 
solubilized three-dimensional crystals of the (Na + , K+)-ATPase was a significant 
advance [36]. There are two types of 3-dimensional crystals of membrane proteins 
[15, 19]. Type I crystals are composed of stacked lamellae of 2-dimensional planar 
sheets. Very few of Type I crystals exist (15); they are all quite small and have serious 
stacking defects [8, 16]. Type II crystals have more isotropic arrangement of fully 
solubilized molecules, more similar to crystals of many soluble protein [3].

We report here a refined protocol for the 3-dimensional crystallization of the 
(N a+, K+)-ATPase in detergent-solubilized system which provides larger and more 
isotropic crystals, than reported previously [36]. Preliminary structural analysis of 
these crystals resulted in unit cell dimensions and molecular packing almost identical 
with those of the 3-d crystals of the Ca2+-ATPase [33].

Materials and methods

Preparation of the crude membrane fractions was performed according to Jorgensen [9, 12]. For 
purification of the microsomal fraction the Jorgensen method (9, 12] was used at somewhat lower SDS: 
protein ratio than previously reported [36]. Typically, to 150 mg protein (at 1.5 mg/ml concentration) 60
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mg SDS (sodium dodecyl sulfate) was added (0.6 mg/ml) from a stock solution of 2 mg/ml and 
incubated for 30 min at 20 °C. The solubilized protein was applied on a discontinuous density gradient of 
successive 3 layers of sucrose, and centrifuged in a Beckman Ti 55.2 fixed angle rotor at 50.000 rpm, for 
120 min at 4 °C. Further handlings of samples were the same as described before [36]. The yields for the 
pure enzyme-fraction were consistently higher (9-10% ) than before, while the gel-pattern of the purified 
enzyme remained essentially the same [36].

Protein concentrations were determined by the method of Lowry et al. [17], without extra 
detergent-treatment for demasking, using bovine serum albumine as a standard.

To measure the ATPase activities the coupled enzyme assay of Barnett [1], monitoring NADH 
oxidation was applied. The reaction was followed at 340 nm, at 37 °C, using a thermostated cell holder. 
The conditions for the assays were the same as given before [36].

Gel-electrophoresis was performed according to Weber and Osborn [38], with minor 
modifications, using Pharmacia low molecular weight kit for calibration.

Crystallization experiments The basic crystallization media were the same as previously described, 
consisting of 0.1 M KC1, 0.1 M NaCl, 20 mM imidazole pH: IS  (20 °C), 5 mM MgCl2, 5 mM DTT 
(dithiotreitol), 3 mM NaN3, 0.025 TIU/ml Aprotinin, 2 pg/ml BHT (2,[6]di-tert-butil-p-cresol) and 20% 
(in most cases) or 40% glycerol (v/v). For solubilization/crystallization of the purified enzyme nonionic 
detergents of C12E8 (octaethylene glycol dodecyl ether) or BRD 36 (polyoxyethylene 10-laury! ether) 
were used at a detergent: protein ratio (mg/mg), as given below. The protein concentration varied 
between 0.5-2.0 mg/ml. Samples for crystallization were kept in small plastic container, at 2 °C, for 
weeks, without protective N2-atmosphere.

For exogen lipid addition: DOPC (dioleoyl phosphatidyl choline) was prepared as a stock 
solution in chloroform, dried into a thin film, resuspended in appropriate buffers and sonicated for 10 
min. Lipid was added to the samples 30 min after solubilization at a lipid:protein mol/mol ratio ranging 
between 10:1 -  100:1, depending on the actual detergent:protein ratios.

The most significant changes in the conditions for crystallization introduced in these experiments 
were: a) much lower detergent:protein ratio than previously used [36]. In media containing 20% (v/v) 
glycerol the ratio varied between 0.25:1 -  0.35:1 (mg/mg) for C12Eg and between 1.25:1 and 1.75:1 for 
BRIJ 36. b) Addition of detergents in instalments: the final amount of detergents were divided into two 
or three instalments (0.1-0.15 mg/mg protein) and were added to the protein solution with time 
differences of 24-96 hours, c) Samples set for crystallization were initially preincubated at subzero 
temperatures ( -2 0  °C, -86  °C, respectively), for times ranging from a few hours to weeks. For further 
incubation samples were put to 2 °C for additional times (typically for weeks).

Electron microscopy Samples for negative staining with 1% uranyl acetate (pH: 4.3) were taken on 
the 0 -7 0  days and checked for crystallization in electron microscopes of JEOL JEM 100-В or Philips 
420.

Thin sections Samples were fixed with 1% glutaraldehyde for 24 hours, at 2 °C, postfixed in 2% 
Os04 at room temperature for 1 hour. After dehydration in a graded ethanol series, pellets were 
embedded in Araldite and sectioned. This sections were stained with uranyl acetate and lead citrate.

Frozen hydrated specimens were prepared at 2 °C on 200 mesh molybdenum grids covered with a 
reticulated carbon film, using the back blotting technique of Toyoshima [34].

Results

Effects of glycerol and other polyhydroxy compounds on the stabilization and 
crystallization of the (Na + , K+)-ATPase: Incubation media containing all ingredients
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and glycerol as low as 20% have already been tested for stabilization and for 
crystallization [36]. Though, at given sets of conditions the preservation of enzymatic 
activities, during 4 seeks of incubation at 2 °C, was reasonably good compared to the 
controls (78%), or to the values measured in media containing 40% glycerol (89%), 
almost all of these crystallization trials failed. Repeated series of experiments using 
the same low concentration (20%) of glycerol or sucrose resulted in the same 
percentages for preservation of ATPase activities (81% and 72%, respectively, 
compared to the initial values), during the same incubation time. However, the 
majority of these experiments also failed to provide crystals of acceptable size and 
order.

The detergent:protein ratios used in these experiments, before [36[ and in the 
repeated series of crystallization trials, were ranging between 1:1 -  2:1 (mg/mg) for 
Cj2Eg and between 2.5:1 -  4.2:1 (mg/mg) for BRIJ 36, using purified enzyme- 
preparations in 20% glycerol or sucrose media. (These ratios were used in successful 
crystallization for the Ca2 +-ATPase in media containing low (20%) concentration of 
different polyhydroxy compounds [23, 30, 35], and for crystallization of the 
(Na+, K+)-ATPase in 40% glycerol media [36].)

Substantial reduction of the high detergent:protein ratio had dramatic effects 
on the crystallization. At ratios ranging between 0.2:1 -  0.35:1 for C12Eg and 
between 1.25:1 -  1.75:1 for BRIJ 36 in media containing 20% glycerol has produced 
unexpectedly high yield of crystals with diameter of 3 -4  p_m. Large crystalline sheets 
with diameter of 6 - 8  gm were also frequently seen in these preparations. The 
average area of crysalline sheets has increased significantly and were close to 10 p.m2, 
showing more isotropic arrangement of the solubilized ATPase molecules (Fig. 1), 
compared to those grown in 40% glycerol media [36]. These crystals are more 
suitable for high-resolution structure analysis providing larger area for image and 
diffraction data collection [33].

The stacking of crystalline sheets formed at high detergent:protein ratio of 2:1 
(for C12Eg) or 4:1 (for BRIJ 36) in media containing 20 -  40% glycerol was generally 
high, consisting of 30 -  70 adjacent layers of sheets. The diameter of these crystals 
were small, ranging between 0.2-0.5 |xm (Fig. 2A, B). Lowering the
detergent:protein ratio had also a beneficial effect on the stacking. Thin sections of 
embedded crystalline aggregates indicated significant reduction of the average 
number of layers, generally not exceeding 5 -8  layers/crystals, depending on the 
actual conditions of crystallization (not shown).
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Fig. 1. Projection view (h, k, 0) of the crystalline sheets of (Na+, K+)-ATPase molecules formed at 2 °C 
in a crystallization medium containing 20% glycerol, at a detergent:protein ratio of 0.35:1 (mg/mg), 
during 14 days of incubation. The detergent used for solubilization: C]2Eg. The average area of sheets 

grown under the given condition, regularly exceeded several ц т 2. Magnification: 102.600 x

To facilitate the crystallization, to the partially delipidated (Na+, K+)-ATPase 
preparations exogen lipid was added in some experiments. Dioleoyl phosphatidyl 
choline at a mol/mol ratio ranging between 10:1 -  100:1 was added to the samples 
after solubilization (30 min). Crystals developed at most mol/mol ratio of lipid 
addition, however, the quality of the crystals (judged only by comparison of the 
electron micrographs) was not better than those which grew without lipid addition. 
Though the overall dimensions of the crystals were clearly effected by the amount of 
added lipid, the inconsistency of data collected so far did not allow to draw any clear- 
cut conclusion.

Effect of detergent addition in instalments: The most critical factor of the 
formation of 3-d crystals is the proper solubilization of the crude membrane 
fraction/purified protein. At the detergent: protein ratio used for solubilization of 
Ca2+-ATPase [23, 35] and (Na+, K+)-ATPase [36] in the crystallization experiments, 
only 50 -  80% of the starting amounts of protein were recovered in the supernatant 
with centrifugation following the "total" solubilization. The course of crystallization, 
the dimensions and general appearance of the crystals were strongly influenced by 
the amount and type of detergent used in these experiments.

Acta Physioiogica Hungarica 82, 1994



144 S. Varga and M. Szabolcs

Fig. 2. Edge-on view (h, 0, 1) of stacked crystalline lamellae of ATPase molecules. Crystals grew in 7 
days, at 2 °C, in crystallization media containing: A. 20% glycerol or B. 40% glycerol, at high 
detergent:protein ratio of 2:1 in both samples. Detergent used for crystallization: C12E8.

Magnification: A: 70.750 x , B: 52.000 x

The addition of detergents, in two or more instalments to the samples in 20% 
glycerol media, had dramatic effects on the size, yield and stacking of the crystalline 
sheets. Despite of the very low detergent:protein ratio (0.1-0.5:1 mg/mg) used for 
initial solubilization, and of the similarly low ratio for the additional instalments 
(generally added 24-96  h later) reaching the fmal amount of detergent, the yield of 
crystal formation and the size of crystals, formed under these conditions, has 
significantly increased, while the amount of the solubilized ATPase recovered in the 
supernatant has decreased.

The signs of the partial solubilization were clearly seen on the crystals, showing 
great number of intact membrane fragments superpositioned on the crystalline 
sheets (Fig. ЗА). The increase of the detergentiprotein ratio to the final value (0.35 
mg/mg protein) and added in whole, lessened the amount of the unsolubilized 
fragments significantly, but partially solubilized membranes were still present 
(Fig. 3B).
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Fig. 3. Effect of successive addition of detergent. C12Eg at a final concentration of 0.35 mg/mg protein 
was added to the crystallization media containing 20% glycerol in A. two equal instalments (72 h apart), 

B. whole amount at the beginning of crystallization. Incubation time: 1 week, at 2 °C. 
Magnification: A: 70.000 x , B: 70.200 x
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Further systematic search for the appropriate detergent: protein ratio and for 
the number and time of instalments, providing the best results for crystal formation 
and ordered molecular arrangement, is in progress.

Effect of preincubation at subzero temperature: Preincubation at low 
temperatures (-30°C , -86°C  and -196°C, respectively) in the initial phase of the 
molecular rearrangement, following the solubilization, had beneficent effects on the 
crystal size and order of the Ca2+-ATPase [35]. This protocol was adapted for the 
crystallization of (Na+, K+)-ATPase in some experiments. After solubilization 
(30-60 min) with the final amount of detergent, samples were put to -30  °C and 
-  86 °C, respectively for preincubation lasting from a few hours to weeks. After these 
initial phase, samples were thawed and put to 2°C for further incubation. For 
controls, identical samples were kept at 2 °C for the initial and final phase of 
crystallization. Progress in crystal formation was always checked by taking parallel 
samples from both types of specimens, after the same elapsed incubation time at 
2 °C.

The incubation at low temperature during the initial phase of crystallization of 
the (Na+, K+)-ATPase samples resulted in contradictory observations. Though, the 
conditions used in these experiments were the same, as described before [35], only a 
few (Na+, K+)-ATPase samples showed acceptable crystallization. The effects of the 
preincubation -  observed in the "successful" trials -  were basically the same as 
before: large, well-organized crystalline sheets were formed, showing lower stacking 
on the adjacent layers of (Na+, K+)-ATPase molecules (Fig. 4A, B). The diameter of 
crystals was increased to 4 -6  pm, and the amount of crystals made the observation 
easy.

Another obvious benefit of this type of crystallization is the "cleanness" of the 
crystal-surfaces. Crystals, grown at 2 °C, during relatively short incubation time, 
frequently had partially solubilized debris of proteins/lipids superpositioned onto the 
surface (Fig. 4A). These obscured surfaces make the observation and further analysis 
of the crystalline array very difficult. Samples preincubated at low temperature, and 
kept at 2 °C for the same period of time, always showed large, well-organized crystals 
with clean surfaces (Fig. 4B) providing better targets for data collection and structure 
analysis.
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Fig. 4. Effect of preincubation at subzero temperature. Purified (Na *, K+)-ATPase was solubilized with 
C12Eg at a detergentrprotein ratio of 0.35:1 in media with 20% glycerol. Crystals were growing after: 

A. 2 weeks of incubation at 2 °C, B. 2 weeks at 2 °C after 1 week of preincubation at -86 °C. 
Magnification: A: 28.100 x , B: 17.500 x
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Unfortunately, most of the experiments provided very low yield of crystal 
formation what rendered the systematic evaluation impossible. One plausible 
explanation for this could be the low detergent concentration used in these 
experiments, which would interfere with the beneficial effects of the low temperature 
preincubation observed before [35]. Nevertheless, the positive results of the few 
successful experiments indicate that it is well worth exploring the best conditions for 
these type of crystallization trials.

Discussion

After presenting the first 3-dimensional crystals of the (Na + , K +)-ATPase [36], 
systematic search to explore better conditions for crystallization was being continued. 
Here we give an account on a refined protocol which resulted in more isotropic 
crystals of the enzyme, having diameters about 3 -4  y,m with less stacking of the 
adjacent lamellae.

Preliminary structural analysis by electron microscopy and electron diffraction 
resulted in precise crystallographic data of these crystals [33]. Computer image 
processing of electron micrographs of the (Na+, K+)-ATPase crystals gave nearly 
identical unit cell dimensions compared to those of Ca2+-ATPase [30, 32]. Average 
cell dimensions are: a = 166.2 ± 3.8 Â, b = 54.2 ± 3.5 Â, -y = 90° for the (Na + , K +)- 
ATPase. The space group is monoclinic, C2. At this stage of the analysis we do not 
have any data for the c-axis periodicity. The equivalent data for the Ca2 +-ATPase 
are: a = 166.8 ± 4.5 Â, b = 57.7 ± 3.5 Â, and у  = 90°. The space group has the same 
monoclinic, C2 structure.

In standard crystallization medium supplemented with 20% glycerol, using low 
detergent:protein ratio, and preincubation at subzero temperature during the initial 
phase of crystallization, Type I. 3-dimensional crystals of the (Na + , K+)-ATPase 
molecules develop during incubation at 2 °C.

This type of crystals are composed of stacks of two-dimensional (planar) 
crystalline sheets of the protein molecules [19, 30, 32]. The individual layers comprise 
mixed detergent-lipid bilayer which incorporate intramembranous domains of the 
proteins (inserted into the bilayer from both sides) [30, 31, 32, 35]. The stacking is 
mediated by hydrophilic interactions between adjacent hydrophilic extramembranous 
domains of the protein [30, 32].

The stain excluding layers interchanging with stained (hydrophobic) domains 
seen in the (h, 0, 1) views (Fig. 2A, B) suggest the presence of a planar hydrophobic 
region. These layers could be composed of a mixture of lipids originally present in 
the native membrane, and some detergent used for solubilization [23, 31, 32].

In the (h, k, 0) view, the projected image, seen from a direction normal to the 
crystal sheets, shows ordered arrays of stain excluding particles. These particles are
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presumed to represent the cytoplasmic domains of the enzyme molecules [30, 35, 36]. 
Under the conditions where crystals were formed, this view shows superlattice 
periodicities or moire fringes due to the superposition of the crystalline sheets
(Fig. 1).

Analysis of the 3-d crystals of the (Na + , K+)-ATPase [33] support the idea of 
the crystal formation and composition described above, revealing further similarities 
between the 3-d crystals of the (Na+, K +)-ATPase [33, 36] and of the Ca2 + -ATPase 
[30, 31, 32, 35]. Computer filtered images of the two crystal forms are strikingly 
similar. Both reveal chains of protein density suggesting similar molecular 
arrangement in both crystals. Electron diffraction patterns at low angle are very 
similar at the same resolution. At this stage of the analysis the order in the crystals, 
even using frozen hydrated specimens, was only resolved at the resolution of the 
negative stained specimens, i.e.: ~  20 Â.

The 3-dimensional redistribution of the detergent-solubilized ATPase 
molecules into well-ordered crystals during incubation is basically governed by the 
applied detergent:lipid:protein ratio, by the concentration and type of salts and 
polyhydroxy compounds present in the media, and by the temperature and duration 
of incubation, to mention only the most important ones [15, 18, 23, 35]. The 
complexity of the physico-chemical processes involved, and the large number of 
factors influencing the final crystal formation, could explain the contradictory results 
presented here and before [36].

To the formation of 3-dimensional crystal of membrane proteins, the "total" 
solubilization is a prerequisite [15, 18]. To meet the different requirements of the 
perfect solubilization seems to be contradictory [2, 4, 15]: to achieve total 
solubilization, and retain full activity of the solubilized protein during the long 
incubation/crystallization time [18, 23].

Further requirement of growing crystals perfectly ordered in all 3 dimensions 
with large surfaces (in the [h, k, 0] plane), what makes them suitable for analysis, is 
the proper seeding process [15, 18]. Preincubation at subzero temperature could 
effect this process reducing the number of nucléation sites and promoting the lateral 
association between the solubilized enzyme molecules, resulting in larger crystalline 
sheets [35].

The mechanism of the solubilization and crystallization by detergent is very 
complex [2, 4, 5, 24]. The individual steps of the complex process of micelle- 
formation [15, 24], partitioning between the aqueous phase and the lipid bilayer, the 
substitution of phospholipids of the native membrane, and the reorganization of the 
fully solubilized protein molecules into well-ordered crystalline structure, are not yet 
fully understood [18, 24].

Despite these distracting facts and the contradictory data about the oligomeric 
organization of the (Na+, K+)-ATPase molecules in detergent-solubilized system
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[4, 5, 24], and the wide variety observed in the native membrane [20, 21, 28, 29, 31], 
based on the close values for the molecular weights of the catalytic units of the two 
proteins, and on the almost identical unit cell dimensions and fdtered images in 
projection, for both crystals [33], we concluded that the new 3-dimensional crystals of 
the (Na+, K+)-ATPase contain only the catalytic a-subunits [33]. Further work on 
refining the crystallization protocol and specimen preservation will be needed to 
realize the potential for atomic resolution imaging of the (Na + , K+)-ATPase 
crystals.
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ENZYMATIC PROPERTIES, METAL COMPOSITION 
AND SH-GROUP REACTIVITY OF THE LIGHT 
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Light (LT) and heavy (TTC) microsomes were isolated from the fragmented 
sarcoplasmic reticulum (FSR) of rabbit skeletal muscle by sucrose gradient centrifugation. 
The amount of the protein components (ATPase, "feet proteins", calsequestrine) showed 
substantial differences between the light and heavy fractions. The amounts of calcium, 
magnesium and zinc were about 2 -4  times higher in the TTC fraction, then those of the LT 
fraction. The activities of the Ca2+ + Mg2+ activated para-nitrophenyl-phosphatase and 
acetylcholin-esterase were (about 1.5 times) also higher in the TTC fraction compared to the 
LT fraction. The ratio of the Ca-transport vs. ATP was 2.1 in case of the LT and 0.6 in case of 
the TTC fraction. The number of titerable SH-groups of the LT fraction, measured in EGTA- 
medium containing Ca2+, was higher than those measured in the absence of Ca2+, while for 
the TTC fraction this number was higher when determined in the absence of Ca2+.

We suppose that due to the higher amount of Ca2+ and Zn2+ in the TTC fraction 
those SH-groups which were present as Ca- or Zn-thiolates became titerable in EGTA- 
medium in the absence of Ca2+.

Keywords: sarcoplasmic reticulum, light and heavy microsome, metal content, enzyme 
activity, SH reactivity

Various procedures were used to prepare fragmented sarcoplasmic reticulum 
(FSR) of rabbit skeletal muscle in our previous study [22]. Substantial differences of 
the Ca2+ and Zn2+ content, of the enzymatic properties and of the reactivity of SH- 
groups were found using electrolytes (100 mM KC1, etc.) and subsequent washing in 
0.6 M KC1 for preparation of FSR, or using isotonic sucrose buffer without 0.6 M 
KC1 washing.
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By density gradient centrifugation of the FSR, light (density: 1.12-1.14 g/cm3) 
and heavy (density: 1.17-1.2 g/cm3) microsomes can be separated [3, 6, 13]. These 
microsomes fractions are widely used to measure the calcium uptake and release. 
Functionaly active fractions were prepared using these techniques to study the 
mechanism of the calcium uptake and release. We have found that microsomes 
prepared in isotonic sucrose medium -  omitting the washing in 0.6 M KC1 [6] -  
were better subject for further separation using density gradient centrifugation. We 
have used heavy and light microsomes to measure the ATPase activity in presence of 
Mg2+ or Mg2+ + Ca2+ and to measure the Ca2+ uptake, the calcium and 
magnesium content of the samples, and to determine the protein composition. For 
further characterization of these fractions the enzymatic activities of other enzymes, 
like acetylcholinesterase (ACEase) and para-nitrophenyl-phosphatase (PNPPase) 
were determined. The zinc content of the microsomes and the reactivity of the SH- 
groups were also determined since there are indications of importance of selected 
SH-groups in the regulation of Ca2+ channels [2] and of increase in Ca2+ release 
[1, 23].

Materials and methods

Isolation o f fragmented sarcoplasmic reticulum (FSR) and its fractions

FSR was isolated from rabbit skeletal muscle according to Cashwell et al. [6]. In the first part of 
the preparation procedure (including the homogenization) a medium consisting of 0.25 M sucrose, 1 mM 
EDTA, 10 mM TRIS-Maleate (pH: 7.0) was used to obtain the crude FSR (FSR-C). Omitting the 
washing in 0.6 M KC1 the FSR -C  was fractionated to heavy and light fractions on a 20-45% sucrose 
gradient according to Cashwell et al. [6]. The light fraction called LT because it contains mainly the 
longitudinal elements of the sarcoplasmic reticulum while the heavy fraction which originated from the 
terminal cisternal and transversal tubular part of the sarcoplasmic reticulum is labelled as TTC.

Measurement o f enzymatic activities

The assays of ATPase, para-nitrophenyl-phosphatase (PNPPase) and acetylcholinesterase 
(ACEase) activities were described earlier [22].

Measurement o f Ca uptake

The Ca uptake was measured with arsenazo III, as given before [21]

Determination o f calcium, magnesium and zinc

Determination of metal (Ca, Mg, Zn) content of the samples was carried out using atomic 
absorption spectrophotometer A A S-1 (Carl Zeiss Jena) after diluting the samples to 0.5-2.0 mg/ml
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protein concentration using 250 mM sucrose medium. The appropriate calibration standards were 
prepared also in 250 mM sucrose medium.

SDS-polyacrylamide electrophoresis (SDS-PAGE)

It was carried out by the method of Weber and Osborn [25] using slightly lower acrylamide 
concentration (50 g/1 instead of 70 g/1). Preparation of samples for the run, densinometry of the gel and 
other technical details have been published previously [22].

Determination o f  SH-content

The SH-content of the FSR-C  and its fractions was determined in media of 100 mM KC1, 5 mM 
MgCl2, 5 mM K-oxalate, 0.5 mM EGTA, 1 mM DTNB, 20 mM TRIS-Maleate, pH: 7.0; in the presence 
or absence of 0.5 mM Ca2+. For details see Szabolcs [22].

Chemicals

EGTA (ethylene glycol bis[2-aminoethyl-ether] N,N,N’,N’, tetraacetic acid) was obtained from 
SERVA (Heidelberg, FRG); DTNB (5,5-dithio bis-[2-nitrobenzoic acid]) from SIGMA (St. Louis, 
USA); acrylamide, bisacrylamide, SDS, bromophenol blue and coomassie brilliant blue R -250 from 
Shandon Southern (Runcorn, England); ß-mercaptoethanol and sucrose from Merck (Darmstad, FRG); 
acetylcholine-iodide from Fluka (Buchs, Switzerland), while the other (analytical grade) chemical were 
purchased from Reanal (Budapest, Hungary).

Results and discussion

The F S R -C  can be separated into heavy and light fractions using 20 -  45% 
sucrose gradient centrifugation as indicated by the sedimentation profile (Fig. 1). The 
isopicnic points of the light (LT) and heavy (TTC) fractions were at 34% and at 41% 
sucrose-concentration, respectively. Fractions -  1 ml each -  were collected after the 
spin. Fractions #17-27  (LT) were combined as well as fractions #29 -  33 (TTC). 
Each combined pool was diluted to 250 mM final sucrose-concentration and was 
collected by a 40-minute centrifugation in a Beckman #35 rotor at 30.000 RPM at 
0 °C using Beckman L5-65B equipment. The collected LT and TTC sediments were 
suspended -  using a Potter homogenizer -  in a medium of 250 mM sucrose and 10 
mM TRIS-Maleate, pH: 7.0 followed a dilution to 15-20 mg/ml protein 
concentration, and were frozen in liquid N2, stored at -  30 °C or -  70 °C until further 
use. Average from several experiments shows 68 ± 3% and 18.5 ± 2% protein 
recovery in the LT and TTC fractions, respectively, expressed as a percentage of the 
total protein content of the FSR -C  fraction. These yields as well as the isopicnic 
points of the fractions are in good agreement with the data of Lau et al. [12] and 
Campbell et al. [3] using similar procedure.
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Fig. 1. Sedimentation profile of the light and heavy microsomes separated from FSR-C by sucrose
(20 -  45%) gradient centrifugation

The two fractions of the FSR-C, LT and TTC were analyzed for protein 
composition using SD S-PA G E followed by densitometry of the stained gel. The 
major component of the F S R -C  and of the two fractions (LT and TTC) is the Ca2+- 
pump protein with 100-105 kDa molecular mass representing 54.7 -  70.6% of the 
total protein (Table I). Other major protein bands (with the molecular mass and 
percentage of the total protein, as given) are: calsequestrin (45 kDa, 3.9-10.6%), 
high affinity Ca2 +-binding protein (55 kDa, 4.2-5.5%), acidic protein (32 kDa, 
2-4.3% ) and the "feet proteins" (300 -  325 kDa, 1.8-4.2%). There are 4 -6  other 
protein bands with molecular mass of 230 kDa (9.5-10.7%), 160 kDa (1.6-3% ), 64 
kDa (2.9-4.2%), 24 kDa (1.4-3.4%), 200 kDa (1.2% [myosin heavy chain]) and 90 
kDa (1.7-2% [phosphorylase]).

Table I

Relative molecular mass and quantitative distribution o f proteins in F SR -C  and its fractions. The 
distribution o f the components in percentage were determined after SDS PAGE by densitometry

M o le c u la r  m a s s  o f  p r o t e i n s ,  k D a

S a m p le 3 0 0  -  3 2 5 2 3 0 2 0 0 160 105 9 0 64 5 5 45 3 2 24

r e la t iv e  d i s t r i b u t i o n  in  p e r c e n t

FSR-C 1.9 10.7 1.2 3.0 64.0 1.7 2.9 4.8 6.1 2.3 1.4
FSR -C -L T 1.8 10.6 - 2.0 70.6 - 35 4.2 3.9 2.0 1.4
FSR-C-TTC 4.2 9.5 - 1.6 54.7 2.0 4.2 55 10.6 4.3 3.4

LT = light microsome, TTC = heavy microsome
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There are substantial differences between the relative amount of proteins of 
known functions (such as ATPase, calsequestrin, feet proteins, acidic protein) 
comparing the LT and the TTC fractions. The calsequestrin to ATPase ratio 
expressed in mol/mol -  based on data of Table I -  is 0.12 for the LT fraction while 
0.43 for the TTC fraction. These values are very close to the data -  0.1 for the LT 
and 0.5 for the TTC -  published by Saito et al. [16] using stepwise sucrose gradient 
for the separation. Similar differences were also found in case of the proteins with 
molecular mass of 24 kDa, 32 kDa and 300 -  325 kDa (feet proteins) comparing the 
LT and the TTC fractions. The amount of these proteins are 2.1-2.4 times higher in 
the TTC fraction than in the LT fraction, in good agreement with previous reports [3, 
7, 13,16].

The metal contents are usually higher in the TTC fraction: the calcium 3.52, 
the magnesium 1.17, the zinc 4.08 times higher in the TTC fraction compared to the 
LT fraction (Table II). The internal water volume is 3.6 p.l/mg protein (in the LT 
fraction) and 2.1 pj/ing protein (in the TTC fraction) according to Campbell et al.
[3]. Using these data and the data of Table II, the concentrations of different metal 
ions in the LT and in the TTC fractions can be calculated. These concentrations in 
the LT are: 11.1 mM calcium, 4.5 mM magnesium and 0.64 mM zinc, while in the 
TTC: 67.1 mM calcium, 9 mM magnesium and 4.4 mM zinc. The calcium and zinc 
concentrations are 6 - 7  times, and the magnesium is two times higher in the TTC 
fraction than in the LT fraction. According to Campbell’s et al. [3] data the calcium 
and magnesium concentrations are 9.4 mM and 11 mM in the LT, while 56 mM and 
19 mM in the TTC, respectively. We have found no data on the zinc concentrations 
of the LT and TTC fractions. The high calcium concentration data in the TTC 
fraction is further supported by the high calcium concentration of the terminal 
cisternal part of the sarcoplasmic reticulum determined by electron microprobe 
analysis [17]. This fact is probably a consequence of the high calsequestrin content of 
the TTC fraction since one mole calsequestrin is able to bind 54 moles of calcium 
with an association constant of 8.6x1t)2 M “ 1 [8]. The calsequestrin content is 
probably also responsible for the high zinc content, due to its 1.2x1t)3 M -1 
association constant and high binding capacity (135 moles zinc pro mole protein) [8]. 
It should be noted, that in case of FSR and its fractions beside the high affinity Ca2+- 
binding protein (and calsequestrin), membrane phospholipids and other proteins are 
also able to bind calcium and other cations. According to Carvalho [4, 5] the order of 
the relative affinity of the binding sites -  for the listed cations -  are: 
H+ > Zn2+ > Ca2+ > Mg2+ > K+ =  Na+.
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Table II

Calcium, magnesium and zinc content ofFSR -  C and ils fractions

S a m p le C a lc iu m M a g n e s iu m Z i n c

n m o l / m g  p r o t e in

FSR-C 80.0 34.2 1.8
F SR -C -L T 40.0 16.2 2.0
F SR -C -T T C 141.0 19.0 9.35

LT = light microsome, TTC -  heavy microsome

Table III shows the PNPPase, ATPase and ACEase activities of the F S R -C  
and of its fractions. Comparing the enzymatic activities, the TTC fraction exhibits 1.6 
times higher Ca2+ + Mg2+ PNPPase activities compared to the LT, and the order of 
specific activities for FSR -  C and its fractions are: FSR -  C > TTC > LT.

Table III

p-Nitrophenylphosphatase (PNPPase) adenosine-triphosphatase (ATPase) and acetylcholinesterase 
(ACEase) activities in FSR -  C and its fractions

__________________s_______________

E n z y m e

F S R - C F S R - C - L T F S R - C - T T C

S p e c if ic  a c tiv ity *

Mg2+ activated PNPPase 4.8 7.0 65
Mg2+ activated ATPase 970.0 800.0 820.0
Mg2+ + Ca2+ activated PNPPase 15.5 7.2 11.5
Mg2+ + Ca2+ activated ATPase 4050.0 3200.0 3320.0
ACEase 2.8 3.0 4.4

* Specific activity expressed in: nmoles product/mg protein/minute at 22 °C

LT = light microsome, TTC = heavy microsome

The LT and TTC fractions have about the same Ca2+ + Mg2+ ATPase activity 
according to Meissner [13], however according to Campbell et al. [3] and Vidal et al. 
[24] the LT has a 15% -25%  higher Ca2+ + Mg2+ ATPase activity compared to the 
TTC. Our findings are further supported by the data of Vidal et al. [24] showing 
higher ACEase activity of the TTC fraction than that of the LT fraction. As it was 
shown in our previous paper [22] the ratio of the Ca2+ + Mg2+ ATPase activity over 
the ACEase activity may be a good measure of the protein-protein, and the lipid- 
protein interactions and order of the membrane structure. These ratios of activities
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can be calculated (Table III): 1664 for the FSR-C, 1056 for the LT fraction and 753 
for the TTC fraction. These numbers indicate 1.4 times higher ratio for the LT over 
the TTC. Our data are practically identical to those presented by Vidal et al. [24]. 
Based on our previous study the higher or lower value of the ratio of these enzymatic 
activities depend on the order of the membrane structure and they characterize the 
membrane permeability too. The lower ratio indicates higher permeability of the SR 
membrane. Treatment of FSR using tripsin [10], EGTA [11], phospholipase C, 
detergents [19], or in case of in  v itro  ageing [18] resulted in sharp (40 -  60%) decrease 
of the ratio of Ca2+ + Mg2+ ATPase over the ACEase activities parallel to the 
decrease or diminishing of the Ca2+ uptake, probably due to the increased 
permeability of the FSR membrane.

There are substantial differences of the Ca2+ uptake in the presence of oxalate 
comparing the LT fraction to the TTC one, since the LT has about 3.5 time higher 
value (Table IV) supporting the data published earlier [13,15].

Table IV

Ca uptake o f FSR -  C and its fractions

C a 2 +  u p t a k e m o l  C a 2  +

S a m p le [ i m o l e s  C a / m g  p r o t e i n m o l  A T P

FSR-C 4.1 1.33*
F SR -C -L T 5.1 2.10*
FSR -C -T T C 1.45 0.60*

* For calculation of mol Ca/mol ATP see data in Tables III and IV

LT = light microsome, TTC = heavy microsome

The higher Ca2+ uptake of the LT fractions may be explained by the 1.7 times 
higher inner volume of the LT vesicles compared to the TTC fraction. Further 
explanation for this higher uptake might be the unexpected binding of Ca2+ to the 
calsequestrin present mainly at the TTC portion of SR. The latter argument is also 
supported by our previous data on fish SR [20], however this binding is depending on 
the external Ca2+ concentration, therefore it easily dissociates and the ions leak out. 
According to Meissner et al. [14], Yamamoto and Kasai [26], the high conductance 
channel content of the TTC vesicles makes the Ca2+ leakage possible which results 
in lower Ca2+ transport/ATP ratio. This ratio is much lower for the TTC fraction 
(0.6) than those of the LT fraction (2.1) based on data of Tables III and IV. Release 
of Ca2+ from the lumen of LT vesicles is possible only through the slow leakage
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channels with к = 0.4 min-1 which is substantially different and slower than the 
leakage of the TTC vesicles with a к = 10 s_ 1 [9].

The reactivity of the SH-groups of the FSR -  C and of the LT fraction is higher 
in the presence of Ca2+ + EGTA containing medium than in the presence of EGTA 
with no added Ca2+ (Table V). The similarity between the F S R -C  and its LT 
fraction may indicate that no conformational change takes place during the isolation 
of LT fraction (since in the FSR -C  the LT fraction has about 2/3rd share). The 
reactivity of the SH-groups of the TTC vesicles shows an opposite pattern which 
might be due to the higher than critical Ca2+ and Zn2+ content of the TTC fraction 
(Table II). The increased reactivity in the presence of EGTA without Ca2+ is 
probably a consequence of Zn-EGTA and Ca-EGTA complex formation providing 
much easier access of DTNB to SH-groups which previously formed Ca2+- or Zn2+- 
thiolates. This explanation was also supported by previous data on SH reactivity of 
SR using various isolation methods [22]. As it was shown, FSR vesicles washed with 
600 mM KC1 had higher than critical (2.0-2.2 nmoles Zn/mg protein) zinc content 
which resulted in higher reactivity of SH-groups as well as higher number of titerable 
SH-groups in the EGTA medium, compared to the Ca2+ + EGTA medium.

Table V

SH-content o f FSR -  C  and its fractions in Ca2+ + EGTA (A) as well as in EGTA (B) containing 
incubating solution, expressed in nmole SH per mg protein

T im e  in  m in u te

S a m p le 0 .2 2.0 5 .0 10 .0 20 .0 3 0 .0 4 0 .0 60 .0

in  C a 2 +  +  E G T A

FSR-C 7.4 14.5 21.5 28.5 40.0 48.5 57.0 71.0
F SR -C -L T 15.0 28.7 40.7 50.1 62.6 72.9 80.7 91.0
FSR-C-TTC 95 19.0 26.9 35.3 47.0 52.1 57.1 63.5

В

T im e  in  m in u te

S a m p le 0 .2 2.0 5 .0 10 .0 20 .0 3 0 .0 4 0 .0 60 .0

in  E G T A

FSR-C 2.7 9.0 17.8 26.0 37.0 45.0 51.0 62.7
F SR -C -L T 6.5 19.2 29.5 39.1 49.2 56.0 63.3 72.7
FSR-C-TTC 16.1 30.2 38.5 46.8 56.0 62.4 66.1 125

LT = light microsome, TTC = heavy microsome
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Effects of imidazole, an inhibitor of thromboxane synthesis (10 mg/kg bw., iv.) on the 
distribution of cardiac output and intrarenal hemodynamics were investigated in 
normovolemic (free water and salt uptake before the experiment) narcotized rats. The cardiac 
output was measured on the basis of the Stewart -  Hamilton principle, the blood flow of the 
organs by the Sapirstein method. MRb was used as indicator.

One hour following the imidazole administration while mean arterial blood pressure 
remained constant a slight drop in the cardiac output (CO) was observed (CO-control: 
24.1 ± 4.77; CO-imidazole: 20.6 ± 2.40 ml/min/100 g; p < 0.05) and total peripheral 
resistance increased (TPR-control: 42.3 ± 9.27; TPR-imidazole: 48.3 ± 7.05 R; p < 0.05). The 
vascular resistance in the heart, lungs (bronchial fraction), liver, spleen, intestine and adrenal 
glands remained unchanged. The blood flow of the skin and sceletal muscle decreased 
moderately, their vascular resistance increased following imidazole treatment. Inhibition of the 
thromboxane synthesis did not influence the renal and intrarenal (cortex and medulla) 
circulation, the percentile distribution of the intrarenal blood flow remained unchanged.

The results suggest that TXA2 does not play a definite role in maintaining the
a) vascular tone (blood flow) of different organs
b) intrarenal hemodynamics (salt and water excretion) 

in normovolemic rats.

Keywords: imidazole, TXA2, cardiac output, distribution of the cardiac output, renal 
blood flow, intrarenal hemodynamics

The distribution of the cardiac output at a given perfusing pressure depends on 
the vascular resistance of the organs. Vascular tone is influenced by a great number 
of neural and humoral factors, the role of a lot among them being cleared up. It has 
been raised up firstly in the late seventies, that in the regulation of the vascular tone
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prostaglandins (PG) produced locally or even in the vascular wall itself may have a 
role.

Tuvemo and Wide [25], Aiken [1], Terragno et al. [24] demonstrated that blood 
vessels of some organs are able to produce prostaglandins. In 1974 Itskowitz, McGiff 
et al. [10, И, 15] and Kirschenbaum et al. [13] were among the first to give evidence 
that in dog the renal blood vessels are under control of continuous PG secretion. 
This statement was later confirmed by Pallone et al. [19].

In our earlier studies we also observed an elevation of the blood pressure and a 
marked increase in renal vascular resistance following the administration of the 
cyclooxygenase blocking indomethacin in anaesthetized dogs [2, 3].

Most of the statements are based on experimental results obtained following 
administration of pharmacons (indomethacin, naproxen, meclofenomate, 
acetylsalicilic acid) inhibiting PG synthesis and according to the symptoms observed 
conclusions were drawn concerning the vascular (circulatory) effects of PG-s. These 
compounds block an early step of the PG synthesis, consequently not only the 
synthesis of the PG-s but also that of the prostacyclines and thromboxanes can be 
decreased by them. For separating physiological effects of these three prostanoid 
compound groups, enzyme blockers can be used exerting their effects at other steps 
of the synthesis. Our investigations were therefore carried out with the inhibition of 
the thromboxane synthesis (imidazole). We concluded, that the prolonged (two days) 
application of the thromboxane-synthetase inhibitor imidazole did not alter the 
parameters of the systemic circulation or those of the individual organs (except the 
renal medulla) [7].

The aim of our present studies was to study the influence of inhibition of the 
thromboxane synthesis on cardiac output and blood flow of the organs within acute 
conditions in anaesthetized normovolemic animals. We intended to state whether 
thromboxanes can play a role in the regulation of the vascular tone and of the 
distribution of the cardiac output. As far as we know the effect of the thromboxane 
synthesis inhibition on the circulation of the different organs at the same time has not 
yet been investigated.

Methods

The experiments were carried out on female Wistar rats weighing 200 -  250 g, originating from 
the breed of our department. Preceding the experiments, the animals were kept on standard food and 
water ad libitum.

Animals were divided into two groups.
I. Imidazole treated group (n = 13)
Animals got imidazole (100 mg/kg/0.5 ml isotonic saline) iv. through the tail vein.
II. Control group (n = 14)
Animals received only the solvent.
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Experimental protocol (Fig. 1 )
Operation was carried out in Nembutal anaesthezia (42 mg/kg ip.), thereafter 5 minutes were left 

for the stabilisation of the arterial blood pressure. Then the imidazole or solvent was given followed by a 
continuous recording of the mean arterial blood pressure for 60 minutes. The experiment was terminated 
in the 60th minute by the determination of the circulatory parameters (“ Rb).

Stabilisation

Determination 
of cardiac output and 

organ blood flows

^Narcosis^ Operation Synthesis inhibition

Û Û
Recording of blood pressure

Û
Nembutal(Л2 mg/kg ip.) Imidazole (100mg/kg) ®®Rb Isotope

or
Control solution

Fig. 1. Experimental protocol

Surgery

From a cervical midline incision the right external jugular vein and the left common carotid artery 
were exposed. The trachea was cannulated. A fine cannula was introduced into the right part of the heart 
through the right external jugular vein. The cannula introduced into the common carotid artery served 
for the measuring of blood pressure and for collecting of blood samples.

The mean arterial blood pressure was continuously measured by an electric tonometer (Medicor 
EM-61) and recorded on a compensograph (Radelkis OH-827). Blood clotting was prevented by 
Heparin (100 U/animal iv.).

Hemodynamic parameters 

a) Measurement

At the end of the experiment through the jugular cannula 0.5 MBq 8,1 Rb isotope was given as a 
bolus injection, and continuous withdrawal of arterial blood samples was began at a rate of 0.75 sec for 
10 sec, for the determination of the cardiac output. In the 90th sec following the isotope administration 
animals were decapitated and the organs (heart, liver, lungs, spleen, adrenal glands, kidneys) were 
removed. Specimens from the skin, striated muscle (m. rectus abdominis, m. quadriceps femoris) and 
small intestine were excised. Organs and tissue specimens were weighed and digested in 20% NaOH 
solution. Radioactivity of arterial blood and tissue specimens were determined in a scintillation counter 
(Beckman Radioimmuno-Analyser).
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Cardiac output (CO) was estimated on the basis of the Stewart’s principle [23] while organ blood 
flow values (F) were obtained by the Sapirstein [21] method calculating with the following equation

60 xQ
CO, or F =-----------

t
f  Cadt

where F means the blood flow (ml/min/100 g), 0
Q = the activity injected (cpm), or activity of organ or tissue specimen calculated to 100 g tissue 

(cpm/100 g).
Denominator = the area below the arterial dilution curve during the first circulatory cycle, 

b) Calculations

Total peripheral resistance (TPR) was calculated as a quotient of the mean arterial blood 
pressure and the cardiac output (CO), the vascular resistance of the organs (tissues) as the quotient of 
the mean arterial blood pressure and the organ (tissue) blood flow (F). Organ fractions of cardiac output 
(%) were calculated as a quotient of isotope activity of organs and the isotope activity injected. The 
tissue fractions were determined as the activity of 100 g tissue divided by the injected activity. Skin 
fractions were calculated assuming that the skin is about 18% of the body weight in rats. The percentile 
distribution of RBF was calculated assuming that the renal cortex is 69%, the outer medulla is 28% and 
the inner medulla (papilla) is 3% of the kidney weight.

Results

Changes in the mean arterial blood pressure as a function of time are shown in 
Fig. 2. The starting values of the control and imidazole group are in good agreement 
(163 ± 10.6 mmHg and 158 ± 6.7 mmHg, respectively). Within the first minute 
following the imidazole administration the arterial blood pressure increased from 
163 ± 10.6 mmHg to 194 ± 4.2 mmHg (p < 0.01). After this peak value the blood 
pressure dropped continuously returning to the initial value at the 15th minute and 
remaining on this value with slight oscillations till the end of the experiment. Blood 
pressure of the control animals hardly increased (163 ± 10 mmHg, N.S.) during the 
first minute, afterwards it started to decrease reaching the lowest value (144 ± 8.5 
mmHg p < 0.05) in the 5th minute, thereafter in the 10th minute it practically 
returned to the initial value. There was a significant difference between the blood 
pressure values of the control and imidazole group within the first 5 minutes 
(0.05 < p > 0.02).

Table I summarizes the most important parameters of the systemic and organ 
circulation. In the imidazole treated animals cardiac output decreases slightly (CO 
control 24.1 ± 4.77; CO imidazole 20.6 ± 2.40, p < 0.05), while blood pressure 
remains unchanged. Imidazole slightly increased the total peripheral resistance (TPR 
control 42.3 ± 9.27; TPR imidazole 48.3 ± 7.05, p < 0.05). In the presence of 
imidazole vascular resistance increases in the skin (R control 94.4 ± 33.3 R;
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R imidazole 145 ± 42.2 R, p < 0.01) and in the working striated muscle (m. rectus 
abdominis: control 85.0 ± 41.5 R; imidazole 141 ± 47.8 R, p < 0.01). The blood flow 
of the organs tended to decrease but statistically significant decrease was observed 
only in the skin (F control 11.9 ± 4.85, F imidazole 7.39 ± 2.29 ml/min/100 g, 
p < 0.01) and striated muscle (F m. rectus abdominis: control 14.8 ± 6.97; 
F imidazole 7.81 ± 2.87, p < 0.01). Cardiac output fractions of the organs decreased 
also in these two tissues under the effect of imidazole (skin: control 8.98 ± 3.44%; 
imidazole 6.39 ± 1.56%, p < 0.02; m. rectus abdominis control 0.265 ± 0.049%; 
imidazole 0.167 ± 0.054%, p < 0.01, respectively).

0.05»P»0.02

Fig. 2. Changes in mean arterial blood pressure following imidazole administration and under 
control conditions. Arrow points to the moment of imidazole or solvent administration

( -  —  «  Im id a z o l»

HO.5TtQ.07>»-2* 
P<0001

Fig. 3. Relationship between renal cortical and medullary blood flow in control experiments and
following imidazole infusion
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Table I

Effect o f imidazole on the fractions o f cardiac output in normovolaemic anaesthetized rats
(x±S.D.)

C o n tr o l  

n  = 14
I m id a z o le  

n  =  13

Blood pressure, mmHg 163 ± 14.4 163 ± 12.1
Cardiac output, ml/min/100 g b.m. 24.1 ± 4.77 20.6 ± 2.40 +
TPR 42.3 ± 9.27 48.3 ± 7.05 О

Heart F 296 ± 65.4 253 ± 51.9
R 3.48 ± 0.819 4.02 ± 0.789
% 3.64 ± 0.464 3.69 ± 0.690

Lung F 136 ± 85.1 106 ± 39.9
R 8.95 ± 3.21 103 ± 3.70
% 3.03 ± 1.52 3.27 ± 1.08

Liver F 57.4 ± 14.6 52.2 ± 15.9
R 18.4 ± 5.67 20.9 + 6.29
% 8.24 ± 1.19 839 ± 1.98

Spleen F 68.5 ± 18.4 61.3 ± 20.7
R 15.7 ± 5.39 17.9 ± 6.24
% 0.648 ± 0.166 0.677 ± 0.225

Intestine F 154 ± 52.3 131 ± 27.8
R 7.06 ± 2.18 7.76 ± 1.71
% 2.93 ± 1.04 2.84 ± 0.423

Skin F 11.9 ± 4.85 7.39 ± 2.29 + + +
R 94.4 ± 33.3 145 ± 42.2 + + +
% 8.98 ± 3.44 6.39 ± 1.56 + +

Muscle (m. rectus abdominis) F 14.8 ± 6.97 7.81 ± 2.87 + + +
R 85.0 ± 41.5 141 ± 47.8 + + +
% 0.265 ± 0.094 0.167 ± 0.054 + + +

Muscle (m. quadriceps femoris) F 6.03 ± 1.72 4.96 ± 1.60
R 178 ± 58.9 220 ± 75.3
% 0.113 ± 0.028 0.106 ± 0.028

Adrenal gland F 260 ± 66.9 252 ± 8.61
R 4.03 ± 1.10 4.39 ± 130
% 0.275 ± 0.074 0.312 ± 0.098

+ p < 0.05 + + p < 0.02 + + + p < 0.01 op  -  0.05
TPR: total peripheral resistance (R/kg)
F: organ or tissue blood flow (ml/min/100 g)
R: organ or tissue vascular resistance (mmHg ml_1s kg~l)
%: organ or tissue fraction of cardiac output (the fraction of intestine and skeletal muscle was

calculated for 100 g tissue)
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Table II

Effect o f imidazole on the renal haemodynamics in normovolaemic anaesthetized rats

C o n tr o l  

n  = 14

Im id a z o le  

n  = 14

Blood pressure, mmHg 163 ± 14.4 163 ± 12.1
RBF 616 ± 141 558 ± 95.7
CBF 751 ± 129 657 ± 122
MBF 404 ± 140 351 ± 70.2

OMBF 481 ± 160 404 ± 85.4
IMBF 251 ± 74.1 211 ± 61.6

^ k i d n e y 1.68 ± 0.414 1.83 ± 0.398
^ c o r t e x 1.34 ± 0.255 1.55 ± 0.349
^ m e d u l l a 2.69 ± 0.841 2.99 ± 0.903

^ o u t e r  m e d u l l a 2.24 î  0.649 2.54 ± 0523
^ i n n e r  m e d u l l a 4.32 ± 1.38 5.15 ± 1.82

Kidney fraction of cardiac output, % 
Percentual distribution of RBF

16.0 ± 3.55 17.7 ± 2.44

Cortex % 78.8 ± 3.84 79.1 ± 2.69
Medulla 21.2 ± 3.84 21.0 ± 2.70

outer medulla 20.1 ± 3.70 19.9 ± 2.73
inner medulla 1.13 ± 0.23 1.11 ± 0.29

BF: ml/min/100g
RBF: renal blood flow
CBF: cortical blood flow
MBF: medullary blood flow
OMBF: outer medullary blood flow
IMBF: inner medullary blood flow
R: vascular resistance (mmHg ml_1s kg-1)

Parameters of the kidney and intrarenal circulation are shown in Table II. 
Imidazole did not affect the renal blood flow and its intrarenal distribution, vascular 
resistance and blood flow parameters of the cortex and medulla (outer and inner 
medulla as well) remained at control values.

In Fig. 3 the renal medullary blood flow values were plotted against the cortical 
blood flow. There was a close correlation between the medullary and cortical blood 
flow in the control (a = 0.72 ± 0.23, p < 0.001) as well as in the imidazole treated 
animals (a = 0.57 ± 0.07 p < 0.001), but the regression lines showed no 
mathematically significant differences.
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Discussion

Among the prostanoid compounds TXA2 is one of the most powerful 
vasoconstrictors having a very well-known role in the hemostatic mechanisms, but it 
is not yet clear whether it has any role in the regulation of the arterial tone or blood 
flow of the organs under physiologic conditions. Our investigations were directed to 
study whether in animals with free salt- and water-intake the imidazole induced 
inhibition of the TXA2 synthesis could modify the total peripheral resistance (TPR), 
or in which organs changes of blood flow or vascular resistance could be observed 
following imidazole treatment.

TXA2 has a very strong but short lasting vasoconstrictor effect, its half-life time 
is 38 sec according to the studies of Zipser et al. [27], but only 3 sec according to 
Ingerman et al. [9]. A long lasting effect on the vascular tone can only develop in case 
of continuous production, and the consequences of the synthesis inhibition must 
appear immediately, while the formerly synthetized TXA2 is a major determinant of 
the arterial tone, its lack would induce a decrease in the vascular resistance of organs 
where TXA2 is determinant, possibly accompanied by a drop in TPR.

In our studies TXA2 levels have not been determined, but the amount of 
imidazole administered was the dose accepted as effective in the literature.

Following imidazole administration the mean arterial blood pressure increased 
by 30 mmHg during the first minute, but this rise passed off within 15 minutes, and 
blood pressure returned to the initial value. The rise in blood pressure was the 
consequence of the imidazole treatment, it could not be observed in the control 
group (animals getting only isotonic saline) (Fig. 2).

The transitory blood pressure increasing effect of a compound, blocking the 
synthesis of a vasoconstrictor substance needs some explanation. A lot of circulatory 
investigations were made with clonidine, a compound structurally similar to 
imidazole. It is well known that clonidine (a hypotensive compound) administered 
intravenously exerts its hypotensive effects only after a transitory rise in blood 
pressure. This initial pressor effect is attributed to a transitory direct stimulation of 
the «j receptors being followed by a hypotensive effect of central origin (decreased 
heart rate and TPR) [5]. The imidazole -  like clonidine -  induces a transient 
increase of blood pressure, but it is not followed by a hypotensive phase. It can be 
supposed that the dose of imidazole given is large enough to induce a temporary 
hypertensive effect stimulating the a 2 receptors, but the subsequent lower 
concentration is not any more enough to evoke a hypotension of central origin. In our 
imidazole treated animals from the 10th minute till the end of the experiment (60th 
min) the blood pressure showed only small oscillation around the initial value. As to 
the observation it can be concluded that at the end of the experiment (at the time of
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blood flow measurements) neither a direct (a receptor) nor an indirect (through the 
nervous system) vascular effect of imidazole should be taken into account.

Blood flow measurements were carried out in the 60th min following the 
imidazole administration, and as a consequence of the method, they gave a snapshot, 
without any possibility to repeat them. The advantage of the method is, that blood 
flow of many organs can be measured at the same time. In contrast with our 
hypothesis, not a single organ showed increase in blood flow (decrease of vascular 
resistance) following imidazole administration, moreover in two organs (skin and 
m. rectus abdominis) a decrease of blood flow and an increase in vascular resistance 
could be observed.

This observation leads to the conclusion, that in animals with free water and 
salt intake, the resting TXA2 production must be low, being not able to influence the 
vascular smooth muscle tone.

In the imidazole treated animals, a moderate drop in cardiac output could be 
detected. We can only speculate concerning its reasons. However it is possible that a 
reflex vasoconstriction induced by the decreased cardiac output could explain the 
increased vascular resistance observed in the skin and striated muscle. The 
vasoconstriction in the skin and sceletal muscle could be responsible for the slight 
increase in TPR explaining the unchanged arterial blood pressure in spite of the 
decreased cardiac output.

In our former studies [7] in rats following a two-day imidazole pretreatment 
the total kidney and renal cortical blood flow remained unchanged while an increase 
in renal medullary blood flow was observed, i.e. the intrarenal distribution of blood 
flow was shifted toward the medulla. On the basis of these observations it can be 
concluded that thromboxanes may play a role in the regulation of the medullary 
vascular resistance and this way they can influence urinary osmolality.

Some data in the literature raise up the possibility that within pathologic 
conditions TXA2 can significantly modify the renal hemodynamics and renal 
function. Increased TXA2 production was demonstrated in isolated perfused 
hydronephrotic kidney [18], following ureter occlusion [12, 17] in hydronephrotic rat 
kidney [14] during partial occlusion of the renal vein [27] and in glicerin induced 
acute renal failure [16], etc. The increased thromboxane synthesis is accompained by 
an increase in the vascular resistance [14,17].

However, there are also data, proving that thromboxanes are not significant 
modulators of the kidney function even under pathologic conditions. Thus the 
etiological role of thromboxanes in the decreased kidney function and elevated blood 
pressure of spontaneously hypertonic rats [8] or in the renal vasoconstriction 
following ureter occlusion cannot be proved [8].

On the basis of the increased TXA2 production under pathologic conditions, 
one cannot conclude on their physiologic regulatory role, however, TXA2 production
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was demonstrated in a lot of studies in intact kidney. Folker et al. [4] in isolated rat 
glomerulus, Petrulis et al. [20] in rat glomerular epithelial cells, Scharschmidt et al. 
[22] in rat renal mesangial cell culture demonstrated TXA2 production. Wilkes et al. 
[26] proved the presence of TXA2 receptors in isolated rat glomeruli.

The in vitro TXA2 synthesis points to a possible physiological regulatory role, 
still it has to be proven in vivo. Our results do not render this regulatory role 
probable. Following imidazole administration the total renal blood flow and regional 
(cortex and renal medulla) flow values remained unchanged. The imidazole 
treatment influenced neither the total renal, cortical nor the medullary vascular 
resistances (Table II, Fig. 2). The unchanged parameters of the renal circulation 
prove that under "resting conditions” (free salt and water intake) the thromboxan 
production in the kidney is so low in rats that it does not play any role in the 
regulation of renal total or regional hemodynamics.

In summary our results point out, that in rats having access to free salt and 
water intake the endogenous TXA2 production is not high enough to influence the 
blood flow of different organs or intrarenal hemodynamics.
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Treatments with benzpyrene on the 15th, 17th and 19th day of the pregnancy result in 
sexually significantly less active offspring females following castration and treatments with 
sexual hormones in adulthood. The receptivity of animals treated with allylestrenol in 
embryonic period is also decreased but was not significant. Treatments with allylestrenol or 
benzpyrene of newborns did not alter the hormone-induced sexual behaviour. Comparing with 
our previous experiments it seems that the effect of benzpyrene -  which is structurally more 
distinct however it binds to the steroid receptor -  is more pronounced on the sexual 
behaviour than allylestrenol.

Keywords: hormonal imprinting, fetal treatment, benzpyrene, allylestrenol, sexual 
behaviour

Hormone receptors are present during the embryonal development and their 
maturation takes place in parallel with the development of the cell [2, 15, 18, 23, 24]. 
Meanwhile the receptors have to encounter hormones which are also present at this 
time and this is the period when the normal development of receptors is completed 
by the hormonal imprinting [3-6]. In this critical period non-physiologic encounters 
also might happen, eliciting pathological imprinting of receptors. These effects can 
influence the binding capacity and -  thus -  the responsiveness of cell for a lifetime 
[1, 3 -7 , 17, 21]. Abnormal imprinting could take place on levels of polypeptide, 
amino acid or steroid receptors. The adverse influence was detectable following 
diethylstilbestrol or allylestrenol treatments in the decreased binding capacity of

Correspondence should be addressed to 
György C s a b a

Department of Biology, Semmelweis University of Medicine 
H -  1445 Budapest, P.O. Box 34 Nagyvárad tér 4, Hungary

Akadém iai Kiadó, Budapest



176 Cs. Karabélyos et al.

steroid -  estrogen -  receptors of uterus [10] just like in the decrease in the number 
of glycocorticoid receptors in thymus which was influenced by dexamethasone [19]. 
The steroid hormone analogues can overlap not only in the target organ but in other 
organs possessing steroid receptors. This way a treatment with a synthetic sexual 
steroid in newborn age will result in a change not only in the direct target-receptors 
(e.g. estrogen receptors of uterus, hypothalamus) but it can alter the glucocorticoid 
receptors for example, too [20].

In the critical period of receptor development there is an overlap not only in 
the case of synthetic (dissimilar to physiologic hormone in some way) hormone 
molecules with similar function, but molecules with steroid or steroid-like structure 
possessing divergent functions are also able to overlap each other on the receptor, 
and this way they can disturb the receptor’s normal development. This happens 
following the perinatal administration of ouabain [11] or in the case of glucocorticoid 
receptors of thymus following neonatal exposure of aromatic hydrocarbons [8, 9, 12, 
14].

The non-physiologic development of the receptors is manifested not only in the 
later (adulthood) receptor-binding but -  according to above mentioned -  also in 
functional parameters. This way treatments between the 15th and 19th day of 
embryonic life or during the first 7 days after birth with the synthetic sexual steroid 
allylestrenol or with the polycyclic aromatic hydrocarbon benzpyrene enormously 
decrease the sexual activity of female rats. At the same time the allylestrenol effect at 
receptor level results in an increased sexual activity if it was administered to male rat 
embryos but decreased it after a treatment in newborn [13].

Considering all the above-mentioned facts the aim of our study was as follows:
1. How can an embryonic allylestrenol or benzpyren treatment influence the 

sexual activity of adult, castrated, female rats induced by estradiol and progesterone.
2. Is there any difference in response of rats treated with allylestrenol or 

benzpyrene in embryonic or new-born age, in case of the estrogen or progesterone 
treatments in adulthood.

Materials and methods

The 40 Wistar female rats of our present experiment were from our own breed.
Embryonic or newborn animals were treated with allylestrenol (AE, Túrinál, Richter, Budapest) 

and with benzpyrene (BP, Fluka, Buchs, Switzerland). The groups were as follows:
1. 0.7 mg/kg AE was administered to dams im. to the femoral muscle at the 15th, 17th and 19th 

days of their pregnancy (the day 0 of pregnancy was considered when sperms were found in the vaginal 
smear).

2. Dams received 2.0 mg/kg BP similarly to the above-mentioned schedule.
3. Dams gave birth to the offspring without any treatment and then with 17.5 AE/p,g/animal was 

injected sc. at the skin of neck of the offspring on the 0th, 3rd and 7th day of their life.
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4. The offspring of untreated dams received 20.0 p.g animal BP similarly to the schedule 
mentioned in point 3.

5. Animals of the control group received the solvent of BP and AE in sunflower seed oil in the 
same dose as the treated groups.

The animals were weaned at the 4 week old age and the sexes were also separated. In our present 
experiments only female rats were investigated. 5 month old females were investigated, 8 -8  animals 
were ovariectomized in each group and then 14 days were given for recovery. 48 hour before studying the 
sexual behaviour each rat received 0.1 ml (30 p.g) estradiol monopropionate, while 4 hours before the 
assay they received sc. 0.5 mg/0.1 ml/animal progesterone. In the assays female rats were caged together 
with indicator male rats. The experiments were done on every second day for two weeks. The presence or 
absence of lordosis following the mounting and the receptivity was observed. The two calculated 
parameters were the Meyerson-index and the Lordosis-quotient [16, 22]. The first gives weather or not 
the animal presents lordosis at the first mounting, while the second shows the ratio in per cents of 
lordosis related to the all mounting (observed up to 10) (L/Q). The average of daily data were used in 
both sexes and the significance was counted on the basis of these data by x2 probe.

Results and discussion

The results of our experiments (Figs 1 and 2) clearly shows that only the 
benzpyrene administered during pregnancy resulted significant decrease in sexual 
activity of female rats, which is embodied in both the Meyerson-index and the 
Lordosis-quotient. At the same time the allylestrenol administered during pregnancy 
also results in a decrease of Meyerson-index but this result is not significant. The 
effect of treatments of newborns with AE or with benzpyren does not result in 
essential difference compared to the controls.

Meyer son - index

Fig. 1. Results of Meyerson-index. Benzpyrene treatment during pregnancy significantly (. = p < 0.05) 
decreased the value related to the control (fet = fetal, neo = neonatal treatment)

Lordosis-quotient 

Ю0

Fig. 2. Results of Lordosis-quotient. Benzpyrene treatment during pregnancy significantly decreased the 
quotient related to the control (... = p < 0.001) and to neonatally treated rats (xx = p < 0.01)
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On the basis of the literature [16, 22] and our observations the Lordosis activity 
(receptivity) is present in 45-50%  of females in the phase of estrus. Estrogen and 
progesterone treatment of castrated rats increases the receptivity to 80 -  90% as it 
was shown in our experiment.

The purpose of the experiments was to analyse how rats sexually responded 
when treated with allylestrenol or benzpyrene during their pregnancy or newborn 
period in these animals are treated with sexual steroids in adulthood. As to the 
results the effect of treatments in embryonic and newborn age is less expressed. This 
is obvious as the sexual activity is enhanced to the maximum level by the hormonal 
treatments, but there are some differences. Following the embryonic treatment with 
benzpyrene the sexual hormone treatment in adulthood could not lead to the same 
effect to the control -  embryonically non-treated -  females. However the 
treatments of newborn period could not influence the responsiveness of adults to the 
hormone at all. The receptor seems to be more sensitive to benzpyrene and 
allylestrenol -  however the effect of the latter is not significant -  during the 
embryonic development compared to that after birth. It is presumable that 
allylestrenol, resembling more in its structure to the endogenous steroid hormones, 
causes less damage in the receptor during the embryonic period than the structurally 
more distinct benzpyrene which can also binds to the receptor.

In our previous experiments (on the sexual behaviour) [13] rats were treated 
only in embryonic or newborn period but there was no treatment at adult age. In 
these experiments allylestrenol seemed to possess the more pronounced effect in 
embryos and benzpyrene had the more expressed effect in newborns. In the present 
experiments it is unambiguous that only benzpyrene presented significant results. 
This might show to that the imprinting with benzpyrene resulted in a very strong 
damage of steroid receptors as it was shown in the reduction of receptor number 
therefore the cell was unable to respond to exogenous hormone in high doses.

Allylestrenol was (is) applied in many cases to protect endangered pregnancies. 
Nevertheless this number is limited related to the mothers and offsprings who are 
subjects of benzpyrene exposure during their pregnancy or after their delivery. 
Considering the effects of hormonal treatments in adulthood and the benzpyrene 
exposure in the critical periods of development and their results which are 
manifested also in the sexual behaviour call the attention to the more expressed 
danger of benzpyrene exposure related to allylestrenol.
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In one case of diabetes, normal glucose contents and volumes of the urine and high 
diabetic values alternate with each other. This periodicity may be of short duration (a couple 
of days), but long-lasting normal state can also occur. This state of aperiodicity may last 
almost a month. In such "smoothening" of hormon-regulation, some modulator substances 
may play a role.

Keywords: glycosurie patterns, short and long periodicities

Mering and Minkovski described first that diabetes mellitus is a state of insulin 
deficiency [6], mostly in juvenile diabetes where hyper- and hypoglycemic periods 
follow each other, a disregulation is apparent.

Based on an individual observation in the case of one of the authors (G. P. L.) 
the diabetic hyper- and hypoglycemic phases are followed by long-lasting nocturnal 
euglycemic periods (G. P. L. is 58 years old, has an IDD form of illness and takes 26 
I. U. insulin pro die). This means that beside insulin other factors may also play a 
decisive role. This nocturnal euglycemia with a longer duration may be the result of a 
normal regulation, while hypo- and hyperglycemic states hint to an abnormal 
regulation. Theoretically this can be induced by insulin itself [1, 2, 3, 4, 5, 8] or what is 
more credible, by a factor which influences insulin sensitivity [7]. The present work is 
the first step to discover such an euglycemic factor.

Methods

In blood and urine samples of G. L. glucose concentration was measured by test strips 
(evaluation of blood samples by Reflolux II Boehringer-Mannheim). G. L. was treated by insulin daily 24 
to 29 I.U. The urine concentrations of glucose and urine volumes were determined mainly at night, 
because this period seemed to be the most characteristic one where the glucose values were the lowest,
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i.e. the normalization seemed to be the easiest. Urine volumes were determined all through the day. It 
was examined whether a high urine concentration was accompanied by a higher volume. In this case a 
diabetic reaction was present (Fig. 2). Normality could be established when a relatively smaller volume 
was accompanied with small or zero content.

Blood sugar determinations were made periodically in each part of the day.

Results

Table I

Blood sugar values (mmol/l) from 24 June to 24 Nov., 1987. 
(in 2 -3-hour periods)

H o u r s B e tw e e n B e tw e e n B e tw e e n B e tw e e n B e tw e e n B e tw e e n B e tw e e n

0 6 - 0 9 0 9 - 1 2 1 2 - 1 4 1 4 - 1 7 1 7 - 1 9 1 9 - 2 3 2 3 - 0 6

5.6 13.2 15.6 14.3 14.4 18.7 4.6
6.2 14.4 8.7 4.0 2.1 4.0 4 5

11.1 12.5 9.2 8.8 3.9 9.2 \25
11.2 12.5 14.1 4.9 16.0 4.8 8.8
5.2 8.5 3.9 8.7 0.9 4.3 2.6
5.8 13.3 10.1 14.0 12.2 2.8 2.2
2.9 4.8 12.9 14.4 6.2 12.3 5.7
9.8 16.7 16.2 5.7 2.1 3.9 8.4
6.9 11.1 7.9 3.7 10.4 2.6 4.9

13.6 11.5 4.6 13.9 3.1 13.1 2.1
2.3 14.8 9.7 21.6 16.6 16.7 2.3
4.3 3.2 19.4 16.3 2.8
5.1 15.8 3.3 4.3 2.3
3.3 3.0 6.5 3.6
3.4 2.7 1.9 2.3
4.3 95 19.4 2.1
9.2 5.1 3.8
3.0 13.1 7.1
3.6 3.3 4.3

13.7
4.2
2.7

n 19 11 11 22 13 19 16
X 6.15 12.12 10.26 8.69 8.51 8.21 4.48
Sx ±0.75 ±0.98 ±1.23 ±1.18 ±1.82 ±1.36 ±0.76

Values are given in 2 -3-hour periods. Each column represents the values obtained in several days in the 
corresponding time. The lowest value can be found between 23 -  06 hours (4.48 mmol/l), while the 
greatest mean value appears between 09-12 hours (12.12 mmol/l)
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Table I shows the average changes of blood glucose levels of G. L. in a five- 
month period. The determinations were made from June 24 to Nov. 24. The daily 
periods lasted from 6 h a.m. to 6 h p.m. It can be seen that the highest values were 
obtained between 09-12 hours (12.12±0.98 mmol/1) while the lowest ones between 
23 -  06 hours (4.48 ±0.76 mmol/1). These periodical hyper- and hypoglycemic phases 
followed each other.

The same is true when nocturnal glucose concentrations in the urine and urine 
volumes are plotted. Figure 1 shows a great diversity in changes in glucose content 
and urine volume. In cca 7-day periods glucose content and urine volume elevated to 
maximum, while they fell to a normal level in between. Hence a normality phase 
follows great climaxes of diabetic values. These normal periods can be greater. Thus 
for a longer time even aperiodicity can take place. In Fig. 2 long-lasting normal 
values are surrounded by high diabetic ones. Zero or very small amount of glucose 
content is present for a long time (from Oct. 11 to Nov. 15). The low glucose 
contents are accompanied by low urine volumes. Hence during this period a quasi 
normality phase takes place. This aperiodicity phase lasts for 36 days.

ml g

Fig. 1. Short periodicity in nocturnal urine glucose content. Ordinate: glucose content in g and urine 
volume in ml. Abscisse: time in days. It can be seen that about a 7-day periodicity in glucose content 

is present. Urine volume follows these events
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Fig. 2. Long-lasting periodicity in nocturnal urine glucose content. The normal state (aperiodicity) lasts 
from Oct. 11 to Nov. 15. During this period glucose content is normal, it lies on the zero line. Urine

volume follows the glucose values.

Discussion

Mering and Minkovski [6] pointed to the importance of insulin in diabetes 
mellitus. Our observations show that another factor present in the normal blood may 
equally be responsible in generating the illness and in a total recovery [7].

In the present case this problem arises in the presence of long-lasting 
euglycemic periods (Fig. 2). In Fig. 2 this euglycemic period lasted 36 days. This 
means that a normal state for 36 days could be present. At first sight this state could 
be the result of an insulin action. Accordingly insulin may affect its own effect [1, 2, 5, 
8]. But this occurs in a short period [5]. Hence insulin may not play a decisive role in 
this long-lasting aperiodicity phase. This longer duration (more than a month) of 
euglycemia may therefore represent the presence of a factor which may sensitize 
insulin effect. This means a smoother regulation: the presence of substances which 
regulate insulin action itself. In the case of a "crude" regulation in which only insulin 
may have a role, the fluctuations of glucose levels would be great, although the mean 
values could be normal or almost normal. In the case of regulating the insulin effect 
itself by modulator substances, such a long-lasting normal period is self-evident. It is 
a result of a more complete regulation. Therefore the presence of the long-lasting 
normal periods in diabetes hints to the presence of substances which may regulate 
insulin action itself. By them a period of longer equilibrium can be achieved. This 
factor may act also in the case of small amounts of insulin, i.e. it can exert its 
sensitizing function also in such a case. All this means that during this illness full
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recovery periods may take place. The reality of this statement is underlined by the 
presence of shorter periods. In Fig. 1 7-day periods are shown. During these periods 
a drop to zero of glucose levels can be seen. Thus the long-lasting periods may be the 
expansion of the shorter ones. It is of great importance that in both cases a 
periodicity is evident: 7 days in Fig. 1 and 36 days in Fig. 2. Hence an equilibrium 
state between insulin and the sensitizing factor can be ascertained. The long 
euglycemic periods point to the possibility of their full expansion, i.e. a total recovery 
a diabetes.

REFERENCES

1. Argoud, G. M., Schade, D. S., Eaton, R. P.: Insulin suppresses its own secretion in vivo. Diabetes
36,959 -  962 (1987).

2. Attval, S., Fowelin, J., Schenck, H. von, Lager, I., Smith, U.: Insulin resistance in type I (Insulin-
Dependent) diabetes following hypoglycaemia. Evidence for the importance of beta-adrenergic 
stimulation). Diabetologia 30, 691-697 (1987).

3. Charles, M. A., Selam, J. L., Brown, S., Woertz, L.: The Importance of initial blood glucose control
of induction of remissions in new onset type I (insulin-dependent) diabetes. Diabetologia 31, 
479A (1988).

4. Gulan, M., Perlman, K., Sole, M., Albisser, M., Zinman, B.: Counterregulatory hormone responses
preserved after long-term intravenous insulin infusion compared to continuous subcutaneous 
insulin infusion. Diabetes 37, 526 -  531 (1988).

5. Kollind, M., Adamson, U., Lins, P. E.: Studies of insulin resistance following hypoglycemia in
insulin-dependent diabetes mellitus. Acta Med. Scand. 223, 153-157 (1988).

6. Mering, I. von, Minkovski, O.: Diabetes mellitus nach pancreasextirpation. Naunyn-Schmiedeberg’s
Arch. exp. Pathol. Pharmak. 26, 371 (1889).

7. Szentiványi, M., Leszkovszky, G. P., Bertók, В.: Is a complete recovery of diabetes mellitus
possible? Description of the effect of a natural substance which may be a candidate in initiating 
of such a process. Submitted.

8. Torella, R., Cozzolino, D., Salvatore, T., Giugliano, D., Onofrio, F. d’: Insulin therapy in obese and
lean type 2 (non-insulin-dependent) diabetic patients restores sensibility to oral drugs after 
secondary failure. Diabetologia 31,550A (1988).

Acta Physioiogica Hungarica 82, 1994





Acta Physiologica Hungarica, Volume 82 (2), pp. 187-193 (1994)

EFFECT OF MALNOURISHMENT ON INTESTINAL 
GLUCOSE AND FLUID TRANSPORT IN RATS

A . B . O b a t o m i , K. O . A d e n iy i , C. O . Is f c h e i*

D E P A R T M E N T  O F  H U M A N  P H Y S I O L O G Y , - D E P A R T M E N T  O F  C H E M I C A L  P A T H O L O G Y , U N I V E R S I T Y  O F  J O S ,  N I G E R I A

Received April 20,1993 
Accepted June 30,1993

Intestinal fluid and glucose transport in malnourished rats was investigated using the 
everted sac method on the small intestine. Malnourishment significantly (P < 0.001) reduced 
the serosal fluid transfer, mucosal fluid transfer, gut fluid uptake as well as gut glucose uptake.

The results suggest that malnourishment affects the functional status of the small 
intestine.

Keywords: intestinal fluid glucose transport, malnourishment, small intestine

Malnourishment has been defined to mean a state of qualitative and/or 
quantitative dietary deficiency which may result in inadequate intake of protein, 
energy, vitamins and mineral salts [8]. Statistics showed that as in 1980, 18 -  20 
million preschool children in Africa and the Middle East were malnourished [19]. 
Some of the known clinical symptoms that characterise malnourishment are severe 
weight loss, gross wasting, hair and skin changes, marled stunting, edema, and 
general apathy [5, 8].

Dean [4] reported that there is a reduction in the mass of the GIT in 
malnourishment. It has also been reported that malnourishment leads to 
inflammatory changes in gastric mucosa, and reduced acid output [6] and 
morphological changes in the small intestine [13, 17]. Animal studies have equally 
revealed morphological changes in small intestine due to malnourishment [18].

Several authors have reported malabsorption of nutrients in malnourishment. 
Lynch et al. [10] showed that iron absorption in protein energy malnutrition (PEM) 
is decreased. The absorption of fat and D-xylose has also been found to be 
subnormal in protein calorie malnutrition [7,11, 20].
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Data from animal studies about the effect of malnourishment on the process of 
sugar transport are not consistent. Viteri et al. [20] reported reduced absorption of 
glucose in PEM, while Liftshitz et al. [9] and Weinkove et al. [21] reported increased 
glucose transport in malnourished rats.

The present study was therefore designed to provide more information about 
the effect of malnourishment on the intestinal fluid and glucose transport.

Materials and methods

1. Experimental animals and diets

32 male weaning albino rats of the Wistar strain (40-50 g) were divided into two groups of 16 
rats each. Group 1, which was the experimental group, was fed with a low protein (LP) diet of maize 
starch supplemented with adequate mineral salts and vitamins. The protein content of this diet was 
3.20%. The experimental diet was prepared according to the techniques described by Agbedana and 
Taylor [2] (Table I). Group 2 which served as control, was maintained on normal rats cubes (Pfizer Nig. 
Ltd., Lagos Nigeria). The rat cubes contained 20% protein. Rats in all groups were fed on the various 
diets ad libitum for a period of 8 weeks. The rats were weighed daily.

Table I

Dietary intake by malnourished rats

D ie ta r y  C o m p o n e n t W e ig h t  ( g /1 0 0  g  o f  d i e t )

Ground maize 44.95
Sucrose 48.80
Palm Oil 5.00
Vitamin mixture3 0.25
Mineral mixture0 5.00

a = (g/100) Vitamin A concentrate (200,000 units/g) 4.50; Vitamin D concentrate 
(400,000 units/g) 5.00; alpha tocopherol 5.00; Ascorbic acid 45.00; pyridoxine 
hydrochloride 1.00; thiamine hydrochloride 1.00; calcium pantothenate 3.00; Inositol 
5.00; choline chloride 7.00; menadione 2.25; p-aminobenzoic acid 5.00; niacin 4.50; 
riboflavin 1.00; biotin 20 mg; folic acid 1.35 mg.
b = (g/100) calcium carbonate 29.29; disodium hydrogen phosphate 0.43; potassium 
hydrogen phosphate 34.31; sodium chloride 25.06; magnesium sulphate 9.98; ferric 
citrate 0.623; copper sulphate 0.156; manganese sulphate 0.121; zinc chloride 0.02; 
potassium iodide 0.005; ammonium molybdate 0.0025; sodium selenate 0.0015.

2. Intestinal transport studies

Each rat was fasted for a period of 12-16 hours but allowed free access to water and was 
anaesthesized with 25% w/v solution of pentobarbitone sodium (0.6 ml/100 g b.w.). The entire small 
intestine was quickly isolated and its ileum washed thoroughly with normal saline at 37 °C. This was to 
remove intestinal debris.
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The ileal segment was identified, cut (10 cm long) as shown in Fig. 1 and placed in cold normal 
saline solution.

10 cm

Ileal end Duodenal end

Fig. 1. Schematic diagram of rat small intestine showing where the ileal segment was taken for sac making

The everted intestinal sac techniques described by Wilson and Wiseman [22J and used by Barry et 
al. [3], Adeniyi and Olowookorun [1] was used in this study.

Each sac was made by tying the distal end of the segment with a dry thread, having a standard 
length, filling it with 1 ml Krebs bicarbonate solution (serosal fluid) and tying the other end with a 
similar thread. 40 ml of standard Krebs bicarbonate solution (mucosal fluid) was put in an incubating 
flask and the flask was aerated using a 95% 0 2, 5% C 02 gas mixture, in a Gallenkamp shaker bath for 30 
minutes. The sac was then immersed in the aerated fluid, and aerated further for 2 minutes, after which 
it was incubated for another 28 minutes.

After incubation, the sacs were blotted and weighed. In all, the following weighings were done:
Wj = weight of dish + 2 ligatures 
W2 = weight of dish + empty sac + 2 ligatures 
W3 = weight of dish + initial full sac + 2 ligatures 
W4 = weight of dish + final full sac + 2 ligatures 
W5 = weight of dish + final empty sac + 2 ligatures
The mucosal fluid transfer (MFT) serosal fluid transfer (SFT) and gut fluid uptake (GFU) were 

determined by using the results of the weighings and the following formuler:
Initial wet weight (I. w. w.) = W2 -  Wj 
Initial serosal volume (ISV) = W3 -  W2 
Final serosal volume (FSV) = W4 -  W3
Serosal fluid transfer (SFT) = FSV -  ISV = (W4 -  W5) -  (W3 -  W2).
Initial mucosal volume (IMV) = Gut fluid uptake (GFU) = W5 -  W2.
Mucosal fluid transfer (MFT) = SFT + GFUI
MFT, SFT and GFU were expressed as volume/g sac/30 minutes. The units of fluid and glucose 

transfer employed in this study are those of Parsons et al. [12] as used by Barry et al. [3], where fluid and 
glucose transfer were determined as measures of volume transferred by a unit wet weight of intestine for 
a given period.

Using the Ames/MBl blood analyser and the Ames blood analyser glucose reagent kit for 
glucose in blood, the concentration of glucose in the Krebs bicarbonate solution and intestinal segment 
before and after incubation as well as the concentration in the content of the sacs after incubation were 
determined.

The term used for glucose transfer are mucosal glucose transfer (MGT), serosal glucose transfer 
(SGT) and gut glucose uptake (GGU). MGT is the amount of glucose that disappeared from the 
mucosal fluid while SGT is the amount of glucose that entered the serosal fluid. GGU is the difference 
in glucose concentration between the mucosal and serosal fluid after incubation. This value includes 
glucose metabolized and those found in the gut wall at the end of the experiment.

All data were statistically analysed using Student’s t-test.
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Results

The rates of intestinal fluid transport, in the ileal segments of the two groups of 
rats studied are as indicated in Fig. 2. The SFT for the malnourished group was 
0.17 + 0.02 ml/g sac/30 min. When this value was compared with that for the control 
(0.23±0.03 ml/g sac/30 min), the difference was significant (P < 0.01). Also, 
significant (P < 0.001) decrease in the GFU (0.29±0.04 ml/g sac/30 min) and MFT 
(0.50 ±0.02 ml/g sac/30 min) values were obtained in the malnourished as compared 
with the control group (0.45±0.08 ml/g sac/30 min and 0.70±0.03 ml/g sac/30 min, 
respectively).

Fig. 2. Intestinal fluid transport defined in terms of serosal fluid transfer (SFT), gut fluid uptake (GFU) 
and mucosal fluid transfer (MFT) in the ileum of control (open bars) and malnourished (black bars) 

rats. Each bar represents a mean (± S. D.) of each index measured in 16 rats

Glucose transfer in the ileal segments studied followed the same pattern as the 
fluid transfer in the two groups, as indicated in Fig. 4. Thus, the MGT in the 
malnourished group (5.35 ±0.9 mg/g sac/30 min) was significantly (P < 0.001) 
reduced in comparison with the control (11.01 ± 1.06 mg/g sac/30 min). Likewise, the 
SGT (2.01 ±0.6 mg/g sac/30 min) and GGU (3.20 ±0.3 mg/g sac/30 min) in the 
malnourished group were significantly (P < 0.001) decreased when compared with 
the values obtained for the control group (3.92 ±0.95 mg/g sac/30 min and 7.13 ±0.25 
m g/g sac/30 min, respectively).

Discussion

The rats on the LP (3.20%) maize diet with vitamins and mineral salts 
supplements became malnourished, as indicated by their loss of apetite, gradual 
weight loss, gross emaciation, hair loss (especially of the chest, abdomen and the 
genitalia) and patchy ulcerations. These symptoms are similar to those reported in 
malnourished rats [21].
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Fig. 3. Mean (±  S. D.) body weight changes in control and malnourished rats (n = 16)

Control
H  Malnourished

Fig. 4. Intestinal glucose transfer defined in terms of serosal glucose transfer (SGT), gut glucose uptake 
(GGU) and mucosal glucose transfer (MGT) in the ileum of control (open bars) and malnourished 

(black bars) rats. Each bar represents a mean (±  S. D.) of each index measured in 16 rats

A significant decrease in the transport capacity of the ileal segment for fluid 
and glucose was found in the malnourished group of rats as compared with the 
control group in this study. This result is in consonance with the finding of Schwartz 
et al. [16] who reported a decreased D-xylose absorption in malnourishment.

The functional changes observed in the ileal segment of the malnourished rats 
studied may be due to the morphological changes in the small intestine as a result of 
malnutrition. Steiner [18] reported that malnutrition results in small intestinal 
mucosal atrophy. Stanfield [17] also discovered that malnourishment leads to either 
flat of thick villi which are relatively short. It has also been reported that the small 
intestinal wall of malnourished children was very thin [13]. Römer et al. [15] reported 
a general depression in the activity of brush-border enzymes in malnourished 
children, in whom a direct correlation between the severity of malnutrition and the 
magnitude of the decrease in the activity of lactase, sucrase and maltase was shown.

Thus, the reduced intestinal fluid and glucose transfer seen in the 
malnourished rats in this study may be attributed to morphological changes in the 
ileum. Documented literature on the different ion transport systems in mammalian
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cell membranes in РЕМ (especially, the Na+ - K + ATpase pump) is scanty. 
However, a likely reduction in cytoplasmic protein content and a lack of energy for 
active ion transport across the cell membranes in PEM [14] may contribute to the 
decreased intestinal fluid and glucose transport seen in this study.
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EFFECTS OF GLUCOCORTICOID TREATMENT ON THE 
CARBONIC ANHYDRASE ACTIVITY OF BRAIN TISSUE IN 

THE EARLY POSTNATAL AGE IN THE RAT

E. Endrőczi, M. Sasváry, J. Simon

The carbonic anhydrase activity in the brain tissue shows a considerable increase with 
proceeding gliogenesis during the first three postnatal weeks in the rat. The administration of 
10 to 30 pg corticosterone or 5 to 10 pg dexamethasone per g body weight to 3-day old rats 
produced a marked acceleration in maturation of enzyme activity in the neocortex and 
hippocampus. The noradrenaline-induced stimulation of enzyme activity under in vitro 
conditions was also enhanced in corticosterone pretreated rats. There was no difference 
between the influence of noradrenaline and cAMP on stimulation of enzyme activity in either 
control or glucocorticoid-pretreated rats. In contrast to the corticosterone, the pretreatment 
with dexamethasone failed to stimulate the noradrenaline or cAMP effects on enzyme activity 
which may be due to differences in receptor-mediated responses for glucocorticoids. The 
glucocorticoid-induced acceleration of enzyme activity in the early postnatal period may be 
attributed to an enhanced development of glial elements.

Keywords: carbonic anhydrase, glucocorticoids, brain tissue

Carbonic anhydrase (CA) catalyzing the hydration of C 0 2 is a ubiquitous 
enzyme [1, 5]. Histochemical studies revealed that CA is mainly a glial enzyme [2, 3, 
6]. The glial CA seems to play an important role in the regulation of sodium pump, 
and an increase of the enzyme activity is assumed to be connected with an enhanced 
susceptibility to seizures [1]. Postnatal hypoxia produced a marked rise of the CA 
activity in cortical and subcortical structures, and such changes in the CA activity of 
neocortex persisted for a relatively long time after finishing hypoxia [9]. Moreover, it 
was also observed that stimulatory effects of noradrenaline and dopamine on CA 
activity was also enhanced under in  v itro  conditions in hypoxia-exposed animals.
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In the present investigations we have studied the influence of glucocorticoid 
treatment on the CA activity of brain tissue in the early postnatal age in the rat. 
Corticosterone and dexamethasone given in the 3rd postnatal day resulted in an 
increase of enzyme activity and enhanced the noradrenaline-induced activation of 
enzyme activity//! v itro .

Materials and methods

Wistar rats bred in our colony were used in the study. The pups with mothers were housed in 
single cages under constant laboratory conditions, and rat chow pellets and water was provided ad 
libitum.

Corticosterone and dexamethasone (SERVA Fine Chemicals, Heidelberg) were dissolved in a 
stock solution of ethanol and diluted with physiological saline to 50-fold for intraperitoneal injections to 
3-day old rats. The animals were sacrificed by decapitation and the brain was quickly removed, placed on 
ice-cooled Petri-dish, and the neocortex and dorsal hippocampus was dissected with the aid of fine 
scissors. The tissue was homogenized in 5 volumen of 0.32 mol/1 sucrose in a Potter-Elvejhem 
homogenizer. The homogenates were centrifuged with 1200 X g for 5 minutes (at 4 °C), and the protein 
concentration of supernatant was measured at 280/265 nm wavelength [4]. For measurement of enzyme 
activity the supernatant was diluted to a protein concentration of 0.5 mg per ml with sucrose solution.

The CA activity was determined by the method of Maren [5] at 4 °C with a spectrophotometer 
connected to a DC-recorder (Spectromom UV-V1S, Hungarian Optical Co., Budapest). The reaction 
was performed in 1.0 ml of 0.05 mol/1 veronal buffer (pH 8.0) which contained the indicator dye (phenol 
red, 0.01%), and 10 to 100 p.1 of supernatant. The reaction was started with a rapid addition of 1.0 ml of 
ice-cooled C 02-saturated buffer and the time required for the indicator color to shift from an 
absorbance of 0.8 to 0.4 at 560 nm wavelength was recorded. The uncatalyzed reaction time was 
determined in the absence of supernatant in parallel measurements. One unit corresponds to enzyme 
activity of samples which doubles the velocity of reaction in comparison to the uncatalyzed reaction. The 
uncatalyzed reaction time was estimated 80±5 seconds.

In studying the stimulatory effect of noradrenaline (Richter Fa., Budapest) and the cAMP 
(SERVA Fine Chemicals, Heidelberg), they were given to the homogenate in sucrose solution containing
0.1% ascorbic acid and the homogenate was incubated at 37 °C for 20 minutes. Then, the tubes were 
centrifuged, the homogenate was diluted and the enzyme activity was tested within 15 min following the 
incubation.

Statistical differences were evaluated by means of Student’s t-test.
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Results

The CA activity of neocortex and hippocampus shows a considerable increase 
during the first three postnatal weeks in the rat (Table I). In the 3-day old age, the 
CA activity was almost undetectable in the neocortex but a near four-fold increase 
was observed between days of 6 and 21. The CA activity of dorsal hippocampus 
appeared to be higher than that of the neocortex in all ages.

Table I

Development o f CA activity in the neocortex and hippocampus in the rat (means ±SD, n = 6)

D a y s N e o c o r t e x

U / m g  p r o t e in

H ip p o c a m p u s

3 undetectable 0.56 (0.11)
6 0.66 (0.12) 0.92 (0.11)

12 1.22 (0.14) 154  (0.09)
21 2.76(0.14) 3.12 (0.10)

The administration of corticosterone and dexamethasone (10 and 30 pig, and 5 
and 10 p.g per g body weight, respectively) to 3-day old rats led to a marked 
facilitation of the maturation of enzyme activity (Table II), which could be 
demonstrated in the postnatal days of 6 and 12 but not in the 21-day old age.

The administration of noradrenaline or cAMP (10 mmol/1) to the brain tissue 
homogenates of 12-day old rats produced a significant increase in the CA activity 
( + 55% for neocortex, and +78% for hippocampus, in average, respectively). Single 
injection of corticosterone to 3-day old rats (30 pug per g body weight, ip.) produced a 
significant increase in the CA activity stimulated by noradrenaline and cAMP in v itro  

conditions. Pretreatment with dexamethasone (10 pig per g body weight) in postnatal 
day of 3, failed to modify the noradrenaline and cAMP-induced stimulation of CA 
activity when tested in the 12th postnatal day.

There was no difference between stimulatory effects of noradrenaline and 
cAMP on the enzyme activity of either control or glucocorticoid-pretreated brain 
tissue which may be due to a maximal concentration of messenger used in the in v itro  

experiments.
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Table II

Effects o f corticosterone and dexamelhasone treatment on the CA activity (means ±SD)

T r e a t m e n t

d a y s

N e o c o r t e x

U / m g  p r o t e i n

H ip p o c a m p u s

Vehicle (n = 6)

6 0.72 (0.12) 0.98 (0.08)
12 1.21 (0.11) 1.66 (0.12)
21 2.91 (0.12) 3.22 (0.09)

Corticosterone 
10 (ig/g b.w. (n = 6)

6 0.92 (0.11) 1.16 (0.08)
12 1.30 (0.12) 1.98 (0.09)*
21 2.98 (0.07) 3.18 (0.10)

30 (ig/g b.w. (n = 6)

6 1.12(0.11)** 1.34 (0.12)**
12 1.32 (0.13)* 2.24 (0.09)**
21 3.06 (0.09) 3.31 (0.11)

Dexamethasone 
5 p.g/g b.w. (n = 6)

6 1.11 (0.08)* * 1.44 (0.11)**
12 1.46 (0.12)* 2.40 (0.09)**
21 2.99 (0.13) 3.33 (0.12)

10 |xg/g b.w. (n = 6)

6 1.16 (0.11)** 1.52 (0.07)**
12 1.38 (0.08) 2.58 (0.09)**
21 2.96 (0.10) 3.32 (0.11)

* p < 0.05, ** p < 0.01
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Table III

Stimulation o f CA activity by noradrenaline and cAMP in vitro: effects o f glucocorticoid pretreatment

T r e a t m e n t D a y  o f  

te s t i n g

N o r a d r e n a l i n e  

0 .01  m m o l/1

c A M P  

0 .01  m m o l/1

Vehicle (n = 8)
neocortex 12 1.88 (0.14) 2.12 (0.11)
hippocampus 12 2.96 (0.16) 3.12 (0.14)

neocortex 21 3.68 (0.15) 3.92 (0.14)
hippocampus 21 3.88 (0.12) 4.16(0.11)

Corticosterone 
30 pg/g b.w. (n = 6)

neocortex 12 2.46 (0.12)** 2.68 (0.14)**
hippocampus 12 3.68 (0.11)** 3.36 (0.14)*

neocortex 21 3.60 (0.11) 4.06 (0.12)
hippocampus 21 3.72 (0.12) 3.94 (0.10)

DexamethasoneS 
10 pg/g b.w. (n = 6)

hippocampus 12 2.52 (0.14) 2.24 (0.09)
hippocampus 21 3.44 (0.12) 4.04 (0.12)

i  neocortical activity was not tested 
* p < 0.05, ** p < 0.01

Discussion

The present findings are in accordance with former observations which 
demonstrated a marked increase of the CA activity in different brain regions in the 
first 2 - 3  postnatal weeks in the rat [9]. The maturation of enzyme activity may be 
correlated to an enhanced gliogenesis in this period of life [2]. The CA belongs to the 
enzymes activated by phosphorylation v ia  cAMP-dependent proteinkinases [7, 8], and 
it can be activated by different neurotransmitters through adenylate cyclase-coupled 
receptors. Thus, the administration of noradrenaline to primary glial cell cultures led 
to about twofold increase of CA activity [8].

Glucocorticoid treatment in the early postnatal days accelerated the 
maturation of CA activity in first two weeks but there was no difference in the values 
calculated in units per mg protein concentration in the samples of 21-day old rats. 
The findings led us to assume that corticoid-induced increase of enzyme activity may
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be attributed to an enhanced maturation of glial elements than rather to an enhanced 
d e  n o v o  synthesis of enzyme.

Noradrenaline and cAMP activates the enzyme under in  v itro  conditions. 
Response values of corticosterone-pretreated brain homogenates to noradrenaline 
and cAMP were higher than that of vehicle-treated controls in 12-day old age, 
although this difference disappeared when testing was performed in 21-day old age. 
Pretreatment with dexamethasone did not modify the noradrenaline- or cAMP- 
induced stimulation of CA activity. A lack of the dexamethasone effect cannot be 
interpreted with the quantity of steroids, since it was given in a rather 
pharmacological dosis. It is known that at least two types of specific glucocorticoid 
receptors are involved in mediation of hormone actions in the central nervous 
system. Differences in glucocorticoid actions on CA activity may be interpreted as 
results of independent receptor-mediated mechanisms, although this assumption 
requires support of further investigations.
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Despite continuing controversies regarding its antiarrhythmic and antifibrillatory 
efficacy lidocaine is frequently used for the treatment of ventricular arrhythmias occurring in 
the early phase of acute myocardial infarction (MI). The authors studied the effects of 
lidocaine in 18 consecutive MI dogs 1 -4  days (2.8±0.3 day) after the two-stage left anterior 
descending coronary artery (LAD) ligation and in 11 dogs, in which the LAD and the distal 
branches of the left circumflex artery was ligated 12-75 (mean 35) days prior to study. 
Electrophysiologic testing was performed in anesthetized post-infarction dogs using single, 
double or triple programmed extrastimuli or rapid bursts (3 beats at 240-420/min) delivered 
to the right ventricular outflow tract. Inducibility of SMVT (uniform QRS morphology lasting 
> 30 sec at a rate of > 250 beat/min) after an i.v. bolus of lidocaine (3-6m g/kg) was 
compared in the same animal to the pre-drug state. During the control state, SMVT was 
inducible in 6/18 dogs. After the administration of lidocaine, electrically induced SMVT was 
initiated in additionally 9 dogs (which were previously non-inducible; post-lidocaine vs control 
p < 0.02). Sustained reentry was induced by 3 mg/kg lidocaine in 5 dogs (310±62 beat/min) 
and by 6 mg/kg in 4 (261 ±52 beat/min). In the 8 survivors of the chronic MI group, SMVT 
was inducible before lidocaine administration in one, but in 7 after lidocaine. The 
antiarrhythmic agent induced further rate-dependent slowing of conduction in the peri- 
infarction subepicardium, which at a critical value of rate and amount of conduction delay 
resulted in sustained reentrant monomorphic tachycardia. These results show that lidocaine 
has arrhythmogenic/proarrhythmic actions in these canine models of MI probably due to its 
depressant effect on moderately sick cardiac* tissue. The ’modification’ of the functional 
properties of the arrhythmia substrate by lidocaine can promote the formation of new 
reentrant pathways leading to manifest sustained ventricular reentry under electrophysiologic 
study.

Keywords: lidocaine, proarrhythmic action, myocardial infarction, ventricular 
tachycardia, sustained reentry, dog
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Increasingly, attention is being focused on the mechanisms of the 
proarrhythmic effects of antiarrhythmic drugs. The Groups la and Ic (exhibiting 
’intermediate’ and slow Na+ channel binding and offset kinetics) in the Vaughan 
Williams classification scheme have been shown to induce "torsades de pointes" 
polymorphous ventricular tachycardia (VT) and incessant sinewave-like VT, 
respectively [8, 50]. The Cardiac Arrhythmia Suppression Trial (CAST, CAST-II) led 
to a reduction in the use of flecainide, encainide and moricizine for treatment of 
ventricular tachyarrhythmias, since the rate of sudden cardiac death was higher in the 
treated group than in the placebo group. Following CAST, therefore, it may be 
assumed that the drugs in subgroup lb (lidocaine, mexiletine, tocainide, 
diphenylhydantoin), which have fast Na+ channel binding and offset kinetics, now 
become the focus of attention. These agents (in contrast with those in subgroup la) 
do not prolong the duration of the action potential (ADP) and do not cause early 
afterdepolarization, and accordingly do not induce acquired long QT/QTU
syndrome and "torsades de pointes" VT [10]. The depressant action of the lb
antiarrhythmics on impulse conduction in normal myocardium is claimed to be much
weaker than that of the Ic drugs yet their antiarrhythmic effect have been
demonstrated [10].

Lidocaine, a prototypical group lb drug, continues to be widely used for the 
prevention and treatment of ventricular tachyarrhythmias (premature 
depolarizations, VT and ventricular fibrillation, VF) occurring in the prehospital and 
early hospital phases of acute myocardial infarction (MI) [6, 15, 33, 39, 55]. There has 
been debate for close to 20 years concerning the mode of administration of lidocaine, 
its dosing (prophylactic versus selective), which has diverted attention from the 
clinical and experimental observations on the ineffectiveness and proarrhythmic 
actions of this drug [3, 6, 7, 11,16,18, 20, 21, 25, 28, 29, 32, 36 -  38, 41, 42, 45 -  48].

The goal of the present work was a systematic analysis of the 
a n tia r rh y th m ic /p ro a rrh y th m ic  a c tio n s  of lidocaine in canine myocardial infarction. We 
primarily sought answers to the question of how lidocaine treatment influences the 
inducibility of sustained monomorphic ventricular tachycardia (SMVT) in dogs with 
subacute and chronic MI.

Methods

Adult male mongrel dogs (n = 29), weighing 15-25 kg, were studied. General anesthesia was 
induced with sodium pentobarbital (30 mg/kg i.v.). Using aseptic technique, the heart was exposed by a 
left thoracotomy in the 4th intercostal space during positive pressure ventilation (Harvard 607 dual phase 
control respirator pump; Southnatick, MA). In one group of animals (A, n = 18), the anterior 
descending branch of the left coronary artery (LAD) was dissected free and the two-stage ligation was 
performed distally from the take-off of the 1st diagonal branch [17]. In another group of dogs (B, 
n = 11), not only the LAD was ligated, but also the apical branches of the left circumflex, the posterior
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descending branch and the larger intercoronary collaterals visible on the anteroapical wall, in order to 
induce a large transmural MI [12]. The chest was closed and the animals received antibiotic and analgesic 
therapy postoperatively.

Electrophysiologica! studies (EPS) were performed in the postabsorptive state on group A in the 
subacute phase of MI, 1 -4  days (mean±SE = 2.8±0.3 day) after ligation of the LAD, and in group В 
later, in the chronic stage (12-75, mean 35 day) of MI. EPS were performed in 8 of the latter group. 
Anesthesia was reinduced on the day of the EPS and a 12-lead ECG was recorded to confirm the 
presence of an anterior MI causing QS complexes in V2_5. The dogs were endotracheally intubated and 
ventilated with room air (10 breaths/min). During the experiment, ECG leads II (L -2) and aVR were 
registered continuously. A 5 or 6 F electrode catheter was introduced into the proximal aortic root 
through one of the common carotid arteries to record His-bundle activation (Hbcg) [40]. Another 
electrode catheter was inserted into the femoral vein and was advanced to the right atrium to deliver 
atrial pacing stimuli. The mean aortic blood pressure (MABP) was measured with a Statham P -24D  
transducer through a cannula introduced into the femoral artery. In order to record the activation of the 
subepicardial myocardium overlying the MI, composite electrodes were placed onto the infarcted 
anteroapical epicardium (IZ^J and on the non-infarcted posterior wall (NZ,.pl) of the left ventricle for 
comparative purposes [4, 44, 54]. The ECG and the electrograms were recorded continuously on a 
multichannel oscilloscope (Electronics for Medicine VR-12; Pleasantville, NY, USA) and recordings 
were made at paper speeds of 50 -  250 mm/sec on a Gould (ES 1000) paper drive (Gould Electronics; 
Valley View, OH, USA). The filter frequencies used were 0.1 to 200 Hz for ECGs and 30 to 250 Hz for 
electrogram recordings. Measurement were accurate up to ±3 msec at a paper speed of 250 mm/sec. For 
SMVT induction, the heart was electrically stimulated from the right ventricular outflow tract. Two 
stimulation protocols were applied: a conventional programmed extrastimulus technique [52] and a fast 
(240 -  420 beat/min) asynchronous, intermittent pacing protocol consisting of 3-beat-bursts [43]. The 
previous protocol utilized a Medtronic 5328 programmable stimulator, the latter was performed with an 
S88 Grass stimulator (Grass Medical Instruments, Quincy, MA). During the programmed electrical 
stimulation (PES) using a baseline cycle length of 300 msec (SjS^, 1 (SjSj), 2 (SjSjSj) or 3 (S,S2S3S4) 
premature stimuli were applied [52]. The strength of the stimuli, with a duration of 2 msec, was twice the 
diastolic threshold. Ventricular effective refractory period (VERP) was measured by the S]S2 technique; 
VERP was defined as the longest S2S2 interval at which S2 failed to result in V2. SMVT was defined as a 
VT with uniform QRS morphology lasting > 30 sec or more at a rate of > 250 beat/min [46]. Lidocaine 
hydrochloride (Vedco Inc., St. Joseph, MO, USA) was injected in cumulative i.v. doses of 3 and 6 mg/kg, 
each over a period of 1 minute. The results were subjected to statistical evaluation with the one- and two- 
tailed i-test and with analysis of variance (ANOVA). Fisher’s exact test was used to evaluate for 
differences between groups for incidence of SMVT.

Results

L id o c a in e ’s  e ffec ts  in  su b a c u te  m y o c a r d ia l in farction

During the EPS in the subacute phase of MI, SMVT could be induced by one 
or both pacing protocols in 6/18 dogs in the drug-free state (347 ±66 beat/min). 
Lidocaine facilitated the inducibility of SMVT: after its administration, SMVT could 
be induced in 9 of the 12 animals which did not exhibit SMVT in the control state
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Fig. la. Non-sustained ventricular tachycardia consisting of three beats could be induced before lidocaine 
administration by programmed electrical stimulation (PES; SjSj = 300 msec, SiS2 = 160 msec, 

SjS3 = 130 msec) in a 4-day-old infarcted canine heart

200ms

SiW «
Fig. lb. Sustained monomorphic ventricular tachycardia (SMVT, 272 beat/min) could be induced by the 

same PES protocol after lidocaine injection (6 mg/kg i.v.) in the same animal (see Fig. la)
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(post-lidocaine vs control p < 0.02; Fig. 1). Induction of SMVT was facilitated by 
3 mg/kg lidocaine in 5 dogs (310 ±62 beat/min) and with 6 mg/kg in the other 4 
(271 ±52 beat/min). SMVT could not be provoked after lidocaine in one of the 6 
animals showing SMVT in the drug-free state. In 3 of the 5 dogs displaying SMVT 
both in the control state and post-lidocaine, the SMVT slowed in the presence of the 
antiarrhythmic agent (337 ±96 to 282 ±92 beat/min) and accelerated in the other 2 
(306 ±72 to 371 ±89 beat/min; Fig. 2). Lidocaine did not influence the heart rate 
(pre-lidocaine 151±20/min vs post-lidocaine 153±27 beat/min; NS) and the AH 
(58 ±7 msec vs 57±7 msec; NS) or the HV intervals (32±3 vs 33 ±4 msec NS), but 
lengthened the VERP (144±13 msec vs 170±22 msec; p < 0.01). In every case, 
lidocaine injection was followed by a transient (1.0-1.5 min), but marked lowering of 
MABP (107 ± 18 mm Hg to 81 ± 18 mm Hg; p < 0.001).

Nz.pi — —̂I"
lz«pi

Fig. 2. Sustained monomorphic ventricular tachycardia (SMVT, 272 beat/min) could be induced in the 
drug-free state (Panel A) in a 1-day-old infarcted dog heart. After 3 mg/kg of lidocaine, the induced 
SMVT (Panel B) was faster (375 beat/min), the QRS complex widened and the activation pattern of the 

IZepj also changed suggesting the use of a new reentrant circuit

The majority of SMVTs could be terminated with overdrive pacing or properly 
timed single ventricular extrastimulus, but both spontaneous restoration of sinus 
rhythm and degeneration into VF occurred. The post-lidocaine prolongation of the 
IZepj (Figs 3 -5 ), and also the rate-dependent increase of the IZepj electrogram’s 
fractionation frequently exhibiting continuous electrical activity preceeding SMVT 
(Figs 6 -7 )  indicated that the conduction of the cardiac impulse in the peri-infarction 
subepicardial myocardium further slows in response to the antiarrhythmic drug.
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200 ms

Fig. 3. Before lidocaine administration (Panel A), during sinus rhythm, fusion beats (first two complexes) 
arising from abnormal ventricular automaticity can be seen in a 4-day-old infarcted canine heart; the 
duration of the IZjpj is 45 msec (arrow) during sinus beats. After lidocaine (6 mg/kg), the abnormal 
automaticity is suppressed, but the duration of the IZepj electrogram during the sinus beats is almost 

doubled (80 msec; arrow) because of the drug-induced conduction delay

A В
200ms

Hb.

NZ.

Hb.

f— - f — f— - -к— t-
— *Vymi— iz tpj

Fig. 4. In a 4-day-old infarcted dog heart sustained monomorphic ventricular tachycardia (SMVT) was 
non-inducible in the drug-free state, but became inducible after lidocaine (3 mg/kg, not shown). In the 
pre-drug state (Panel A), during atrial pacing (240 beat/min), the duration of the IZepi electrogram is 
100 msec. After 3 mg/kg lidocaine (Panel B) at the same pacing rate delayed activation prominently

extends into the diastolic interval
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Fig. 5. Atrial pacing (240 beat/min) in a 4-day-old infarcted dog heart. Panel A was obtained pre-drug: 
the duration of the IZ^j electrogram is 100 msec, which prolongs after 3 mg/kg lidocaine to 190 msec 
(Panel B). After a cumulative dose of 6 mg/kg lidocaine (Panel C), right bundle branch block pattern 

(aVR) and intermittent conduction of IZ^,, potentials are present

Fig. 6. Rate-dependence of lidocaine (3 mg/kg) induced activation delay in a 4-day-old infarcted dog 
heart during ventricular burst pacing. Increasing the pacing rate from 240 beats/min (Panel A) to 270 
beats/min (Panel B), the IZ^,, conduction delay is exacerbated. At 300 beats/min (Panel C), the 3-beat- 
burst further enhances local conduction block leading to SMVT with continuous electrical activity in the

IZppi electrogram

Fig. 7. Magnification of the IZepi electrogram of a post-lidocaine sustained monomorphic ventricular 
tachycardia demonstrating the three main components of the continuous interectopic electrical activity: 

the entrance (ENP), the mid-diastolic (MDP) and the exit (EXP) potentials
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L id o c a in e ’s  e ffec ts  in  c h ro n ic  m y o c a r d ia l in fa rc tio n

SMVT could be electrically induced in only 1 of the 8 survivors of the chronic 
MI group prior to drug administration, but in 7 after lidocaine injection (310 ±60 
beat/min).

Discussion

Lidocaine inhibits the fast inflow of sodium (Na + ) responsible for 
depolarization of heart cells [34, 49]. The frequency-dependent (use-dependent) 
nature of this inhibitory effect on the open and inactivated [34] sodium channels is 
partly explained by the very fast onset/offset Vmax kinetics (70 -  230 msec) of the 
drug: at normal or lower heart rates, the diastolic interval available until the next 
depolarization is sufficient for lidocaine molecules to be unbound from the cardiac 
N a+ channels [19]. This does not occur, however, in the case of very high heart rates, 
i.e. fast tachyarrhythmias or closely coupled extrasystoles, and the depolarization and 
conduction slowing properties of lidocaine are manifested [49]. Another 
electrophysiological characteristic of lidocaine is that in heart cells of the normal 
myocardium with normal resting potential it depresses Na + -dependent 
depolarization and conduction only slightly [1, 26, 27, 49]. In the ischemically 
damaged myocardium containing partially depolarized cells with decreased resting 
potential (’depressed fast response’), the depression of Vmax and impulse conduction 
induced by lidocaine are more marked, i.e. the agent acts more strongly on partially 
depolarized, diseased cells and myocardial regions (selective action hypothesis) [26, 
27]. This selectivity of its action may be related to the enhancing effect of 
hyperkalemia and acidosis on the blocking action of lidocaine on the fast sodium 
channels [29]. However, this "hierarchy" of the depressive effect of lidocaine likely 
plays a role in the development not only of the antiarrhythmic effect, but also of the 
proarrhythmic action we observed [3, 42, 46].

In v ivo , lidocaine suppresses the spontaneous diastolic (phase 4) depolarization 
of the Purkinje cells (normal automaticity), which results in a slowing of subsidiary 
idioventricular rhythm in complete atrioventricular (AV) block [30, 46]. It acts on the 
abnormal automaticity originating from a decreased resting membrane potential only 
in "supratherapeutic” concentration (> 10 p.g/ml), and not at "therapeutic” blood 
plasma levels (1.5-6.0 p.g/ml) [30, 51]. Lidocaine is also suitable for the treatment of 
afterdepolarization-triggered tachycardias: it may prevent/abolish "torsades de 
pointes” VT initiated by early afterdepolarizations, and VT associated with cardiac 
glycoside toxicity attributed to delayed afterdepolarization [5, 35].

However, the lidocaine-induced depression of the electrical activity of the 
mildly/moderately damaged areas and cells adjacent to the infarcted myocardium is
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a two-edged sword: the further slowing of conduction favors the development of new 
reentry pathways [9, 22, 26, 27]. At a critical value of heart rate and amount of 
conduction delay, sustained reentrant monomorphic tachycardia develops as a 
manifestation of the proarrhythmic action of lidocaine [37, 38]. One has also to 
consider that in many types of tachyarrhythmias, particularly those involving 
subepicardial reentry, it is well established that the shortening of repolarization time 
and the marked, rate-sensitive heterogeneity of refractoriness [19] can be 
proarrhythmic. The consistent shortening of APD by class lb drugs, like lidocaine, in 
ischemic tissue might lead to greater dispersion of refractoriness and promote 
arrhythmogenesis. The results of the recent work also prove that lidocaine greatly 
facilitates the electrical induction of VT based on sustained reentry in the subacute 
and chronically infarcted canine heart.

The reentrant SMVT induced by electrical stimulation in the Harris [17] and 
Garan et al. [12] preparations is a post-infarction observation of high specificity and 
reproducibility; it cannot be induced in healthy animals either by traditional PES, or 
with burst pacing [13, 17, 43]. Accordingly, EPS in the subacute or chronic phases of 
MI induced in these preparations is suitable for analysis of the
antiarrhythmic/proarrhythmic profile of drugs in  v iv o . Our results confirm the 
previous observations that sustained reentrant VT may develop in response to 
lidocaine, via unmasking of the latent arrhythmia substrate [41]. Numerous authors 
have observed the ineffectiveness and/or arrhythmia worsening effect of lidocaine 
(2 -6  mg/kg i.v.) in ventricular reentrant arrhythmias accompanying acute 
myocardial ischemia or infarction. The action of lidocaine in exaggerating ischemia- 
induced conduction delay and/or facilitating VT induction was observed by Gamble 
and Cohen in LAD-ligated cats (2 -4  mg/kg), by Patterson et al. (3 -6  mg/kg) and 
Scherlag et al. (2 -6  mg/kg) in anesthetized, and by Patterson et al. (3 mg/kg) and 
Temesy-Armos et al. (2 mg/kg) in conscious MI dogs, and by Leigh Carson et al. 
(2.5-10 mg/kg) in the acutely ischemic canine and porcine myocardium [11, 28, 29, 
36, 38, 42, 45, 46, 48]. Studies on various species (rat, dog and pig) have revealed that 
lidocaine does not prevent occlusion and/or reperfusion-induced VF [2, 23] or 
human reperfusion arrhythmias [25]. Clinical reports have described the lack of 
antiarrhythmic/antifibrillatory effect of lidocaine [33, 55], the more frequent 
occurrence of VT /V F in the early hospital phase of MI in the treated group [6] and 
post-lidocaine acceleration of post MI VT induced by PES [21]. It is well known that 
in the presence of a preexisting infranodal ischemic damage (HV prolongation, 
bundle branch block), lidocaine often further impairs the His-Purkinje conduction, 
which may lead to complete AV block or cardiac arrest [14, 16].

The cellular electrophysiological basis of the proarrhythmic action of lidocaine 
is the selectivity hypothesis postulated by Lazzara et al. in 1978 [26, 27]. This theory is 
based on in  v itro  observations demonstrating that lidocaine primarily inhibits
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depolarization of myocardial cells with an appreciably impaired Na+ channel 
function [1, 26]. The lidocaine-induced depression of the rate of rise of depolarization 
(Vmax) and conduction of only moderately or barely injured myocardial cells is an 
undesirable accompaniment of its antiarrhythmic effect, and is in fact the basis of the 
proarrhythmic action. Lidocaine and methyl lidocaine are lipophilic compounds, and 
as such readily enter the sarcolemma and in higher concentrations may induce 
dissolution of the cardiac cell membrane [36, 37]. Patterson et al. showed that the 
proarrhythmic effect of lidocaine (and methyl lidocaine) in the infarcted canine heart 
can be ascribed to the drug-induced r a te -d e p e n d e n t increase of conduction delay and 
to the inhomogeneous prolongation of refractoriness [36 -  38]. The enhancement of 
the epicardial conduction delay by lidocaine has been confirmed clinically too, by 
intraoperative measurements, during coronary artery bypass surgery: in response to 
lidocaine, the intraventricular conduction slowed in the diseased left ventricular 
epicardium, but not in the normal right ventricle [53]. The marked lidocaine-induced 
depression of s u b e p ic a r d ia l conduction may be an important factor in the 
arrhythmogenesis, since it now appears certain that a large proportion of post MI 
VTs are based on subepicardial macroreentry [31]. It has also emerged that the 
electrophysiological properties of the cardiomyocytes of the ventricular epi- and 
endocardium differ, and the effects of Na +-channel blocking agents on the APD and 
postrepolarization refractoriness are opposite in the subepicardial and 
subendocardial muscle layers [24]. In the presence of a Na+-channel blocker, 
therefore, the otherwise existing transverse disparity of ventricular repolarization 
may be enhanced. This may also contribute to the development of the proarrhythmic 
effect. Further insight into the pathogenesis of this proarrhythmic aspect awaits 
appropriate protocols.

To summarize, the antiarrhythmic and proarrhythmic effects of 
antiarrhythmics are qualitatively different manifestations of the same depressive 
effect. Whether an antiarrhythmic or proarrhythmic effect is observed is dependent 
on the interactions of the arrhythmia substrate, the ’trigger’, the modulating factors, 
such as autonomic influences, the severity of underlying heart disease and the drug 
effect. It appears that most of the drugs developed to date possess both an 
antiarrhythmic and frequently a life-threatening proarrhythmic action, and it has so 
far not proved possible to separate the two combined effects. One of the tasks of 
drug design and research for the future is the development of antiarrhythmics with an 
optimal antiarrhythmic/proarrhythmic profile. These agents should act by nor 
depressing the normal or only slightly damaged myocardium, but markedly depress 
the slowly conducting tissue which contain the potential for malignant reentry. There 
may be more than one way to achieve such an effect. Nevertheless for type lb agents 
a selective action on specific arrhythmia mechanisms such as reentry is required.
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This study examined the effects of adenosine on the renal function. In ten normal dogs 
intrarenal adenosine infusion (20 nmol/kg/min) increased the renal blood flow (RBF) from 
521 ±20 ml/min to 582 ±23 ml/min. The extraction of PAH (EPAH) decreased from 0.85 ±0.02 
to 0.79 ±0.02, the Einuim from 0.24 ±0.02 to 0.18 ±0.02.

We conclude that the intrarenal infusion of adenosine modifies the intrarenal 
redistribution of the blood flow increasing the deep cortical and medullary blood flow.

In these experiments the glomerular filtration (GFR) during adenosine infusion 
calculated from the extraction of the inulin (Е ^ц^ multiplied by the renal plasma flow (RPF) 
decreased from 79.4 ±6.4 ml/min to 62.2 ±6.6 ml/min and calculated from the E ^ ,^ ^  x RPF 
from 80.3 ±6.3 ml/min to 59.3 ±4.9 ml/min. The Epahx RPF did not change, it was 
241 ±11 ml/min and 253±13 ml/min, respectively.

While the urinary clearances (the clearance calculated by the classic clearance formula; 
urinary concentration of the substance multiplied by the urine volume and divided by the 
plasma concentration) in the control periods did not differ from the direct clearances 
(Cinuiin = 73-3±3 ml/min, CCTealinine = 75±4 ml/min and CPAH = 262±15 ml/min) during the 
adenosine infusion there are considerable differences: the C,nul,„ = 40±6 ml/min, the 

'̂creatinine = 42±6 ml/min and the CPAH = 164±22 ml/min. The differences are 
mathematically significant (p < 0.01).

During the postinfusion periods the urinary clearances did not differ from the direct 
clearances.

These results show that during adenosine infusion there is a definitive loss of the 
clearance substances somewhere in the nephron between the glomeruli and the pyelon.

These observations suggest that during adenosine infusion there is a back-diffusion of 
the clearance substances because the permeability of the tubuli changes in the medullary part.

The rediffused substances will be retransported into the circulation by the renal lymph 
flow and that is why they do not appear in the renal venous blood.

The rediffusion can explain that the intrarenal adenosine infusion decreases 
considerably the excretion of the sodium and water in the kidney when there is no or only a 
small reduction of the glomerular filtration rate.
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Adenosine, as eventual metabolite of increased ATP hydrolysis, is generally 
associated with vasodilatation in most tissues, and is proposed as mediator of the 
increased blood flow to tissues undergoing increased activity.

The first observation of a renal vasoconstriction induced by adenosine was 
reported in 1929 by Drury and Szent-Györgyi [1]. This finding was confirmed by 
Thurau in 1964 [19], and later by other investigators [5, 18]. Following intrarenal 
injection of adenosine, the renal vasculature responds immediately, and adenosine 
causes rapid vasoconstriction that wanes within 2 -3  min and after several minutes 
renal blood flow may actually increase above control levels [18].

Although renal vascular resistance is unchanged or even reduced during 
adenosine infusion, glomerular filtration rate (GFR) is decreased.

Adenosine has been postulated to link control of renal blood flow and 
glomerular filtration rate with changes in kidney metabolism [9, 16]. Micropuncture 
studies in dogs demonstrated that adenosine induces afferent arteriolar 
vasoconstriction of the outer cortex. Since the whole-kidney vascular resistance did 
not change, it was concluded that the vasculature of the deep cortex dilates in 
response to intrarenal adenosine infusion [7]. Deep cortical vasodilation due to 
adenosine was demonstrated in dogs using radioactive labeled microspheres [15].

One system that may play an important role in the effects of adenosine on 
GFR is the renin-angiotensin system. Since the transient decrease in renal blood flow 
caused by adenosine infusion has been reported to be diminished in animals 
maintained on high sodium intake, adenosine-mediated renal vasoconstriction has 
been postulated to be linked to the renin-angiotensin systems [6, 8].

Based on the understanding that the vasoconstrictive response that lowers 
GFR would reduce energy utilization of the kidney, adenosine was proposed as 
mediating the changes in vascular resistance that maintain constant over a wide range 
of arterial pressure [10, 16].

However, the quantitative importance of adenosine as a physiological regulator 
of renal hemodynamics, its mechanisms of action, and interactions between 
adenosine and other feedback control mechanisms for regulating renal 
hemodynamics are still poorly understood.

Methods

Experiments were performed on mongrel dogs of either sex weighing 22 -  35 kg. They were 
maintained on standard laboratory chow and tap water ad libitum. Food was withheld 16 hours prior to 
the experiment.

Dogs were anesthetized with pentobarbital 30 mg/kg iv., with supplements given as required. 
After the anesthesia each animal received an iv. infusion of Ringer solution equal to 1% of the body 
weight, containing para-aminohippuric acid (PAH), inulin and creatinine, to establish a plasma 
concentration of 2 mg, 30 mg and 10 mg per 100 ml respectively, followed by an intravenous infusion of
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0.25 ml/kg of Ringer solution containing 154 mmol/l NaCl, 4 mmol/1 KC1, 1.78 mmol/1 NaHCOj, 
2.16 mmol/1 CaClj, and the sustaining dose of the clearance substances, per min for the rest of the 
experiment.

Cannulation of the femoral arteries and veins of both sides was performed in all animals for 
arterial blood collections and infusions. Mean arterial blood pressure was measured by a Statham strain 
gauge transducer connected to a polyethylene catheter in the left femoral artery and recorded on a 
RADELK1S OH 814/1 recorder.

From a lower midline incision the bladder was exposed and the ureters were catheterized 
supravesically using fine polyethylene canules.

The left kidney was exposed retroperitoneally by a flank incision, and the left renal vein was 
anastomosed with the left external jugular vein by means of siliconized rubber tube. Its T extension 
allowed to measure directly the renal venous blood flow. Before establishing the anastomosis the animals 
were given 500 IU/kg heparin iv. Care was taken not to cut or injure the visible nerve fibers around the 
renal artery. A 22 gauge curved needle attached to a polyethylene catheter was inserted directly into the 
renal artery and Ringer solution was infused continuously at a rate of 1.0 ml/min with or without 
adenosine by means of a pump.

At least 30 minutes were allowed after completion of all surgical procedures (about 60 minutes 
after starting the intravenous Ringer solution infusion).

The experimental protocol consisted of three observation periods: The first being a control 
period of two 10-minute collections of urine (1st and 2nd period), when the urine was collected 
separately from both kidneys. At the midpoint of urine collections arterial (from the femoral artery) and 
renal venous blood samples (from the left renal vein) were taken and the renal venous blood outflow was 
measured with the help of a graduated cylinder and a stopwatch. The second consisted of two 10-minute 
collection periods (3rd and 4th period) during infusion of adenosine into the left renal artery. The 
collections were started 10 minutes after the onset of the 20 nmol/kg/min adenosine infusion.

The third observation period consisted of two 10-minute recovery periods (5th and 6th period) 
which was started 10 minutes after cessation of the adenosine infusion into the left renal artery.

Plasma and urine para-aminohippuric acid concentration was determined by the method of Smith 
et al. [12] that of inulin by the method of Little [4]. Plasma and urine creatinine concentrations were 
measured by the method Popper et al. [11]. Urinary and plasma sodium and potassium concentrations 
were measured by flame photometry. Total osmolality of urine and plasma were determined by the 
method of freezing-point depression in a Fiske osmometer. Hematocrit was determined by means of 
Hawskley microhematocrit centrifuge, plasma protein concentration by the biuret method [2].

The clearance of PAH (CPAH), the extraction of PAH (EPAH), the clearance of inulin (Cinulin3, 
the extraction of inulin (Emulm) and the clearance of creatinine (CCTeat) and extraction (Естеа1) were 
determined by the usual formules. The data for renal blood flow (RBFdir), CPAH, Сшц11П, Ccrcal, urine 
flow, sodium excretion (UNaxV ), potassium excretion (UKxV ), free water clearance (^Hj0 ) were 
referred to 100 g kidney tissue weight. The renal vascular resistance (Rkmdc>i/kg) was calculated for 
1000 g kidney weight. Data are expressed as mean ±S,E. Student’s t-test for paired and unpaired 
comparison was used for statistical analysis. A p value of less than 0.05 was considered significant.

Results

Arterial blood pressure did not change significantly during intrarenal 
adenosine infusion averaging 127±4 mm Hg during the control period (the mean of 
the 1st and 2nd periods), 119 ±6 mm Hg during adenosine infusion (the mean of the
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3rd and 4th periods) and 120 ±6 mm Hg (the mean of the 5th and 6th periods) 10 
min after the cessation of adenosine infusion as it is shown in Fig. 1. In the Figures 
we compare the renal parameters with the data gained in the time-control 
experiments carried out in 10 mongrel dogs. In these experiments only 1 ml/min 
Ringer solution was infused into the left renal artery.

Ringer sol.
--Hcontrol n=10 or

adenosine
adenosine n=10 infused 

nto the left
mmHg -enal artery

uo-

N 4 -
100

T__ ,______ ,______

1 2 3 4

ml / mm

1 - ----- H Iml/min Ringer

t — — 1 2 0 nmol / kg/min 
adenosine

Sо
'SО
■О

6

mmHg • kg • ml'’-sec'

1 2 3 4 5 6

Fig. 1. Effects of adenosine infusion on the arterial blood pressure and on the renal blood flow and renal 
vascular resistance in the left kidney (broken line: the control experiments, 1 ml/min Ringer solution 
infused into the left renal artery, solid line: 20 nmol/min adenosine infused into the left renal artery).

Values are means ±S.E.M

In Fig. 1 the average changes in renal blood flow and renal vascular resistance 
of the left kidney are shown. Renal blood flow increased from a control value of 
512 + 20 ml/min to 582 ±24 ml/min (p < 0.01) during adenosine infusion and 
returned 509 ±25 ml/min in the postinfusion periods. The renal vascular resistance 
was 1.53 ±0.09 during the control periods and decreased to 1.25 ±0.09 (p < 0.01) 
during the adenosine infusion, and then increased to 1.45 ±0.11 after the adenosine 
infusion.

The average changes in CPAH> Cinu|in and urine output observed in the left 
kidney during adenosine infusion are shown in Fig. 2.
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The average changes in CPAH, CinuHn and urine output observed in the left 
kidney during adenosine infusion are shown in Fig. 2.

left kidney

►-----control n=10

»-------- ta de nos I ne rtlO
ml/mm

Ringer sol. 
or

adenosine infused 
into the left 
renal artery

F-------4lml/mn Ringer

1 120 nmol/kg/mm
adenosine

Fig. 2. Effects of adenosine infusion on the CPAH, Cinulm, and urine output in the left kidney (broken line: 
control experiments, solid line: adenosine infusion)

During adenosine infusion the CPAH fell from the control value of 
262±15 ml/min to a minimum level of 164±22 ml/min and then increased rapidly 
toward the control over the next few minutes (283 ±26 ml/min). Cinulin decreased 
from a control value of 71 ±3 ml/min to 40 ±6 ml/min. When adenosine infusion was 
stopped the Cinulin returned to the pre-adenosine control level of 73 ±6 ml/min.

The adenosine infusion produced a considerable decrease of the urine output 
in the left kidney. The urine excretion rate decreased from 2.58 ±0.42 ml/min to 
0.81 ±0.19 ml/min, after adenosine infusion was stopped it returned to 
2.08 ±0.27 ml/min.

The effects of adenosine infusion on electrolyte excretion and urine osmolality 
in the left kidney are shown in Fig. 3.
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left kidney

У ------ 4  control n=10
I «odeoosine n=10

Ringer sol. 
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r to  the left 
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►“ ——llml/min Ringer

•--------- f20 nmol/kg/min
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Fig. 3. The changes of the sodium excretion, potassium excretion, ana urine osmolality in the left kidney, 
during adenosine infusion. Values are means ±S.E.M.

Urinary sodium and potassium excretion decreased markedly, falling to 
45 -  55% of the control level after 15-30 min of adenosine infusion. However the 
urinary sodium excretion pattern was not significantly different from that observed in 
the control animals (in these experiments there is also a decrease of the sodium 
excretion). The urine osmolality did not change during adenosine infusion.

In Figs 4 and 5 the renal parameters of the intact right kidney are shown.
The CPAH in the control periods was 289±13ml/min and 289±18ml/min 

when 20 nmol/min/kg adenosine was infused into the left renal artery.
The values of the CPAH in the left and right kidney during the control periods 

are not statistically different.
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right kidney

t ------- -4 control n=10

I_____ fodenosinr п=Ю

mt/min

Ringer sol. 
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adenosine 
infused 

into the left 
renal artery

h --------Hml/min Ringer

t ■—<20nmol/kg/min
adenosine

Fig. 4. The effects of adenosine infusion on the right kidney function, during control, adenosine and 
recovery periods. The changes of the CPAH, Clnulln and urine output. The broken line represents the 

control animal data and the solid line the adenosine infusion series. x±S.E.M.

The Cinu]in in the control periods was 84±4ml/min and during adenosine 
infusion 78 ±5 ml/min being not significantly different from the control (p > 0.20). In 
the right kidney there is a fall of the urine excretion but that is not due to the 
adenosine infusion.

The drop of the sodium excretion received in the right kidney is similar to 
those observed in the control animals or in the left kidney.

The adenosine infusion into the left renal artery did not modify either the 
potassium excretion, or the urine osmolality in the right kidney.

In these experiments in the left kidney renal venous plasma samples were 
obtained for the determination of renal extraction. The values of renal extraction of 
PAH (Epah), extraction of inulin (Einu|in) and extraction of creatinine (Ecreat) are 
shown in Table I.
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Table I

The extractions in the left kidney

n = 10 X ± S.E.M.
1 2 3 4 S 6

Control
EpAH

Adenosine
0.80 ±0.03 0.84 ±0.01 0.83 ±0.01 0.83 ±0.01 0.83 ±0.04 0.89 ±0.02

e pah
Control

0.84 ±0.02 0.86 ±0.02 0.80 ±0.02 0.78 ±0.02 0.87 ±0.02 0.88 ±0.02

Ejntllin
Adenosine

0.28 ±0.02 0.28 ±0.02 0.30 ±0.03 0.29 ±0.03 0.29 ±0.02 0.33 ±0.03

înulin
Control

0.24 ±0.02 0.24 ±0.02 0.18 ±0.02 0.18 ±0.02 0.26 ±0.02 0.29 ±0.02

F 0.20 ±0.02 0.24 ±0.02 0.25 ±0.02 0.26 ±0.02 0.27 ±0.02 0.27 ±0.02
Adenosine

F̂creatinine 0.24 ±0.02 0.25 ±0.02 0.18 ±0.01 0.16±0.01 0.23 ±0.02 0.25 ±0.02

right kidney

— .»control nr 10 

» »odenosine n=10
mmol/min

Ringer sol. 
or

adenosine 
infused 

into the left 
renal artery

»------- -»Iml/min Ringer

I--------- »20nmol/kg/min
adenosine

mmol/mm

I  '00-
b

+
mosm/l

2 3 4 5 6

----1----- +
3 4

-----1-------1
5 6

Fig. 5. The changes of the sodium excretion, potassium excretion and urine osmolality in the right kidney 
during the adenosine infusion into the left renal artery. x±S.E.M.
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The E pah in the left kidney during adenosine infusion decreased from 
0.85 ±0.02 to 0.79 + 0.02 (p < 0.01) (about 8%) and returned to 0.88 ±0.02.

T h e E.nulin decreased from a control value of 0.24 ±0.02 to 0.18 ±0.02 
(p < 0.01) (about 25%) and then increased rapidly toward and over the control 
value, to 0.28 ± 0.02.

During adenosine infusion the Ecreat fell from 0.25 ±0.02 to 0.17 ±0.01 
(p < 0.01) (to decrease of about 32%) and than returned to the control level, to 
0.24 ±0.02.

In control animals values of the extraction ratio did not differ from those 
observed in adenosine infused animals during the control periods and remained 
constant during the experiments.

CONTROL ANIMALS

m l / m m  n r  10

m l / m i n

Fig. 6. The left kidney’s clearance of the CPAH, Cinu,jn and CCTeatinine calculated by the classic clearance 
formula (urinary clearance) (empty column) and calculated by the extraction multiplied by the RPF 

(direct clearance) (lines column) in the control animals. Values are means ±S.E.M.
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In our experiments we have calculated the glomerular filtration rate (GFR) 
and Срдл as

GFR = (1 -  Htc) X RBFdjr x (A -  V)/A

where Htc is the systemic arterial hematocrit measured by the microcapillary 
method, RBFdir is the directly measured renal blood flow, and A and V are the 
systemic arterial and renal venous plasma concentrations of the inulin or creatinine 
in the case of the GFR and of the PAH in the case of CPAH.

We have compared these data with those, calculated using the classic clearance 
formula [(U x V)/P].

The values are shown in Figs 6 and 7.

ml/min

ml/rrun

Fig. 7. Effects of intrarenal adenosine infusion on the left kidney’s CPAH, Cmulm and Ccrea[minc, during the 
control (1 -2 ) adenosine (3 -4 ) and recovery periods (5 -6 ). The clearances calculated by the classic 
clearance formula (empty column) and the extraction multiplied by the renal plasma flow (RPF) are

given. Values are means ±S.E.M.
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As we can observe in the control animals the data of CPAH, the Cjnu|in and 
( ĉreatinine calculated with the two formules are in very good agreement. Statistically 
no difference could be demonstrated.

The data of Fig. 7 show that in the control periods (periods 1 and 2) CPAH, 
Q nulin anc* ^creatinine values calculated with the two formulas are the same.

During adenosine infusion we have found a considerable difference between 
the two values. The clearance of the PAH (CPAH) calculated with the classic formula 
in the left kidney is 164±22 ml/min while this value measured with the EPAH X RPF 
is 253± 13 ml/min (p < 0.01).

There is a difference in the Cinulin too, while the urinary clearance is 
40 ±6 ml/min, the value calculated from the extraction is 62 ±7 ml/min (p < 0.01). 
The GFR determined by the urinary creatinine clearance (Ccreatinine) is 
42±6 ml/min, calculated with Ecreatinine x RPF is 59±5 ml/min (p < 0.01).

In the postcontrol periods (periods 5 and 6) the data calculated with the two 
formulas are in good agreement again, the urinary clearance values are not 
significantly different from the data calculated with the E x RPF formula.

Discussion

The hemodynamic actions of adenosine in the kidney are complex: the infusion 
of adenosine into the renal artery results in a prompt fall in the blood flow which 
rapidly stops and returns to, or above the control levels [3, 18, 19]. In our 
experiments we did not examine the transient renal vasoconstriction, we studied the 
renal effects of the adenosine when the renal blood flow was stabilized. Hall et al. [3] 
received a 22% increase of the renal blood flow during 1.0 gmol/min adenosine 
infusion into the left renal artery, in our experiments the increase was about 12% 
when 0.5-0.6 gmol/min adenosine was infused into the left renal artery. This 
elevation of the renal blood flow was accompanied with a decrease in the EPAH by 
about 9% suggesting, that the adenosine produced a vasodilation in the renal 
medulla, increasing the renal medullary blood flow. In the experiments of Osswald et 
al. [10] the decreases in the SNGFR (single-nephron glomerular filtration rate) and 
the PAH excretion ratios also indicate a redistribution of blood flow from the 
superficial to the deep cortex during adenosine infusion into the renal artery. This 
conclusion is supported by a study during which microspheres were used to show a 
redistribution of blood flow to the deep cortex in the dog kidney following adenosine 
infusion [20]. Evidence indicates that prostaglandins mediate the increased renal 
blood flow in the deep cortex during adenosine infusion [13].

However these changes in the intrarenal distribution of the renal blood flow do 
not explain the considerable decreases of the urinary inulin clearance and the sodium 
and water excretion observed during adenosine infusion into the renal artery.
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An interesting aspect of the hemodynamic effects of adenosine is its 
relationship to angiotensin. The renal vasoconstriction and the fall in GFR that 
follow the infusion of adenosine are enhanced by sodium depletion and volume 
contraction and virtually abolished by sodium loading and volume expansion [14]. 
After blockade of angiotensin II formation with the converting enzyme inhibitor 
SQ 14225. adenosine-mediated renal vasoconstriction was almost completely 
abolished [3]. In normal animals, adenosine caused a transient increase in estimated 
preglomerular resistance that quickly waned and was associated with decreased renin 
secretion rate [8,18].

In summary interactions between adenosine and the renin-angiotensin system 
in altering renal hemodynamics and GFR appear to be highly time dependent and 
complex. Sustained infusion of adenosine also appears to cause marked renal 
vasodilation, probably in efferent arterioles, which may account for the reduction in 
GFR that occurs in spite of an increase in renal blood flow after 5 -10  min of 
adenosine infusion.

The data of Hall et al. [3] indicate that the reductions in GFR, filtration 
fraction, and calculated efferent arteriolar resistance that occur during sustained 
adenosine infusion cannot be attributed entirely to decreased angiotensin II 
formation.

However, other factors associated with changes in angiotensin II formation 
could conceivably modify the renal effects of adenosine.

In our experiments during the sustained adenosine infusion the whole kidney 
vascular resistance decreased. Thus, our results are consistent with the thesis that the 
unchanged or slightly decreased whole-kidney resistance is a consequence of 
superficial vasoconstriction and deep cortical medullary vasodilation. This conclusion 
is supported by a study during which microspheres were used to show a redistribution 
of blood flow to deep cortex in the dog kidney following adenosine infusion [20].

These changes of the redistribution of the renal circulation can explain that 
there are small reductions of the glomerular filtration rate that we can see in our 
experiments when the GFR was calculated from the directly measured renal plasma 
flow and the extraction of the inulin and creatinine.

During the adenosine infusion into the renal artery the decrease of the GFR 
was about 22% calculated from the clearance of the inulin (Ejnu|in x RPF), and 26% 
calculated from the clearance of the creatinine (as we can see in Fig. 7). The fall of 
the GFR during adenosine infusion into the renal artery was 25% in the experiments 
of Hall et al. [3]. The glomerular filtration rate was calculated from the 
iodothalamate extraction and the renal plasma flow.

Figure 6 shows that the clearances calculated by the extraction multiplied by 
the renal plasma flow and the clearance calculated by the classical clearance formula 
(urinary clearances) are in good agreement in the control animals.
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While in the adenosine series during the control periods (1 -2 ) the two 
clearances are not different, when adenosine is infused into the renal artery (periods 
3 -4 )  there are considerable differences between the clearances calculated in the two 
different ways. The decrease of the GFR during adenosine infusion is about 45% 
calculated by the urinary inulin clearance and 44% calculated by the creatinine 
clearance. During the postinfusion periods (5 -6 ) the two clearances are the same 
again. Figure 7 demonstrates, that the CPAH calculated by the E ж RPF formula does 
not change during adenosine infusion but there is a considerable reduction of the 
CpAH calculated by the classic clearance formula.

This discrepancies between the urinary clearances and the clearances 
calculated by the extraction multiplied by the renal plasma flow could not be 
explained by the "dead space" phenomenon because during adenosine infusion the 
urine flow is high enough to wash out the clearance materials from the tubular part 
of the nephron.

In summary the results of our experiments demonstrate that during adenosine 
infusion into the renal artery there is a definitive material loss from the glomeruli till 
the urether. Certainly this material loss explains the considerable decrease of the 
urine and sodium excretion during adenosine infusion.

Our results suggest that the adenosine increases the permeability somewhere 
in the nephron, mainly in the thin segment of the Henle-loop and the different 
substances (the clearance substances too) could be reabsorbed from the lumen of the 
tubule.

Because we could not find this reabsorbed substances in the blood we suppose 
that those are transported from the kidney to the circulation by the lymphatic vessels.

Our studies allowe us to suppose that the adenosine could conceivably modify 
the renal lymphatic circulation and this mechanism influences the adenosine sodium 
and water excreting effects in the kidney.
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Ischemia was induced for 10 min with a subsequent 60-min reperfusion and the 
changes of the malondialdehyde (MDA) concentration in the blood samples from the jugular 
vein were investigated in normo- and hyperglycemic dogs. Selective brain ischemia was evoked 
by the increase in cerebrospinal fluid (CSF) pressure. The experiments were carried out in 4 
experimental groups. In sham operated animals (Group I) the blood MDA concentration did 
not change. The venous blood MDA content significantly elevated for 10 min after the start of 
reperfusion in normoglycemic animals (Group II). To study the effect of acidosis during 
ischemia and reperfusion on brain lipid peroxidation (LP) processes 1 and 2 g/kg glucose 
infusion was used in Groups III and IV. As an effect of ischemic lactic acidosis due to 
hyperglycemia the elevation of MDA concentration in the jugular vein blood was higher and it 
lasted longer than in the cases of normoglycemia. This finding supports the hypothesis that 
free radical reactions and LP processes play an important role in the enhanced brain damage 
caused by tissue acidosis.

Keywords: brain compression ischemia, reperfusion, tissue lactic acidosis, lipid 
peroxidation, brain damage

The role of oxygen free radicals as mediators of ischemic brain injury has been 
under intensive investigation. There is an extensive radical production during 
ischemia and reperfusion, the main sources of which are the xantin-xantinoxydase 
system, the arachidonic acid metabolism, the catecholamin autoxidation, the 
mitochondrial respiratory chain and the activation of polymorphonuclear leukocytes 
[3]. The life time of the radicals is very short due to their extreme reactivity. In vivo
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investigation of radical reactions requires very complicated techniques [24]. Because 
of the contradictory data obtained about the extent and dynamics of these reactions 
in different transient ischemic models and the difficulties of direct tissue 
measurements we tried to investigate whether the change of -  the relatively stable 
intermediate product of radical mediated lipid peroxidation -  the MDA content of 
blood in the jugular vein reflects or not the elevated radical production in the brain.

Clinical and experimental data have indicated that hyperglycemia can 
aggravate the consequences of cerebral ischemia [8, 9, 17, 22]. However, there are 
only few in vivo data about the pathogenic role of LP in tissue acidosis [5]. The 
purpose of our study was also to examine whether the change of MDA in jugular vein 
mirrors the enhanced LP in the brain as an effect of the tissue acidosis caused by 
hyperglycemia.

Materials and methods

Mongrel dogs, weighing 15-20 kg, were premedicated with i.m. injection of 1.5 mg/kg 
Droperidol, 0.03 mg/kg Fentanyl and 0.5 mg/kg atropine. Anaesthesia was induced with 0.8 mg/kg 
Seduxen and maintained with 0.5% halothane in 70% nitrous oxide and 30% oxygen gas mixture. At the 
end of the operation procedure, the animals were paralysed with 0.05 mg/kg Arduan and were ventilated 
with a respirator.

Total cessation of cerebral circulation for 10 min was evoked by an increase in CSF pressure to 
20 kPa. A hole of 15 mm diameter was drilled in the left parietal region of the skull. Through a small 
incision a catheter was introduced below the dura and the removed bone was Fixed again to the skull with 
dental cement. This catheter was connected to a pressure probe and through a stopcock to a reservoir in 
which the pressure could be regulated. The catheter and reservoir were filled up with artificial liquor.

Blood pressure in the aortic arch (Medicor EM41 tensiometer) and blood flow in the left 
common carotid artery (Nycotron N376 flow meter) were measured; in addition EEG and ECG (EMG 
4760 EEG equipment) were recorded. The body temperature of the animals was controlled by an Ellab 
ТЕЗ-type electrothermometer. The sensor of the equipment was introduced into the oesophagus. A 
catheter connected to a reservoir was introduced into the left femoral artery. The opening of the catheter 
during ischemia prevented the blood pressure from exceeding the value of the increased CSF pressure. 
The right femoral artery and jugular vein were cannulated for blood sampling. The MDA content of the 
venous blood [16], the arterial glucose concentration and the acid-base parameters (Coming M61 blood 
gas analyser) were determined.

The animals were divided into 4 experimental groups. In Group I (n = 7) normoglycemic sham 
operated animals served as control and blood samples were taken in evety 10th min for 70 min. In the 
other groups the animals were subjected to 10 min ischemia followed by a 60-min reperfusion and blood 
samples were taken prior to ischemia as well as at the 0, 0.5,1, 2, 3, 5,10, 15, 20, 30, 40, 50, and 60 min of 
the recirculation. Group II (n = 5) served as a normoglycemic one, while in Group III (n = 5) and 
Group IV (n = 6) 1 and 2 g/kg i.v. glucose was administered, respectively, prior to ischemia to induce 
hyperglycemia.

At the end of a 1-hour reperfusion period, the animals were killed by i.v. bolus of saturated KC1, 
and brain samples (mainly cerebral cortex) were immediately taken and frozen in liquid nitrogen. The 
MDA, the glutathione (GSH) -  according to Sedlak et al. [20] - ,  the superoxide dismutase (SOD) -

Acta Physiologica Hungarica 82, 1994



Transient brain ischemia 231

according to Misra and Fridovich [14] - ,  and the protein -  according to the method of Lowry et al. [13] 
-  content of the tissue samples were determined.

To evaluate the results mean and standard errors (SE) were calculated. The statistical 
significance of changes in blood MDA content was determined by the Student’s paired test and the 
preischemic values served as control. Differences in tissue values were tested by the Student’s unpaired 
test.

Results

The increase of CSF pressure causes a compensatory elevation in blood 
pressure and often produces apnoea. Using a reservoir connected to the femoral 
artery the blood pressure could be regulated during the ischemic period. The 
occasional effect of breathing stop was avoided by artificial respiration.

The carotid artery flow decreased in all cases, while EEG became isoelectric 
during ischemia. There was only a minimal EEG restitution during recirculation. The 
blood pH did not change significantly after selective brain ischemia.

Changes in the arterial glucose concentration are demonstrated in Fig. 1. In 
Group I there is a slight decrease in glucose concentration, while in Group II the 
arterial glucose increased significantly after the 10-min brain ischemia (p < 0.05). In 
Groups III and IV 1 and 2 g/kg glucose infusion elevated the arterial glucose content 
to 16.2± 1.8 mmol/1 and 31.8±1.6 mmol/1, respectively. During reperfusion period 
the arterial glucose level decreased gradually, but the values were above the normal 
range at the end of the 60-min reperfusion period.

Fig. 1. M eaniSE values of arterial glucose concentration in the experimental groups. The left arrows 
show the time of glucose infusion in the hyperglycemic groups, while right arrows sign the duration of

ischemia in the ischemic groups

The venous MDA levels were rather different in all of our dogs, so their 
changes are demonstrated in comparison with the preischemic values in Fig. 2. In 
normoglycemic sham operated animals MDA hardly change during the experiments. 
In normoglycemic ischemic animals (Group II) the venous MDA values significantly
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increased at the beginning of the reperfusion period. The maximal rise was 
9.6±1.3 nmol/ml, and it returned to the preischemic level by the 15th min of the 
reperfusion. In Group III in consequence of 1 g/kg glucose infusion the venous 
MDA decreased by 4.8±1.8 nmol/ml. During reperfusion after 10 min of ischemia
the MDA rose significantly and the rise reached its maximal value
(17.7±6.5 nmol/ml) at the 2nd min of reperfusion. Afterwards, MDA elevation 
transiently decreased at the 20th min, but it showed a second significant increase at 
the 30th min of reperfusion. Due to 2 g/kg glucose infusion the venous MDA 
decreased by 8.7 ±3.5 nmol/ml in Group IV. Following a 10-min ischemia the MDA 
increased significantly and the elevation reached its maximal value
(14.2 ±3.8 nmol/ml) at the 3rd min of reperfusion. There was also a transient
decrease in venous MDA at the 20th min and a second significant increase took place 
at the 30th min of reperfusion.

Fig. 2. The time course of changes of MDA elevation (means±SE) in the jugular vein blood in the 
various experimental groups. (*) significant difference related to preischemic value (p < 0.05) by

Student’s paired test

Fig. 3. MDA, GSH and SOD values (means ±SE) in brain tissue homogenates taken after 10 min 
ischemia and 60 min reperfusion. (*) significant difference related to control group values (p < 0.05) by

Student’s unpaired test
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A significantly higher MDA content in brain tissue samples was also found in 
hyperglycemic animals, while the GSH and SOD values showed no significant 
alterations in the different experimental groups (Fig. 3).

Discussion

To estimate the results it has to be mentioned, that the thiobarbituric acid 
assay (mainly MDA) as a measure of lipid peroxidation is a criticised method, but 
reports of increases in thiobarbituric acid reactive substances (TBARS) following 
insult at least provide qualitative evidence that something abnormal has occurred in 
tissues [3]. According to others, changes in TBARS levels remain a reliable index of 
lipid peroxidation, especially in comparative studies made on the same biological 
material [1]. In accordance with these statements in our experiments the MDA 
concentration in the jugular vein of each dog was rather different, but it hardly 
changed in the individual animals of the control group.

The increase in the cerebrospinal fluid pressure model used in this study 
produces complete global cerebral ischemia with reperfusion. The 10-min period of 
normothermic ischemia results in profound metabolic cascades in the brain. As a 
consequence of the lack of substrate, energy failure and membrane depolarization 
occur in less than 5 min [10]. Derangement of ATP leads to an accumulation of 
hypoxanthine, and to the conversion of xantin dehydrogenase to xantin oxidase which 
catalyses the formation of superoxide anion [15]. The increased intracellular calcium 
activates phospholipase, which breaks down membrane phospholipids into free fatty 
acids, particularly arachidonic acid [23]. The arachidonic acid causes increased 
activity of the cyclo-oxygenase and lypoxygenase the other sources of free radicals.

In our experiments the duration of ischemia was long enough to induce the 
free radical producing processes. The close correlation between the increase in 
radical production and the level of lipid peroxidation was demonstrated by Sakamoto 
et al. [19]. So the elevation of MDA in the jugular vein shows the enhanced free 
radical production and the subsequent LP. There is a burst in this process 
immediately after the start of reperfusion and it lasts for 10 min in our experiments. 
This is in agreement with the results of Sakamoto et al. [19] who found an abrupt 
burst in free radical production and subsequent LP in brain homogenates upon 
reperfusion following a 10- or 20-min ischemia in rats. Lazzarino et al. [11] also 
found a close relationship between the changes of tissue MDA and the oxygen 
radical mediated tissue injury and demonstrated that the plasma variation of MDA 
using HPLC method was an early biochemical marker of short-term ischemia and 
reperfusion in the rat.

The origin of LP product has not been verified in this study. The amount of 
radical production was 50% lower after using SOD [19]. On the other hand
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significant increase in hydroxyl free radical production was found in a gerbil brain in 
the early reperfusion phase after 5- and 10-min bilateral carotid occlusion [4, 6]. Hall 
et al. [6] suggested, that the transient increase in hydroxyl free radical levels may be 
sufficient to initiate the post-reperfusion LP, and it was also hypothesized that the 
postischemic burst in free radical levels is largely the result of oxidation of the 
arachidonic acid released during ischemia.

Considerable evidence has accumulated that preischemic hyperglycemia is 
associated with the aggravation of brain damage [22]. During ischemia hyperglycemia 
causes severe lactic acidosis in brain tissue [25]. Brain glucose levels and lactic 
acidosis are directly related to serum glucose levels after a 5-min ischemia [12]. 
Initially the low intracellular pH itself was assumed to cause impaired postischemic 
recovery [17]. Recently in vitro studies showed that the production of oxygen free 
radicals and lipid peroxides is stimulated by lactic acidosis and may also contribute to 
severe tissue damage [1,18, 21].

Our in vivo results show higher and longer MDA elevation in venous blood in 
hyperglycemic animals, than in normoglycemic ones. The higher MDA level in brain 
tissue samples is in accordance with the changes of the MDA in the blood. The 
relatively low elevation of MDA in Group IV can be caused by two factors. It might 
be due to the fact that the brain tissue does not metabolize more glucose even if it is 
available or that the radical scavenging action of glucose becomes more effective.

The lactic acidosis during ischemia and subsequent reperfusion increases the 
lipid peroxidation. As a consequence of the lower intracellular pH superoxide radical 
converts to the more reactive and more lipid soluble hydroperoxyl radical [7] and the 
delocalization of iron occurs from tissue stores [2]. The free iron via Fenton reaction 
promotes LP and may be an important factor in the initiation of cell damage [2]. The 
second significant elevation in MDA in both hyperglycemic groups shows a 
protracted radical production and LP. Floyd and Carney [4] found increased LP in a 
gerbil after 5 min of ischemia that lasted several days thereafter. The tissue acidosis 
probably promotes this persisting post-reperfusion LP process.

In summary these in vivo findings demonstrate the time course of LP damage 
in the early reperfusion period and support the hypothesis that lipid peroxidation 
plays an important role in brain damage during hyperglycemic ischemia and 
subsequent severe tissue acidosis.
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Porcine polymorphonuclear cells (PMN) and murine macrophages (Mo) were treated 
in vitro with Leu-OMe or Leu-Leu-OMe (1.5-5.0 mM) for various periods of time. It was 
found that the Leu-OMe and Leu-Leu-OMe entered cells rapidly, concomitantly the 
intracellular leucine accumulated. The methyl derivative diffused faster than Leucine due to its 
lipophylic character. The Leucine-O-methylesters hydrolysed rapidly as a consequence of the 
esterase and peptidase activities. The cells treated with Leu-OMe accumulated a high amount 
of Leucine and some Leu-Leu-OMe too. It was found that the formation of the didpeptide- 
methylester is not a spontaneous process, rather an enzymatic one.

The Leu-OMe treated cells serve as a model which can be used to investigate the effect 
of the amino acid metabolism and the formation of dipeptides intracellularly and 
extracellularly.

Keywords: Polymorphonuclear leukocyte, Leucine-O-Methylester, metabolism,
nonribosomal peptide-synthesis

Several authors have reported the selective cell-killing effect of leucine 
methylester in peripheral blood monocytes and its reversible cell-damage in NK cells 
[4 -  7, 24, 26, 28, 29, 35, 37 -  40]. It was observed that leucine methylester treatment 
can kill macrophages [1, 9-11, 29, 35].

Thiele et al. [37 -  40] showed that Leu-Leu-OMe is formed from Leu-OMe 
intracellularly and that the cytocide effect of dipeptide methylester is more effective 
than that of Leu-OMe. Our previous in vitro studies prove that porcine granulocytes 
(polymorphonuclear neutrophils) can take up L-Leu-OME and L-Leu-Leu-OMe 
[31-32].

Leu-OMe accumulates in the cells depending on the experimental conditions 
under which Leu-OMe is added and both Leucine and its dipeptide methylester 
(Leu-Leu-OMe) are formed. Intracellular Leucine is formed continuously in PMN 
cells from the Leu-OMe and the Leu-dipeptide methylesters. Part of the intracellular 
Leucine gradually Filtrates back to the fresh incubation medium. In this publication
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we follow the metabolism of Leu-OMe and Leu-Leu-OMe and the dipeptide 
formation in PMN cells in vitro and in cell homogenisate.

Materials and methods

Preparation o f PMN

Polymorphonuclear neutrophils were obtained from sodium citrate anticoagulated porcine blood 
by Lymphoprep (Nygaard and Co-AS-Oslo) centrifugation (400 x g, 20 min). Granulocytes were 
obtained from the pellet. Cells were washed three with Gey’s pH 7.4 [15]. After centrifugation (200 x g, 
10 min) the cells were resuspended in Gey’s at a concentration of 5 x  106/ml resulting in a purity above 
96-98% granulocytes.

The viability of the freshly prepared cell suspension was about 96 -  98% as tested by trypan blue 
exclusion.

Treatment o f cells with methylesters

L-Leu-OMe, D-Leu-OMe, L-Leu-Leu-OMe, L-Leu-OEt, L-Leu-O-Propil, L-Val-OMe and the 
other chemical agents were purchased from Sigma. The PMN cells (5 x 107/ml in Gey’s solution) were 
treated with one of these substrates L-Leu-OMe, DLeu-Leu-OMe (1.5-5.0 mM) at 37 °C for 10 min, L- 
Arg-OMe, L-Phe-OMe, L-Val-OMe, L-Leu-O-Porpil, L-Leu-OEt, L-Val-LeuOH (5.0 mM) at 37 °C and 
4 °C for 10 min as shown in these scheme:

Treatment PMN
i

centrifugation

Medium I 
(I M0>i

incubation 
(60 min) 
Medium I
(I Мм)

cell pellet

•i suspension 
cell 0  min (Co)

incubation 
(30 min)

centrifugation

Medium II Cell pellet
(II Мзо) suspension

Cell 30 min
(C 30)

Abbreviations: PMN, polymorphonuclear neutrophil; L-Leu, L-leucine (Sigma); L-Leu-OMe, 
L-Leucinementhilester (Sigma); DIxu-LeuOMe, L-Ixucyl-leucinemethylester (Sigma); 
D-Leu-OMe, D-Leucinemethylester; L-ValOMe, L-valinemethylester; PheOMe, 
L-Phenylalanine methylester, ArgOMe, L-Arginine methylester; Val-Leu, L-Valyl-leucine 
dipeptide; PMSF, Phenyl-methyl-sulphonil-fluorid (protease inhibitor); Benzaminide Cl, 
(protease inhibitor), DDVP, alkyl-phosphate (dichlor-divinile-phosphate), (protease 
Inhibitor), fMLPhe, formyl-Met-Leu-Phe, chemoattractants, EGTA (ethylene bis 
(oxyethylene nitrilo) tetraacetic acid), Gey’s solution: inbucation buffer (pH 7.4)
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The cells were incubated and centrifuged (1400 x g, at 4 °C for 10 min) an aliquote from the 
culture medium (I M0) and from the washed cell suspensions (Q,) were adjusted to pH 1.0 and then 
acetonic extraction (1:1; v/v) was carried out as described above. A second aliquote of the washed cell- 
suspension was incubated (at 37 °C for 30 min). The cell were centrifuged 1400 x g, for 10 min, at 4 °C) 
and both -  the supernatant named "II Mj)', and the pellet "C3 0" were used for the extraction of Leu, 
Leu-OMe, Leu-Leu-OMe after adjustment of pH to 1.0 and these extracts were analyzed.

Thin layer chromatography (TLC)

DX-Alufolien Kieselgel 60 (Nerck, without fluorescent indicator) was used. Chromatography was 
performed in Butanol:Piridine:Acetic acid:Water (60:20:6:11, v/v). Chromatograms were developed with 
ninhidrin reagent. Chromatography was carried out under identical conditions in the presence of 
"marker" compounds. Each sample corresponding to 106  cells was used for TLC and evaluated 
quantitatively on the basis of the size and colour of the spots.

Treatment o f cell homogenate with melhylesters

PMN (5 X  107  cells/ml, in Gey’s, pH 7.4) cells were sonicated at 4 °C (5 x 1 sec pulses). Aliquots 
of the cell homogenate were used for L-Leu-OMe, D-Leu-OMe, L-Leu-Leu-OMe, L-Val-OMe, L-Leu- 
OEt (1.5 -  5.0 mM) in vitro treatment at 37 °C for 10 -120 min.

Incubation was terminated by cooling to 4 °C and by the adjustment of pH to 1.0. Acetonic 
extraction was performed and samples of cell homogenate were examined. To the PMN cell-homogenate 
treated with L-Leu-OMe (10 mM, 37 °C, 10 min) one of the following agents was added emetine 
(10- 5  M), cyclohexamide (10- 5  M), PMSF (2 mM), benzamidine-HCl (2 mM), indomethacyne (2 mM), 
monoiodoacetate (0.5 M), trypsin inhibitor (0.1 mg/ml), mercaptoethanol (0.1%, v/v), divalent cations 
such as Co2+, Mn2+, Zu2+, Fe2+ (1 p.M or 1 mM), amino acids including of L-Val, L-i-Leu, D-Leu, L- 
Asp, L-Glu, L-Arg, L-Cys, L-Lys (10 mM), EGTA (1 p,M or 1 mM), arachidonate-ethylester (1 mM), 
NAD+ and NADH + H + , biotin, vitamin-Bj, -B2 (0.1 mg/ml each), DDVP (0.05%). Finally an acetonic 
extract was prepared and the amino acids, their melhylesters and dipeptide methylesters were analyzed.

Treatment o f other cells with Leu-OMe

Murine hepatocytes (5 x 107  cells/ml, 37 °C, 10 min), porcine blood (0.5 ml, 37 °C, 10 min) and 
porcine blood lymphocytes (5 X  107  cells/ml, 37 °C, 10 min) were treated with Leu-OMe (10 mM) in 
Gey’s, pH 7.4. At the end of incubation cells were centrifuged (1400 x g, 4 °C, 10 min) and the acetonic 
extract from culture medium and from cells were tested.

Results

L e u c in e  m e th y le s te r  u p ta k e  a n d  d ip e p tid e  f o r m a tio n  b y  P M N  c e lls

PMN cells isolated from porcine blood were incubated in the presence of L- 
Leu-OMe (Fig. 1A) and L-Leu-Leu-OMe (Fig. IB). After incubation and acetonic 
extraction the cell free medium (I M0) and cell suspension (C0) were analyzed. The 
other portion of cell suspension was incubated for 30 min (5 x 107 cells/ml, in

Acta Physiologica Hunganca 82, 1994



240 Magda Solymossy et al.

Gey’s). The "Сзд" fractions and their acetonic extracts were compared quantitatively 
(Fig. 1A, B).

Figure 1A shows that after in vitro treatment of PMNs with L-Leu-OMe the 
drug is taken up by the cells (Fig. 1A, C0) and the excess is left in the medium (Fig. 
LA, I M0). Dipeptide formation beside the appearance of L-Leu was found in the 
cells and in the surrounding medium. It is logical to assume that Leu-OMe taken up 
by cells is metabolised rapidly forming the dipeptide (Leu-Leu-OMe) and leucine. 
Depending on the Leu-OMe concentration applied, the formation of dipeptide 
reaches an equilibrium as a result of its fast metabolism. Further analyses of cells 
after the removal of the drug used for the treatment show that dipeptide is detectable 
in cells as long as Leu-OMe is present. Dipeptide (Leu-Leu-OMe) and leucine are 
also detectable in the medium (Fig. LA, I M0).

l

Fig. 1. Treated PMNs (5 x 107  cells/ml) with 5.0 mM L-Leu-OMe (A) and 5.0 mM L-Leu-Leu-OMe (B) 
at 37 °C for 10 min. First incubation medium, I M0, cells after first incubation, Cq, cells after second 
incubation for 30 min, C^, medium of "C^" cells, II M^

0  Leu, ES LeuOMe, 52 Leu-LeuOMe

In the cells the fast metabolism of Leu-Leu-OMe was dependent on the 
concentration of Leu-OMe uptake.

Figure IB shows the same fast metabolism of Leu-Leu-OMe. Upon treatment 
of PMNs with L-Leu-Leu-OMe the drug is taken up by the cells (Fig. IB, C0) the 
excess being left in the medium (Fig. IB, I M0). Leu-OMe is formed beside the 
appearance of leucine which can also be seen in the cells and in the surrounding 
medium. Peptide analysis of cells after removal of Leu-Leu-OMe excess -  used for 
the treatment -  shows that the dipeptide is detectable in the cells for a longer period 
of time than Leu-OMe. It is worthwhile to mention that the hydrolysis of the 
dipeptide is a slower process than the dipeptide formation (Fig. IB, C ^). The 
amount of Leu is the result of the leakage of the intracellularly accumulated Leu 
(Fig. IA, В, II Мзо).
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T h e c o n d it io n  o f  d ip e p t id e  fo r m a tio n

The conditions for the dipeptide formation and the heat stability of the 
dipeptide were analyzed both intracellularly and extracellularly. PMN cells 
(5 X 107/ml in Gey’s, pH 7.4) were treated with L-LeuOMe (1.5 mM) or with L- 
Leu-LeuOMe (1.5 mM). After incubation and centrifugation the cell suspensions (C) 
and cell free media (M) were extracted with aceton and analyzed (Fig. 2).

The entrance of methylesters into cells is obviously a temperature and 
concentration dependent process. There is a higher level of methylester at 37 °C than 
at 4 °C, consequently higher concentration of methylesters remains in the medium 
(Fig. 2A, B, M4) at 4 °C. At the same time one can see that the formation of Leu and 
Leu-LeuOMe from the methylesters are also heat-dependent processes, since more 
Leu is formed at 37 °C than at 4 °C inside the cell (Fig. 2A, C37) and in even higher 
concentration in the cell free extract (Fig. 2A, B, M37).

The dipeptide formation and its stability are favoured experiments carried out 
at 4 °C pretreatment in the extracellular space (Fig. 2A, M4). The formation of 
dipeptide-O-methylester was comparable to that of Leu at low temperature while at 
37 °C the amount of Leu was dominating the picture especially in the intracellular 
space (Fig. 2A, B, C37).

Fig. 2. Treated PMNs (5 X  107  cells/ml) with L-LeuOMe (A) and L-Leu-LeuOMe (B) at 37 °C and 
4 °C for 10 min
A: 1.5 mM L-LeuOMe treated cells at 37 °C, C3 7, their incubation medium, M37, at 4 °C, C4, 

their incubation medium, M4

B: 1.5 mM L-Leu-LeuOMe treated cells at 37 °C, C3 7 , their incubation medium, M37, 
at 4 °C, C4, their incubation medium, M4 

0  Leu, ES LeuOMe, 53 Leu-LeuOMe

Figure 2B shows that the Leu-LeuOMe -  given exogenously -  enters cells in a 
temperature dependent manner where the increased level of Leu is supposed to be 
the result of the activities of dipeptidases, esterases and methyl-transferases
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(methylase, I, II, III). Figure 2 also shows that reactions are enzymatical ones since 
they are faster at 37 °C than at 4 °C intracellularly and under conditions determined 
by the outer surface oft he plasma membrane too.

The conditions of the dipeptide formation were also measured in murine 
hepatocytes and in porcine blood cells (reticulocytes and leukocytes together) and in 
granulocytes and lymphocytes from porcine blood prevented from clothing. In vitro 
treatment of L-Leu-OMe (10 mM) was used at 37 °C for 10 min was followed by 
acetonic extract as previously described (Fig. 3).

Dipeptide formation was detectable only in extracts derived from PMN cells 
(Fig. 3B). Other leukocytes and blood cells did not contain dipeptides intracellularly. 
However the extract of their medium contained them (Fig. ЗА, C, Inc. medium).

Fig. 3. Porcine leukocytes and murine hepatocytes treated with L-Leu-OMe (10 mM, 37 °C, 10 min). 
A: Treated blood cells, Blood cells, and their incubation medium, Inc. Med.
B: Treated PMNs cells, PMN, and their incubation medium, Inc. Med.,
C: Treated lymphocytes, Lymph., and their incubation medium, Inc. Med.
D: Treated hepatocytes, Hep., and their incubation medium, Inc. Med 

Щ Leu, £3 LeuOMe, 18 Leu-LeuOMe

With respect to hepatocytes only Leu was present both in the cellularly and in 
extracts of the medium within the period of treatment (Fig. 3D). These observations 
suggests different enzymatic activities in various cells. Due to Leu-OMe treatment of 
PMN cells dipeptide formation could be traced both intracellularly and 
extracellularly.

Our experiments were extended to other ester-derivatives of Leu and other 
methylesters of amino acids in PMN cells and the appearance of dipeptide was 
measured intracellularly and in the extracellular space.
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Table I shows the relative amounts of free amino acids and dipeptides in 
acetonic extract.

Table I

Relative amounts o f free amino acids and dipeptides in acetonic extract

In t r a c e l lu l a r E x t r a c e l lu l a r

D ip e p t id e D i p e p t i d e

3 7  °C 4 ° C 3 7  °C 4 ° C

L-LeuOMe + + + + + + + +
L-LeuOEt + + + + + + + +
L-LeuPropilester - - - -
D-LeuOMe - - - -

L-ValOMe + + + + +
L-PheOMe - - + +
L-ArgOMe - - - -
L-LeuOMe + L-LeuOEt + + + + + + + + + + + +
L-LeuOMe + + + + + + +
+ L-ValOMe + + + + + +

PMN cells (5 X 107/ml) were treated with amino acids-O-esters as indicated 
(5.0 mM, 10 min at 37 °C). These data suggest that dipeptide is formed from the 
derivatives of L-Leu-O-esters including -OMe and -OEt -  esters, while it was absent 
in the case of Opropil-ester.

Stereospecificity is indicated by the fact that D-Leu-OMe did not indicate the 
formation of the dipeptide. The relatively small amount shows that less dipeptide is 
generated with L-Val-OMe treatment and in the case of L-Phe-OMe only Phe was 
intracellularly detectable. Treatment with L-Arg-OMe promoted neither the ester 
hydrolysis nor the dipeptide formation.

Since dipeptide in PMN cells was detectable both intracellularly and 
extracellularly the conditions of dipeptide formation were measured in total cell 
homogenates in further experiments. Measurements included the formation and 
peptides hydrolysis of the dipeptide, ester hydrolysis of methylesters and 
déméthylations.

Homogenates were prepared from cell suspensions (5 x 107 cells/ml) after 
disrupting cells. Treatment with L-Leu-OMe (Fig. 4A), L-Leu-Leu-OMe (Fig. 4B) 
and D-Leu-OMe (Fig. 4C) using 1.5 mM concentration of the above esters at 37 °C 
for 10- and, 120 minutes. One pretreatment was carried out at 80 °C for 45 min and
3.0 mM concentration was applied (Fig. 4E).

One experiment included L-Leu-OMe plus Triton X -100 (0.2%, v/v) 
treatment at 37 °C (Fig. 4D). The amounts (nmol) were compared from acetonic 
extract of these samples and are shown in Fig. 4.
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Fig. 4. PMN cell-homogenisate (H) treated with L-LeuOMe, L-Leu-LeuOMe, D-LeuOMe, and 
L-LeuOMe +Triton X-100.
A: 1.5 mM H eu O M e treated homogenisate at 37 °C for 10 min, H10, and 120 min, H120.
B: 1.5 mM L-Leu-LeuOMe treated homogenisate at 37 °C for 10 min, H10, and 120 min, Нш .
C: 1.5 mM D-LeuOMe treated homogenisate at 37 °C for 10 min, H10, and 120 min, H12o- 
D: 1.5 mM L-LeuOMe + 0.2% Triton X -100 treated homogenisate at 37°C for 10 min, H10, 

and 1 2 0  min, H 12o-
E: Pretreated homogenisate (80 °C, 45 min) treated with 1.5 mM L-LeuOMe at 37 °C for 

10 min, H10, and 120 min, H12o 
И Leu, ЕЭ LeuOMe, § 8  Leu-LeuOMe

The same conclusions could be drown with respect to the dipeptide formation 
in the cell and in the medium. Dipeptide formation did not occur when D-isomer of 
Leu-OMe (Fig. 4C) was used instead of the L-enantiomer (Fig. 4A, H 10). One can 
also see that the dipeptide disappeared within the 120-min incubation period in PMN 
homogenates treated with L-Leu-OMe at 37 °C (Fig. 4A, H 12o). Under identical 
conditions using 1.5 mM L-Leu-Leu-OMe the dipeptide methylester did not 
completly hydrolyse to Leu-OMe and Leu (Fig. 4B). In this case the exogenously 
given dipeptide obviously favored the peptidase activity versus synthesis and from the 
size of the spot of Leu-OMe. One can conclude that primarily esterolytic and 
déméthylation processes dominate. While the spot of Leu in Fig. 4A, is comparable 
to the size of the spot of dipeptide methylester favouring esterolytic and 
déméthylation processes. On the contrary the amount of Leu in Fig. 4B is similar to 
that of Leu-OMe, where enzymatic reactions favour degradation.

Further experiments are necessary to select the most optimal conditions for 
dipeptide formation. Figure 4E shows that the enzymes responsible for dipeptide 
formation are temperature sensitive since when homogenisates were kept at 80 °C 
neither the dipeptide formation nor the Leu formation could be seen. Figure 4D 
shows that no dipeptide formation could be detected in the presence of Triton 
X -100 (0.2%, v/v) although partial esterolysis and déméthylation was experienced.
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Further experiments were carried out to obtain information with respect to 
dipeptides formation using amino acids and esters of amino acids with nonpolar 
character such as L-Leu, L-Val, L-Leu-OMe, L-Leu-OEt, and L-Val-OMe. Figure 5 
shows that from L-Leu-OMe and L-Leu-OEt only Leu-Leu-O-esters was formed, 
whereas when jointly L-Leu-OMe and L-Val-OMe were added, both Leu-Leu-OMe 
and Val-Val-OMe i.e. homologue dipeptide esters were formed.

Fig. 5. PMN-cell homogenisate (H) treated with LeuOMe, ValOMe and Val-LeuOH (1.5-5.0mM) 
at 37 °C for 10 min.
A: homogenisate treated with 13 mM LeuOMe + 13 mM ValOMe 
B: homogenisate treated with 5.0 mM LeuOMe + 13 mM ValOMe 
C: homogenisate treated with 13 mM LeuOMe + 5.0 mM ValOMe 
D: homogenisate treated with 5.0 mM Val-LeuOH

The same conclusion can be drown when L-Leu-OMe treatment was applied at 
very high molarity along with different amino acids (Leu, Val) and only Leu-Leu- 
OMe dipeptide was formed (not presented). Dipeptide formation was neither 
influenced by the presence of divalent cations, Co2 + -, Mn2 + -, Fe2+-, Zu2+-ions 
1 pM or 1 mM concentrations [17 -  20, 22, 25], nor by protein synthesis inhibitors, 
cycloheximide 10 pM, emetine 10 pM, serine protease inhibitors, DDVP 0.5%, 
PMSF 2 mM, Benzimidine-HCl 2 mM, Theofilline 2 mM [2, 3, 8, 12, 21, 27], 
compounds influencing metabolic processes, i.e. Iodo-acetate, NAD + , NADH + H + , 
Biotin, E. coli LPS, fMLPh (picture not showed).

The balance of the enzymatical processes involved in dipeptide formation can 
be shifted by changing the quantity of the enzyme as seen in Fig. 6.

There was no detectable dipeptide formation from 1.5 mM L-Leu-OMe when 
increased amount of enzyme was used corresponding to 1 x 108 PMN cells, whereas 
at even higher concentration of cell homogenate (2 x 108 PMN) both L-Leu-OMe 
and dipeptide was hydrolyzed and therefore could not be measured (Fig. 6).

Acta Physiologica Hungarica 82, 1994



246 Magda Solymossy et al.

Fig. 6. PMN-cell homogenisate (different cell-number) treated with L-LeuOMe (13 mM) at 37 °C for 
30 min

0  Leu, S  LeuOMe, Sffl Leu-LeuOMe

Preliminary calculations indicate that the PMN cell is able to convert 
approximately 1.5 x 108 molecules of L-Leu-OMe to L-Leu in one minute. The 
equilibrium of the enzymatic process leading to the formation of L-Leu is determined 
primarily by spontaneous hydrolysis, carboxy-esterhydrolases, methyltransferases and 
dipeptidases. This is indicated by Fig. 4B, H 12q where the presence of L-Leu-Leu- 
OMe, Leu-OMe and Leu are present in a relatively higher quantity corresponding to 
the shift of the enzymatic balance.

It is logical to suppose that the hydrolysis of Leu-Leu-OMe is the result of the 
effect of a peptidase activity. Approximately 1.5 x 107 dipeptide molecules/cell 
could be formed which would mean that déméthylation occurs 5-10 times more 
frequently than the cleavage of dipeptides. Although, it is clear that from 1.5 mM 
Leu-OMe could never be 1.5 mM Leu-Leu-OMe, only 0.75 mM. One can however, 
assume that when exogenous dipeptide is given, taking into account the reversibility 
of the enzymatic reactions, peptidase activity will predominate and not the formation 
of the dipeptide depending on the concentrations. The peptidase itself is not 
necessarily the only enzyme responsible for the formation of the dipeptide. It is 
possible that either carboxypeptidase or methyltransferase or both of them are 
necessary or else on "intrinsic factor" might be essential for the formation of the 
dipeptide [14].

Discussion

In prokaryotic and eukaryotic cells several dipeptides were reported to take 
part in intracellular regulatory processes or else dipeptides may return to the 
intracellular space and play an important role in ceil-to-cell connections through
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suitable receptor systems [13, 16, 24, 30, 33, 34, 36, 41, 42]. Some of the peptides are 
formed in response to enzymatical effects from high molecular weight proteins by 
limited proteolysis, cleaving protein molecules at specific sites [2, 3, 8, 13]. Another 
group of intracellular and extracellular peptides are formed without the participation 
of the ribosomal machinery known as non ribosomal peptide synthesis [14,17].

Among low molecular weight peptides with antibiotic or hormone effects are 
glutathion, anserine and thyreotrop hormone, etc. in eukaryotes and some antibiotic 
peptides being synthetized in prokaryotes containing D-amino acids and amino acids 
derivatives and nonproteinogenous amino acids which are not coded by nucleic acids. 
Certain amino acid derivatives which are phosphorylated-, acetylated-, 
polyadenylated-, hydroxylated-, glucosylated-, methylated-derivatives are processing 
active and inactive forms and playing important roles in proteins and enzymes in 
growth functions. We have used amino acid esters primarily L-Leu-OMe as an amino 
acid derivative of leucine and isoleucine.

PMN cells were loaded with a "surplus quantity" of Leu-OMe. It was found that 
Leu-OMe is demethylated intracellularly within a relative short period of time. 
However, one can not excluded the possibility that déméthylation takes place at the 
outer surface of the cell. The uptake of Leu-OMe can be attributed to the fact that its 
hydrophobic character is elevated by the introduction of the methyl group decreasing 
the dipole character of leucine.

Intracellular loading of Leu stores leads to leakage and to the flowing back of 
Leu into the extracellular space i.e. the medium. The analysis proved that along with 
Leu a gradually enlarged amount appeared the sfee of which depended on the 
incubation period and turned out the be Leu-Leu or Leu-Leu-OMe. Dipeptide 
formation could be easily detected at 1.5 mM Leu-OMe or Leu-OEt, Val-OMe, Phe- 
OMe. We could experience neither intra- nor extracellularly hetero-dipeptide 
formation, rather Leu-Leu or Val-Val "homologue” dipeptides. Further experiments 
will be carried out to test the possibility whether dipeptide formation is restricted to 
Leu-OMe and Leu treatment or in a broader sense to the energy balance of cells. 
With respect to this question our results indicate that dipeptide formation occurs 
preferentially as follows: L-Leu-OMe, L-Val-OMe, L-Phe-OMe but no upon L-Arg- 
OMe, D-Leu-OMe or L-Leu-O-propil treatment of cells. Based on experimental 
data intracellular peptide formation is not a spontaneous process rather a 
nonribosomal, enzymatic one.

Dipeptide synthesis takes place at 37 °C and to a lesser extent also at lower 
temperature. One can suppose that peptidase effect prevails synchronously with 
dipeptide producing enzyme reactions which hydrolyse some of the formed 
dipeptides.
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Leu-Leu dipeptide formation probably decreases by increasing the Leu-OMe 
load of the cells, i.e. peptide synthesis is forced by the effect of the "surplus Leu- 
quantity" in the following way:

CH3 +
2 Leu-OMe «  Leu-Leu-OMe + CH3+ ^ —*2 Leu + CH3OH.

One cannot exclude the possibility that the methyl group removed from the 
ester by a methyltransferase is partly used for intracellular esterification of certain 
proteins. This is a well-known process for C-terminal or aspartyl-ester formation in 
eukaryotes.
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Hyperestrogenemia and change in the estrogen-androgen level ratio in men are 
supposed to be possible risk factors for several cardiovascular diseases. To study the male 
rabbit spiral strip reactivity (aorta, renal artery, femoral artery) after 1 -month sex hormone 
administration (estradiol or testosterone twice per week) the method of isomeric contraction 
was used. The maximal response to noradrenaline, 5-hydroxytryptamine (5-HT) and 
angiotensin was evaluated. Using RIA method the estradiol and testosterone levels in serum 
were examined. The estradiol application caused a significant increase of the estradiol level in 
serum with decrease of testosterone level. The increase of the maximal aorta response to 
noradrenaline and renal artery response to 5-TH was simultaneously observed. After the 
testosterone administration an increase of the testosterone level in serum, but without 
significant change in estradiol level was found. The inhibitory effect of testosterone on the 
femoral artery was shown by the decrease of the response to 5-HT and angiotensin.

Keywords: estradiol, testosterone, hyperestrogenemia, vascular reactivity

There are numerous literary data on the significant contribution of sex 
hormones in the pathogenesis of several cardiovascular diseases (sex differences in 
the incidence of cardiovascular diseases, cardiovascular complications of oral 
contraception, hemodynamics and vessel reactivity changes in pregnancy and increase 
of cardiovascular diseases in women after the menopause). The changes of sex 
hormone levels could represent serious risk factor for ischemic heart disease and 
hypertension in men. Testosterone is supposed to have protective role in this case [4, 
8, 18]. As a mechanism of these important sex hormone effects the influence on the 
atherosclerosis development by change of lipid and saccharids metabolism, on the
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vessel wall structure, endothelium function, free radicals and their scavengers 
generation, influence on the hemocoagulation, prostaglandins synthesis, but also 
direct modulating effect on the vascular smooth muscle reactivity were observed. The 
influence of female sex hormones on the isolated vessel reactivity is mostly 
considered as potentiating [3, 15, 19], however there exist significant differences 
between species and vessels as well as time dependence of these effects. Testosterone 
has presumably inhibiting effect on the vessel reactivity [5, 11, 15, 16]. Many authors 
suggest the interference of sex hormones with calcium ion transport in smooth 
muscle to be one of the important mechanisms of these changes [2, 12, 14, 15, 22]. In 
our following experiments we continued the previous work, where we observed 
important changes in isolated vessel reactivity after in vivo (single dose or repeatedly 
for 7 days) or in vitro sex hormone application to rabbits [15, 16]. The aim of our 
study was to test the responses of selected isolated rabbits vessels to noradrenaline, 
5-HT and angiotensin after 1-month sex hormone administration with determination 
of arteficial sex hormone levels in serum.

Materials and methods

Animals and tissue preparation

Mature male rabbits (2000 -  2500 g) were purchased from the Animal Unit, Velaz Prague. One 
month (twice weekly) sex hormones were administered i.m. (estradiol 5 mg k g te s to s t e r o n e  
lOmgkg-1). The control group was given physiological solution in the same dose and time regimen. 
After killing the animal by blowing behind the head, aorta thoracica, renal artery and femoral artery 
were carefully removed, cleaned of surrounding connective tissue and spiral strips (3 cm) were made. 
The strips were placed in a 20 ml organ bath containing modified Tyrode’s solution (TS) of following 
composition: NaCI 117.7; NaHC03  24.8; KC1 4.86; Mg2S0 4  7 H20  1.29; NaH2 P 04-2 H20  1.15; 
CaClj-2 H20  1.29; ascorbic acid 0.113; CaNa2EDTA 0.029; glucose 10.09 (mmol l" 1), pH 7.3-7.4. The 
solution was maintained at 37 °C and gassed with air.

Registration o f contractile responses

During an initial 60-minute equilibration, the isolated vessels were washed (W) every 15 minutes 
with TS. The resting tension of the strips was adjusted to 2 g for aorta and 1 g for femoral and renal 
artery. Contractile responses were measured using the method of isometric contraction and they were 
recorded by linear recorder TZ 4200. The cumulative dose-response curves to noradrenaline, 5-HT and 
angiotensin were obtained by increasing the concentration in logarithmic increments 
(10~7 -1 0 - 4  mol l -1). Maximal responses in mN of the control and pretreated strips to vasoactive 
substances were calculated. Student’s test was used for comparison of the mean values. There were ten 
animals in each experimental group.

Serum hormone determination

Levels of estradiol and testosterone in serum were examined using RIA method. The blood was 
obtained from the thoracic aorta immediately after the animal killing.
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Sources o f substances

Substances used in our experiments were as follows:
L-noradrenaline base (Hoechst), serotonin-creatininsulfat substance (Fluka), Hypertensin inj. (Ciba- 
Geigy), estradiol-Agofollin depot inj. (Spofa), testosterone-Agovirin depot inj. (Spofa). For RIA 
method: Riatestok (Sorin, Italy), Estra (URVJT Kosice, Slovakia).

Results

The estradiol administration caused significant increase of serum estradiol 
levels and decrease of endogenous testosterone levels (Table I). Simultaneously the 
increase of the maximal aorta response to noradrenaline and the renal artery 
response to 5-HT was observed (Figs 1, 2). The testosterone administration 
significantly increased the serum testosterone levels, however endogenous estradiol 
level was not markedly changed (Table I). The decrease of femoral artery contractile 
response to 5-HT and angiotensin was shown (Fig. 3).

Table I

Estradiol and testosterone levels in the plasma

1 7 -b e ta  e s t r a d i o l  n m o l /1 T e s to s t e r o n e  n g / m l

Control 0.19 ± 0.1 149.7 ± 25.9
After estradiol 24.8 ± 7.74 62.06 ± 1 2 . 6

After testosterone 0.18 ± 0.14 415.8 ± 150.7

Fig. 1. Maximal responses of aorta

Acta Physiologica Hungarica 82, 1994



254 Alena Mosnárová et al.

NORADRENALINE 5 HT ANGIOTENStE

Fig. 2. Maximal responses of renal artery

Fig. 3. Maximal responses of femoral artery

Symbols see in text.
Values are mean ± SEM (n = 10)
* p < 0.05
** p < 0 . 0 1

Discussion

The observed potentiating effect of hyperestrogenemia on the aorta reactivity 
to noradrenaline is similar to the estrogen effects observed in situ or in vitro on 
various vessel types and at different time intervals. It is supposed, that function of 
adrenergic system can be altered by sex hormones changing the receptor number 
and/or affinity [3, 10, 15], by interference with kinetics and metabolism of mediators
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[6, 17, 21] and with endothelium-dependent mechanisms [13]. There is relatively less 
literary data about relationship between sex hormones and serotoninergic system. 
The potentiation of animal uterus and aorta contractile responses to 5-HT was shown 
[6, 9, 19], however the dose-response curves of the mesenterial arterioles were not 
altered by estradiol [1]. The inhibitory effect of testosterone on various vessels known 
in literature was in our experiments evident on the femoral artery. Similar effects 
were observed on the renal artery after 7 days testosterone application and indirect 
evidence suggests on the possibility of hormone interference with calcium ion 
transport in vascular smooth muscle [15,16].

The alteration of vascular smooth muscle reactivity by sex hormones is 
complex. The genomic and nongenomic effects of these steroids play an important 
role in these modulating effects. The evaluation of endothelium function changes, 
studying morphological changes of vascular wall, interference with free radical 
generation and several biochemical parameters are the aims of our future work.
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Serum contains a factor that can normalize streptozotocin induced blood sugar 
elevation. This normalization can last for a long period. Thus an elimination of elevated 
diabetic blood sugar values takes place. This means that an euglycemic factor may have the 
ability to an eventual curing of diabetes. Normal, starving rats are not influenced by the 
euglycemic factor. An other factor even aggravates diabetic blood sugar level.

Keywords: anti-diabetic serum factor, the complete recovery, or final curation of 
diabetes

The shorter or longer euglycemic periods which may exist in diabetes mellitus 
hint to the existence of a factor which plays a decisive role beside insulin [39]. The 
glucose levels represent an equilibrium between insulin and this factor. Also when 
small amounts of insulin are present which may be the case in diabetes, this factor 
can reestablish the normal state. Thus a total recovery can be assumed in diabetes. 
Present paper deals with the effect of this factor.

Methods

Experiments were carried out on 152 rats on which 1006 blood sugar determinations were done. 
Body weight was also measured. In order to avoid greater hormonal regulation, the animals were allowed 
to eat and drink ad libitum. So the control blood sugar values represented 6.65 ±0.10 mmol/1 (N = 72).

In order to make the animals diabetic 25, 50 and 75 mg/kg streptozotocin was administered 
intraperitoneally. In the same time when streptozotocin was injected also 0.5 ml of serum was 
administered. It was presumed that this contained the diabetes influencing factor.

The next step was to purify the sera chromatographically. Ten to 30 ml of sera were 
chromatographed by a reverse phase chromatograph in water: ethanol = 3:1. Several fractions were 
collected in small tubes and dried. The dried samples were solved in 1.2 ml of physiological saline or in
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propylene glycol (1.2 ml). One tenth to 0.3 ml of this solution was then injected intraperitoneally. In 
some cases 0.1 ml of sera was applied as sustainer dosis. The complete purification will be reported 
elsewhere.

In another series of experiments the active chromatographic fractions were administered 63 days 
after streptozotocin treatment. By this means the effect of the euglycemic factor on evolved diabetes 
could be tested.

Blood sugar content was measured by test strips (Medi-Test Glycaemie P) from a drop of blood 
obtained form the end of the tail.

In order to show the presence of an adrenergic part-mechanism in the elevated blood sugar level, 
noradrenaline was also administered in doses of 1 - 1 0  pg/kg.

To show the effect of the euglycemic factor on normal animals, its influence on fasting blood 
sugar level was determined. The experiments were performed in two groups. One group was treated with 
0.5 ml of serum (which contained the euglycemic factor), while the other one obtained 0.5 ml of 
physiological NaCl (control group). In three-day periods blood sugar values were determined. In each 
period 24 h of starving preceded blood sugar determination. Then the animals were fed again, until 24 h 
before blood sugar determination. Hence many starving levels were determined. The singular values in 
each group were summed up. They served as means for the whole period. In three members of the saline 
group 15 blood sugar determinations were carried on in six animals of the serum group 36 
determinations were performed.

Results

In Fig. 1 the effect of 0.5 ml serum on the diabetic blood glucose level is 
demonstrated. Here diabetes was produced by 50 mg/kg streptozotocin. It can be 
seen that in cca 4 days blood glucose level returns to the control level. Thus serum 
contains a factor which restores diabetic blood sugar elevation. It has to be stressed 
that this normalization occurs in a few (4 -5 ) days also in the other experiments. In 
spite of administration of sustainer doses of serum, control curve and the values of 
serum-treated animals, run parallel. This means that additional doses of this 
euglycemic factor do not produce further effects.

The same is shown in Fig. 2, where the blood sugar elevation due to 50 mg/kg 
streptozotocin was counteracted by a chromatographic fraction: FM-60/III. Blood 
sugar level falls after intraperitoneal administration. It can also be seen that 
F M -60/11 fraction elevates blood sugar niveau. The increase is even greater than 
that seen after administration of streptozotocin alone. This effect may lead to the 
assumption that beside the euglycemic factor, one exerting an opposite effect could 
also be present. This elevates also diabetic blood sugar level.
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mg*/, mmol/1

Fig. 1. Effect of 0.5 ml serum on the blood sugar level of rats, treated by 50 mg/kg streptozotocin. 
Abscissa: Time of experiments. Ordinate: Blood sugar, mg% and mM/1. Each sign represents the mean

value of five animals

Blood glucose levels after 50 mg/kg of 
streptaaotocin (Rats)

19вв

Fig. 2. Effect of chromatographic fractions on the blood sugar level of rats treated by 50 mg/kg 
streptozotocin. While FM-60/III (-o-) blocks diabetic blood sugar rise, FM -60/II (-Д-) elevates blood 
sugar level. (Blood sugar level exceeds that when streptozotocin was administered alone (-A-). 

FM-60/IV (-•-) is without effect. Other signs as in Fig. 1
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The mentioned period of normalization, which may last a couple of days, is 
demonstrated also in this figure.

In Fig. 3 a spot diagram is shown. The different spots represent the influence 
of euglycemic factor on diabetic blood sugar levels on different days after 
administration (numbers). The most important fact is that after 50 mg/kg 
streptozotocin the spots are lying mostly at the control levels. Considering the less, 
elevated of levels controls (probably due to psychic adrenergic reaction, since the 
elevated values diminished in time to normal level), we can state that an euglycemic 
factor normalizes diabetic blood sugar level. The spots referring to 75 mg/kg of 
streptozotocin lie mostly in the 120-150mg% range, when the same dose of 
euglycemic factor was administered. It can be seen that during the first four days the 
sports lie higher. They reach the constant lower niveau at the 4th day.

mg*/»
250-

i

mmol/1
•  50mg/kg stt; factor solved in phys. NaCI or propylene-glycol N=270
♦ 50mg/kg str., factor solved in phys. NaCI N=232
*  75mg/kg str; factor solved in phys. NaCI or propylene glycol N=99
Numbers: days after factor administration

12

__ i l l .

120 - 

10O -

и * a « is
1 • * -

3 *
V6 mmol П 

350 mg*/.

Fig. 3. Plots of blood sugar levels of streptozotocin treated rats, after administration of active 
chromatographic fractions. Abscissa: the effect of streptozotocin on blood sugar level. Ordinate: the 
effect of the active factor on the streptozotocin-induced blood sugar level in mg% and mM/1. (The 
numbers beside the single spots represent the time elapsed after a single administration of the factor,

in days.)
Control: 6.29 ±0.096 mM/1

The results seen in the 50 mg/kg group pare of great importance: here also 104 
days after factor administration is the control level maintained. (Encircled value.) 
Thus the effect of the euglycemic factor does not disappear for a long time. 
Normalization is permanent.

In all the experiments reported above, streptozotocin and euglycemic factor 
were administered simultaneously. It was of great interest to show how euglycemic 
factor acts in fully developed diabetes. Figure 4 shows how euglycemic factor acts on 
"chronic” diabetes, i.e. 63 days after streptozotocin administration (75 mg/kg). Here, 
although the spots lie at a higher level (150-170 mg%) a significant lowering of the 
values can also be seen. The lowered values roughly correspond to those obtained by
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the euglycemic factor administration in the case of 75 mg/kg streptozotocin 
application (see Fig. 3). It is concluded that the euglycemic factor acts also in 
"chronic" diabetes.

As a last step it was important to show how euglycemic factor influences blood 
sugar in normal animals. Figure 5 shows the different fasting blood glucose values in 
the case of physiological saline and serum (euglycemic factor) administration. As the 
two curves run equally, it can be stated that euglycemic factor does not influence the 
blood sugar level of normal animals. Only the control fasting values (i.e. the ones 
before serum or saline administration) show a difference. There after the course of 
the two curves is quite the same. The average values from the 15th of May are 
74.4 ± 5.9 mg% (N = 35), for the animals treated with serum, and 84.7±5.6 mg% 
(n = 15) for those treated with physiological NaCl. The difference is N.S., showing 
that the euglycemic factor does no influence normal blood sugar regulation.

Sir* factor 
mg*/, mmol/1

250 - »euglycemic factor (63 days after 75mg/kg str. treatment) N=65 
Numbers: days after factor administration

16 mmol/1 Str. alone 
Э00 mg*/.

Fig. 4. The "chronic" effect of the euglycemic factor. Euglycemic factor was administered 63 days post- 
streptozotocin treatment. Signs as in Fig. 3. N = 45

As for body weight, the most important observation is that streptozotocin 
induces a decrease in the heavy (more than 300 g) adults, whereas the ones still in 
development (250 g or less) are resistant to weight loss due to streptozotocin.

As for blood sugar level, phentolamine (Regitin 0.5 mg/kg) caused a 
20 -  50 mg% decrease.
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m g*/» m m o l/1

Fig. 5. The effect of euglycemic factor in fasting rats. The effect of the factor-containing serum. The 
animals fasted 24 h before blood sugar determination. Before the fasting periods they could eat and 

drink ad libitum. Abscissa: Days. Ordinate: blood sugar in mg%, and mM/l. See text

Discussion

Mering and Minkovski described the importance of insulin in genesis of 
diabetes mellitus [17]. The presence of longer euglycemic periods in the illness points 
to the importance of a factor beside insulin [39].

In the present experiments the existence of such a factor is shown. The effect 
of this material is to restore the normal state. When injected together with 
streptozotocin the animals blood sugar level will return to the normal level in a 
couple of days. Half ml of normal serum contains an effective amount of this 
substance. When injected to an animal made diabetic by streptozotocin, the blood 
sugar level falls to the normal level.

The substance acts also after chromatographic differentiation. It is a very 
important fact that the active substance preserves its activity a couple of months after 
its application. It seems that by its administration a p erm a n en t normalization of 
glucose levels could be achieved. With other words, a total restoration of the 
euglycemic state could be elicited. The fact that this restoration takes place not 
immediately but after 5 days, excludes the possibility of a "normal" pharmacological 
way of action. Rather, a recuperation of the destroyed receptors takes place.

When not a common pharmacological mode of action is present, the "blocking 
effect" of a given amount of the material depends on the severity of diabetes. So in 
the case of diabetes produced by 25, 50 mg/kg streptozotocin, a total recovery of
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blood sugar to the control level can be achieved. When diabetes was evoked by 
75 mg/kg streptozotocin, the restoring effect was not quite complete.

This incomplete effect of the material in the case of higher streptozotocin 
doses (75 mg/kg) can also be due to increased adrenergic sensitivity. A 20 -  50 mg% 
fall could be observed after phentolamine in the diabetic animals treated by 
75 mg/kg streptozotocin.

The euglycemic factor acts also in chronic diabetes. When diabetes was 
produced 63 days before the administration of euglycemic factor a similar recovery 
could be observed, as following 75 mg/kg streptozotocin administration. Since the 
streptozotocin dose was 75 mg/kg also in the chronic experiments, it is still not 
obvious whether time or the higher doses were responsible for the incomplete 
reaction.

The euglycemic factor has no effect in normal animals. It does not alter fasting 
blood glucose levels. On the other hand it reestablishes blood sugar level in diabetes 
and only a small amount of the factor is needed to act in diabetic animals. A surplus 
of the factor does not bring about extra-changes in normal animals. (This is in good 
agreement with the fact, that sustainer doses of euglycemic factor do not alter the 
once established effect.)

By means of chromatography, the presence of a hyperglycemic factor could 
also be demonstrated (F M -60/11, Fig. 2). The role of this factor is still to be 
elucidated. It is interesting to note, that in the euglycemic action of serum this 
hyperglycemic factor seems to have no effect. It can be hypothesized that it destroys 
the impaired receptors, thus enabling euglycemic factor to rebuild them. Whatever 
may be the case the 4 -5  days lasting of euglycemic factor action may represent an 
equilibrium state of hyper- and hypoglycemic factors.

A great number of substances are dealt with in the literature the effects of 
which in some aspects are comparable to the factor(s) described here. All of these 
substances are of synthetic nature, thus having also side-effects. Evolution lasting a 
couple of million years, was sufficient to equilibrate the effects of natural substances. 
In the case of artificial substances this time of equilibration played only a minor role.

So e.g. glibenclamide (Glyburide) is also able to decrease blood sugar level in 
diabetes [6, 10, 23, 27, 41] as well as in normal cases [10]. It does not possess a long 
lasting effect [6, 10, 23] which is the case of our factor. Though continuous treatment 
may lead to a long-lasting effect, probably because of a continuous release 
concerning our factor [23]. So, e.g. a short lipoidic effect is accompanied by a long- 
lasting hypoglycemic one. The former may be the effect of glibenclamide of its own, 
while the other may be evoked by a release of our factor [23]. On the other hand 
glibenclamide has an effect in diabetic animals as well as in the normal ones. An 
effect which is not common with that of our factor. It can be concluded that 
glibenclamide (Glyburide) acts not only by releasing this factor.
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Such as release may play a role in a number of other substances [1-3 , 5, 7-16, 
18 -  22, 24 -  38, 40]. Basically the same applies to them as to glibenclamide. Some of 
them are presumably able of releasing also the hyperglycemic factor mentioned 
above. This factor may be of importance in destroying the diabetic receptors, thus 
eliminating the anomalous structures enabling the hypoglycemic factor to reestablish 
them. The hypoglycemic factor -  thus acting on a tabula rasa -  may rebuild the 
normal receptors.

Such a previous hyperglycemic effect is shown in a number of substances. So 
e.g. verapamil [5] i.v. increased fasting serum glucose levels and reduced fasting 
insulin levels. Pentamidine caused also hyperglycemia [34] and so did Encainide [30] 
and cyclophosphamide [16]. It can be seen that some of the synthetic substances 
possess both of hyperglycemic and hypoglycemic effects, thus simulating the natural 
factors.

The above-mentioned data point to the fact that not only insulin [4] but also its 
sensitizing factors may play a decisive role in diabetogenesis. If pancreatic В cells are 
not destroyed completely, the euglycemic factor may lead to a complete recovery 
from the pathological state. If the diabetic destruction of the receptors follows an 
uneven pattern, the hyperglycemic factor eliminates this unevenness, thus enabling a 
good recovery. (It has to be stressed that euglycemic factor acts only after a couple of 
days: this fact may underline the possibility of a receptor regeneration.) The human 
observation showing normoglycemic and hyperglycemic phases [39] are in good 
agreement with this statement. In other words insulin and its sensitizing system may 
not be completely depleted. The exogenously applied euglycemic factor, having a 
delayed effect, which may be based on a receptor regeneration or other favourable 
biochemical effects, seems to be active in the presence of a small quantity of insulin.
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The effects of naproxen, an inhibitor of the enzyme Cyclooxigenase (10 mg/kg iv.) on 
the distribution of the cardiac output (CO) and on the intrarenal hemodynamics were 
investigated in normovolemic (free salt and water uptake till the beginning of experiment) and 
hypervolemic (with iv. infusion of 50 ml 0.9% NaCl solution/kg/10 min) narcotized rats. The 
cardiac output was measured on the basis of he Stewart-Hamilton principle, the blood flow of 
the organs by the Sapirstein method. ^Rb was used as indicator.

In hypervolemia, the blood pressure is the same, the cardiac output is higher (CO- 
normovolemia: 23.1 ±7.04, CO-hypervolemia: 29.0±6.43 ml/min/100 g; p < 0.05) the total 
peripheral resistance (TPR) is lower (TPR-normovolemia: 40.0 ±9.39 R, TPR-hypervolemia: 
31.2 ±8.34 R, p < 0.05) than in normovolemic animals. In hypervolemia the vascular resistance 
of the investigated organs (heart, lungs, kidney, skin, muscle, liver, spleen, intestine) is also 
lower and the intrarenal blood flow shifts toward the medulla.

One hour following the naproxen administration
a) in normovolemia

joining to a slightly decreased cardiac output and increased T PR, the vascular resistance of 
the skin (R-control: 85.1 ±32.7, R-naproxen: 161 ±57.4; p < 0.001) and of the skeletal muscle 
(R-control: 114±35.1, R-naproxen: 190±81.9; p < 0.01) increases. The blood flow of the other 
organs and the intrarenal hemodynamics does not change under the effect of naproxen.

b) in hypervolemia
the general circulatory parameters (blood pressure, cardiac output, TPR) and the parameters 
of the organ circulation and intrarenal hemodynamics remain unchanged.

The results suggest that in rats the prostanoid compounds (PGE^, PGI2, TXA2)
a) can modify the blood flow of the skin and muscle in normovolemic animals, but they do not 

have any role in determining the blood flow of the other organs or the intrarenal distribution 
of blood flow.

b) in hypervolemia they play no role in determining organ-, or intrarenal blood flow.
The consequences of cyclooxygenaze enzyme inhibition -  at least in the case of the 

organ blood flow -  depend on the magnitude of sodium and water load in the organism.
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Organ blood flow is determined by the mean arterial blood pressure and the 
vascular resistance of the tissue. Among the humoral factors determining vascular 
resistance vasoactive substances originating from the arachidonic acid (PGE2, PGI2, 
TXA2) may play a role. The vasodilator (PGE2, PGI2) and vasoconstrictor (TXA2) 
substances can also be produced in the vascular wall [1, 4, 16, 23, 24], and this way 
they can directly modify the vascular resistance. In an early step of the synthesis of 
the prostanoid derivatives mentioned above, the enzyme cyclooxygenase has an 
important role. As a consequence of inhibition or facilitation of this enzyme activity, 
changes in vascular tone or blood flow can be observed in organs synthetizing 
prostanoid derivatives. Among the non-steroid antiinflammatory substances -  widely 
used in the clinical practice so far -  some (indomethacin, naproxen) exert their 
effects by blocking the enzyme cyclooxygenase. Previously indomethacin was meanly 
the only substance used for blocking the activity of cyclooxygenase. Lately its 
specificity has been proved to be unequivocal, therefore in our studies naproxen was 
used.

Evidence has been accumulated pointing out that the synthesis of the 
prostanoid derivatives depends also on the salt and water homeostasis. In human the 
sodium depletion increases the PGE2 and PGF2 excretion [17] or when in sodium 
depleted state the cyclooxygenase is inhibited, a decrease in renal blood flow and 
glomerular filtration rate can be observed in humans [13], dogs [5, 14] and rats [20] 
as well.

However, the intensive prostanoid synthesis observed in sodium depletion does 
not mean that the production of vasoactive prostanoids within normovolemic (normal 
salt, and water uptake) or hypervolemic (increased salt and water uptake) conditions 
is enough to have a determining role in the vascular resistance and blood flow of 
different organs.

In our present investigations we intended to study how the naproxen induced 
inhibition of the cyclooxygenase could modify

-  the arterial blood pressure
-  the cardiac output
-  the organ blood flow

a) in normovolemia
b) in hypervolemia

and whether the prostanoid derivatives play a definitive role in regulating the 
distribution of the cardiac output.

As far as we know -  in spite of the wide-ranging use of naproxen -  the 
circulatory effects of the cyclooxygenase inhibition -  simultaneously in the different 
organs -  has not yet been investigated.
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Materials and methods

The experiments were carried out in female Wistar rats weighing 200 -  250 g, originating from the 
breed of the department. Until the beginning of the experiment the animals were given standard food 
and water ad libitum.

Experimental protocol (Fig. 1 )

In Nembutal anaesthezia (42 mg/kg ip.) operation was carried out (10-15 minutes), thereafter 5 
minutes were left for the stabilisation of the arterial blood pressure. Then naproxen (10 mg/kg b.m., iv.) 
or its solvent were administered. The composition of the solution: 2 mg of naproxen + 3 mg 
Na2 HPO^/l ml of 0.9% NaCl solution. The volume load of an animal of 200 g was altogether 1 ml. 
Following the naproxen (or solvent) administration the mean arterial blood pressure was continuously 
recorded. Circulatory parameters were determined 60 min after naproxen (or solvent) administration 
using ^Rb.

50ml 0.9*/» NaCl/kg b.m./10 min (in the hypervdemc experiments)

c ~  I

;  ( operation
i ) )?

enzyme blockade -

Û 0
Nembutal (42 mg/kg b.m.) Naproxen (10 mg/kg b.m.)

1 r Estimation of circulatory parameters

Fig. 1. Time schedule of experiments

Animals were divided in four groups.
I. Normovolemia

1. Naproxen treated group (n = 14)
Circulatory parameters were determined in the 60th min following the naproxen 
administration

2. Control group (n = 13)
Circulatory parameters were investigated in the 60th min after administering the solvent 
(time-control experiment)

II. Hypervolemia
1. Naproxen treated group (n = 15)

After the naproxen administration 20 minutes were allowed, thereafter the animals got an 
infusion of isotonic saline (50 ml of 0.9% NaCl solution/kg/10 min iv.). In the 30th minute 
following the end of infusion (60 min after the naproxen administration) the experiment was 
terminated by determining the circulatory parameters.
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2. Control group (n = 11)
The experimental protocol was the same as in the hypervolemic naproxen treated group 
(II/l), with the only exception that the animals did not received naproxen (time-control 
experiment).

Operations

From a cervical midline incision the right external jugular vein and the left common carotid artery 
was exposed. The trachea was cannulated. Through the right external jugular vein, a fine cannula was put 
into the right part of the heart. The cannula inserted into the common carotid artery served for 
measuring the blood pressure and for blood sample collections at the time of cardiac output 
determination. Solutions were given through a polyethylene cannula inserted into the tail vein.

Arterial blood pressure was continuously measured by an electric tonometer (Medicor EM-61) 
and recorded on a compensograph (Radelkis OH-827). Blood clotting was prevented by heparin 
(250 U/animal iv.).

Hemodynamic parameters 

a) Measurement

At the end of the experiment through the jugular cannula 0.5 MBq 86Rb isotope was given as a 
bolus injection and continuous collection of arterial blood samples was begun at a rate of 0.75 sec for 10 
sec, for the determination of the cardiac output. In the 90th sec following the isotope administration 
animals were decapitated and the organs (heart, liver, lungs, spleen, adrenal glands, kidneys) were 
removed. Specimens from the skin, striated muscle (m. rectus abdominis, m. quadriceps femoris) and 
small intestine were excised. Organs and tissue specimens were weighed and digested in 20% NaOH 
solution. Radioactivity of arterial blood and tissue specimens was determined in a scintillation counter 
(Beckman Radioimmuno-analyser).

Cardiac output (CO) was estimated on the basis of the Stewart-Hamilton principle [22] while 
organ blood flow values (F) were obtained by the Sapirstein [19] method calculating with the following 
equation

CO, or F =
60 x Q

t
/Cadt

0

where F means the organ/tissue blood flow (ml/min/100 g)
Q = The activity injected (cpm) at the calculation of the CO, or activity of organ 

or tissue specimen (cpm/ 1 0 0  g) at the determination of the tissue or organ blood 
flow

Denominator = the area below the arterial dilution curve during the first circulatory cycle.

Acta Physiologica Hungarica 82, 1994



Organ blood flows in naproxen treated normo- and hypervolemic rats 271

b) Calculations

Total peripheral resistance (TPR) was calculated as a quotient of the mean arterial blood 
pressure and the cardiac output, the vascular resistance of the organs (tissues) (R) as the quotient of the 
mean arterial blood pressure and the organ (tissue) blood flow. Organ fractions of the cardiac output 
(%) were calculated as a quotient of isotope activity of organs and the isotope activity injected. The 
tissue fractions were determined as the activity of 100 g tissue divided by the injected activity. Skin 
fractions were calculated assuming that the skin is about 18% of the body weight in rats. The percentile 
distribution of RBF was calculated assuming that in rats the renal cortex is 69%, the outer medulla 28% 
and the inner medulla (papilla) 3% of the kidney weight.

Results

Table I summarizes the most important parameters of the organ, and general 
circulation. Half an hour following acute salt and water loading (hypervolemia), the 
cardiac output is higher than in the normovolemic group (CO normovolemia: 
23.1 ±7.04 ml/min/100 g, CO hypervolemia: 29.0±6.43 ml/min/100 g; p < 0.05), 
while the total peripheral resistance is lower (TPR normovolemia: 40.0 + 9.39 R, TPR 
hypervolemia: 31.2±8.34 R; p < 0.05) than in the normovolemic animals. The mean 
arterial blood pressure does not show any difference in the two groups.

In the animals kept on free salt and water intake (normovolemia) the inhibition 
of the cyclooxygenase resulted in a small -  statistically insignificant -  drop in 
cardiac output and a similar small increase in TPR without any change in the blood 
pressure. The organ blood flow and vascular resistance values are in good agreement 
with this fact. In normovolemic animals the naproxen treatment did not influence the 
blood flow and vascular resistance in most of the organs (heart, lungs, liver, spleen, 
kidney, small intestine, adrenal glands). The organ fractions of the cardiac output 
remained also unchanged. However, in the skin and skeletal muscle the vascular 
resistance increased, the blood flow decreased under the effect of naproxen (p < 0.02 
in both tissues concerning equally the blood flow and vascular resistance).

In hypervolemic animals -  unlike in normovolemia -  naproxen did not 
influence either the general circulation or the circulatory parameters (blood flow, 
vascular resistance, organ fraction of cardiac output) of the investigated organs.

Data of the renal and intrarenal circulation are given in Table II. In 
hypervolemia the renal blood flow increases by 41%. The increase is more expressed 
in the medulla (52%) than in the cortex (35%). Consequently in hypervolemia the 
intrarenal percentile distribution of blood flow shifts toward the medulla. (Cortex 
normovolemic control: 84.0+1.77%, cortex hypervolemic control: 79.5±2.32%; 
p < 0.001; medulla normovolemic control: 16.0±1.78%, medulla hypervolemic 
control: 20.5 ±2.32%; p < 0.001). The reason of the redistribution observed in 
hypervolemia is the dissimilar degree of decrease in vascular resistance in the cortex 
(77%) and medulla (62%).
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Table I

Effect o f naproxen on the fractions o f cardiac output in normovolemic 
and hypervolemic anaesthetized rats (x±SD.)

N O R M O V O L E M I A  H Y P E R V O L E M I A

C o n t r o l  N a p r o x e n  C o n t r o l  N a p ro x e n

n  =  13 n  =  14  n  = 11 n  =  15

Blood pressure, mm Hg 143 ± 13.2 144 ± 13.7 142.2 ± 8.06 136.1 ± 15.3
Cardiac output 23.1 ± 7.04 20.8 ± 6.42 29.0 ± 6.43 * 29.7 ± 5.34
TPR 40.0 ± 9.39 45.0 ± 13.3 31.2 ± 8.34 * 28.1 ± 432

Heart BF 219 ± 49.6 197 ± 63.2 384. ± 69.4*** 400. ± 112.0
R 4.08 ± 0.76 4.82 ± 1.57 2.38 ± 0.45*** 2.65 ± 1.00
% 3.01 ± 0.42 3.01 ± 0.74 3.67 ± 0.46* * 4.18 ± 0.91

Lung BF 127 ± 61.5 91.3 ± 31.9 180.4 ± 78.9 168.8 ± 44.4
R 8.30 ± 3.35 10.5 ± 3.65 6.10 ± 2.94 5.95 ± 2.43
% 2.07 ± 0.93 2.91 ± 1.20+ 3.69 ± 1.23 334 ± 0.91

Liver BF 45.7 ± 10.7 39.8 ± 7.63 105.6 ± 57.1*** 85.4 ± 52.6
R 19.8 ± 4.25 22.3 ± 5.11 10.4 ± 4.48*** 133 ± 6.28
% 7.33 ± 1.05 7.85 ± 1.63 11.9 ± 5.16** 9.65 ± 4.21

Spleen BF 48.1 ± 14.8 42.4 ± 15.8 99.3 ±34.5*** 100.6 ± 38.0
R 19.3 ± 4.90 23.4 ± 9.44 9.93 ± 3.03*** 10.1 ± 3.40
% 0.705 ± 0.25 0.894 ± 0.30 0.905 ± 0.36 0.834 ± 0.22

Intestine BF 143 ± 48.6 119 ± 36.7 195 ± 593* 1% ± 513
R 6.79 ± 2.65 8.57 ± 2.76 4.76 ± 1.08* 4.% ± 1.54
% 3.03 ± 0.84 2.67 ± 0.64 3.14 ± 0.79 3.01 ± 0.62

Skin BF 11.9 ± 5.08 6.23 ± 3.05+ + 11.2 ± 5.69 11.9 ± 2.79
R 85.1 ± 32.7 161 ± 57.4++ + 101 ± 47.6 80.8 ± 22.4
% 8.60 ± 2 . 1 0 5.77 ± 1.84 ++ + 6 . 6 8  ± 2.13* 6.50 ± 1.93

Muscle BF 11.3 ± 4.13 6.90 ± 1.79+ + 11.4 ± 3.62 11.9 ± 3.16
(m. rectus abdomis) R 89.9 ± 34.1 135 ± 48.3++ 86.3 ± 29.8 82.6 ± 26.4

% 0.24 ± 0.11 0.18 ± 0.06 0.18 ± 0.04 0.18 ± 0.05

Muscle BF 8.13 ± 2.26 5.31 ± 2.27++ 6.15 ± 3.20 5.97 ± 23
(m. quadriceps femoris) R 114 ± 35.1 190 ± 81.9++ 170 ± 53.6** 168 ± 46.2

% 0.18 ± 0.06 0.14 ± 0.06 0.10 ± 0.04** 0.13 ± 0.13

Adrenal gland BF 221 ± 53.1 195 ± 61.4 382. ± 82.7*** 358. ± 92.3
R 4.50 ± 0.74 4.84 ± 1.64 2.41 ± 0.44*** 2.74 ± 0.94
% 0.166 ± 0.03 0.138 ± 0.03 0.286 ± 0.06*** 0.277 ± 0.10

Cardiac output: ml/min/100 g b.m.
TPR: total peripheral resistance (R/kg)
BF: organ or tissue blood flow (ml/min/100g)
R: organ or tissue vascular resistance (mm Hgml'-skg1)
%: organ or tissue fraction of cardiac output (the fraction of intestine and skeletal muscle

was calculated for 1 0 0  g tissue)
*: hypervolemic control vs. normovolemic control
+ : normovolemic naproxen group vs. normovolemic control

V  P < 0.05; **,+ + p < 0.01; ***,+ + + p < 0.001
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Table II

Renal blood flow and intrarenal haemodynamics in normo- and hypervolemic anaesthetized 
rats after naproxen infusion. (x±SD.)

N O R M O V O L E M I A H Y P E R V O L E M I A

C o n t r o l N a p r o x e n C o n t r o l N a p r o x e n

n  = 13 n  = 14 n  = 11 n  = 15

Blood pressure, mm Hg 143 ± 13.2 144 ± 13.7 142. ± 8 . 8 6 136. ± 15.3
RBF 547 ± 143 500 ± 135 773 ± 206 !! 813 ± 119
CBF 6 6 6  ± 167 602 ± 167 899 ± 254 !! 937 ± 158
MBF 285 ± 84.7 248 ± 77.7 439 ± 155 I! 509 ± 125

OMFB 371 ± 107 294 ± 97.0 529 ± 124 559 ± 117
IMFB 179 ± 63 204 ± 92.7 309 ± 91.2 382 ± 148

1.67 ± 0.40 1.85 ± 0.58 1.25 ± 0.42 ! 1.14 ± 0.25
1.37 ± 0.31 134 ± 0.48 1.06 ± 0.30 ! 1 . 0 2 ± 0.25
3.33 ± 1.16 3.82 ± 1.45 2.07 ± 0.61 I! 1.90 ± 037
2.53 ± 0.76 3.28 ± 1.25 1.79 ± 034 1.71 ± 0.47

^ i n n e r  m e d u l l a 5.64 ± 2.66 5.71 ± 4.11 3.14 ± 0.87 2.81 ± 1.19
Kidney fraction

of cardiac output, % 16.0 ± 1 . 8 8 14.8 ± 3.40 15.8 ± 2.73 15.5 ± 2.46
Percentuale distribution

of RBF
Cortex % 84.0 ± 1.77 83.6 ± 3.19 79.5 ± 2.32 III 79.0 ± 1.94
Medulla % 16.0 ± 1.78 16.4 ± 3.19 20.5 ± 2.32 !!! 2 1 . 0 ± 1.94

BF: ml/min/100 g
RBF: renal blood flow
CBF: cortical blood flow
MBF: medullary blood flow
OMFB: outer medullary blood flow
IMFB: inner medullary blood flow
R: vascular resistance (mm Mg m ' s kg'1)
Normovolemic control vs. hypervolemic control 
! : p < 0 . 0 2

!! : p < 0 . 0 1

!!! : p < 0 . 0 0 1

However, the cyclooxygenase inhibition does not influence the blood flow and 
vascular resistance values of the cortex and medulla either in normo-, or in 
hypervolemic state.

The Figure 2 shows the renal blood flow plotted against the cardiac output. A 
significant positive correlation can be observed between the renal blood flow and 
cardiac output both in control experiments and naproxen treated animals in 
normovolemic state (а-control 16.4±3.6, p < 0.001; a-naproxen 11.0±5.2, p < 0.05) 
as well as in hypervolemia (a-control 18.6 + 8.7, p < 0.05, a-naproxen 10.5 ±5.4, 
0.01 < p < 0.05). The slopes of the regression lines got in the control and naproxen 
experiments do not significantly differ from each other, consequently the renal blood 
flow changes proportionally with the cardiac output both in normo- and hypervolemic 
state, and the naproxen does not influence this phenomenon.
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Fig. 2. Renal blood flow (RBF) as a function of the cardiac output (CO) in control (•—•) experiments
and following naproxen (o- -o) infusion

The relationship between the medullary and cortical blood flow is shown in 
Fig. 3. There is a positive correlation between the medullary and cortical flow values 
in normovolemia both in the control (a-control 0.48 ±0.05, p < 0.005) and naproxen 
treated (a-naproxen 0.25 ±0.11, p < 0.05) group. The slopes of the two lines do not 
differ significantly from each other. The significant positive correlation between the 
medullary and cortical blood flow values can also be demonstrated in hypervolemia 
both in control experiments (a-hypervolemic control: 0.29 ±0.10, p < 0.02) and in 
naproxen treated animals (a-naproxen hypervolemia: 0.45 ±0.20, p < 0.05). No 
statistically significant difference can be shown between the slope of regression lines 
obtained in experiments carried out in hypervolemic control and hypervolemic 
naproxen treated rats. Figure 3 supports also the former statement (Table II); that 
naproxen does not influence the intrarenal blood flow distribution either in 
normovolemic or in hypervolemic state.
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Fig. 3. Relationship between renal cortical (CBF) and medullary (MBF) blood flow values in control 
(•—•) experiments and following naproxen (o- -o) infusion

Discussion

According to our investigations, following acute salt and water loading 
(hypervolemia) the total peripheral resistance is 22% lower, the cardiac output 25% 
higher -  even half an hour after the end of infusion -  than the normovolemic 
control values. Following the isotonic saline loading the mean arterial blood pressure 
increased by 10-15 mm Hg, this elevation passed off within about 10 minutes and 
the blood pressure remained at the initial level till the end of the experiment. The 
increase in the cardiac output can be explained by the elevation of blood volume 
induced by volume loading (increased mean circulatory filling pressure). The reason 
of the decrease in TPR can be a reflex vasodilation and a drop in blood viscosity [7].

The changes in the blood pressure are similar in the hypervolemic naproxen 
treated and time-control series. The increase in the blood pressure observed 
following the naproxen administration is similar -  both in magnitude and time 
course -  to the hypervolemic time-control series (Fig. 4). This observation supports
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the statement, that -  in contrast to indomethacin -  naproxen has no direct effect 
(independent of the prostaglandin synthesis inhibition) on the blood pressure.

In the introduction it has already been emphasized, that in sodium depleted 
state the prostaglandin synthesis in the kidney increases, the PG excretion in the 
urine and the circulating PG level in the blood elevate. The present investigations 
were carried out in animals kept on free food and water intake (normovolemia; 
standard food ensuring average sodium intake), or in hypervolemia (isotonic saline 
infusion induced NaCl and water load). Our hypothesis was, that if the sodium supply 
of the organism has the determinant role in regulating the synthesis of the prostanoid 
dérivâtes, the inhibition of the enzyme cyclooxygenase will not have significant 
circulatory consequences in normo- and isosmotic hypervolemia.

•  • Control Naproxen
P n-12 n*12

I
Naproxen 0.9*/. NaCl

or 50ml/kg.lv.
Solvent

Fig. 4. Changes in blood pressure in extracellular volume expansion (50 ml of 0.9% NaCl 
solution/kg/min iv.) following naproxen pretreatment (x- -x) and without pretreatment in time-control

experiments (•—•)

The results are in good agreement with this hypothesis (Table I). In 
normovolemia the cyclooxygenase inhibition increased the vascular resistance only in 
two organs (skin, skeletal muscle), in the rest of organs the vascular resistance and 
blood flow did not change. The most important parameters of general circulation 
(blood pressure, cardiac output, TPR) remained also unchanged. It seems that in the 
case of average sodium intake -  at least in rats -  the production of prostanoids is 
low, and plays a role in the determination of vascular tone only in a few organs. In 
the case of elevated sodium and water load (hypervolemia) the effect of naproxen 
influencing the vascular tone and blood flow disappeared even in the two mentioned 
organs (Table I).

In hypervolemia the cyclooxygenase inhibition did not influence the cardiac 
output, its distribution among the organs, the mean arterial blood pressure or the 
total peripheral resistance.
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The experimental results are in good agreement with the supposition, that a 
considerable sodium and water load keeps the endogenous prostanoid synthesis at a 
low level being not able to have significant role in regulating general or regional 
circulation.

The kidney as a correcting organ plays a very important role in maintaining the 
constancy of the milieu intérieur. During the life, within the conditions of 
continuously changing salt and water uptake and excretion (sweat glands, respiration, 
stools) the kidney is responsible for maintaining isoosmosis, isovolemia and isoionia. 
Therefore, in our experiments we considered it very important to investigate the 
renal blood flow, renal vascular resistance and intrarenal distribution of blood flow.

There is no doubt that certain cells of the kidney produce prostanoid 
compounds. PGE2 production was demonstrated in the glomerular epithelial and 
mesangial cells as well as in the thick ascending limb, collecting duct and medullary 
interstitial cells [4]. Prostacyclin is synthetised by the glomerular epithelial and 
mesangial cells and by the arteriolar wall [4]. Thromboxan production can be 
observed in the glomerular epithelial and mesangial cells and in the epithelial cells of 
the collecting duct [4].

The fact, that prostanoid synthesis can be demonstrated in some kidney cells 
does not unambiguously mean, that these compounds play a role in regulating 
vascular tone and blood flow. There can be a definitive species difference. In 
anaesthetized dog prostaglandins seem to play a role in the regulation of renal and 
mainly medullary blood flow [12]. Following inhibition of PG synthesis 
(indomethacin) the intrarenal distribution of blood flow is shifted toward the 
superficial cortex [9]. In rabbit after stimulation of PG synthesis the distribution of 
RBF is shifted toward the medulla [10]. However, in rats the role of prostanoids was 
widely investigated, mainly using indomethacin, the results are contradictory. Lemley 
et al. found a decrease of red blood cell stream velocity (not a decrease of blood 
flow) following indomethacin administration [11]. A decrease in the MBF was 
demonstrated in rats -  among others -  by Solez et al. [21] using albumin 
accumulation technic and by Cupples et al. [3] using video microscopy. In contrast, 
the medullary blood flow was found unchanged after indomethacin treatment in rats 
by Gaule et al. [6] using the Lilienfeld method and by Bartha and Hably [2] using the 
86Rb accumulation method. Haylos and Lote [8] demonstrated that renal 
hemodynamics remained unchanged in rats after indomethacin administration.

In our present experiments naproxen was used to block the enzyme 
cyclooxygenase, because the indomethacin in anaesthetized dogs induced an 
important (20 -  30 mmHg) and relatively long-lasting increase in blood pressure, 
suggesting that indomethacin may have a vascular effect being independent of the 
prostaglandin synthesis inhibition. Naproxen was used at a dose known in the 
literature. According to the investigations of Runkel et al. [18] the life span of the
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naproxen in rat plasma is about 5.1 hour. Our investigations concerning organ blood 
flows were carried out one hour following the naproxen administration, at a time the 
organs must have been already under a marked naproxen effect both in normo- and 
hypervolemic state.

Hypervolemia (isoosmotic volume expansion) markedly influenced renal and 
intrarenal circulation as compared to the normovolemic state. The vascular 
resistance of the kidney, the regional resistances (cortex, medulla) decreased, 
consequently the renal, cortical and medullary blood flow increased. The increase of 
blood flow was marked in the medulla than in the cortex; the intrarenal percentile 
distribution of blood flow shifted toward the medulla (intrarenal redistribution). The 
increase of renal blood flow in hypervolemia is most probably pluricausal (decreased 
level of renin-angiotensin II, vasopressin, cathecolamins in the blood, increased 
plasma concentration of atrial natriuretic peptide, decreased oncotic pressure, etc.). 
The hypervolemia induced changes in renal circulation facilitate (besides changes in 
tubular function) the excretion of the salt and water load.

The question is, whether the prostanoid compounds play a role in determining 
renal and intrarenal hemodynamics in rats kept on free salt and water intake 
(normovolemia), or in the case of saline infusion induced isosmotic extracellular 
volume expansion. On the basis of our experiments, the answer is negative. 
According to our investigations following cyclooxygenase inhibition the renal blood 
flow, the regional circulation (cortex and medulla) and the intrarenal distribution of 
the blood flow remains unchanged both in normo- and hypervolemia. These 
observations signal, that in normovolemic (ordinary salt and water intake) or 
hypervolemic (isosmotic extracellular volume expansion) rats the production of 
prostanoid compounds (PGE2, PGI2) must be so low, that they can not have any 
significant influence on the renal and intrarenal hemodynamics.

Pallone et al. [15] summarize their opinion in their review entitled "Renal 
Medullary Circulation" as follows: "Most of the evidence suggest that prostaglandins 
exert a tonic vasodilatatory effect on the resistance vessels controlling blood flow to 
the medulla of the kidney. Inhibition of their action results in diminution of renal 
medullary blood flow." According to the authors of the present paper the opinion 
formulated by Pallone is only valid among certain limits, it markedly depends on 
species and experimental conditions.
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The changes of 3-methylhistidine excretion and the atrophyzation of muscles in 
animals exposed to simulated weightlessness were proved by the authors. It has been 
established that the atrophy develops more slowly and reaches a lower extent in animals 
subjected to whole-body hypokinesis and simultaneously it is rather fast and expressed in 
those suspended according to Musacchia. It was found that the urine 3-methylhistidine level 
exactly follows and detects muscle atrophy. The authors also established that the increased 
levels of thyroid gland hormone (T3-T4) may influence the muscle atrophy resulting from the 
increased decomposition of the muscle proteins.
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Earlier the whole-body hypokinesis was used with the application of the special 
metabolic cage [2, 12] for the investigation of changes in musculoskeletal system 
during weightlessness but in recent years the suspension according to Musacchia has 
been used. The latter gives a better model for the simulated weightlessness as the 
hind limbs are totally inactivated and simultaneously this situation causes lower stress 
for the animal than the earlier model [5, 6, 9, 11]. Musacchia and his team have 
established that the atrophy of the antigravity type m. soleus was induced by the 
immobilization of hind limbs [7]. According to the opinion of several authors the 
severity of atrophy can be detected by the level of 3-methylhistidine excreted into the 
urine [1, 3, 8].
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Tigranjan’s studies prove that the T4 level increases during space flight [13]. 
According to Monroe the methylhistidine excretion decreases in thyroidectomised 
rats, which excretion is accepted as an indicator of the severity of muscle atrophy [4]. 
On the basis of the above finding the following two questions may come up: Is the 
atrophy of antigravity type m. soleus in the Musacchia’s model different from that of 
the hypokinetic group. The other question: Does the preliminary medicinal 
influencing of the thyroid gland status alter the metabolism of the antigravity muscles 
in the Musacchia’s model?

Materials and method

LATI CFY type adult male rats, weighing 220±20g, were divided into 3 groups. Every group 
were fed a standard diet ad libitum. Group I was subjected to whole-body hypokinesis. The animals of 
group II were suspended by Musacchia’s method, and group III was the untreated control. Some animals 
in group II were pretreated with ip. Liothyronin of 0.5 mg/body kg/day during a two-week period and in 
the rest of the animals the thyroid gland was inhibited with ip. Tiamazol of 50 mg/body kg/day. As the 
animals were located in metabolic cages, by measuring their weights, consumed food and excreted feces 
and urine the utilization of food could be calculated. On the l-3-7-14-18th days of the experimental 
period the m. soleus was prepared during narcosis and the wet weight of the muscle was measured. The 
level of excreted 3-methyl-histidine in urine related to excreted creatinine was measured by colorimetry 
[10]. The serum T 3-T 4 levels were measured with RIA (DELFIA, Finland).

The statistical comparisons were performed with the Student’s t-test.

Results

As shown in Figure 1, the weight gained during the experimental period was 
considerably less in group I (whole-body hypokinesis) and markedly but not 
significantly less in group II (Musacchia’s suspension) compared to that of the 
control animals. In connection with the above, investigating the utilization of food 
calculated with the formula in Figure 2 it can be established that the utilization of 
food was at the lowest rate in the animals subjected to whole-body hypokinesis.

The weight loss of the m. soleus is summarized in Figure 3. The soleus’ weight 
of the animals exposed to whole-body hypokinesis decreases slowly but not 
significantly compared to that of the control group. The weight loss of m. soleus in 
group II significantly increases on the 7th day.

The 3-methylhistidine level changes are shown in Figure 4. The dynamism of 
the atrophyzation is well demonstrated in both types of simulated weightlessness. The 
excretion of 3-methylhistidine tendentiously increases in group I compared to the 
control rats at the final stage of the experimental period. In he animals exposed о 
suspension according о Musacchia it significantly increases of the 3rd day already, 
and reaches a peak on he 14th day.
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Fig. 1. Weight gain of experimental animals

Fig. 2. Utilization of food

— ■ Musocchia 
--------Control

Fig. 3. Weight loss of m. soleus
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■-------Musocchia
-------Control
........  Hypokinesia

Fig. 4. Changes of level of excreted 3-methylhistidine

The changes in the muscle’s weight are shown in Figure 5 and the alterations in 
3-methylhistidine levels excreted by the animals pretreated with thyroid gland 
hormone and by those with inhibited thyroid gland are shown in Figure 6. These 
figures show that in the latter group the atrophy is faster and more expressed. After 
the pretreatment increased T3-T4 levels and an increase of 3-methylhistidine 
excretion were measured in this group.

treated with treated with
Lothyronin ~ Tiamazol ----- Control

•  p<0.05

Pretreatment suspension according to
Musocchia

_______--------------- "
V '

ЭЫ--------■------- --------- ---- ----■--------■-----------------
1 3 7 К  1 3 7 H

Fig. 5. Loss of muscle in animals pretreated with thyroid gland hormone and with inhibited thyroid gland
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treated with «-----« treated with
Lyathyrorun *— J Ttamazol ---- -----Control

•  p<0£>5
• * p<0.02

Fig. 6. Changes of level of excreted 3-methylhistidine in animals pretreated with thyroid gland hormone
and with inhibited thyroid gland

Discussion

On the basis of the experiments we come to the conclusion that the atrophy is 
slower in the animals subjected to whole-body hypokinesis and it also influences 
other types of muscles than antigravity type muscles. In the animals suspended 
according to Musacchia it is mainly the slow type m. soleus that is atrophized and this 
atrophy takes place during a really short period. It is also proved by the increase of 
the 3-methylhistidine excretion. The increased decomposition of muscle proteins is in 
relation to the increase of T3-T4 level measured in different periods of simulated 
weightlessness. The hypertrophy of the thyroid gland evokes an increased hormone 
secretion in rats with inhibited thyroid gland during simulated weightlessness which 
results in an increase in the decomposition of the muscle proteins.

In our opinion, our experimental model used to simulate weightlessness is 
excellently suitable for investigating the dynamism of muscle transformation.
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The effect of liposome-entrapped triamcinolone on prolyl hydroxylase activity and 
hydroxyproline content in bleomycin-treated rats was investigated. It was shown that 
bleomycin treatment causes a great rise in prolyl hydroxylase activity and hydroxyproline level 
in rat lungs and triamcinolone supplementation abolishes these changes. Liposome-entrapped 
triamcinolone had a greater effect than the native drug.

Keywords: bleomycin, lung fibrosis, triamcinolone, liposomes

Bleomycins, a family of glycopeptide antibiotics isolated from S tr e p to m y c e s  

vestic illu s  is widely used as antineoplastic agent [46]. Bleomycin is an effective 
therapeutic agent for Hodgkin’s disease [4], testicular carcinoma [33, 34] and 
squamous cell carcinomas [3, 42]. The predominant toxic effect of bleomycin, which 
limits the usefulness of the drug, is directed towards the lung.

Pulmonary toxicity can take several forms. A dose-related fall in the gas 
transfer coefficient (diffusing capacity) is most common [47], but is usually of little 
clinical significance. A 5-20%  incidence of pneumonitis has been reported [7, 48], 
which may develop into an injury with the characteristics of the adult respiratory 
distress syndrome [12].

The toxic effects of bleomycin have been utilized to develop experimental 
models of pulmonary fibrosis, which occurs both in humans and animals [1, 49]. The 
lung pathology observed histologically in humans is similar to that in animals and 
does not differ from lung fibrosis observed by other lung toxins [15, 16]. Fibrotic lung 
can be induced by a single intratracheal instillation of bleomycin [28, 38, 39] and does 
not require repeated treatments. The major biochemical changes of collagen
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metabolism in lungs of bleomycin-treated animals are increased by prolyl hydroxylase 
activity [14], collagen synthesis [5] and accumulation of hydroxyproline [8, 37].

Strategies to develop drugs that will specifically interfere with the deposition of 
excess collagen can be directed towards those steps in its biosynthesis which 
distinguish collagen from noncollagenous proteins. The transcriptional and 
translational events involved in collagen biosynthesis are similar to those involved in 
general protein biosynthesis, therefore, agents that interfere with protein biosynthesis 
at these steps would be expected to exhibit little specificity towards collagen. It is 
interesting that pharmacologic dosages of glucocorticoids (modulators of protein 
biosynthesis) have more pronounced effects on collagen than on general protein 
biosynthesis [6]. The reason of this is unclear but appears to be related to selective 
suppression of the synthesis of collagen polypeptide chains [32]. This may account for 
their beneficial effects in chronic inflammatory diseases.

Glucocorticoids have been shows both, in  v ivo  and in  v itro  to selectively 
decrease collagen polypeptide synthesis [24, 29]. These steroids have been used to 
ameliorate the symptoms of pulmonary fibrosis and other lung diseases in humans 
[36].

Liposomes are phospholipid vesicles which form spontaneously when a thin 
lipid film is mixed with an aqueous solution. Liposomes have been used as biological 
carriers for a variety of substances [17], including antitumor drugs [13, 25] and free 
radical scavengers [43, 45].

Liposome-encapsulated drugs are incorporated more effectively and are 
retained longer than the corresponding non-encapsulated drugs in a number of 
organs [11, 31]. Because a liposome-entrapped drug can be delivered inside a cell 
either by fusion of the liposome with the cell membrane or by endocytosis, liposomes 
have been used to overcome the impermeability or poor permeability of cell 
membranes [26, 27]. The intracellular content of liposome-encapsulated
macromolecules can be increased several-fold.

The aim of this study was to investigate the effect of liposome-encapsulated 
triamcinolone on collagen metabolism in rat-lungs, after intratracheal bleomycin 
instillation.

Materials and methods

Triamcinolone, 9-fluor-llß, 16a, 17, 21-tetrahydroxypregna-l,4-dien-3,20-<lione (Lederle
Laboratories, Pearl River, USA) was used in this study.

Male Sprague Dawley rats were kept in wire cages at a natural light/dark cycle and were provided 
chow and water ad libitum. All animals were maintained at least 2 weeks prior to bleomycin instillation 
(Bleocina, Nippon Kayaku Co., Ltd., Tokyo, Japan).
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After an adaptative period, intratracheal instillation of bleomycin was accomplished via a 
stainless steel cannula inserted into the trachea under general anaesthesia (Ketamine 100 mg/kg + 
Diazepam 5 mg/kg).

One group of rats (n = 10) was instilled intratracheally with 0.9% saline (0.2 ml), whereas 
another group (n = 30) received one single dose of bleomycin (10 mg/kg). Starting 7 days after 
bleomycin instillation, animals receiving triamcinolone were given 5 mg/kg intraperitoneal injections 
every other day through the following week.

The procedure for the preparation of positively charged unilamellar liposomes with a large 
internal aqueous space and high capture is based on the reverse phase evaporation method of Szoka and 
Papahadjopoulos [41]. Lipid mixture contains L-a-dipalmitoylphosphatidylcholine- 
/cholesterol/stearylamine (Sigma, St. Louis, USA) with a 14:7:4 molar ratio. The lipids were dissolved in 
chloroform, this was followed by the addition of phosphate-buffered saline containing triamcinolone and 
sonication in a water bath type sonifter (Unipan LUS-1, Warsaw, Poland). The solvent was then removed 
by rotary evaporation at 45 °C, and the liposomes were suspended in phosphate-buffered saline. Free 
drug was separated from the liposome-entrapped one by 3 successive centrifugations for 5 min at 3500 g 
each. Entrapment of triamcinolone in liposomes is about 30% of the total drug quantity used for 
encapsulation procedure, as determined by [l^^n^HJtriamcinolone (Amersham International, 
Amersham, Bucks. England, 0.74-1.50 TBq/nM) incorporation experiments.

Rats were killed by decapitation and bled. The lungs were removed and dissected free of central 
bronchi and vessels, rinsed in cold saline, blotted, weighed and homogenized.

The 20 000 g supernatant of a homogenate of lung tissue was prepared for the determination of 
prolyl hydroxylase activity by the standard tritium release method of Hutton et al. [10]. Protein content 
was determined according to Lowry et al. [21]. Another portion of the supernatant was used to 
determine total lung proteinaceous hydroxyproline as described by Prockop and Udenfriend [30]. 
Statistical analyses were performed by t-Student test for unpaired data.

Results

Prolyl hydroxylase activity was significantly elevated in lungs of bleomycin- 
treated rats. Native triamcinolone given blocked bleomycin-induced prolyl 
hydroxylase activity by about 30%. Rats treated with liposome-entrapped 
triamcinolone showed a great decrease in bleomycin-induced rise in prolyl 
hydroxylase activity. Similar changes were observed in hydroxyproline content 
(Table I).
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Table I

Prolyl hydroxylase activity (cpm/mg protein x  10 4) and hydroxyproline content (\iM/mg protein) in lungs 
o f rats treated with bleomycin alone and bleomycin + native or liposome-entrapped triamcinolone

P ro ly l  h y d ro x y la s e H y d r o x y p r o l in e

Control (A) 1.74 ± 0.20 0.07 ± 0.01
Bleomycin (B) 3.41 ± 0.21“ 0 . 2 1  ± 0 .0 1 “
Bleomycin ± native triamcinolone (C) 2.36 ± 0.18b 0.13 ± 0.01b
Bleomycin ± liposome-entrapped triamcinolone (D) 1.95 ± 0.15c 0.09 ± 0.01c

Mean values ± S.D. a -  p < 0.01 В vs A, b -  p < 0.01 C vs В, c -  p < 0.01 D vs В

Discussion

Histological progression of fibrosis after bleomycin treatment is similar in 
humans and in animals [2, 3]. The histologic changes in lungs are the same in case 
the drug is administered systemically [37, 38]. Intratracheal administration of 
bleomycin confines the toxicity to the lung [14]. Both prolyl hydroxylase activity and 
hydroxyproline content of lung are elevated after a single intratracheal injection of 
bleomycin [8, 44]. Lung expiants of bleomycin-treated rats incorporated more 
radioactive proline into collagen in comparison to control values [5, 28].

The effect of glucocorticoids on collagen synthesis in connective tissue is well 
documented [6]. Steroid treatment results in a greater inhibition of collagen synthesis 
than total noncollagenous protein synthesis [24, 40].

The ability of triamcinolone to inhibit lung collagen accumulation following a 
single intratracheal dose of bleomycin may be due о he ability of this drug о 
selectively decrease collagen polypeptide synthesis, his is supported by the fact that 
polysomes isolated from the dermis of steroid-treated animals synthesize collagen at 
a reduced rate [23], and by the fact that poly(A)RNA isolated from these polysomes 
synthesize less collagen as compared to poly(A)RNA isolated from control 
polysomes [32].

A comparison of the effects caused by native triamcinolone and liposome- 
entrapped one shows that liposome-associated drug is more effective than the former 
pharmacological form. This inclose agreement with the data of my previous works 
[18, 19] concerning the influence of liposome-entrapped catalase and/or superoxide 
dismutase on antioxidant enzymes and surfactant phospholipids supplementation of 
bleomycin-injured rat lungs. Similar effects of liposome-entrapped catalase and 
superoxide dismutase were observed by Tanswell and Freeman [43] and Turrens et 
al. [45].
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It is well known, that glucocorticoids showed a profound effects on the 
production and phospholipid composition of lung surfactant [9, 20, 22, 35]. In light of 
these findings it appears to be very interesting to evaluate the effects of liposome- 
entrapped triamcinolone on phospholipid composition of lung surfactant in 
bleomycin-treated rats.
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DEMONSTRATION OF THE POTASSIUM CHANNEL 
OPENING ACTIVITY OF GYKI-12743 BY 86Rb+ EFFLUX

STUDIES

A nna B a k o n y i , E d ith  J. H o r v á t h

I N S T I T U T E  F O R  D R U G  R E S E A R C H , B U D A P E S T ,  H U N G A R Y
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It has been demonstrated that the novel antihypertensive compounds GYKI-12743 
showed a potassium channel opening effect as studied in rabbit ear arteries with 86Rb+ as K T 
marker. GYKI-12743 produced a concentration dependent 86Rb+ efflux in the same 
concentration range as the well-known K+-channel openers, pinacidil and cromakalim.

Keywords: К +-channel opener, antihypertensive, ^Rb* efflux

It is generally accepted that an increase in the total peripheral resistance 
(TPR) is the major haemodynamic abnormality in hypertension [1]. The logical 
approach for control of hypertension is therefore to decrease TPR. It was 
dem onstrated that the novel antihypertensive drug, pinacidil, is a vasodilator 
compound that appears to act by a novel mechanism of action [2]. This mechanism 
appears to involve the opening of potassium channels in the myocytes of arteriolar 
sm ooth muscle. This leads to hyperpolarization of the smooth muscle cells and thus 
to relaxation of the vascular sm ooth muscle, and reduction of TPR.

0

Fig. 1. Structure of GYKI-12743

In recent years, a series of 2-N-substituted 3(2H)-pyridazinones was 
synthetized [3,4] at the Institute for Drug Research, Budapest. One of them ,
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GYKI-12743 (see Fig. 1) showed rem arkable in  v ivo  and in  v itro  effects suggesting 
that a drug with a novel m echanism  of action has been found.

GYKI-12743 decreased the elevated blood pressure in different types of 
conscious rats made hypertensive experimentally and neurogenically hypertensive 
cats, respectively, after its acute (3 m g/kg and 0.5 mg/kg, respectively) and subacute 
(3-week treatm ent, 10 m g/kg, twice a day, in rats) oral administration. Its 
antihypertensive action m anifested without tachycardia, and even bradycardia was 
regularly observed. In canine experiments, GYKI-12743 decreased the total 
peripheral resistance by its strong vasodilator capacity in fem oral, renal, carotid and 
vertebral arteries (0 .2 5 -1 .0  m g/kg i.v. or i.d.). A t a very low dose range (25 and 
50 |xg/kg i.v.) GYKI-12743 could decrease the coronary vascular resistance before 
any m arked reduction in systemic blood pressure developed.

Intracellular cardiac electrophysiological studies w ere carried out in dog 
Purkinje fibers. GYKI-12743 (10~5 M) like cromakalim (10-6  M) and nicorandil 
(5 X 10 ~5 M) induces a significant shortening of the action potential duration (A PD 50 
and A PD go) in Purkinje fiber. The reduction of A PD 50 and A PD 90 are very 
characteristic of potassium  channel openers. The shortening of the transm em brane 
potential was inhibited with tetraethylam m onium  indicating an action on voltage 
dependent potassium channels [5, 6, 7].

In support of the pharmacological results, the potassium opening activity of the 
compound was dem onstrated  by means of a 86R b + efflux assay in vascular 
preparations.

Materials and methods

86Rb+ efflux studies

Ear arteries isolated from rabbits (New Zealand white; 2.5-3.0 kg b.w.) were rapidly excised and 
immediately placed in aerated (5% C 0 2 in 0 2) phosphate buffer (composition in mMs: NaCl 120; 
KC1 5.9; NaHC03 15.5; MgCl2 1.2; NaH2P 0 4 1.2; CaCl2 2.5; glucose 11.5) at room temperature. Arteries 
were cleaned of connective tissue and cut along the longitudinal axis. The pieces were then incubated 
without preloading them at 37 °C for 3 h in aerated phosphate buffer also containing 1 n.Ci/ml 86RbCl. 
Efflux studies were carried out using the modified method of Bolton et al. [8]. The modified glass cuvette 
(Fig. 2) was received from U. Quast (Sandoz, Switzerland). A preload of 500 mg was applied and the 
chamber perfused with fresh buffer at a rate of 1.6 ml/min at 37 °C for 30 min. After equilibration with 
the phosphate buffer the arteries were perfused for 8 min with the buffer containing varying 
concentrations of the compound studied, followed by a wash-out period of 20-30 min. This procedure 
was repeated 4 times. In some experiments we used the same concentration 4 times, but in other 
experiments different concentrations were used with the same artery. For the measurement of * ^Ь  + 
efflux, the perfusate was collected in 2 min fractions and the activity in the fractions was measured using 
the Cerenkov-effect. Calculation of the 86Rb+ efflux rate constant, K, was performed as described by 
Quast [9].
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Г N /

u
Fig. 2. Diagram of modified perfusion chamber. Volume of cuvette = 1.0 ml 

Change of radioactivity was expressed as % of the peak-highes of the basal rate.

Drugs used

GYKI-12743 synthetized at the Institute for Drug Research (GYKI), Budapest.
Cromakalim was a gift from Beecham Pharmaceuticals, UK.
Pinacidil was a gift from Leo Pharmaceuticals, Denmark.
86RbCl (specific activity about -  1 mCi/mg) was purchased from Amersham International, UK. 

Statistical analysis

The data representing the % of radioactivity were expressed as means ± SEM. Statistical analysis 
was performed using the Student’s t-test.

In our experiments, the reference agents cromakalim and pinacidil significantly 
enhanced the 86Rb + efflux in ear arteries isolated from rabbits, and the effect proved 
to be concentration-dependent (Fig. 3). W e experienced the same effect and 
concentration dependency with the new antihypertensive compound, GYKI-12743. A 
comparison of the data (Table I) showed that GYKI-12743 was equipotent to 
pinacidil; cromakalim, however, was m ore efficacious in the higher (10_5- 1 0 -4  M) 
concentration range.

Results

Acta Physiobgica Hungarica 82, 1994
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К (min*1)

ieo/И io/«м 0 .1 /м  1 / н  Sample number

Fig. 3. Effect of cromakalim (A) and GYKI-12743 (B) on 86Rb+ efflux. The data from two 
independent experiments are shown (— = base line)
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Table I

Effect o f reference substances and GYKI-12743 on the 86Rb + efflux in isolated rabbit ear artery
(means ± SEM)

C o m p o u n d s C o n c e n t r a t i o n

(M)
I n c re a s e  o f  

r a d io a c t iv i ty  ( % )

to-7 53.6±4.5
Pinacidil to 6 74.2 ±5.6

(n = 5) 10-5 89.4 ±3.8
10 4 124.6 ±13.7

10-7 49.0±4.9
Cromakalim 10“6 71.0±4.5

(n = 5) 10 5 130.2 ±18.5
1 0 - 4 172.2 ±19.5

10-7 59.7 ±7.8
GYKI-12743 1 0 6 76.2 ±10.8

(n = 4) 10-5 92.3 ±13.3
1 0 - 4 128.7 ±11.3

n = number of experiments

Conclusion

The results reported  in this paper have shown that in rabbit ear arteries GYKI- 
12743 produced and concentration-dependent stimulation of 86R b + efflux. If the 
vascular tissue was preloaded with 86R b + as a К +-m arker, К +-channel openers, e.g. 
pinacidil and cromakalim elicited a concentration-dependent increase in the 
exchange of the isotope with the cations in the fluid surrounding this preparation.

Such effects have been observed in many laboratories and are a diagnostic 
feature of this class of agents [10, 11].

With K + -channel openers there is an excellent correlation between the 
hypotensive (antihypertensive) effect of these agents and their ability to open K +- 
channels in v itro  [12].

Although our results show that GYKI-12743 is a potent К +-channel opener, its 
pharmacological profile differs from that of pinacidil and cromakalim. The latter 
compounds produced a long-lasting decrease in blood pressure together with a reflex 
tachycardia [13, 14]; GYKI-12743, however, produced bradycardia in addition to the 
hypotensive effect [5]. The lack of tachycardia could be explained by its preferential 
postjunctional (vascular) alpha-adrenoceptor blocking character. The mechanism of 
the strong vasorelaxing and antihypertensive action of GYKI-12743 may be explained
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300 Anna Bakonyi and Edith J. Horváth

by the vascular alpha-adrenoceptor antagonism and the K + channel opening activity 
of this compound. This is likely to offer a new approach to the therapy of several 
cardiovascular diseases.

Acknowledgement

We thank Dr László Jaszlits for his helpful suggestions and the useful pharmacological 
discussions.

R EFE R E N C E S

1. Falkow, B.: Physiological aspects of primary hypertension. Physiol. Rev. 62, 347 -  504 (1982).
2. Watanabe, A. M.: The role of potassium channels in vascular relaxation. J. Cardiovasc. Pharmacol.

12 (Suppl. 2), 1-47(1988).
3. Mátyus, P., Kosáry, J., Kasztreiner, E., Makk, N., Diesler, E., Czakó, K., Rabloczky, G., Jaszlits, L.,

Horváth, E., Tömösközi, Zs., Cseh, G., Horváth, E. J., Arányi, P.: Synthesis, antihypertensive and 
alfa-adrenoceptor activity of novel 2-aminoalkyl-3(2H)pyridazinones. Eur. J. Med. Chem. 27, 
107-114(1992).

4. Kasztreiner, E., Mátyus, P., Rabloczky, Gy., Jaszlits, L.: GYKI-12743. Drugs of the Future 14,
622 -  624 (1989).

5. Jaszlits, L., Rabloczky, Gy., Csókás, Gy., Bódi, I., Kürthy, M., Horváth, E., Kovács, A., Jednákovits,
A., Arányi, P., Mátyus, P., Kasztreiner, E.: GYKI-12743, a novel antihypertensive compound with 
specific alfa-adrenergic blocking profile. Acta Physiol. Hung. 75, (Suppl.): 155-156 (1990).

6. Horváth, E., Bódi., I., Jaszlits, L., Rabloczky, Gy.: Study of predominant vascular postsynaptic
alpha-adrenergic blocking capacity of GYKI-12743 in isolated organs and in pithed rats. Acta 
Physiol. Hung. (Suppl.): 75, 145-146 (1990).

7. Jednákovits, A., Kovács, A., Bódi, I., Jaszlits, L., Rabloczky, Gy.: Vascular and cardiac
electrophysiological activity of GYKI-12743 in isolated tissue preparations. Acta Physiol. Hung. 
75, (Suppl.): 157-158 (1990).

8. Bolton, T. B., Clark, J. P.: Actions of various muscarinic agonists on membrane potential,
potassium efflux, and contraction of longitudinal muscle of guinea-pig intestine. Br. J. Pharmac. 
72, 319 -  334 (1981).

9. Quast, U.: Effect of the K+ efflux stimulating vasodilator B R L -34915 on 86Rb+ efflux and
spontaneous activity in guinea-pig portal vein. Br. J. Pharmac. 91, 569 -  578 (1987).

10. Quast, U., Baumlin, Y.: Comparison of the effluxes of 42K+ and 86Rb 1 elicited by cromakalim
(BRL 34915) in tonic and phasic vascular tissue. Naunyn-Schmiedebergs Arch. Pharmac. 338, 
319-326(1988).

11. Hamilton, T. C., Weston, A. H.: Cromakalim, nicorandil and pinacidil: novel drugs which open
potassium channels in smooth muscle. Gen. Pharmac. 20, 1 -9  (1989).

12. Edwards, G., Weston, A. H.: Potassium channel openers and vascular smooth muscle relaxation.
Pharmac. Ther. 48 , 237-258 (1990).

13. Cohen, M. L., Kurz, К. D.: Pinacidil-induced vascular relaxation: comparison to other vasodilators
and to classical mechanism of vasodilation. J. Cardiovasc. Pharmac. 2, (Suppl.): 55-59 (1988).

14. Clapham, J. C , Buckingham, R. E.: The haemodynamic profile of cromakalim in the cat. J.
Cardiovasc. Pharmac. 12, 555-561 (1988).

4 eta Physiologic a Hungarica 82, 1994

MAGYAR
TUDOMÁNYOS AKADÉMIA 

KÖNYVTÁRA



Acta Physiologica Hungarica, Volume 82 (4), pp. 301-311 (1994)
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Groups of 20 CFY male rats were made to drink water containing 10% alcohol and 5% 
sugar or 5% sugar. Half of both groups (10-10 animals) were exposed to 95 dBAeq mixed 
industrial noise for 3 weeks, 6 hours daily. Haemodynamic measurements were carried out 
using isotope (57Co) labelled microspheres, which were repeated after the i.v. administration 
of 30 p.g/kg/3 min noradrenaline, using a second isotope (113Sn).

It was found, that alcohol decreased the cardiac fraction of the cardiac output, the 
nutritive blood flow of the myocardium and increased the vascular resistance of the adrenals. 
Noise decreased the lung fraction of the cardiac output and the hepatic blood flow. Interaction 
between noise and alcohol, inhibiting the effect of alcohol, was demonstrated on the intestinal 
blood flow, adrenal fraction of cardiac output and testicular vascular resistance. The 
haemodynamic effects of noradrenaline observed in the control were in several organs more 
or less modified in the animals treated with alcohol or noise or both.

It was concluded that the exposures (alcohol, noise or both) modify the alpha- 
adrenergic effect of noradrenaline.

Keywords: alcohol, noise, haemodynamic effects, isotope labelled microspheres, 
noradrenaline

In the last decade noise has been recognised as one of the risk factors of 
cardiovascular diseases. Noise increases the heart rate [10, 20, 23, 36], the peripheral 
vascular resistance [1, 2, 27, 38], the arterial blood pressure [3, 13, 17, 18, 21, 40, 43, 
52] and causes ECG  disorders [5, 45].
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Lagercrantz and co-workers [20] have found increased sympathetic neural 
activity in the background of the cardiovascular effects of noise, while according to 
Tucker and Hunt [46] the vascular effects are not caused by autonomic activity 
changes. Animal experim ents [10] and examinations in humans [24] show, that noise 
stimulus increases the catecholam ine (adrenaline, noradrenaline) secretion.

Alcohol has been known to adversely affect the activity of the cardiovascular 
system at different sites. Alcohol is among the risk factors of the ischemic heart 
disease [29, 30, 49, 50] (high dose alcohol consumption is held responsible for 
2 0 -3 0 %  of essential hypertension cases -  M athews [25]), cerebrovascular diseases 
[12, 15] and it causes rhythmic disturbances of the heart [11, 39] leading to sudden 
cardiac death [19].

Ethanol exerts its effects on the cardiovascular system through several 
mechanisms. It has direct effect on the myocardium, it is able to alter the central 
regulation of the cardiovascular system and can exert direct effect on the sympathetic 
nerve endings [8, 32, 37].

In everyday life combined effect of alcohol and noise frequently occur. In 
Hungary more than 1 million people work in places with unacceptable level of noise, 
the most frequently occurring occupational disease is noise induced hearing loss [34]; 
nearly half million alcoholists are registered and Hungary is the sixth country in the 
world, regarding per capita alcohol consumption [22, 29].

The question has arisen, how blood circulation and nutritive blood flow of the 
individual organs change during the sim ultaneous exposure to two types of factors 
causing cardiovascular damage.

Mean actual spectrum

1. BEM.
10 kHz 
10 V HO dB

Trigger
Free

Average
Linear sampling No 128 

Internal sampling 

Filter on 

Hanning FV.

Fig. 1. Impulsive, mixed industrial noise on endless loop for rat experiments
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Methods

Experimental protocol

Groups of CFY male rats (LATI, Gödöllő, 470-510 g, 20 aninials/group) were made to drink 
water containing 10% alcohol and 5% sugar or 5% sugar alone. The animals were fed with standard rat 
pellets (LATI, Gödöllő) ad libitum. Half of both groups (10-10 animals) were exposed to 95 dBAeq 
mixéd industrial noise for 3 weeks, 6  hours a day (Fig. 1). Haemodynamic measurements were carried, 
out using radioactive isotope (57Co) labelled microspheres and following intravenal injection of 
30 pg/kg/3 minutes Noradrenaline (NoradrenalinR, Richter, Budapest, hereinafter NA) the 
measurements were repeated using another isotope (1 1 3Sn).

Haemodynamic measurements

The rats were anaesthetized with Inactin (InactinR-Byk Gulden Konstanz); 100 mg/b.m.kg. i.p.).
Blood pressure was measured and recorded using a Statham P23 Db transducer connected to the 

femoral artery and a Rjjcandeki В -381 three-channel polygraph (Kogyo Co. Ltd, Tokyo, Japan), 
respectively.

Blood samples for reference-flow were also taken from the femoral artery. The cardiac output 
and its organ fractions were determined using 57Co and 113Sn labelled microspheres [26].

The 57Co and 113Sn labelled microspheres (15 ±1 pm diameter, New England Nuclear, Boston, 
Mass., U.S.A.) were diluted with 1% sterile solution of Tween 80, further dilutions were made using 
Ficoll-400 (fs: 1077).

Homogenity of the suspension was maintained with intensive mixing and ultrasound treatment. 
An amount of 0.4 ml of the suspension was injected into the left ventricle, through a polyethylene canula 
introduced into the right a. carotis. The number of microspheres received by one animal varied between 
100-200 thousand per isotope. Blood samples for the determination of the cardiac output were collected 
from the right femoral artery during 60 seconds after the injection (into a preweighed, empty ampule), 
following which the animals were killed by i.v. KC1. 57Co and 113Sn isotope was counted using a Nuclear 
Chicago gamma spectrometer. Knowing the total 57Co and 113Sn activity administered, the organ 
fractions of the cardiac output were calculated by the formula:

count injected x reference sample withdrawal rate
(cardiac output = ___________________________________________  )

reference sample count

The cardiac index, TRP for 100 g body mass, nutritive blood flow and vascular resistance of the 
organs were determined on the basis of the data of cardiac output, the fractional distribution of the 
cardiac output, blood pressure, body mass and organ masses.

Statistical evaluation

The results of the animal experiments were evaluated with two-way ANOVA and Dunnett’s test 
[9]. The results gained before and after NA administration were compared with Student’s unpaired t-test.
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Table I

The effects o f alcohol and noise on blood circulation o f rats

Control 

n=  10
NA

Alcohol 
(10%) 
n=  10

NA
Noise (95 dB) 

n=  10
NA

Noise + 
Alcohol 

n=  10

Significance of the effects

NA Alcohol Noise Interaction

Whole body
Body mass, g 491.3 509 505.5 457.8 - p < 0.05

±12.42 ±20.59 ±12.13 ± 1 2 . 1

Blood Pressure 137 168.5*** 138.5 174.5*** 136.5 175** 139.5 178.5** -
mmHg ±5.44 ±4.54 ±5.11 ±5.29 ±5.33 ±3.16 ±4.25 ±5.38
Cardiac output 99.42 94.69 106.1 113.7 99.8 101.4 96.22 96.01 -
ml/min ±6.33 ±7.35 ±4.69 ±13.7 ±4.26 ±8.05 ±4.64 ±6.67
Cardiac index 20.23 19.42 20.89 21.91 19.88 20.42 21.07 20.85 -
ml/min/ 1 0 0  g b. m. ± 1 . 2 2 ±1.72 ±0.63 ±2.03 ±1.03 ±2.09 ±0.97 ±1.06
TPR 563.5 726.9** 535.1 698.9* 558.3 749.6 *;* 537.3 701.1** -
1 0 3 cgs/ 1 0 0  g b. m. ±48.31 ±46.71 ±25.26 ±79.22 ±28.03 ±77.69 ±24.68 ±38.87

Cardiac output
fraction «
Brain 1.41 2.38** 1.477 1.9* 1.58 1 . 2 1.40 2.36** -

± 0 . 1 1 ±0.27 ± 0 . 1 1 ± 0 . 2 ±0.18 ±0.09 ±0.13 ±0.3
Heart 7.39 8.25** 5.43 8.33** 6.50 9.19** 5.40 10.64**p < 0.05 -

± 1 . 2 1 ±0.73 ±0.49 ±0.92 ±0.72 ± 1 . 0 0 ±0.51 ±1.7
Lungs 4.14 4.69 3.76 3.79 2.74 2.85 3.07 3.29 p < 0.05

±0.63 ±0.79 ±0.60 ±0.54 ±0.34 ±0.13 ±0.35 ±0.38
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Table I (cont.)

Control 

n=  10
NA

Alcohol 
(10%) 
n=  10

Noise (95 dB) 
NA

n=  10
NA

Noise + 
Alcohol 

n=  10

Significance of the effects

NA Alcohol Noise Interaction

Kidneys 22.59 16.03** 21.54 15.81** 23.14 16.05*** 22.51 14.12** _ _

±1.93 ±0.65 ±1.9 ±1.93 ±1.07 ±1.17 ±1.85 ± 1 . 1 2

Adrenals 0 . 6 6 0.41*** 0.47 0.27** 0.55 0.36* 0.64 0.35** - p <  0.05
+0.08 ±0.05 ±0.05 ±0.04 ±0.07 ±0.04 ±0.07 ±0.04

Liver 3.30 3.13 2.60 2.60 2.80 2.95 2.61 2.82 - -

+0.46 ±0.17 + 0.26 ±0.18 ±0.25 ±0.27 ±0.31 ±0.35
Intestines 17.19 20.48** 18.05 19.58 16.45 20.04* 17.44 20.27 - -

±1.04 + 1.04 ±0.59 + 1.27 ±1.13 ±1.37 ± 1 . 2 0 ±1.37
Gastroenemius 0.17 0.31 0.13 0.16 0 . 1 1 0.16 0 . 1 1 0.15 - -

±0.05 ± 0 . 1 ± 0 . 0 2 ± 0 . 0 2 ± 0 . 0 1 ±0.03 ± 0 . 0 2 ± 0 . 0 2

Testicles 0.89 0.79 0.81 0.69 0.85 0 .6 8 * 1.15 0.70 - -

+0.06 ± 0 . 1 0 ±0.06 ±0.07 ±0.06 ±0.08 ±0.26 ±0.07
Carcass 35.02 38.1 38.41 42.11* 37.28 40.58 38.76 40.07 - -

±1.82 ± 1 . 2 2 ±1.94 ±2.59 ±1.59 ± 1 . 6 8 ±2.54 ±2.37
Skin 7.23 5 4 4 *** 7.32 4.75*** 7.98 5.16*** 6.9 5.24** - -

± 0 . 6 8 ±0.47 ±0.74 ±0.39 ±0.69 ±0.40 ±0.92 ±0.47

Blood flow
Brain 74.21 114.9** 82.91 108.4* 88.17 112.7 71.81 119.5** - - -

±6.04 + 10.32 ±5.13 ±9.65 ±12.14 ±11.65 ±3.93 ±11.57
Heart 506.3 561.1 383.7 648.5* 436.1 632.8* 379.9 785.1 p < 0.05 - -

±93.74 ±98.32 ±29.55 ±106.8 ±48.05 ±81.33 ±47.54 ±206.7

Cardiovascular effect of alcohol and noise in rats
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Table I (cont.)

Control 

n=  10
NA

Alcohol 
(10%) 
n=  10

Noise (95 dB) 
NA

п= 10
NA

Noise + 
Alcohol 
n=  10

NA Alcohol

Significance of the effects

Noise Interaction

Lungs 75.44 81.91 83.55 91.33 64.85 67.13 63.05 68.81 _ _ _
± 8 . 0 0 ±10.93 + 13.42 ±18.37 ±13.42 ±11.27 ±6.24 ±8.53

Kidneys 529.4 357.6** 512.1 371.6** 533.9 369.3*** 517.8 325.1** - - -

+  53.96 ±37.71 ±39.54 ±24.44 ±16.38 ±27 ±22.07 ±21.56
Adrenals 1 1 2 2 669.3*** 861.8 473.3** 903.5 614.2 1080 587.8** - - -

±168.4 ±147.8 +  106.7 ±48.52 +  107 ±80.95 ±85.58 ±51.62
Liver 16.17 14.6 12.16 12.93 12.06 13.95 13.5 13.88 - p <  0.05 -

±2.76 ± 1 . 2 2 ±1.15 ±1.70 ±0.85 ±1.26 ±1.93 ±1.63
Intestines 99.02 110.7 105.3 118.5 91.26 116.1* 1 0 2 . 6 1 2 1 . 2 - P < 0.05

±9.96 ±8.38 ±8.53 ±14.61 ±10.64 ±19.19 ±5.84 ±11.28
Gastrocnemius 7.40 13.76 6.09 7.98 5.57 8.61* 6.08 7.00 - - -

±2.03 ±5.19 ±1.07 ±1.13 ±0.47 ±1.48 ±1.28 ±0.47
Testicles 23.9 20.58 24.4 21.95 23.69 18.89 32.36 17.88 - - -

±1.46 ± 2 . 6 6 ±1.35 ±2.57 ±1.74 ±2.58 ±9.74 ±1.28
Carcass 9.89 10.39 11.28 13.27 10.32 11.63 1 1 . 6 1 1 . 6 6 - - -

±0.84 ± 1 . 1 +0.80 ±1.69 ±0.81 ±1.36 ±1.17 ±0.90
Skin 8.56 6.09** 9.19 6.14** 9.85 6.38*** 8.61 6.50 - - -

±0.72 ±0.46 ±0.85 ±0.56 ± 1 . 2 1 ±0.81 ± 1 . 1 1 ±0.65

Resistance
Brain 158.3 125 137.8 141.1 140.4 137.2 160.5 128.6**

±16.25 ±10.64 ±11.48 ±15.65 ±14.7 ±14.91 ±12.5 ±11.54
Heart 27.02 28.61 30.91 28.91 27.2 27.02 32.52 23.84 - - -

±4.24 ±3.29 ±3.20 ±5.61 ±2.38 ±4.79 ±3.27 ±2.82
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Table I (coni.)

Control 

n= 10
NA

Alcohol 
(10%) 
n=  10

Noise (95 dB) 
NA

n=  10
NA

Noise + 
Alcohol 

n= 10

Significance of the effects

NA Alcohol Noise Interaction

Lungs 160.6 206.2 175.6 216.2 214.7 245.2 195.8 235
+ 17.06 ±41.17 ±34.52 ±41.76 ±29.64 ±28.07 ±24.4 ±25.71

Kidneys 26.12 40.25* 23.44 39.21*** 20.62 39.42*** 22.18 46.22*** - -

±6.64 ±3.07 ±2.83 ±3.15 ±0.99 ±2.45 ±1.73 ±4.24
Adrenals 11.67 25.35** 15.21 32.52** 14.44 25.85* 11.24 26.08 p < 0.05 -

±1.78 ±3.39 ±2.23 ±3.73 ±2.61 ±2.81 ±1.37 ±2.53
Liver 790.5 968* 974.8 1255 871.2 1 1 0 2 960.9 1151 -

±80.81 ± 6 6 . 2 1 ±76.02 ±170.9 ±67.77 ±126.3 ±107.7 ±128.3
Intestines 119.4 127 1 1 2 . 2 139 135.9 150.7 1 1 1 . 6 129.9 -

±11.36 ±8.82 ± 1 0 . 1 1 ±20.59 ±17.5 ±22.39 ± 6 . 1 0 ±15.8
Gastrocnemius 2072 1647 2217 2126 2088 2350 2305 2144 -

±327.5 ±251.5 ±287.2 ±335.4 ±193.5 ±590.7 ±320 ±141.2
Testicles 479.1 753.2** 469 740* 481.1 845.3** 463.1 842.7** p < 0 . 0 1

±38.95 ±88.34 ±34.02 ± 106.9 ±34.34 84.95 ±51.65 ±76.96
Carcass 1187 1389 1019 1280 1105 1379 1057 1287* -

± 1 2 1 . 8 ±109.1 ±69.7 ± 2 2 1 . 1 ±86.4 ±182.1 ±119.3 ±96.52
Skin 1425 2317*** 1363 2510*** 1226 2481*** 1557 2423**

±217.2 ±177.9 ±222.9 ±301.9 ±117.1 ±266.6 ±238 ±266.9

Values are arithmetic means +SEM. Cardiac output fraction = organ blood supply expressed in per cent of cardiac output; blood flow, ml/min per 100 g 
organ weight; resistance, 1 0 3 cgs/ 1 0 0  g organ weight.
NA: after the i.v. administration of 30 Og/b.m.kg/3 min Noradrenaline 
Paired t-test before and after NA: *p < 0.05

**p < 0 . 0 1  

***p < 0 . 0 1
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Results

Alcohol decreased the heart fraction of cardiac output and the myocardial 
nutritive blood flow and increased the vascular resistance of the adrenals. Noise 
decreased the lung fraction of the cardiac output and the liver blood flow. Interaction 
between alcohol and noise, inhibiting the effect of alcohol was found regarding the 
intestinal blood flow, adrenal fraction of cardiac output, testicular vascular resistance 
(Table I).

In the alcohol treated group the increasing effect of NA on the intestinal 
fraction and hepatic vascular resistance did not appear, while the carcass fraction 
increased. In contrast to the control in the group exposed to noise NA did not 
increase the brain fraction of cardiac output, the brain blood flow and the hepatic 
vascular resistance, it did not decrease the adrenal blood flow, while it decreased the 
testicular fraction of the cardiac output and increased the blood flow of the intestines 
and the gastrocnemius (Table I).

Discussion

In our earlier studies it was found, that long-term, high-dose alcohol 
administration in rats decreased the arterial blood pressure and the nutritive blood 
flow of the heart [30, 31]. Further it was found, that in rats on a diet with high alcohol 
content, the extraneuronal effect of NA changed. The damage of the peripheral 
nervous system plays an important role in the disturbance of the mechanism of the 
autonomic nervous regulation, characteristic of alcohol exposure [8, 32].

In the present experiment ethanol was given to the animals as "drinking water" 
in a 10% solution with 5% sugar. This way the alcohol dose getting into the animal 
(about 7-9g/kg/day) is smaller than what can be given using Lieber’s fluid diet, 
modified by our team (11.5-12.5 g/kg/day); [7, 28, 47, 48]. This explains why in the 
present experiment not all our findings demonstrated earlier, could be found 
nevertheless alcohol decreased the nutritive blood flow of the heart, in agreement 
with our earlier findings [28, 30, 31, 33].

In our experiments the 95 dBAeq mixed industrial noise was only partly 
accompanied by "noise effects" causing alpha-adrenergic effects (decrease of lung 
fraction of cardiac output and hepatic blood flow), present in rats, dogs and man 
according to literature data [2, 6, 10, 27, 35, 40, 51]. This can be explained by the non- 
satisfactorily specified, different noises used by the authors, and by the different 
exposure times, as well as in case of rats, by species differences.

Interaction of the cardiovascular effects of alcohol and mixed industrial noise 
was observed as increase of systolic and diastolic blood pressure [14, 43, 44]. The 
alcohol dose and noise exposure, administered in our experiments did not cause
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blood pressure increase, but they presented an inhibitory interaction between their 
cardiovascular effects on the blood vessels of some organs.

Following chronic ethanol treatment in animal experiments, the sensitivity of 
the peripheral sympathetic receptors decreases [16], the ethanol sensitivity of the 
noradrenergic neurons in the different tissues is different [42]. The functional 
changes of the peripheral noradrenergic system was described by Pohorecky [37] and 
also by our team [8, 32]. Specific increases in the levels of noise cause different 
changes in the autonomic nervous system [41]. Beilin and co-workers [4] found, that 
ethanol decreased the intraarterial blood pressure in spontaneously hypertonic rats, 
while pressure reaction on noise was greater after ethanol pretreatment.

Based on the above, and on our present observations, we concluded that both 
the interactions between the cardiovascular effects of noise and alcohol, and the 
unexpected answers of animals pretreated with alcohol, to noradrenaline, are caused 
by the peripheral noradrenergic system function altered by alcohol and/or noise, 
and/or by sensitivity of noradrenergic neurons.
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In order to localize the site of production of nitrogen monoxide (NO) in first trimester 
human pregnancy, the cytosol and microsome fractions prepared from homogenized 
primordial placentas were tested for NO-synthase (NOS) activities by measuring the NADPH- 
dependent conversion of [3 H]arginine to [3 H]citrulline. Our results demonstrate that Ca2+- 
dependent enzyme activities are present in both fractions, whereas microsomes exhibit 
significant Ca2+-independent enzyme activity too. The highest specific activity is measurable in 
the presence of Ca2+ with microsomes, this activity is about 2-fold higher than the Ca2+- 
dependent specific activity of the cytosol. The Ca2+-independent specific NOS activity is about 
30% of the Ca2 +-dependent microsomal activity. The microsomal Ca2+-dependent NOS 
activity is inhibited by 50% in the presence of 0.5 mM aminoguanidine (AG), whereas the 
Ca2 +-independent activity does not respond to this concentration of AG, suggesting that it is 
not the inducible isoform of NOS. Our results indicate that (I) NOS activity is present from an 
early phase of placental development, (II) the NOS activity is of trophoblastic origin, since the 
primordial placenta is avascular and (III) NO-production by the primordial placenta can 
proceed in the absence of any Ca2+-mobilizing agonist.

Keywords: NO-synthase, microsomal NO-synthase, cytosolic NO-synthase, Ca2+- 
sensitivity of NO-synthase, aminoguanidine, primordial placenta (human)

Accumulating data strongly suggest that nitrogen monoxide (NO) is a key 
regulator in mammalian pregnancy. NO is envisaged as an agonist with dual effect on 
uterine smooth muscle contractility: (I) it inhibits myométrial contractions through 
increased rate of formation of cGMP [6, 16] and (II) it can influence contractility by 
stimulating the synthesis of various eicosanoids including prostaglandin E2 (PGE2),
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PGF2a and prostacyclin [6]. Increased rate of formation of NO during pregnancy of 
the rat is well documented [1, 16, 17). The decrease of NO level (measured as 
nitrites) at the time of delivery [10, 13, 16] and the decreased rate of uterine NO 
formation in response to estradiol treatment of normal rats [16] indicate the 
involvement of NO in the regulation of contractility of rat myometrium.

It has been reported that human placental villi and especially the 
syncytiotrophoblasts of term and early third trimester placentas express Ca2+ and 
calmodulin sensitive form of NO-synthase which is located mainly in the microsome 
fraction [2]. On the basis of enzyme characteristics and in situ hybridization with a 
riboprobe generated from human endothelial NO-synthase cDNA, this enzyme 
seems comparable to endothelial cell type III isoform of NO synthase [2, 4, 5]. The 
trophoblastic origin has been confirmed by detecting some of this enzyme activity as 
well as its mRNA in a completely avascular mole placenta obtained after 22 weeks of 
gestation [2]. If NO production by the placenta is crucial to normal function of this 
organ and/or adjacent reproductive tissues, then such an enzyme activity is expected 
to be present from an early phase during the development of placental tissues.

In the present paper we report on the NO-synthesizing activity of microsomes 
and cytosol prepared from primordial human placenta and on the significant enzyme 
activity of microsomes even in Ca2 +-deficient medium. Furthermore we demonstrate 
differential sensitivity of Ca2 +-dependent and Ca2 +-independent microsomal enzyme 
activities to the inhibitory effect of aminoguanidine.

Materials and methods

Radioactivité isotope

L[2,3,4,5-3H]arginine HC1 (specific activity: 69 Ci/mmol) was purchased from Amersham 
International (England).

Chemicals

№-nitroarginine methylester (NAME), EGTA, NADPH, Dowex 50X8 -  400, dithiothreitol 
(D IT ) and leupeptin were from Sigma Chemical Co. (St. Louis, MO, USA), 
phenylmethylsulfonylfluoride (PMSF) and HEPES from Calbiochem (La Jolla, Ca, USA), aprotinin 
(Trasylol) from Bayer (Leverkusen, Germany) and soybean trypsin inhibitor and other chemicals were 
from Reanal (Budapest, Hungary).

Tissue

Primordial human placentas were obtained from legal instrumental interruption of 8 -10  week 
old pregnancies at the 2nd Department of Ob -  Gyn, Semmelweis Medical University, Budapest. The 
tissue was collected in ice cold 0.9% NaCl, 1 mg/ml glucose, 40 mM HEPES-Na, pH 7.4 solution and
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transported immediately to the laboratory. Brain homogenate was prepared from male Wistar rats 
(LATI, Gödöllő, Hungary).

Homogenization and fractionation

Placenta tissue (chorion frondosum) was macroscopically separated from decidua and parietal 
chorion and chopped up with a pair of scissors. The mince was homogenized using an UltraTurrax 
apparatus (IKA Werk, Staufen, Germany) at 3/4 setting for 30 sec in 2 volume of ice cold homogenizing 
solution containing 40 mM HEPES-Na, pH 7.4, 0.1 mM EDTA, 1 mM dithiothreitol (DTT), 1 mM 
PMSF, 10 pg/ml leupeptin, 10 pg/ml soybean trypsin inhibitor and 0.2 pg/ml aprotinin. The 
homogenate was filtered through nylon mesh and heavy particulate material and mitochondria were 
sedimented at 15 000xg (30 min) in a Beckman J — 21 centrifuge. The supernatant was spun down at 
100 000 X g  (60 min) in a CENTRIKON-F ultracentrifuge to gain the microsomal pellet and the cytosol 
fraction.

Measurement o f NO-synthase activity

In order to determine the Ca2+-dependent NO-synthase activity (NOSc) 50 pi enzyme 
(0.8- 1.4 mg protein) was incubated with 1 mM NADPH, 1 mM citrulline, 1 mM MgCl2, 0.25 mM CaCl2, 
20 mM H EPES-Na, pH 7.4 and 0.75 pCi [3H]arginine in 250 pi final volume, for 10 min at 37 °C. The 
mixture contained 10 pi rat brain homogenate as source of calmodulin. The NOSc activity of this 
preparation was destroyed by two successive freezing and thawing. Incubations were initiated by adding 
the label and terminated by adding 2 ml ice cold 20 mM H EPES-N a, pH 5.0, 2 mM EDTA. If the 
mixture did not contain NAME, this was added too at the termination step in 1 mM final cone, 
(calculated for 0.25 ml final volume). Enzyme activity not influenced by Ca2t was measured in the 
presence of 1 mM EGTA instead of Ca2+ added. Ca2+-dependent activity was calculated as the 
difference of activities measured with Ca2+ and EGTA in the incubates. To determine Ca2 +-independent 
NO-synthase activity (NOS,), mixtures containing 1 mM EGTA and 1 mM NAME but no Ca2+ added 
were incubated and the mean value obtained from such incubations was subtracted from the activities 
measured in the presence of 1 mM EGTA. The radioactivity recovered from incubates containing EGTA 
plus NAME was very close to the "background” radioactivity eluted with water from a small cation 
exchange column (vide infra) loaded with 250 pi destilled water containing 0.75 pCi [3H]arginine.

In order to separate pHjcitrulline from [3H]arginine, the ice cold and diluted reaction mixture 
was transferred onto 0.8x 1.5 cm column of DOWEX 50X8-400 cation exchange resin (Na+ cycle) and 
pHjcitrulline was eluted by adding 2 ml H20  to gain a solution of 4.25 ml final volume. 1 ml of the 
eluent was mixed with 10 ml scintillation solution (composed of 3.33 g PPO, 3.33 g POPOP in 1 1 
toluene/Triton X -100 = 2/1 mixture), and radioactivity was counted with a Beckman LS 7800 liquid 
scintillation spectrometer. NOSc and NOSj activities were finally expressed as cpm in pH]citrulline/10 
min/mg protein.

Measurement o f protein

Protein content of cytosol and microsomes (suspended in homogenizing solution) were measured 
by the Lowry method, using bovine serum albumin as standard.
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Results

Preliminary experiments indicated microsome and cytosol catalyzed time 
dependent increase of Ca2 + -dependent and independent [3H]citrulline formation 
from [3H]arginine up to 10 min incubation time and the proportionality between 
[3H]citrulline formation and the amount of incubated protein in the concentration 
range of 0.75-3.2 mg protein/0.25 ml reaction mixture.(data not shown). Further 
experiments demonstrated the absolute requirement of exogenous NADPH (a 
characteristic coenzyme needed to the function of NO-synthesizing enzymes) for 
both microsomal and cytosolic NO-synthesizing activities (results are not shown).

Fig. 1. Ca2+-dependent (NOSc) and Ca2+-independent (NOS,) NO-synthesizing activities of microsomal
and cytosolic fractions.

Aliquots of microsomal and cytosolic fractions prepared from 3 different pools of placentaes were 
incubated in duplicates at 37 °C for 10 min with 0.75 p.Ci [3H]arginine, using the standard procedure. 
Enzyme activities were obtained as differences of the following cpm values: (A): cpm obtained with 
incubations in the presence of 1 mM NAME plus 1 mM EGTA minus cpm obtained with 0.75 jxCi 
pHJarginine passed through a Dowex 50x8 column, (B): cpm from incubations in the presence of 
0.25 mM Ca2+ minus cpm from incubations in the presence of 1 mM EGTA (NOSc) and (C): cpm from 
incubations in the presence of 1 mM EGTA minus cpm values obtained from incubations with 1 mM 
EGTA + 1 mM NAME (NOS;). Mean values ±SEM (n = 3) are presented. Average protein quantities 
incubated in the 3 experiments were 1.96±0.5 (microsomes) and 1.21 ±0.06 (cytosol)

mg/incubate (mean ±SD, n = 3)

Figure 1 demonstrates that following incubation in the presence of 1 mM 
NAME (an inhibitor both of Ca2 +-dependent and Ca2 +-independent enzyme 
activities) and 1 mM EGTA (a known Ca2 +-chelator) little surplus of radioactivity 
over the background cpm elutes from the Dowex resin (bars A). Upon addition of 
250 p,M Ca2+ to the incubates this radioactivity increases about tenfold (with
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microsomes) and 4-fold (with the cytosol). Chelation of endogenous Ca2 + by EGTA 
does not suppress entirely the NO-synthesizing activity of microsomes (bar C for 
microsomes) whereas no such activity is detected in the cytosol.

Aminoguanidine (AG) is an inhibitor of NO-synthesizing activities with some 
specificity toward the Ca2 +-independent inductive isoform [3]. Curiously, as Fig. 2 
demonstrates, Ca2+-dependent NOS activity of the microsomes is more sensitive to 
0.5 mM AG-hydrogencarbonate (AGH) than the Ca2 + -independent one (bars В and 
E). Furthermore, no significant difference in the extent of inhibition can be observed 
if the concentration of AGH is increased to 1.0 mM (bars C and F).

Fig. 2. Inhibition of Ca2 +-dependent and Ca2+-independent microsomal NO-synthesizing activities with
aminoguanidine.

Microsomes were incubated in 3 experiments with triplicate incubations each, at 37 °C for 10 min with 
0.75 fjcCi pHJarginine, using the standard procedure. Protein incubated was 2.08 ± 0.45 mg/incubate 
(mean ±S.E.M., n = 3). (A): cpm obtained with 0.25 mM Ca2+ in the incubate minus cpm from 
incubations with 1 mM EGTA (NOSc) В = cpm obtained with 0.25 mM Ca2+ plus 0.5 mM 
aminoguanidine hydrogencarbonate (AGH) minus cpm from incubations with 1 mM EGTA plus 0.5 mM 
AGH, C = same as В except that 1 mM AGH was used, D = cpm obtained with 1 mM EGTA minus 
cpm from incubations with 1 mM EGTA plus 1 mM NAME (NOSJ, E = cpm obtained with 1 mM 
EGTA plus 0.5 mM AGH minus cpm from incubations with 1 mM NAME, 1 mM EGTA plus 

0.5 mM AGH, F = same as E except that 1 mM AGH was used

Discussion

The primordial human placenta is avascular therefore its NO-synthesizing 
activity is attributed to trophoblasts, some syncytiotrophoblasts and/or stromal cells. 
The present findings do not agree entirely with those measured in villous placenta of 
25-week gestation and in a mole placenta of 22-week gestation [2]. An interesting 
difference is that in our experiments definite enzyme activity of placenta microsomes
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was found in Ca2 +-deficient medium whereas no such an activity had been reported 
with the mature placental villi. The Ca2 +-independent activity is approximately 30% 
of that measured with 250 p,M Ca2+ added and it can be observed in the microsome 
but not in the cytosol fraction. On the other hand Ca2 +-dependent NO-synthesizing 
activity is detectable both in the cytosol and microsome fractions. The ratio of 
specific activities in the two fractions is about 2, in favor of microsomes, and this ratio 
is very similar to that reported for the Ca2 +-dependent NO-synthase activity in 
placentae of 25 week gestations [2].

Ca2 + -independent NO-synthase activity has been shown to be inhibited more 
effectively by aminoguanidine than the Ca2 +-dependent one [3]. In our experiments 
the Ca2 +-independent activity was more resistant to inhibition by aminoguanidine 
than the Ca2+-dependent one, suggesting that Ca2 +-independent NO-synthase 
activity of primordial placenta microsomes is not identifiable as the activity of the 
inducible type II isoform [5, 8, 9]. Rather it may represent a novel isoform or some 
immature form of Ca2+ and calmodulin dependent type III isoform, that has been 
found first in endothelial cells and has been shown to be myristoylated and partly or 
predominantly membrane-associated [8, 9]. One may speculate that the close 
proximity of the enzyme to certain membrane sites may increase its affinity to 
calmodulin and Ca2 + .

Possible biological roles of NO produced by the primordial placenta can be 
several, including the prevention of platelet adhesion to developing 
syncytiotrophoblast layer or their aggregation in intervillous space, the prevention of 
fetal semiallograft rejection [2], possible stimulation of local prostanoid synthesis [6, 
12] and the secretion of trophoblastic L H -R H  [11] for the induction and 
acceleration of the synthesis and release of hCGH.

Clearly, the physiological significance of NO synthesized in the primordial 
human placenta awaits elucidation. It should be borne in mind that the presence of 
considerable Ca2 +-independent activity may make it unnecessary for the placental 
cells to respond to Ca2+-mobilizing hormones in order to maintain NO-synthesizing 
activity. Because Ca2 +-mobilizing hormones may act on the myometrium too and 
may trigger contraction, it is tempting to speculate that the primordial placenta 
prefers regulatory pathways operating without elevated Ca2 + -levels. In addition to 
Ca2 +-independent formation of NO, regulations by diacylglycerols via the 
phosphatidylcholine cycle [7, 14, 15] emerge as another Ca2 +-independent regulatory 
mechanism present in the primordial placenta.
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In the present study the pharmacokinetics of BRLP-42 -  a new antiischaemic agent -  
was investigated in dogs and rats. Plasma concentrations were measured by HPLC.

After intravenous application the curves can be characterized by a two-compartment 
open pharmacokinetic model. The central volume of distribution (Vcentr.) is large 
(1.07±0.14 1/kg in dogs and 2.74 1/kg in rats), the first elimination half-life ( t i /^ )  is 5.47± 1.67 
min in dogs and 13.7 min in rats. These facts indicate rapid and large tissue distribution. The 
excretion and/or metabolic elimination of BRLP-42 resulted in short second elimination half- 
life ( t ,/2ß = 41.45 ±2.34 min in dogs and 43.8 min in rats).

Áfter oral application high individual variability can be seen. This fact may be due to 
the different rate and/or extent of absorption process. The plasma level curves can be 
characterized by a one-compartment open pharmacokinetic model. The absorption seems to 
conceal the distribution phase of the kinetic curve. The absorption half-life was short 
(tjyja = 17.36 ±5.90 min in dogs and 2.7 min in rats). The bioavailability was 40 ±8% in dogs 
and 28% in rats. The elimination half-life ( t = 28.77 ±0.88 min in dogs and 30.1 min in 
rats) is connected dominantly with metabolic elimination and/or excretion of BRLP-42.

In the cases of intravenous as well as oral administrations the plasma concentrations 
decreased under the limit of quantitation by 4 -6  hours in dogs and 4 hours in rats after 
treatments.
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BRLP-42 {N-[2-hydroxy-3-(l-piperidinyl)propoxy]-3-pyridine-carboxiimidoyl 
chloride (Z)-2-butendioate(l:l)} is a new antiischaemic agent according to previous 
pharmacological studies.

An HPLC method has been developed and validated for determination of 
BRLP-42 concentration in plasma of dogs. Using this method HPLC measurements 
were performed in order to study the pharmacokinetics of BRLP-42 in dogs as well 
as in rats. The HPLC method meets the requirements of precision and accuracy of 
the kinetic measurements [1, 2] (i.e. CV% is less than 20%) within the concentration 
range of 20-10000 ng/ml. The limit of quantitation is 20 ng/ml.

The purposes of the studies were to determine the pharmacokinetics of the 
compound after a single intravenous dose of 10 mg/kg BRLP-42 and to determine 
the pharmacokinetics and bioavailability of the compound after a single 20 mg/kg 
oral application. The oral route of administration has been chosen because this is the 
intended route for therapeutic use. The intravenous route of administration is the 
reference route for pharmacokinetic evaluation.

Materials and methods

The test compound and the internal standard, BRX-21 {N-[2-hydroxy-3-(tert- 
butylamino)propoxy]-3-pyridine-carboxiimidoyl chloride (Z)-2-butendioate (1:1)} (Fig. 1) were prepared 
by Biorex Research and Development Co.

Я  ,CI
0  N - ° - C H f £ - C H 2- Q  ß £ ^ 4 - o - C H f CH

/  3
O -C H -C H —C H -N H -Ç -C H

' c h , 3

Hooc cooH
MC-CH

HOOC4 ^OOH 
HC“ CM

BRLP-4 2 0RX-21

Fig. 1. Chemical structure of BRLP-42 and BRX-21, internal standard

In the studies male Beagle dogs (six) and male SPRD rats (six at each time point) were used. 
Animals were deprived of food for 18 hours prior to treatments of all doses. During the experiments they 
received drinking water ad libitum and got food 2 hours after treatments.

For intravenous application in both species and for oral administration in rats aqueous solutions 
were used. For oral application in the case of dogs the substance was administered in cellulose capsule.

In the blood collection phase of the studies in the case of dogs the blood samples were drawn 
from the brachial vein of legs, in the case of rats animals were decapitated. At the scheduled time points 
the blood was collected (anticoagulant: Na-citrate) then centrifuged at 2000 g for 20 minutes and finally 
the plasma was separated.

The determination of BRLP-42 concentrations in plasma includes a preseparation step using a 
C18 cartridge (solid phase extraction), followed by the freeze drying of the sample and a reversed phase 
HPLC separation. The HPLC measurements were based on UV detection at 260 nm. For quantitation
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the peak areas of the compound studied and those of the internal standard (BRX-21) were compared. 
(The HPLC chromatogram of BRLP-42 and BRX-21 are shown in Fig. 2.)

ВЯ1.РЧ2

Fig. 2. Chromatogram of BRLP-42 and BRX-21, internal standard

Results

Individual plasma concentrations measured (ng BRLP-42/ml plasma) and the 
mean and CV% values of dogs as well as rats are given in Table I. The mean plasma 
level curves together with their standard errors after i.v. and p.o. applications are 
shown in Fig. 3 in semilogarithmic presentation.

(a) (b)
10 mg/Ug

Fig. 3. BRLP-42 plasma concentrations (mean ± SEM) in dogs (a) and in rats (b)

The pharmacokinetic parameters based on the individual plasma level of the 
dogs are summarized in Table II. The pharmacokinetic parameters based on the 
mean plasma level curves of the rats are shown in Table III.
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Table I

Mean plasma concentrations of dogs and rats after single 10 mg/kg intravenous 
and 20 mg/kg oral applications

T im e

[ h o u r s ]

D O G S

P la s m a  c o n c e n t r a t i o n  [ n g / m l  p la s m a ]

R A T S

I n t r a v e n o u s  

M e a n  CV% M e a n

O r a l

CV%
I n t r a v e n o u s  

M e a n  CV% M e a n

O r a l

CV%

0.083 6899 41 _ _ 2889 13 - _

0.167 5134 46 - - 2248 7 571 41
0.250 3636 20 792 147 1898 22 - -
0.333 - - - - 1397 11 859 61
0.500 2497 18 1671 138 1022 13 930 19
0.667 - - 1664 94 527 24 694 58
0.750 1882 21 - - - - - -
1.250 - - 1488 30 - - 87 53
1.500 799 20 1146 19 108 40 135 60
1.750 - - - - - - 60 50
2.000 514 20 669 21 74 44 31 56
2.500 304 28 413 14 - - 29 13
3.000 177 33 227 33 39 50 26 18
3.500 107 38 143 18 - - - -
4.000 66 44 103 31 N.D. N.D. N.D. N.D.
6.000 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
8.000 N.D N.D. N.D. N.D. N.D. N.D. N.D. N.D

N.D. = non-detectable

Table II

Pharmacokinetic parameters o f BRLP-42 in dogs based on the individual plasma level curves
(mean; n = 6)

In travenous treatm ent Oral treatment

Dose [mg/kg] 10.51 + 0.14 Dose [mg/kg] 20.00 ±0.00
V(centr.) [1/kg] 1.07 ±0.14 tl/2a [min] 17.36 ±5.90
tl /2 a [min] 5.47 + 1.67 tl/2e [min] 28.77 ±0.88
tl/2 ß [min] 41.45 ±2.34 tlag [min] 30.24±5.44
AUC(m) [minng/g] 235370 ±16976 AUC(m) [minng/g] 172310 ±37095
Cl(m) [ml/minkg] 45.92 ±3.58 tmax(m) [min] 51.70 ±10.92

стах [ng/ml] 2408 ±719
F [%] 40 ±8
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Table III

Pharmacokinetic parameters of BRLP-42 in rats based on the mean plasma level curve (n = 6)

Intravenous treatm ent Oral treatment

Dose [mg/kg] 10 Dose (mg/kg] 20
V(centr.) [1/kg] 2.74 tl /2а [min] 2.7
tl/2 a [min] 13.7 tl/2e [min] 30.1
tl/2ß [min] 43.8 tlag [min] 6.0
AUC(m) [minng/g] 72880 AUC(m) [minng/g] 40638
Cl(m) [ml/minkg] 137 tmax(m) [min] 30

стах [ng/ml] 930
F [%] 28

Discussion

A fter intravenous treatm ents the plasm a level curves of parent compound did 
not show high individual variability in both species studied. A two-compartment open 
model was used for the estimation of param eters [3]. The plasma level values 
m easured agree well with the theoretic values calculated by this model. The peak 
plasma concentration is three times higher in dogs (6899 ng/m l) than in rats 
(2889 ng/m l). The central volume of distribution is 1.07±0.14 1/kg in dogs but in rats 
this value is m ore than twice larger (2.74 1/kg). The first elimination half-life is short 
in dogs (5.47 ±1.67 min) and in rats (13.7 min) too. These values indicate a very fast 
tissue distribution. The excretion an d /o r metabolic elimination of BRLP-42 resulted 
in a short second elimination half-life (41.45 + 2.34 min in dogs and 43.8 min in rats) 
and high total plasma clearance (45.92 ±3.58 m l/m in  kg in dogs and 137 m l/m in k g  
in rats). In case of dogs by 4 - 6  hours after treatm ents, in case of rats by 4 hours the 
plasma concentrations decreased under the limit of detection.

In case of oral treatm ents the one-com partm ent open pharmacokinetic m odel 
was used [3]. In rats the absorption of com pound studied started practically prom pt 
after treatm ents, the absorption half-life is 2.7 minutes, in dogs it is longer: 
17.36±5.90 minutes. Although the absorption process is fast it seems to conceal the 
distribution phase which is very fast as well. The peak plasma concentration is three 
times higher in dogs (2408 ng/m l) than in rats (930 ng/m l) just like in case of 
intravenous treatm ents. A fter oral application very different individual plasma levels 
were m easured at the same time points. In some cases the CV %  values were higher 
than 50% of the corresponding m ean concentration in rats and were higher than 
100% (!) in dogs. The high individual variability may be due to the different ra te  
an d /o r extent of absorption process. The elimination half-life (28.77 ±0.88 min in 
dogs and 30.1 min in rats) is similar to that determ ined after intravenous
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administration and is connected dom inantly with metabolic elimination an d /o r 
excretion of BRLP-42. In a similar way to the iv. application the plasma 
concentrations decreased under the limit o f detection by the 4 - 6 th  hours after the 
treatm ents in dogs and by the 4th hours in rats. The oral bioavailability of the 
compound is 40 ±8%  in dogs and 28% in rats.

Summarizing the results the pharm acokinetic profile of BRLP-42 is very 
similar in both species studied. The absorption, distribution and elimination of the 
com pound is fast. T he oral bioavailability is m oderate in dogs and poor in rats 
showing high individual variability which may be due to the different rate of 
absorption and m etabolic elimination.
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ADAPTIVE CONTROL IN DRUG THERAPY
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In medical practice, drugs are administered with the goal of attaining a therapeutic 
effect without exceeding predetermined safety limits on any adverse action. This paper is 
intended to provide an introduction to pharmacokinetic-model based adaptive control of drug 
levels that can be of use in achieving such therapeutic objectives. The principles are illustrated 
by the problem of providing rapid relief of acute asthmatic symptoms by infusing theophylline.

Keywords: drug therapy, adaptive control, pharmacokinetic model, theophylline

Observing patients and administering drugs represent an operational feedback 
loop in which adjustm ents in the drug dosage are m ade as a consequence of 
deviations betw een observed and expected drug-elicited responses. In 
pharmacokinetic model-driven control a quantitative model is introduced into the 
feedback loop which serves as a duplicated patient for testing and planning such 
dosage adjustments. If the model param eters are updated whenever new serum levels 
an d /o r clinical data becom e available, the control is said to be adaptive [1, 3).

Adaptive control in drug therapy

Feedback control of drug therapy consists of the following steps: (i) 
administration of a searching dosage, (ii) m onitoring the drug-elicited response with 
an appropriate sampling strategy, and (iii) adjustm ent of current therapy whenever 
deviation from therapeutic targets occurs or the range itself needs to be modified due 
to toxicity or insufficient intensity of drug action.

Kinetic param eters may vary substantially both among individuals and within a 
single subject over tim e in an unpredictable m anner. This variability of param eters 
inevitably leads to errors in the dosage regimen. Adaptive control, however, uses
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drug levels observed in the patient as a m eans of gradually refining the picture about 
the patient thereby improving our capability of predicting the patient’s response, and 
hence refining the dosage to be given.

The Bayesian approach allows past experience of similar patients of drug 
behaviour to be com bined with individual da ta  collected over many dose intervals. 
The best estimate of kinetic param eters can be obtained if the credibility of the 
population param eter values are balanced against the credibility of the serum  level 
data acquired in an individual patient. The credibility of population-based values 
depends on the standard  deviation of the kinetic param eter while the credibility of 
serum  levels is affected by the assay variance associated with these experimental data.

Revised param eter estimates provide the basis for corrective drug delivery 
whenever the preset targets have not been  achieved. How one should plan such 
control actions will be illustrated by an exam ple borrowed from [2].

Planning theophylline infusion therapy

The problem involves infusing theophylline, a potent bronchodilator, that 
provides rapid relief of acute asthmatic symptoms at serum concentrations between 
10 and 20 |i.g/ml. Lower levels are likely to  be ineffective while adverse effects may 
occur at higher concentrations with a risk of severe toxicity above 30 g g /m l [2].

For an intravenous infusion, theophylline pharmacokinetics is usually described 
using a one com partm ent model with two param eters, Cl and V, that represent the 
drug’s clearance and volume of distribution, respectively. M eans and standard 
deviations for V (0.50±0.16 1/kg) and Cl (38.6±  18.7 m l/h /kg) have been determ ined 
in population studies.

The infusion rate, u, required to move the drug concentration from an initial 
value C0 to a target value C t within a time period T, is given by:

ct -  c0 exp ( -C 1 T /V )
u = ----------------------------------  (1)

[1 -  exp ( -C 1  T /V )]

and the constant infusion rate, uss required to maintain the target concentration in 
the steady state is:

uss = ct Cl (2)

The performance of th ree  different control algorithms for adjusting theophylline 
delivery have been com pared using com puter simulation. In the simulation runs, 
population means and standard deviations w ere used to generate random  values of V 
and Cl for simulating individual patients. W hen generating observed plasma levels for
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theophylline, random  m easurem ent errors were generated from a log-normal 
distribution with a coefficient of variation of 5%. T reatm ent lasted for 80 hours, the 
target concentration was selected to be 15 pg/m l.

(o) (»I

Time (hours)

Fig. 1. (a): Simulation of open-loop control for target theophylline concentration of 15 p.g/ml.
(b): Simulation of adaptive control based on blood samples drawn at 1, 8 and 24 h. (c): Simulation of 
adaptive control using an initial target of 10 pg/ml that has been increased to 15 pg/ml after feedback of 
the first theophylline concentration. (Adapted from [2]). The curves show mean (M), one standard 
deviation bounds (S+ and S - ) ,  and maximum and minimum values for concentrations achieved in the

simulation of 500 patients

Figure la  presents simulated theophylline levels in response to a  p r io r i optimal 
theophylline therapy in which each patient would receive an infusion regim en that 
would achieve and m aintain a target concentration of 15 |xg/m l in a pharmacokinetic 
model with population param eters (Strategy I). Figure lb  displays the means, one 
standard deviation bounds and the maximum and minimum theophylline 
concentration achieved in simulations applying adaptive control with fixed target in 
500 patients (Strategy II).

The model param eters, Cl and V, are initially set to  the best estimates 
available, that has been refined using the Bayesian m ethod whenever new 
m easurem ents becom e available. Blood samples were drawn at 1, 8 and 24 hours,
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and could be used for updating param eter estim ates and setting infusion rates as 
required in order to move the concentration to, and keep it at, the target level.

As shown, w ithout adaptation there is a significant num ber of patients for 
whom the theophylline concentration is outside the therapeutic range. With adaptive 
control, this variability in theophylline levels is greatly reduced but in the early phase 
of treatm ent potentially toxic concentrations may result in patients who have a 
significantly lower volum e of distribution.

The mere possibility of such cases may prom pt the clinician to adopt a m ore 
conservative strategy (Strategy III) that involves setting a reduced target of 10 |xg/ml 
and increasing that value to the centre of the therapeutic range, 15 (xg/ml, after 
estimating the patient’s volume of distribution, V, based on the first m easurem ent. In 
this way the maximum concentration achieved during the simulation does not exceed 
25 p-g/ml in any patient as shown in Figure lc.
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Administration of allylestrenol or benzpyrene in fetal and neonatal periods of life 
make the rats susceptible to phenobarbiturate induction. Changes to controls could be 
observed in three of the enzyme activities tested (p-nitrophenol-hydroxylase, cytochrome P450 
and aniline-hydroxylase), with a dominance of the p-nitrophenol-hydroxylase among them. 
There seemed to be no difference in the action of allylestrenol and benzpyrene, although 
treatment protocol in the neonatal period proved to be more effective.

Keywords: benzpyrene, allylestrenol, steroid treatment, neonatal, fetal, microsomal 
enzymes

The adjustm ent of horm one receptors and microsomal enzymes (specialized 
for the biotransform ation of xenobiotics) to their adequate ligands (horm ones, 
substrates) in the perinatal period of life is the horm onal and enzyme imprinting [1, 
2, 5 - 9 ,  14, 16, 24]. The physiological result of this process is the maturation of the 
receptor and enzymes in a sufficient way when needed. Substrates other than the 
adequate ones with the ability to bind to these receptors and enzymes by changing 
the recognition capacity through their binding to them in the perinatal period of 
ontogeny, cause a lifelong failed imprinting. The changes m entioned are reflected by 
alterations in the receptor binding capability as well as the activity of enzymes when 
encountering the special substrates again.

In recent experiments the synthetic sex-steroid allylestrenol (AE) and the 
environmental pollutant benzpyrene (BP) given to newborn rats had detectable
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influence on the adult activity of m icrosom al enzymes (PSM O ) as it was in the 
binding capacity of the uterine estrogen receptors and the thymic glucocorticoid 
receptors. These chemical exerted an influence on the sexual behaviour of the rats 
treated , too. This latter led to  the observation that though the tendency was the same 
in both cases, there was a difference in the results due to the tim ing (neonatal or 
fetal) of the adm inistration of the chemicals. These served as basis for the present 
work to compare the effects of A E and BP on adult microsomal enzyme (PSM O) 
activities when given to fetal and neonatal rats. Since PSMO belongs to a multigene 
family, specificity and overlaps also can be expected to appear in activity.

Materials and methods

The experimental animals were Wistar rats of our closed bred stock. The administration of the 
chemicals took place in intrauterine and neonatal stages of life as listed below.

Group 1: Control newborn rats treated with 0.1 ml sunflower oil subcutaneously (sc.) in the neck.
Group 2: AE (Túrinál, Richter, Budapest) given to newborn animals sc. on day 0, 3, 7, at a dose 

of 17.5 p.g/animal, in sunflower oil.
Group 3: BP (Fluka, Buchs, Switzerland) administration to newborn animals sc. on day 0, 3, 7, in 

the dose of 20 jig/animal, in sunflower oil.
Group 4: AE given to pregnant rats intramuscularly (im.) on day 15, 17, 19 of pregnancy in the 

dose of 0.7 mg/body weight kg.
Group 5: BP given to pregnant rats im. in the dose of 2.0 mg/body weight kg on day 15, 17, 19 of 

pregnancy.
The proof of pregnancy was the presence of sperm in the vaginal smear.
Four weeks after birth the males were separated from their mother. At 2-month-age the animals 

24 h prior to decapitation were treated with phenobarbituric acid-sodium of 80 mg/body weight kg (total 
volume 1 ml) in gastric probe. These animals were then subjected to the studies of liver microsomal
enzyme activity.

Two months after parturition the mothers underwent the same phenobarbiturate induction 
before the studies on their liver enzyme activities as described for the newborn animals.

Studies on the microsomal enzymes

Six animals of each group were taken for liver subcellular fractionation. The parameters studied 
were the microsomal cytochrome P450 [4, 20], the activity of the postmitochondrial aniline-p-hydroxylase 
[3, 22], aminopyrine N-demethylase [15], p-nitroanisole-o-demethylase [21], p-nitrophenolic hydroxylase 
[23] and the protein concentration [19] as previously described [11].

In the evaluation process the statistical reliability of data were proven by the г-test and preceded 
by an /--test.
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Fig. 1. a. b. c. Values in control, fetally (fet) or neonatally (neo) allylestrenol (AE) or benzpyrene (BP) 
treated 2 months old rats. •. • • •  = p<0.05; 0.01 and 0.001 to control; x = p<0.05 to treated group at

fetal period

Results and discussion

The goal of the present work was to test the effects of A E and BP on 
phenobarbiturate enzym e induction in adulthood of intrauterine and newborn action 
in a comparative way.

Among the 5 m icrosom al enzymes m easured, com pared to the control no 
significant change could be found in the activity of aminopyrine-N-demethylase and 
p-nitroanisole-o-demethylase. In either adm inistration protocol the most prom inent 
change was seen in the activity of p-nitrophenolic hydroxylase. Com pared to control 
animals, in the activity of cytochrome P450 and aniline-p-hydroxylase (Fig. 1) som e 
alteration was observed, too.

As it was shown in the experiments, the intrauterine and perinatal (newborn) 
action of chemicals influences the inducibility of microsomal enzymes in adulthood. 
A E  and BP from this la tte r aspect had the sam e tendency in action. Nevertheless, 
this effect seemed to be stronger when treatm en t was carried out at the newborn 
stage compared to that at the intrauterine stage of life. One possible cause of it is the 
direct action and not via m aternal mediation of chemicals on the newborn animal. 
A nother explanation is the role of placenta in (partial or com plete) protecting the
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embryo against chemicals of steroid character. Since the dose of administration was 
compatible to new born or m aternal conditions, the dose differences themselves may 
not be a cause for alterations.

O ur previous experiments [12] were dedicated to  the study of behaviour 
patterns in response to A E and BP treatm ent of intrauterine and newborn periods of 
life. Those studies support the present findings in em phasizing the dom inance of 
newborn treatm ent over intrauterine in later efficacy.

The m aternal param eters did not show any significant change to those of 
controls. Since the chemicals had their action in adult organism (influenced by 
pregnancy), they served for adult controls. Their prom inent deviations from data 
obtained in fetal and newborn cases point to the im portance of the critical period in 
imprinting mechanisms, surpassing the effects of events appearing already in 
adulthood.

O ur experim ents were run on male animals, whose sensitivity at the 
microsomal enzyme level is lower than  of females of the sam e early stage in ontogeny 
[1, 2]. This was shown in our recent studies where anticoncipient sex steroids had 
similar action in the strong inducibility of the liver microsomal enzymes in a 
treatm ent protocol similar to our present one. Considering the present and previous 
significant findings, the experiments suggest the strong and perm anent influence of 
these treatm ents on the system in study.

The experim ental (intrauterine or newborn) inducers of our studies (the 
executors of imprinting) differ from the adult ones in their isoenzyme specificities. 
Regarding early ontogénie chemical actions influencing the inducibility of enzymes in 
adulthood, the im printing has brought perm anent changes in the system (e.g. the 
synthesis of hem) independent of its substrate specificity.

A E as pregnancy protector is in everyday use, while BP is one of the most 
common environm ental pollutants. T he present experiments call the attention on the 
role of exposure to such chemicals in early ontogeny the result of which may be an 
enhanced sensitivity when microsomal inducers are later in action. The speed of 
development is different in rats and humans: the early postnatal period in rats can be 
corresponded to the late fetal period of humans. This is the period, when -  
according to  the present studies -  the microsomal enzyme set seems to be m ore 
sensitive when exposed to xenobiotics.
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Monoclonal antibody to TSH-receptor binds to the cells of human thyroid gland and 
to Chinese hamster ovary cell cultures. Pretreatments with TSH can decrease the binding of 
antibody, which effect is more expressed in CHO than in thyroid cells. Gonadotropin 
(FSH + LH) cannot influence the binding of antibody to thyroid, but there is an effect on CHO 
cells. Endotoxin (lipopolysaccharide, LPS) can depress the binding of antibodies on both 
objects and abolishes the difference between thyrotropin and gonadotropin receptors in their 
binding capacity, on both cell types. The experiments prove the similarity of thyrotropin and 
gonadotropin receptors which is responsible for the hormonal overlap.

Keywords: thyroid gland, TSH-receptor, TSH-gonadotropin overlap, receptor- 
antibody, CHO cell line, hormonal imprinting

The glycoprotein hormones of the pituitary gland have a close chemical 
similarity [1, 2, 20, 22]. The alpha subunits of the thyrotropin and the gonadotropins 
are identical and their beta subunits are also similar. The small differences make the 
great differences in their effects. At the period of the early stage of receptor- 
development -  in the embryonic period or just after the birth [3, 4], or in a lower 
phylogenetic level [7] -  the receptor is unable to make differences among the 
hormones, so hormones are able to bind to the receptors of each other.

According to our previous results in chicken embryos (just hatched chicken) 
and newborn rats there is an overlap in TSH and GTH binding of the thyroid and 
gonads [5, 6]. The imprinting having developed at the first encounter with the related 
hormones can influence the binding of hormones and responsiveness for life [3, 4].
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There was an overlap of binding of hormones to the cells of CHO cell line, too [8, 9]. 
To clarify the nature of the overlap on receptors it seemed hopeful to use 
monoclonal antibodies to TSH-receptor. The aim of our present work is to 
investigate how the different pretreatments (TSH, GTH) can influence the binding of 
monoclonal antibodies to TSH-receptors to cells of thyroid and CHO cell line.

It is known that the bacterial endotoxins (lipopolysaccharides = LPS) can 
result in the destabilization of or reorganization of the membrane [16]. This way they 
can modify the responses of the cell to other stimulating effects, they can influence 
the hormone binding of receptors. Considering this fact it was suitable to check the 
binding of the monoclonal antibody following an LPS treatment, too.

Materials and methods

Chemicals and cell lines

TSH: Ambinon, Organon Oss
GTH: Pergonal, Human, Budapest
LPS: OSSKI-Bertok, LD-50: 20 mg/kg rat
Ovarial cell line: CHO К-l (Chinese hamster ovary: ATCC)
Human thyroid cell line: BHT-101, human anaplastic cell line (National Institute of Oncology, 

Budapest)

Production of the monoclonal antibody

Monoclonal antibodies were risen against TSH-receptors of swine thyroid according to Eshar 
[11]. The "crude" membrane of thyroid of swine was prepared with Islam’s method [15] and this served as 
antigen (Ag). The hybrid cell clones reacting with the antigen and producing antibodies were selected by 
ELISA and RIA techniques and they were recloned twice with the limit-dilution method. The specificity 
of antibodies was determined repeatedly from the wells containing one cell clone. 1-50 million cells of 
the most suitable clones were ip injected to mice pretreated with Pristane (2,6,10,14-tetramethyl- 
pentadecane, Sigma) to induce production of ascites fluid. Then the ascites fluid from the settled clones 
was collected. The subclass of the monoclonal antibody was determined and it was identical to IgG 1. 
The monoclonal antibodies of IgG 1 subclass with specificity of TSH-receptor were isolated from the 
ascites fluid with Hardy’s method [13].

The molecular weight of the antigen-component recognized by the monoclonal antibodies was 
characterized by SDS -  PAAGE -  Western blotting. The monoclonal antibody binds to the 80 KD protein 
component of the non-reduced antigen, which is identical to the molecular weight of the TSH receptor 
[19]. In our present experiments we used the IgG 1 antibodies against TSH-receptor from the 7/2 
redone.

Radioimmonoassay (RIA )

The treated and untreated thyroid and CHO cells were in PBS (2 million cell/ml) and 50-50  
microliters were dried onto the bottom of the test slide at 37 °C. The free active groups were covered and 
blocked with 1% PBS-BSA. Then the slides were incubated with 1-125 labelled monoclonal antibodies
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to TSH-receptor. The specific binding activity was measured by gamma counter. Table I illustrates the 
setting of the experiment.

Table I

Three days old CHO and one week old BHT-101 cell lines. Schedule of 
the experiment

1 s t t r e a t m e n t 2 n d  t r e a t m e n t

LPS TSH
1 pg/ml 10- 6  Mol

1 h/37°C 1 h/37 °C

FSH-LH
10" 6  Mol
1 h/37 °C

TSH
10 - 6  Mol
1 h/37 °C

FSH-LH
IO“ 6  Mol
1 h/37 °C

Immunofluorescent method (FACS)

The binding of the monoclonal antibodies was proved by F1TC labelled anti-mice IgG. We added 
100-100 |il diluted solutions of the antibodies to 100 p.1/1 million cell/tube. The samples were incubated 
for one hour. After washing we applied 50 |il anti-mice IgG-FITC (Sigma) as a second antibody. 
Following the next 30 min incubation the free antibodies were removed and the cells were fixed with 1% 
formol. The intensity of fluorescence of cells was determined by flow cytometry (FACS Becton- 
Dickinson. Mountain View CA). Mice IgG 1 (Litton Binetics Inc.) was used as control in the same 
concentrations of the applied dilutions of the monoclonal antibodies to TSFl-receptor.

Acta Physiologica Hungarica 82, 1994



342 Susanna U. Nagy and G. Csaba

Results

The results of the immunofluorescent (FACS) experiments showed a 
decreasing binding of monoclonal antibodies to TSH-receptor on CHO cells by the 
dilution. Binding of control IgG 1 was minimal (Fig. la, b). To demonstrate the 
binding of the thyroid cells the concentration courses of control IgG 1 and the 
monoclonal antibodies to TSH-receptor presented that the binding of monoclonal 
antibodies to TSH-receptor is higher, the higher per cent of cells shows activity of 
fluorescence. The dilution of IgG 1 decreases the binding much more than it was 
observed with the monoclonal antibody (Fig. 2 and Table II).

Fig. 1. Binding of anti-TSH receptor monoclonal antibody to CHO cells. FACS results. 
A: anti-TSH receptor monoclonal antibody (IgG 1), B: control IgG 1. 

Concentrations:
1 . 1 0 0  p.g/ 1 0 0  p.1/ 1 0 6  cells
2 . 1 0  p.g/ 1 0 0  p.1/ 1 0 6  cells
3. 1 p.g/100 (xl/106  cells 

4. 0.1 p.g/100 p.1/106  cells
5. autofluorescence 

6 . anti-mouse FITC alone
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Fig. 2. Binding of anti-TSH receptor monoclonal antibody to thyroid cells. FACS results.
Concentrations:

1 . 1 0 0  pg/ 1 0 0  p l/1 0 6 cells
2. 10 p.g/100 pl/lO6  cells
3. 1 pg/100 ixl/106 cells 

4. 0.1 pg/100 pl/106  cells
5. autofluorescence 

6 . anti-mouse FITC alone

Table II

Binding o f anti- TSH receptor monoclonal antibody to human thyroid cells in the per cent o f fluorescein
activated cells

A n t i -T S H  r e c e p t o r C o n t r o l  Ig G  1

m o n o c lo n a l  a n t ib o d y

C o n c e n t r a t i o n s F lu o r e s c e in I n te n s i ty F lu o r e s c e in I n te n s i ty

a c t iv a te d o f a c t iv a te d o f

c e l ls  % f lu o re s c e n c e c e l ls  % f lu o re s c e n c e

( m e a n ) (m e a n )

1 . too p.g/ 1 0 0  p.1/ 1 0 6  cells 89 2181 73 1547
2 . 1 0  pg/ 1 0 0  p.1/ 1 0 6  cells 62 2321 34 946
3. 1 pg/100 (xl/106  cells 57 2090 82 653
4. 0.1 pg/100 p.1/106  cells 14 618 7 6 8 8

5. autofluorescence 0.7 607 0.7 607
6 . anti-mouse FITC alone 2 . 2 700 2 . 2 700

Our results obtained by R1A method showed that the binding of monoclonal 
antibodies to TSH-receptor was inhibited significantly by pretreatments of TSH. This 
inhibition is more expressed in CHO cells than in thyrocytes. The pretreatment with 
GTH could not influence the binding of antibodies in thyroid cells, but this 
pretreatment could decrease it in CHO cells. The LPS itself was able to cause 
inhibition which was significant only in CHO cells but not in thyroid cells. 
Consecutive treatments with LPS and TSH resulted a very high level inhibition in
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cells of both cell lines. The effect of the consecutive treatments with LPS and GTH 
was not significant. It is remarkable that the changes of binding are similar in their 
tendencies but different in their degree in CHO and in thyroid cells. The CHO cells 
are more sensitive to the pretreatments (Fig. 3). Simultaneously, the amount of the 
bound antibodies is double in thyroid cells compared to the binding of CHO cells 
(Table III).

120 •

110 -

CONTROL TSH GTH LPS LPS.TSH LPS.GTH
pretreatment

I Thyroid ce ll s g a  CHO cells

Fig. 3. Binding of 125I anti-TSH-receptor monoclonal antibody to CHO and human thyroid cells after 
different pretreatments in relation to the control as 100%. RIA experiments

Table III

Binding o f 1-125 anti-TSH receptor monoclonal antibody to the cell lines after different treatments
(RIA methods)

G r o u p s 1 2 3 4 5 6

Treatments: Control TSH FSH-LH LPS LPS LPS
+ +

TSH FSH-LH

Mean cpm: 8852 7239 8739 8214 6555 8169
Thyroid: ±1045 ±313 ±902 ±658 ±722 ±692

n = 8 n = 7 n = 7 n = 5 n = 4 n = 5

Mean cpm: 4416 3113 3936 3711 2914 3986
CHO: ±244 ±169 ±183 ±203 ±472 ±156

n = 7 n = 8 n = 8 n = 8 n = 8 n = 8

Significance: p < 0.001
Thyroid: 1 -2 ,1 -5 , 2 -3 , 3 -5 , 4 -5 , 5 -6
CHO: 1 -2 ,1 - 3 ,1 -4 ,  1 -5 , 2 -3 , 2 -4 , 2 -6 , 3 -5 , 3 -5 , 4 -5 , 5 -6
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Discussion

Our experiments were carried out with monoclonal antibodies raised against 
pig thyroid membrane in mice. The binding of the antibody was inhibited by TSH 
pretreatment and the binding to thyroid cells was demonstrated with 
immunofluorescent method. The binding of TSH by gonadotropin receptors of 
Chinese hamster ovary (CHO) cells requires further explanation.

GTH (FSH-LH), TSH and chorionic gonadotropic hormone (HCG) belong 
to the glycoprotein hormones of the pituitary gland. Their alpha subunit is identical, 
and there is a significant common aminoacid sequence in the beta subunit, too. The 
remaining differences of the sequence in beta subunit are responsible for specificity 
of hormones [1, 2, 20, 22]. The receptors of the mentioned hormones are also 
analogues. The extracellular part of the two gonadotropin receptors (FSH and LH) 
has a 46% similarity in amino acid sequence, these values are 39% and 45% with 
TSH receptor. The transmembrane domains have a 72% similarity between FSH and 
LH, in the case of TSH these values are 78% and 70% [17, 21]. This shows that the 
difference between the two gonadotropin receptors is slightly lower than their 
difference to the TSH receptor. At the neonatal period of life, when the receptors are 
still plastic, the three glycoprotein hormones can totally overlap each other on the 
receptors [3, 18]. This means with other words that they can link to the receptors of 
each other. At the maturation of the receptors the ability for differentiation develops 
simultaneously making the specific response for specific hormone possible. The 
overlap in binding is present also in adults but it can influence the function little or 
even not [2].

Our previous experiments demonstrated the overlap binding of TSH and 
gonadotropins in CHO cells [8, 9]. In these experiments the binding of TSH was 
higher than the binding of FSH. Our present study suggests again that the antibodies 
to TSH-receptor are bound to CHO cells and thyroid cells alike. The sensitivity of 
CHO cells is higher, the TSH pretreatment could inhibit the binding of antibodies 
more in CHO cells than in thyroid cells. However, in thyroid cells the quantity of 
bound antibody was double compared to the CHO cells. This means that either 
affinity of the TSH receptors of the thyroid cells is higher or there are more 
receptors than in the CHO cells. Certainly the problem is whether there are TSH 
receptors in CHO cells or the gonadotropin receptors are able to bind TSH.

Nagayama and co-workers [17] developed chimeras of the extracellular domain 
of TSH -  LH/chorionic-gonadotropine receptors and investigated their TSH binding. 
The extracellular part of the TSH receptor was divided into 5 regions and they 
substituted these regions for adequate gonadotropin regions. Most of the receptors 
had lost their TSH binding capacity and they were able only to bind gonadotropin. At 
the same time there were always found receptors where all the 5 regions were
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substituted by gonadotropin but they had a strong affinity TSH binding. Other 
experiments demonstrated that thyroid cells with TSH-receptors have no mRNA 
coding the LH/HCG receptor. In this way the responsible ones for LH/HCG 
binding could be only the TSH receptors [12, 17]. This means that the regions of 
receptors responsible for gonadotropin binding are able to bind TSH (first 
experiment), and the TSH receptors are able to bind gonadotropin (second 
experiment). By reason of these it is supposed that the gonadotropin receptors of 
CHO cells were responsible for TSH binding in our present work.

The decreasing binding by falling the applied concentrations of monoclonal 
antibodies to TSH-receptor refers to the specific binding of receptors in CHO cells. 
The binding of the control immunoglobulin was lower and non-specific. Though the 
binding of antibodies to thyroid cells was higher, the specificity of binding is not 
dubious in CHO cells, either. This suggests that the overlap of hormones could occur 
on gonadotropin receptor -  by all means in vitro circumstances. The precocious 
puberty syndrome developing in hyperthyreotic children may refer to the in vitro 
overlap [10].

The binding specificity of glycoprotein hormones is different concerning the 
species possessing the required receptor [20]. One of the two gonadotropins, LH 
appears to be specific for some classes of vertebrates, FSH has no specificity in this 
relation. Perhaps it is due to the different contents in proline which can influence the 
specificity [14]. The proline content in TSH is higher than in FSH and has a close 
value to LH. It is conceivable that this is the reason of the increased specificity of 
TSH receptor. The validity of this conception was demonstrated in our previous 
experiment on the imprinting of newborns, too. At that time the overlap of 
gonadotropins on the TSH receptors was lower than the TSH overlap on the 
gonadotropin receptors [19]. In the present experiment the TSH could influence 
(inhibit) the binding of monoclonal antibodies raised against TSH receptors in CHO 
cells, but the thyroid cells were influenced by gonadotropins in a lesser degree.

The endotoxin (LPS) has a membrane-destabilizer and membrane perturbing 
effect. These themselves were enough to depress the binding of the monoclonal 
antibodies to TSH-receptors on both of the studied objects, however the depression 
was stronger in CHO cells. However, it was unexpected that the LPS treatment 
applied after hormone pretreatments could quench the difference of the thyroid and 
CHO cells in respect to their binding of monoclonal antibodies to TSH-receptors, 
there was an equalizing effect. This means, that the receptors of the two glycoprotein 
hormones (or their surroundings) changed in the presence of LPS and this resulted 
in an uniform binding of hormones.
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LB-145 is a macrocyclic ligand, which forms 200 times more stabil complex with 
Stroncium (Sr) ions, than with calcium ones. The product is not toxic, it has no effect on 
circulation, respiratory system.

s5' 90Sr and 144Ce were given oral, i.p., s.c. or by inhalation, LB-145 either prophylactic 
or 30 (60) minutes after the radiointoxication i.v. or i.p. to the animals. The isotope contents 
of the organism were measured by whole body autoradiography, liquid scintillation, or by NK 
350 ratemeter.

One injection given prophylactic inhibited the incorporation of isotopes into the 
organism, within 24 hours after radiointoxication 75-80% of the isotopes were excreted by 
urine and faeces on the first day, 90 -  95% excreted on the first week. Also the isotope 
contents of femur and scissors were mobilised.

The suggested human dose -  0.5 g/70 kg bw -  can be life-saving antihavaric injection.

Keywords: LB-145, radioactive isotope eliminating product, selective chelating agent

At nuclear accidents several medium half-life, very dangerous isotopes -  
getting into the living organisms -  can cause severe radiointoxication. The invention 
of LB-145 has a great importance, because it is the first selective chelating agent on 
the world [6, 7]. LB-145, macrocyclic ligand, is under patent protection in Hungary
[4]. The central cavity of this complexing agent can be adjusted, correcting to the 
diameter of the metal ion to be bound. LB-145 binds more than 200 times stronger 
the Sr2 + than Ca2 +. The logarithm (log K) of the complex stability constant is 7.54 
for Ca2 + , still 9.79 for Sr2+ [1].
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Methods

Stabil i.v. injections of LB-145, containing 0.5 g/10 cm3 were developed by Medipharma and 
examined. For the standardization of the injections and product, HPLC [5] and proton NMR 
examinations were worked out [2 ].

Proving the effect of LB-145 x,Sr (DuPont 279.35 MBq/mg, spec. act. 1.66 KBq/pg) and also 
144Ce isotopes in 1, 2, 10 p,Ci amounts were given i.p., s.c., orally or intratracheal to rats (Wistar) and 
mice (CFY). The decorporating agent was given either prophylactic 30 minutes before, or 30, 60 minutes, 
or 24 hours after the radiointoxication i.v. or i.p.

In the "Frederic Joliot-Curie" National Research Institute for Radiobiology and Radiohygiene 
whole body autoradiography, in the Semmelweis Medical University, Central Isotope Laboratory NK 350 
ratemeter, in the Pharmacological and Toxicological Institute of the Ukrainian Scientific Academy liquid 
chromatography were used for measuring the isotope content of the organisms.

Results

According to the pharmacokinetic examinations the half-life of LB-145 is about 
1 day [3]. It is not toxic, the i.v. acute LD50 greater than 2000 mg/kg, it has neither 
effect on respiratory, cardiovascular system, nor vein-damaging effect.

In Figure 1 it can be seen that the isotope retention in animals decreases 
dramatically in the first day. 30 minutes later a repeated dose enhances the excretion. 
Within a week the isotope content decreased by 95%.

days after treatment 
Sr isotope, intratracheal 
LB -  K5, ip , to rats

Fig. 1. Whole body retention in %, Sr2+ isotope was given intratracheally to rats, 30 min, 60 min later
LB-145 ip.
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Figure 2 shows the whole body retention of i.p. given Sr2 + , LB-145 was 
administered i.v. 30 m inutes later. The retention of Sr2+ decreased also very rapidly.

Stroncium tsotope i.p. 
LB-145 iv. to mice

Fig. 2. Whole body retention in %, Sr2+ was given i.p. to mice, 30 min later LB-145 iv.

LB-145 ip.

Fig. 3. Whole body retention in %, Ce3+ isotope was given intratracheally to rats, 30, 60 min later
LB-145 ip.
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In Figure 3 w e show  an exam ple for Cerium isotope. The excretion goes a little 
slow er than that o f Sr2+ , but within a week the excreated amount is about 90%.

On Table I w e sum m arise the excretion o f Sr2+ with urine and faeces. It can be 
seen , that it is not necessary a repeated injection, on the first day the same amount 
excreted when 1, or another injection was given. LB-145 can m obilize the radioactive 
isotop e also from bones and scissors. The control femur contains 0.073 D % /g , the 
LB-145 treated only 0.044 D % /g . In the control scissors the Sr2+ content was 
0.089 D % /g, after one dose LB-145 only 0.04 D% . In the Ukrainian Institute they 
u sed  90Sr in 10 |xCi am ount, given i.p. The isotope content o f different organs was 
m easured. The values w ere similar to the form er experiments.

Table I

Cumulative 85Sr excretion (urine and faeces) o f treated and control groups under 168 h (x±S.D.)

Control
0 -2 4  h 0 -4 8  h 0 -72  h 0-96  h 0-168 h

10.53 ±3.12 16.22±4.18 18.28±4.11 19.44 ±4.23 22.12±4.32

LB-145 iv 30’; 24 h
0 -2 4  h 0 -4 8  h 0 -72  h 0-96  h 0-168 h

62.60 ±5.08 67.94 ±4.37 69.06 ±3.96 69.59 ±3.81 70.67 ±3.47

LB-145 iv 1 h
0 -2 4  h 0 -4 8  h 0 -72  h 0-96  h 0-168 h

62.60 ±10.71 71.49 ±11.47 73.33 ±10.54 73.85 ±10.33 74.54 ±9.94

On Table II w e took out som e organs presenting that the content of Sr2+ in
b lood  and bones decreased, in urine and faeces increased.

Table II

The effect o f LB-145 iv in % o f the control

1 3 5 10 d a y s

Blood -40.0 -37.0 + 3.0 + 19.0
Intestines + 16.0 + 40.0 + 121.0 + 5.0
Urine + 23.0 + 35.0 + 59.0 + 193.0
Bone -25.0 -29.0 -24.0 -44.0

Acta Physiologic a Hungarica 82, 1994



LB-145 a new radioactive isotopes eliminating product 353

Discussion

T he LB -145 injections are not toxic and it is the first really effective and 
selective decorporating agent. Its use in the civil defence, at the army, at the nuclear 
power plans and in the nuclear m edicine, scientific working places using Sr2+ or 
Ce3+ isotopes, LB -145 can given a life-saving treatment.
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Requirements reported for an ideal anticoagulant [12] and for an ideal antithrombotic 
[18] show the necessity of many-sided methodological approach in order to detect the 
molecular mechanism of action of a novel synthetic antagonist of thrombin. The lack of a 
protocol internationally accepted, on the one hand, and with regard to a general proposal 
accepted [16], on the other hand, authors applied a complex methodological system involving 
also the study on the possible interactions at molecular level of some novel thrombin 
antagonists with the main components of their site of action. The surprising contradiction 
found between in vitro and in vivo efficacy of several antagonists could be attributed and 
explained by the significant differences in K, and 1CS0 values determined in complex clotting 
assays containing plasma proteins and/or blood cells versus those measured in reaction 
mixtures consisting of a synthetic chromogenic substrate, the target enzyme, thrombin, and the 
antagonist compound in buffer solution.

Keywords: synthetic thrombin antagonists, monitoring the anticoagulant and 
antithrombotic effects, complex screening system

Advances in the chemistry and biochemistry of blood coagulation and platelets 
during the past two decades stimulated the design and developm ent of a number of 
novel m olecules with anticoagulant an d /or antiplatelet effect. A m ong the com pounds 
of different chemical structures and m ode of action the direct acting thrombin 
antagonists appeared to be o f particular interest. This may be attributed to the key 
role of thrombin in coagulation cascade via its positive feed-back reactions involving
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coagulation factors, som e platelet m em brane proteins and the vascular wall. 
M ethodological aspects in the study of novel thrombin antagonists o f peptide- 
aldehyde type are especially many-sided not only by the above reactions but also 
because of the sequence hom ologies present in thrombin and plasmin which 
necessitates the control o f the possible antifibrinolytic effect of the antagonist. 
Furthermore the antagonist m olecule at its site o f action may easily interact with red 
b lood  cells and plasm a proteins resulting in a possible decrease in its activity. 
Therefore, the m echanism  o f action at m olecular level have to be characterized by 
both  the target and non-target reactions o f a novel antagonist. The present paper 
outlines the main features o f our m ethodological approach by illustrations to detect 
the mechanism o f action o f som e novel thrombin antagonists.

Table I

Outline o f the assays to examine direct acting synthetic thrombin antagonists

S y s te m s M e th o d s I n f o r m a t io n

In vitro
Purified enzymes Biochemical assays: Inhibition constants,
of coagulation, inhibition of enzyme type and specificity
platelet function activity in isolated of inhibition,
and fibrinolysis systems using natural structure-activity

Ex vivo
and synthetic substrate relationship

Whole blood and Coagulation, platelet Anticoagulant, anti-
plasma from and fibrinolysis platelet and fibrinolytic
various species, assays. Inhibition of effects, dose-effect
human plasma - enzyme function in relationship,
proteins and complex reaction compatibility and
blood cells 

In vivo

mixtures stability of the an
tagonist

Various species Monitoring the antico- Pharmacodynamics,
of experimental agulant and antiplatelet pharmacokinetics,
animals effects. Several toxicity, safety/

models of thrombosis, 
Pharmacological and 
toxicological standard 
methods

efficacy ratio
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Materials and methods

Thrombin antagonists

D-Phe-Pro-Arg-H.H2S 04 (GYKI-14166) [5, 6]
OM-805 (MCI-9038) 4-methyl-l-N2(3-methyl-l,2,3,4-tetrahydro-8-quinolinesulfonyl)-L-arginyl-2-piperi- 

dine carboxyl acid [17]
PPACK D-Phe-Pro-Arg.CH2Cl 2 HC1 [14]
D-MePhe-Pro-Arg.H.1/2 H2S04 (GYKI-14766) [7]
o-NAPAP N2a-(2-naphthylsulfonylglycyl)-4-amidinophenylalanine-piperidide [13, 19] (Table I).

Reagents

T postasin, a thrombin preparation Hoffmann-La Roche was referred to an International 
Standard of Thrombin, Human (WHO, Lot No. 70/157), APTT reagent was purchased from Reanal 
Factory of Laboratory Chemicals, Budapest. Plasma proteins were purchased from Sigma, St. Louis, MD, 
fibrinogen from Behringwerge AG, Marburg, FRG and dried human fibrinogen from AB Kabi, Sweden, 
Collagen from Hormonchemie, Munich, FRG, adenosine diphosphate sodium salt from Serva, 
Heidelberg, arachidonic acid from Calbiochem AG, Luzerne.

Blood and plasma samples

Fresh human and rabbit non-anticoagulated whole blood and pooled plasma samples obtained 
from citrated whole blood (1 part of 0.11 M trisodium citrate and 9 parts of blood) were used. Human 
blood was obtained from healthy donors who had not taken any drug during the previous week. To 
prepare platelet rich plasma (PRP) blood collected into sodium citrate in polypropylene tube was 
centrifuged at 240 g for 5 min at room temperature. Platelet poor plasma (PPP) was prepared by 
centrifugation at 1500 g for 15 min.

Experimental animals

Male New Zealand white rabbits, weighing 2.5-3.5 kg, kept under conventional conditions were
used.

Kinetics of inhibition by GYKI-14766 o f thrombin in vitro

Fibrinogen was dissolved in 0.15 M phosphate buffer of pH 7.4. The Kj value of the antagonist -  
similarly to its parent molecule, GYKI-14166, was determined by measuring the thrombin time using 
several concentrations of the substrate and that of the antagonist. Evaluation was performed via Dixon’s 
graphic method. K, value was measured also by using synthetic chromogenic substrates [20].

Clotting assays

The whole blood clotting time (WBCT) and recalcification time (RCT) were measured in Heilige 
Thrombelastograph Model D, activated partial thromboplastin time (APTT) and thrombin time (TT) in 
an automated coagulometer КС 4A, Heinrich Ameling GmbH, FRG. Thrombelastography of human and 
rabbit blood and plasma was carried out in volumes of 0.35 ml including 0.02 ml volume of buffer
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containing the antagonist. The reaction mixture for RCT  was as follows: 0.2 ml citrated whole- blood or 
plasma, 0.10 ml buffer containing the antagonist and 0.05 ml calcium chloride (0.1 M) in the cuvette of 
thrombelastograph. Clotting times related to each concentration of the antagonist were determined in 
3 -5  parallel determinations. Relative clotting times mean the ratio of the clotting times measured in the 
presence and absence of the antagonist. APTT  was assayed as follows: to a mixture of 0.1 ml PPP and
0.1 ml buffer containing the antagonist 0.1 ml reagent was added and after 2 min incubation 0.1 ml 
calcium chloride (25 mM) to start clotting. To determine TT  0.2 ml fresh human citrated plasma or 
fibrinogen (6 g/1) and 0.1 ml of isotonic phosphate buffer of pH 7.4 containing the antagonist were used, 
then 0.1 ml of thrombin (10 NIH U/ml) was added to induce coagulation [1].

Platelet counting and aggregation

Counting was carried out in a Coulter Counter Model Z, Coulter Electronics Ltd, England. 
Aggregation was measured in whole blood using a Chronolog Model 540 VF whole blood aggregometer 
(WBA). Amplitude of aggregation curves were read in the first minute. All aggregation responses were 
quantitated by measuring the percentage aggregation of 6 min using the PRP and PPP regarding to 100 
and 0 percentage aggregation, respectively.

Assaying the interaction between antagonist and serum proteins

Native human serum and serum proteins (albumin and several globulins) were used. The 
antagonist was dissolved in serum and 2 -4  per cent solution of protein fractions, respectively, in a 
concentration of 1000 pig/ml. The samples were incubated at 37 °C for 120 min and the residual 
antagonist activity was measured in TT assay at intervals.

Evaluation of the anticoagulant effect in vivo

The effect was estimated to be of ’therapeutic value’, when the relative clotting time, i.e. ratio of 
clotting times in the treated animal related to its baseline value before treatment were between 1.5 and 
2.5 in WBCT and APTT  assays, and between 3 and 4 in TT test [21].

Statistical analyses

Standard statistical methods were used. Mean ± SEM are reported. The statistical analyses were 
made with Student’s r-test for paired data. The difference between means was considered to be 
statistically significant if p < 0.05.

Further assays of our screening system not used in this paper are as follows. Assays on 
antifibrinolytic effect [9], on the interaction with red blood cells [1], on functional stability in tissue 
homogenates [1], on direct vascular effects [15], on bleeding time [2] and several types of experimental 
thrombosis models [4].

Results

The first step to estim ate the inhibitory potency and specificity of a novel 
thrombin antagonist in vitro involves the determ ination of Kj and IC50 values using 
the natural substrate, fibrinogen, and synthetic chromogenic substrates related  also
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to several serinproteinases of clotting and fibrinolytic systems. The extrem e 
differences in IC50 values of GYKI-14166 determ ined with natural (0.0019 p.g/ml) 
and with the synthetic chromogenic substrate S-2238 (0.165 p.g/ml) motivated the 
rational use of physiological clotting systems containing the natural substrate. The 
quantity of thrombin form ed in WBCT, RCT and A PTT assays are practically 
constant while its concentration varies in reaction mixtures with synthetic 
chromogenic substrate. Tables II and III dem onstrate the rem arkable discrepancy 
between the characteristic 1^ and IC50 values determ ined with different substrates. In 
addition, they show also the favourable inhibitory potency of tripeptide aldehydes 
having significantly higher Kj value than the com petitor compounds under 
development.

Table II

Thrombin inhibitory potency o f OM-805 and GYKI-14166

A s sa y s O M -8 0 5 G Y K I-1 4 1 6 6

Kj v a lu e  in  n m o l /1 19 9 0

IC50 values (p.g/ml)
in

WBCT 1.50 0.39
RCT 0.50 0.55
АРТГ 0.375 0.30
I T 0.12 0.055

Table III

Thrombin inhibitory potency o f tx-NAPAP and GYK1-14766

A s s a y s C t-N A P A P G Y K I-1 4 7 6 6

K j v a lu e s  in  n m o l /1 6.0 8 0 .0

ICS0 value (ng/ml)
in

WBCT 3.30 0.48
TT 0.15 0.062
WBA 0.11 0.012

A re the differences shown in Table III m easured in vitro complex clotting 
assays valid also in vivo? Table IV shows the data obtained by a direct comparative 
experiment. Kinetic changes in clotting param eters recorded after single s.c.
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injections confirmed the rational use of in vitro physiological tests and also proved 
the advantage of GYKI-14766 over a-N A PA P with a Kj value significantly lower.

Table IV

Anticoagulant effect o f a-NAPAP vs GYKI-14766 administered by single s.c. 
injections to rabbits

T im e

m in

a - N A P A P

R e la t iv e  c l o t t i n g  t im e s

W B C T

G Y K I-1 4 7 6 6  a - N A P A P

TT
G I B Y  - 1 4 7 6 6

0 l l 1 l

15 1.10 1.55 TO 22.0
30 1.20 1.46 2.0 2 3 .0

45 1.10 1.50 1.5 2 3 .0

60 1.05 1.50 1.1 TO

90 1 .05 1.38 1.0 i 0

120 1.02 1.30 1.0 2.0
150 1.02 1.25 1.0 1.1
180 1.00 1.00 1.0 1.0

Dose: 1 mg/kg, n = 5 each group.
Data underlined represent anticoagulant effects of therapeutic values [21].

Table V

Changes in WBCT induced by continuous i.v. infusions of PPACK and 
GYKI-14766 administered to rabbits

T im e  R e la t i v e  c lo t t in g  t im e s

min P P A C K G Y K I-1 4 7 6 6

0 1.0 1.0
30 2.1 ЗЮ

60 1.0 2 .4 0

90 1.1 2 .45

120 1.0 22
150 1.1 2A
180 1.0 2.0

Dose: 1 mg/kg/h for 3 h at a rate of 5 ml/h. Data underlined represent 
anticoagulant effects of therapeutic value, n = 5 each group

W hether an irreversible throm bin inhibitor [14] or a reversible one should be 
an ideal thrombin antagonist in vivo? A direct comparison of D -Phe-Pro-A rg.C H 2Cl 
[14], the irreversible analogue with our stable, reversible peptide aldehyde [7],
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seem ed to be an adequate answer to  the question [3]. Table V dem onstrates the 
apparent advantage of the reversible antagonist vs the irreversibly acting one in vivo 
that can be due to  the significant decrease in inhibitory potency of the latter in 
human serum. Results shown in Table VI are in good harm ony with the knowledge: 
the effectiveness of an irreversible inhibitor which contains reactive group is likely to 
be reduced by its reaction with com ponents other than the target enzyme [20].

Table VI

Changes in inhibitory potency ofPPACK and GYKI-14766 incubated in 
human serum at 37 °C

T im e

m in

P P A C K

R e s id u a l  in h ib i to r y  a c t iv i ty  

in  p e r c e n ta g e

G Y K I-1 4 7 6 6

0 too 1 0 0

30 70 1 0 0

60 39 1 0 0

90 33 1 0 0

1 2 0 26

оО

240 2 0 1 0 0

360 15 1 0 0

Antagonist concentration: 1 mg/mt in each reaction mixture. Data 
presented are the means of 3 -5  parallel determination.

Discussion

Extensive research of the synthetic direct throm bin antagonists since the early 
70s resulted in a num ber of novel compounds in several laboratories. Their 
mechanism of action appeared at first glance rather easily to be solved by specific 
enzymological assays in contrast to that of heparin and oral anticoagulants which 
needed some decades to be detected. Numerous novel synthetic compounds were 
reported as specific and potent throm bin antagonists with excellent K, value 
indicating the possibility for developing as new anticoagulant drugs. Nevertheless, 
only few of them proved to be potent antagonist of throm bin in vivo. In the course of 
design and development of synthetic tripeptide aldehydes in our institute a complex 
screening system has been introduced by us to evaluate simultaneously the in vitro 
and in vivo efficacy of the compounds. This allowed to detect also the non-target 
reaction(s) depending on the chemical structure of the molecules, and direct 
comparisons with other thrombin inhibitors under developm ent. Interaction of an 
arginine derivative with human red  blood cells was dem onstrated resulting in
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significant decrease of the antagonist potency. A nother throm bin antagonist with 
excellent Kj value determ ined by chromogenic substrate showed m oderate potency in 
physiological clotting tests. An irreversibly acting analogue with the identical 
tripeptidyl sequence as ou r reversible antagonists (GYKI-14166, 14766) was found to 
lose rapidly its activity during incubation with human serum proteins. Thus Kj and 
IC S0 values obtained in vitro using chrom ogenic substrates showed to  be not valid in 
com plex clotting systems. Direct com parative studies carried out with several 
throm bin antagonists under development confirmed the rational use of the complex 
screening system.
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Multilamellar 3-dimensional (Type I) microcrystals of detergent-solubilized crude 
microsomes or purified protein preparations of membrane-bound gastric (H +, K+)-ATPase 
from rabbit or hog stomachs develop in media consisting of 0.1 M KC1, 20 mM imidazole, 
5 mM MgCl2, 3 mM NaN3, 5 mM DTT, 25 IU/ml Trasylol, 2 p.g/ml DTBpC and 20 -  40% 
glycerol, using nonionic detergent of C12E8 or BRIJ 36 for solubilization. Crystals developed in 
a pH-range of 6.0-7.25, during 3 -10  days of incubation, at 2 °C. For C12E8, the most effective 
detergentrprotein ratio for crystallization varied between (1.8-2.0):1 for the microsomes and 
between (0.25 -  0.75):l for the purified preparations. The results of biochemical and structural 
analysis of the (H + , K+)-ATPase crystals showed close resemblance to those of the 
sarcoplasmic reticulum Ca2+-ATPase from skeletal muscle and plasmamebrane (Na ‘ , K+)- 
ATPase from kidney (J. Biol. Chem., 269, 10107-111, 1994). Based on these identities and the 
high (62%) overall sequential homology to the (Na + , K+)-ATPase, we concluded that the new 
crystals of the (H + , K+)-ATPase could also contain only the а -chain of the aß heterodimers 
found in the native membrane. High-resolution electron microscopy of frozen-hydrated 
crystalline (H + , K+)-ATPase samples are in progress to give unit cell dimensions and 
molecular packing of the new crystals.

Keywords: gastric (H + , K+)-ATPase, 3-d crystal, electron microscopy, detergent- 
solubilized, membrane-bound protein

The (H  + , K + )-A TPase [ATP phosphohydrolase (EC 3.6.1.36)] of gastric 
mucosa, which catalyzes the electro-neutral exchange of H + and K +, is responsible 
for secretion of acid into the stomach [25, 40]. The enzyme has been localized by
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immunochemical m ethods in the microvilli of the secretory canaliculus of oxyntic 
cells [23], and shown to transport H + and K + when prepared in vesicular form [2, 22, 
24, 39]. The enzyme is an integral m em brane protein and belongs to the family of P- 
type ion-transporting A TPases [18]. O ther m em bers of this group are  the plasma 
m em brane (N a+, K + )-A TPase and the endo- and sarcoplasmic reticulum  Ca2 + - 
A TPase. The com plete nucleotid sequence of the rat gastric (H  + , K + )-A TPase for 
bo th  the a - and ß-subunits has been determ ined [27, 28]. The two subunits consist of 
1033 and 294 am ino acids, respectively [28], representing theoretical molecular 
weights of 114 kDa for the a- and 34 kD a for the ß-subunit core-protein. Although 
the real function of the ß-subunit (a glycosylated protein with a m olecular weight of 
6 0 -8 0  kDa [17]) is unknown, it is essential (as for the (Na + , K + )-A TPase) in 
enzymatic activity [16].

The structure of the gastric A T Pase is of considerable in terest because it 
generates a million-fold proton-gradient, which is the largest known in mammalian 
tissues. The exact knowledge of the prim ary sequence and the tertiary or quaternary 
structure is crucial in understanding the molecular mechanism of the trans
m em brane ion translocation, an d /o r the precise localization and shape of the ionic 
channel. Despite this interest and the known structural similarities [6], structural 
analysis of this enzyme lags far behind of those of the Ca2+-ATPase and (N a + , K + )- 
A T Pase [14, 20, 31, 32, 34, 35, 37, 38]. The two-dimensional crystalline arrays, 
representing the two m ajor conform ational states of the enzyme have been reported 
since 1981 (and later) for (Na + , K + )-A TPase [30], and in 1983 for Ca2 + -ATPase [3]. 
R eports about the 2-d m em brane crystals of the (H + , K +)-ATPase appeared  only in 
1986 [21] and in 1992 [7]. As a result of the structural analysis carried out on the 2- 
dimensional crystals [11, 13, 15, 29, 42; 1, 5, 33], our knowledge regarding the overall 
shape and 3-dimensional structure of the molecules has improved considerably.

However, due to  the preparation techniques involved and the nature  of these 
crystals, the inherent lim it of resolution was reached soon [11, 33]. Therefore, the 
first reports about the 3-dimensional (Type I) crystals of the m uscle-SR Ca2 + - 
A T Pase [4] and plasm a membrane (N a + , K + )-ATPase [36] represent significant 
progress in structural investigation pursuing higher resolution. Im provem ents in the 
preparation and crystallization techniques and analysis [14, 31, 32, 34, 35, 37, 38] have 
provided promising results toward this direction.

Here we give a report about the first protocol of growing the 3-dimensional 
(Type I) crystals of the m em brane-bound gastric (H  + , K +)-ATPase in detergent- 
solubilized system. High-resolution electron microscopy of frozen-hydrated 
crystalline specimens a re  in progress to  reveal further characteristics of the new 
crystals.
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Materials and methods

(H + , K + )-ATPase enzyme was separated in form of a crude microsomal fraction, or of a purified, 
protein-rich preparation. The basic procedure for preparation of crude microsomes was a modification of 
the method of Saccomani et al. [24]. Fresh hog or rabbit stomachs, kept in ice-cold buffer for transfer 
were cleaned vigorously. The fundic mucosa was detached from the underlaying muscular layer by 
scraping, weighed and kept in 0.25 M sucrose, 20 mM Tris-HCl, pH: 7.4. [In some experiments the tissue 
was pre-homogenized in a Warring blender for 20-40 sec, at max. speed, at a tissue/buffer (w/v) ratio of 
1:10.] Further homogenization was done in a tightly fitting teflon-glass homogenizer (10 up-down 
strokes) at 2000 rpm. The resulting homogenates were centrifuged in a Bechman rotor #19 at 
12.500 rpm, for 35 min, at 4 °C. The pellets were rehomogenized again, and the combined supernatants 
were centrifuged in a Beckman rotor #35 at 30.000 rpm, for 60 min, at 4 °C. The final crude microsomal 
pellets were resuspended in 0.25 M sucrose, 20 mM Tris-HCl (at a concentration of 20-25 mg/ml) and 
were immediately frozen in liquid N2 and stored at -80 °C until further use.

For purification, a discontinuous density gradient of successive 3 layers of sucrose was prepared: 
12.5 ml of 32%, 7.5 ml of 20%, and 5 ml of 10% (w/v) sucrose in 25 mM imidazole, 1 mM EDTA, 
pH 7.5. To the top of each gradients 10 ml of diluted (1.5 mg/ml) microsomes were applied, and 
centrifuged in a Beckman T i-60  rotor at 50.000 rpm, for 120 min, at 4 °C. [In some experiments SDS- 
treated (30 min, at 20 °C, 0.2-0.4 mg SDS/mg protein) crude microsomes were applied.] Fractions were 
collected by pipetting from the top of the 32%-layers (7 -9  mm white band), diluted with high volume of 
buffer and pelleted in a Beckman rotor #35, at 32.000 rpm, for 30 min, at 4 °C. Pellets were 
rehomogenized in same volume of buffer and sedimented again. Final pure pellets were resuspended in 
25 mM imidazole, 1 mM EDTA, pH 7.5, at a protein concentration of 5 -10  mg/ml and were used for 
crystallization immediately.

Protein concentrations were determined according to Lowry et al. [10], using bovine serum 
albumine as a standard.

To measure the ATPase activity, the coupled enzyme-assay was used [26] with some modification. 
The reaction was followed for 10 min, at 340 nm, at 37 °C in a Specord M40 UV/VIS double-beam 
spectrophotometer with a thermostated cell-holder. All assays were done in the presence of 20 mM 
HEPES-TRIS ph 7.4, 2.5 mM MgCl2, 2.5 mM TRIS-ATP, 0.42 mM phosphoenol-pyrovate, 0.2 mM 
NADH. 7.5 IU/ml pyrovate kinase and 18 IU/ml lactate dehydrogenase with or without 20 mM KC1, in 
presence of 5-10p.g/m l protein. The specific activity of (H + , K+)-ATPase was calculated by the 
differences of activities measured in the presence or absence of K+.

Gel-electrophoresis was performed according to Weber and Osborn [41], with minor 
modification, using low molecular weight kit (Pharmacia) for calibration.

Crystallization experiments

Crystallization media used in successful experiments either for crude microsomal fractions or for 
purified enzyme, consisted of: 0.1 M KC1, 20 mM imidazole or 20 mM TRIS-HC1, 5 mM MgCl2, 5 mM 
DTT (dithiotreitol), 3 mM NaN3, 25 IU/ml Trasylol, 2 pg/ml DTBpC (2,[6]-di-tert-butil-p-cresol), 
supplemented with 20-40%  glycerol. The ph-range in which crystals were growing, varied between
6.0-7.25.

From detergents tested in these experiments (having been proven to be effective in crystallization 
for other ATPases) only BRIJ 36 (polyoxyethylene 10-lauryl-ether) and C12Eg (octaethylene-glycol 
dodecylmonoether) produced satisfactory results. The detergent:protein ratio for C12E8 varied between 
(1.8-2.0):! for microsomes in media containing 20-40%  glycerol, and between (0.25 -  0.75):! for

Acta Phystologica Hungarica 82, 1994



368 S. Varga

purified enzyme. BR1J 36 was used at ratios of (3.6—4.0):1 for microsomes, and (0.5 —1.2):1 for pure 
enzyme.

The effects of detergent-addition in instalments were also tested in these experiments. Final 
amount of those were divided into two or three equal parts, and were added to the samples with time 
differences of 24-96 h. Protein concentration of the crystallization-samples varied between 
0.25-2.0 mg/ml for either type of preparations.

Samples for crystallization were kept at 2 °C for days or weeks, in volume of 0.25-2.0 ml, without 
protective N2-atmosphere. In some experiments preincubation at subzero temperatures (-30°C , 
-  80 °C) preceding incubation at 2 °C, was applied to enhance the crystallization.

Electron microscopy

Samples for negative staining with 1% uranyl acetate (pH 4.2) were taken on the 0-35th days 
and checked for crystals in electron microscopes of JEOL JEM 100 -  В and Zeiss EM -  902.

Thin sections were prepared as described before [36].

Results

E ffe c ts  o f  p o ly h y d ro x y  c o m p o u n d s  on  th e  s ta b iliza tio n  a n d  crys ta lliza tio n  o f  th e  
( H +, K + )-A T P a se

Incubation m edia containing all ingredients necessary for crystal-formation 
were systematically supplem ented with varying concentration of glycerol, sucrose, 
glucose and poly-ethylene glycol (PEG ), to test their protective effects on the 
enzymatic activities during the long incubation (typically 35 days). Sum m arized data 
showed striking superiority  of glycerol. For crude microsomes the (H  + , K +)-A TPase 
activity values varied betw een 0 .09-0 .14  punol P im g -1 m in-1 depending on the 
preparative steps (with or without prehom ogenization), and on the content of 
glycerol. Specific activity-values for the purified enzyme showed even higher 
variations: 0.26-1.38 punol Pi m g ^ m in ” 1 probably due to differences in the process 
of purification. Perform ing acceptable level of protection together with its positive 
effect on crystal-formation, glycerol was found to be the best choice.

The protective effects of the other compounds showed similar trend as 
detected previously [37, 38], reaching high values (48 -  76%) if com pared to the 
starting values, however, none of those were useful for crystallization of the 
(H  + , K + )-ATPase, except glycerol and PEG.

E ffe c ts  o f  detergen ts o n  th e  cry s ta lliza tio n

Similar trends w ere noted in choosing type and am ount of detergent, as for the 
(N a + , К +-ATPase) [36, 37] before. The most effective detergent in any experim ents 
was the C12E8.
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Fig. 1. Initial phase of crystallization of the rabbit gastric (H + , K+)-ATPase in 40% glycerol-medium, 
using BRIJ 36 at a 4.0:1 (mg/mg) detergent:protein ratio. Incubation: time 3 days, at 2 °C. Magnification:

X 2 0 8 .0 0

Fig. 2. Highly ordered array of hog gastric (H +, K+)-ATPase-molecules in a crystal induced in 20% 
glycerol-medium, using BRIJ 36 at a ratio of 1.2:1. Incubation time: 2 weeks, at 2 °C. Magnification:

X 2 2 6 .5 0 0
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The optimal detergentiprotein ratios for crude microsomes in 20% glycerol 
varied between (1.8-2.0):1 and between (0.25-0.75):l for purified protein. For 
(H + , K + )-ATPase BRIJ 36 was found less effective, concerning the size, frequency 
and regularity of crystals (Figs 1-2). The crystal-growth was always slow, and 
showed unique signs in the initial phase of crystallization (Fig. 1).

The size and order of crystals growing in 20 or 40% glycerol-media could differ 
significantly [36 -  38], though exact criteria cannot be set at this time. Nevertheless, 
crystals grown in 20% glycerol-media seem to be more ordered either by shape or by 
the registered inter-molecular arrangements (Figs 4 -5 ). Due to these positive 
results, we proposed the use of 20% glycerol. However, the order of this new crystals 
should be checked by electron-diffraction (Figs 3-5).

Purity of the proteins used for crystallization is critical. Although, the quality of 
the (H + , K+)-ATPase preparations used in our experiments showed acceptable 
consistency, judged by gel electrophoresis, still their overall parameters were quite 
different from those of reported by others [2, 22 -  24, 39, 40]. Gel patterns of the 
crude microsome preparations can hardly be compared, however, bands observed in 
gels of our purified enzymes showed differences when compared to others’. 
Molecular weights for the a-subunits of 100-105 kDa and 63-69 kDa for the ß- 
subunits determined for hog, and 105 kDa for the a - , and 76 kDa for the ß-subunits 
of rabbit (H + , K + )-ATPase are in good agreement with data published by others. 
However, we have always found extra bands (dimers, and lower molecular weight 
components) in our gels, what we have not noticed in any other publications. Though 
we are aware that these differences are due to the simplicity of the used purification 
process, still, we emphasize the practical importance of these differences.

The size of crystals and the stacking of crystalline sheets varied substantially 
depending on the type of preparations, detergents and glycerol-content. At high 
detergent:protein ratio, and in 40% glycerol-systems the stacking of adjacent layers 
was generally high (20-50 layers) judged by the sectioned materials (not shown). 
The average diameters of these crystals were small, ranging between 0.1-0.5 рлп 
(Fig. 1). Decreasing the detergent:protein ratio and the glycerol-concentration had 
beneficial effects on both the stacking and size of crystals. Crystals grown from 
purified enzyme-preparations in 20% glycerol-media at a detergent:protein ratio of 
(0.25-0.75):l (for C12E8) had average diameters of 0.5-1.2jcm and reduced 
stacking of the adjacent sheets (6-10 layers/crystal) (Fig. 5).

Effects of detergent-addition in instalments (which was effective in 
crystallization of the (Na + , K + )-ATPase [37]), were controversial. Though, crystals 
grew under this conditions, they were small, and seemed to be less ordered, but they 
had increased stacking (Fig. 3).
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Fig. 3. Effect of detergent-addition in instalments on the hog gastric (H + , K+)-ATPase. C12E8  at a final 
detergentrprotein ratio of 0.5:1 was added to the 20% glycerol system in 2 equal parts at 0 and 24 h. 
Irregularly shaped crystal-sheets show multiple superpositioning and partially denatured aggregates. 

Incubation time: 1 week, at 2 °C. Magnification: x 158.000

Fig. 4. Rabbit gastric (H + , K+)-ATPase crystal grown in 40% glycerol-medium after 10 days of 
incubation, at 2 °C, using detergent:protein ratio of 1.8:1. Detergent used: C12E8. Magnification:

X  102.000

Fig. 5. Regularly shaped, highly ordered crystal of the hog gastric (H + , K+)-ATPase grown in 20% 
glycerol system at a detergent:protein ratio of 0.35:1 for C12E8  after 5 days of incubation, at 2 °C.

Magnification: x 114.000
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Effect of preincubation on the molecular arrangement of (H + , K + )-ATPase- 
crystals was also studied in parallel experiments. As it was expected, results showed 
great variations. When crystals grew, their size and stacking showed some 
improvements, however, their frequency were too low to get reliable statistics. To 
reveal the effects of preincubation at subzero temperatures on the crystallization of 
gastric (H + , K+)-ATPase needs further systematic investigation.

Comparing the first EM-micrographs of the Type I 3-dimensional crystals of 
detergent-solubilized gastric (H + , K+)-ATPase to those of skeletal muscle 
sarcoplasmic reticulum Ca2 +-ATPase [5, 14, 20, 31, 32, 34] and the plasma 
membrane (Na+, K+)-ATPase [35-37], one can detect striking similarities between 
the images and structures of these crystals. To exclude any kind of an accidental 
cross-crystallization, and misinterpretation of the data, we have performed several 
control experiments.

The possibility that crystals of (H + , K+)-ATPase grew from small impurities of 
Ca2 +-ATPase or (Na + , K + )-ATPase is unlikely for several reasons. Neither of the 
latter enzymes can be crystallized under conditions that were used for successful 
crystallization of (H + , K + )-ATPase. Omission of Ca2+ [4, 19, 38] or Na+ [35-37] 
from their own media for crystallization, had always impeded crystallization. In 
experiments using standard crystallization media for (H + , K+)-ATPase [20 mM KC1, 
20% glycerol and 20 mM TRIS-HC1 or 20 mM imidazole, pH 6.0-7.5, with all other 
ingredients] supplemented with C12E8 (most effective detergent for any ATPases) at 
a ratio of (0.25-2.0) :1, we had tested the possible crystal-formation either of the 
crude microsomal fractions and purified preparations of the Ca2 +-ATPase, or those 
of the (Na + , K+)-ATPase, at a protein concentration of 0.1-2.0 mg/ml, but we have 
never found any sign of crystal-formation.

Moreover, plasma membrane Ca2 + -ATPase or (Na+, K+)-ATPase which 
might be со-prepared along with (H + , K+)-ATPase are known to be present in 
gastric mucosa cells at much smaller percentages than the enriched (H + ,K +)- 
ATPase. Though the frequency of the (H + , K+)-ATPase crystals observed in our 
preparations so far, was not as high as detected either for Ca2 +-ATPase or 
(Na + , K+)-ATPase before [14, 20, 31, 32, 34 -  38], however, the relatively high 
absolute amount of crystals formed in some (H + , K+)-ATPase preparations (which 
was expected to be proportional to the absolute amount of the protein) rendered the 
cross-crystallization very unlikely.

Parallel activity-measurements strongly support this reasoning: activities of the 
(H + , K + )-ATPase, (Na + , K + )-ATPase and Ca2 +-ATPase were measured using 
omeprazole [9], ouabain [8 ] and cyclopiazonic acid [26] for cross-inhibition to exclude 
accumulated activities due to the contaminating proteins. Absolute activities were 
indeed proportional to the amounts of proteins at such ratios which exclude the 
possibility of cross-contaminations.
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Discussion

High-resolution structural analysis of membrane proteins, like the 
sarcoplasmic reticulum Ca2 + -ATPase, the plasma membrane (Na + , K + )-ATPase 
and (H + , K + )-ATPase, requires highly ordered crystalline samples suitable for 
crystallographic analysis. These could be either their 2-dimensional planar 
membrane-crystals induced by different ligands [3, 5, 7, 11, 15, 21, 29, 30], or their 3- 
dimensional crystals which can grow in detergent-solubilized system providing the 
possibility for ordered 3-dimensional rearrangement of the molecules. The perfect 
crystal-type (Type II [12]) of any of these P-type ion-transporting ATPases, suitable 
for X-ray crystallography of atomic resolution is still to grow, however, less ordered 
Type I crystals [12] which are suitable for high-resolution electron crystallography 
[14, 20, 31, 32, 34, 38] are already known.

Structural analysis of the (H + , K+)-ATPase lags behind those of the Ca2 + - 
ATPase and (Na+, K +)-ATPase for two reasons. While several forms of the 2-d 
crystals of the latter two enzymes are known since more than a decade, similar 
reports on the 2-d crystals of the proton-pump have only been published in 1986 [21], 
and quite recently in 1992 [7]. However, no reports on the 3-dimensional crystals of 
the (H + , K+)-ATPase have been published yet, though the inherent resolution-limit 
of the structure analysis of 2-dimensional membrane-crystals (therefore the need for 
more perfect crystals) became quite apparent in early phase of the work [11, 33].

The structure of 2- and 3-dimensional crystals of the P-type ATPases from 
eukaryotic cells are substantially different [7, 11, 21, 29, 33; 14, 20, 31, 32, 34-38].

The known 3-dimensional (type I) microcrystals of the Ca2 +-ATPase [14, 20, 
31, 34, 38], and of the (Na + , K + )-ATPase [36, 37] are composed of stacks of 2- 
dimensional crystalline sheets of the protein molecules. One individual layer 
comprise mixed detergent-lipid phase which incorporate proteins inserted into the 
bilayer from both sides [31, 34, 36, 37]. The stacking (in the third dimension) is 
mediated by polar interactions between the adjacent extramembranous head-pieces 
of the protein molecules. The stain-excluding layers interchanging with stained 
domains seen in side-views [h, 0 , 1], represent a sequence of highly ordered arrays of 
the hydrophilic head-pieces and the lipid-detergent (hydrophobic) phases (not 
shown). Ordered arrays of stain-excluding particles seen in the projected images 
(from the direction normal to the crystal plane) (Figs 2 -5 ) are presumed to 
represent the cytoplasmic domains of the enzyme molecules [31, 34].

Under the condition where crystals were formed, this view shows superlattice 
periodicities or moire fringes due to superposition of the crystalline sheets (Fig. 2).

Computer fdtered images of Ca2 + -ATPase and (Na + , K+)-ATPase are 
strikingly similar [35]. Molecules extend out of both sides of the lipid-phase centered 
around a crystallographic 2  ̂ screw axis [31, 34]. The arrangement has some
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relationship to the chains of the Ca2 +-ATPase molecules found in pi (monomer) 
crystals induced by Ca2+ in native membranes [5]. The resolution obtained in 
negatively stained preparations is similar for both crystals. This is true also for 
electron diffraction patterns at low angle at the same resolution [35].

Computer image processing of electron micrographs of the Ca2 +-ATPase and 
(Na + , K+)-ATPase crystals showed unit cell dimensions which were almost identical. 
Average cell dimensions are: a = 166.8 ± 4.5 Â ,  b = 57.7 ± 4.4 Â ,  7  = 90° for Ca2 + - 
ATPase and a = 166.2 ±3.8 Â, b = 54.25 ±3.5 Ä, 7  = 90° for the (Na + , K + )-ATPase. 
The space group for both crystals is monoclinic, C2.

Based on these striking similarities the 3-dimensional crystals of (Na + , K+)- 
ATPase were suggested to consist of only the catalytic a-subunits [35].

The known exceptionally high sequence homology (62%) between (H + , K + )- 
ATPase and (Na + , K + )-ATPase, the similar asymmetric mass distribution of the 
cytoplasmic head pieces relative to the bilayer and the well-conserved structural 
regions of these domains [6], furthermore the striking similarities between the EM- 
micrographs of the 3-dimensional crystals of the gastric (H + , K+)-ATPase 
(presented here) and of the (Na + , K+)-ATPase [35, 35, 36], strongly suggest that the 
(H + , K+)-ATPase and (Na + , K + )-ATPase could have similar folding pattern, and 
that the 3-dimensional crystals of (H + , K + )-ATPase and (Na + , K + )-ATPase should 
probably have similar structure, having only the catalytic a-subunits as building 
blocks.

Further evidences supporting the proposed structural organization of the 3- 
dimcnsional (Type I) crystals of the (H + , K+)-ATPase and (Na + , K + )-ATPase 
enzymes may come from parallel high resolution electron microscopic analysis of 
frozen-hydrated specimens.
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The effect of food deprivation on the rate of pregnancy failure in newly inseminated 
mice was evaluated. The pre-implantation fasting for 48 h beginning on day 4 or 5 postcoitum 
induced a high rate of pregnancy failure in newly inseminated females. However, fasting for 48 
h on day 6 had a moderate effect in inducing pregnancy failure. By contrast, females which 
were deprived of food on day 7 postcoitum exhibited a significant reduction in the rate of 
pregnancy failure. Pre-implantation fasting was highly effective in inducing pregnancy failure 
compared to that of post-implantation fasting. The results suggest that fasting (i.e. day 4 or 5 
postcoitum) -  induced depression in prolactin has resulted in failure of pregnancy and fasting 
at post-implantation period (i.e. day 6 or after postcoitum) has not been interfered with 
progesterone production by placenta.

Keywords: food deprivation, pregnancy failure, pre-implantation, post-implantation,
mice

The deleterious effects of nutritional stress on reproductive function in 
mammals are well known for a long time [1]. There are reports suggesting that food 
deprivation for 48 hours (long-term) during the pre-implantation period induced high 
rate of implantation failure in mice [2, 3, 4]. Sahu and Dominic [4] have further 
reported that food deprivation for 24 hours (short-term) does not adversely affect 
implantation in newly inseminated mice. These results indicate that long-term fasting 
initiated on day 3 or day 4 is totally effective in inducing implantation failure. In this 
paper, we report the impact of post-implantation fasting on pregnancy, as there is a 
lack of information on this line.
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Materials and methods

Albino mice of .Swiss strain used in the present study were housed under standard laboratory 
conditions and maintained on pelleted food (Hindustan Lever Ltd., Bangalore) and water ad libitum. 
Eighty-five virgin females, 10-12  weeks old weighing 25-30g, were monogamously paired with stud 
males. On finding the vaginal plug (day 1 postcoitum), females were separated from stud males and 
housed individually in polypropylene cages, 26 x 18 x 14 cm. They were assigned to the following five 
groups in accordance with the experimental protocol.

Food deprivation beginning on day 4 postcoitum has been considered as pre-implantation fasting, 
food deprivation beginning on day 5 postcoitum as peri-implantation fasting and food deprivation 
beginning on day 6 or 7 postcoitum as post-implantation fasting.

A. Pre-implantation food deprivation
Group I (18): Deprived of food for 48 h from 10.00 h on day 4 to 10.00 h on day 6postcoitum.

B. Peri-implantation food deprivation
Group II (17): Deprived of food for 48 h from 10.00 h on day 5 to 10.00 h on day 7postcoitum.

C Post-implantation food deprivation
Group III (15): Deprived of food for 48 h from 10.00 h on day 6 to 10.00 h on day 8 postcoitum.
Group IV (20): Deprived of food for 48 h from 10.00 h on day 7 to 10.00 h on day 9 postcoitum.

D. Controls
Group V (15): Normally fed and left undisturbed after separation from the stud males.

The bedding was changed before starting food deprivation to ensure removal of food materials 
completely from the cages. Soon after the scheduled fasting period of the respective experimental 
groups, food was made available ad libitum to the females. Body weights of all these mice were recorded 
daily throughout the experimental period.

Vaginal smears were examined daily from all the females up to day 11 postcoitum. The presence 
of cornified cells in the smear was taken to indicate an implantation failure [3, 4, 5] and was recorded as 
day of return to oestrus. Experimental mice were killed on day 11 postcoitum to confirm pregnancy and 
uterus was macroscopically observed and number of embryos in each uterine horn was recorded. Mice 
without implanted embryos were presumed to be pseudopregnant. The data were analysed by X2 test.

Results

The results are presented in Table I. Food deprivation for 48 h beginning on 
day 4 or 5 p o s tc o itu m  induced a high rate of pregnancy failure (Groups I and II). 
Food deprivation for 48 h from day 6 had moderate but significant effect in inducing 
implantation failure (Group III). In contrast, females which were deprived of food, 
beginning at 10.00 h on day 7 p o s tc o itu m  (Group IV) exhibited a significant decrease 
in the rate of pregnancy failure and there was not much difference between this 
group and the control mice (Group V). The majority of females in which 
implantation failed (Groups I and II) returned to oestrus on day 3 and 4 after 
resumption of feeding (i.e. day 8 and 0 p o s tc o i tu m ) . Food-deprived females which
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remained pregnant showed normal number of implanted embryos at autopsy as seen 
in undisturbed females.

Table 1

Effect o f food deprivation and the rate o f pregnancy failure in mice

G ro u p  and treatment Proportion  and % of females
with implantation remaining Remaining

failure* pregnant pseudopregnant

I. Food deprivation 13/18 4/18 1/18
beginning on day 
4 postcoitum

( 2 .2 ) ( 2 2 .2 ) (5.6)

II. Food deprivation 12/17 5/17 0/17
beginning on day 
5 postcoitum

(70.6) (29.4) ( 0 .0 )

III. Food deprivation 7/15 8/15 0 / 0

beginning on day
6  postcoitum

(46.7) (53.3) ( 0 .0 )

IV. Food deprivation 2 / 2 0 16/20 2 / 2 0

beginning on day 
7 postcoitum

( 1 0 .0 ) (80.0) ( 1 0 .0 )

V. Normally fed and 1/15 14/15 0 / 0

left undisturbed (6.7) (93.3) ( 0 .0 )

Significance of differences * : I V 11, N.S.; 1 Vs III, N.S.;
I s IV, P < 0.001: I Vs V, P < 0.001

II Vs V, P < 0.001 III Vs V, P < 0.02
III Vs IV, P < 0.02 IV Vs V, N.S.

Females exhibited considerable decrease (5 -  6 g) in body weight during 
fasting, irrespective of the time of initiation of food deprivation i.e. during pre
implantation (Group I), peri-implantation (Group II) or post-implantation periods 
(Groups III and IV). However, they regained the original weight 24 h after 
resumption of feeding.

Discussion

The present results clearly indicate a reduce rate of pregnancy failure in 
females subjected to fasting during the post-implantation period compared to those 
exposed to fasting during pre- or peri-implantation period. However, pregnant mice
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subjected to food deprevation from day 7 p o s tc o itu m  seems to withstand the stress 
due to food deprivation.

The present study shows that food deprivation for 48 h during the post
implantation period is ineffective in inducing total pregnancy failure. McClure [6] has 
reported that food deprivation for 48 h at or about the time of implantation induced 
high rate of pregnancy failure. The data obtained in the present study from pre- or 
peri-implantation group are consistent with this.

The underlying mechanism of this time dependent effect of fasting on 
pregnancy is not clear at present. However, food-deprived females given prolactin [7] 
or reserpine [8] or chlorpromazine [9] which stimulate prolactin secretion or 
implanted with ectopic pituitary graft [10] do not show implantation failure. These 
reports indicate subnormal prolactin as plausible mediation of pregnancy failure in 
food-deprived females. Nevertheless, in the present study the continuation of 
pregnancy in females which were deprived of food beginning on day 7 p o s tc o itu m  

may be due to the unperturbed secretion of pregesterone. In the preimplantation 
period, in rat and mouse, prolactin is an important pituitary hormone which controls 
the secretion of progesterone in ovary [11]. It is found that the maintenance of 
functional corpus luteum in hypophysectomized pregnant mice depends on the 
presence of placentae [12] which secrete placental lactogen on day 6 of pregnancy 
and could enter the circulation from day 8 [13]. The present study shows food 
deprivation during pre- and peri-implantation period is highly effective in inducing 
pregnancy failure in contrast to post-implantation fasting. It indicates that females 
remain maximally susceptible to the nutritional stress at or about the time of arrival 
of fertilized ova in the uterus. Further, it is presumed that once implantation 
occurred, the nutritional stress appears to be ineffective in inducing pregnancy failure 
as normal pregnancy was noticed in females deprived of food on day 7 p o s tc o i tu m .  

Probably, pre-implantation fasting induced decrease in prolactin has resulted in the 
failure of pregnancy and fasting at post-implantation period could not have interfered 
with prolactin/progesterone production by the placenta. Further studies on hormonal 
profiles of pre- and post-implantation periods may throw some light on this aspects.
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The effect of colchicine and vinblastine on collagenase, lysyl oxidase and prolyl 
hydroxylase activities as well as on collagen cross-linking and types of this protein in 
bleomycin induced lung fibrosis in rats was investigated. Both colchicine and vinblastine 
diminish bleomycin-induced changes in the above-mentioned enzyme activities as well as 
collagen cross-linking and normalize type I/type III collagen ratio.

Keywords: colchicine, vinblastine, lung fibrosis, collagen

The biosynthesis of interstitial collagen requires a number of sequential steps: 
intracellular assembly of protocollagen, secretion, extracellular processing, fibre 
formation and cross-linking which lead to the deposition of insoluble collagen fibers 
in the tissues of the body [2,14, 33].

Strategies to develop drugs that will specifically interfere with the deposition of 
excess collagen can be directed towards those steps in its biosynthesis which 
distinguish collagen from noncollagenous proteins. In the acutely injured lung as well 
as in dermal wounds, the rate of collagen biosynthesis is accelerated significantly 
compared to the rate in adjacent normal tissue [34, 35]. This means that effective 
antifibrotic drug therapy may be possible, provided that treatment is limited to that 
period of rapid wound healing. This implies that drugs which inhibit collagen 
deposition can probably be used with less concern in the treatment of an acute 
fibrotic disease such as adult respiratory distress syndrome than in more chronic 
diseases.

Several classes of pharmacologic agents have been employed in efforts to limit 
the deposition of excessive amounts of collagen. Among these are inhibitors of the
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secretory process, such as colchicine and vinblastine. The drugs of this group disrupt 
the assembly of microtubules and, therefore, inhibit the transport of secretory 
vesicles to the plasma membrane.

During collagen synthesis the procollagen molecules are extensively modified 
prior to their association and folding into the triple helical conformation 
characteristic of the collagen molecule. During these posttranslational reactions a 
great part of proline and lysine residues are enzymatically converted to 
hydroxyproline and hydroxylysine, respectively. The hydroxylation reactions are 
catalyzed by separate enzymes, prolyl and lysyl hydroxylases [5]. The hydroxylation of 
a critical number of proline residues is necessary for maximum stability of the 
collagen triple helix [3, 41]. A collagen molecule that cannot form a stable triple helix 
is functionally useless since it cannot be incorporated into collagen fibrils. These 
fibrils are stabilized by covalent cross-links which originate from lysyl and 
hydroxylysyl residues located in the telopeptides at both ends of the collagen 
molecule [13]. The e-amino groups of these lysyl and hydroxylysyl residues are 
oxidatively deaminated to the corresponding aldehydes by the action of lysyl oxidase 
[43]. These aldehydes can then condense with the e-amino groups of lysine or 
hydroxylysine residues of other collagen molecules by an aldimine type reaction [47]. 
Alternatively, two aldehydes can form a cross-link by an aldol type condensation 
reaction [39].

Pulmonary fibrosis can be induced in several animal species by exposure of 
their lungs to a variety of agents including silica dust [22, 36], ozone [16], high oxygen 
tensions [15, 20], radiation [9, 29], cadmium chloride [6, 46], paraquat [25] and 
bleomycin [21, 28], all of which are known from clinical experience to induce fibrotic 
changes in the human lungs.

Biochemically these models are characterized by an increase in total lung 
collagen [44]. In addition, changes in the ratio of type I to type III collagen occur in 
fibrotic tissues [37, 42]. The rate of collagen biosynthesis is increased to a greater 
extent that that of noncollagenous proteins in these lungs [7]. Also the levels of prolyl 
hydroxylase and lysyl oxidase are elevated in these lungs prior to the increase in the 
rate of collagen biosynthesis [26, 45].

The purpose of this study was to investigate the effect of colchicine and 
vinblastine on bleomycin-induced fibrotic changes in rat lungs.

Materials and methods

Studies were carried out on 320-350 g male Wistar rats, certified to be free of specific pathogens. 
Rats were provided with food and water ad libitum, housed in laminar flow cages with bedding, and 
maintained on a 12 h light/dark cycle. Bleomycin sulfate (Bleocina, Nippon Kayaku Co., Tokyo, Japan), 
colchicine (Fluka AG, Bucha, Switzerland) and vinblastine (Eli Lilly and Co., Indianapolis, USA) were
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used throughout this study. After an adaptative period of 4 weeks, intratracheal instillation of bleomycin 
was accomplished via a stainless steel cannula inserted into trachea under general anaesthesia (Ketamine 
100 mg/kg + Diazepam 5 mg/kg).

One group of rats (n = 10) remained untreated. A second group (n = 10) was instilled 
intratracheally with saline (0.2 ml), whereas another group (n = 30) received one a single dose of 
bleomycin (10 mg/kg) in a volume of 0.2 ml on this day a daily per os supplementation with colchicine 
(0.15 mg/kg) and vinblastine (0.15 mg/kg) was started and carried on during 14 days of the experiment. 
Two hours after the last alkaloid dose (day 14 after bleomycin instillation) the rats were decapitated, the 
lungs perfused through the pulmonary artery with 0.154 M NaCl to remove blood and used for the 
biochemical assays.

A 10% homogenate of the left lung was prepared in 50 mM Tris-HCl buffer, pH = 7.2 containing 
1 X 10~4 M dithiothreitol, 1 x 10-5 M EDTA and 0.1% Triton X - 100. The homogenate was centrifuged 
at 30 000 g for 30 min and the clear supernatant was assayed for prolyl hydroxylase activity by the 
method of Hutton et al. [23]. Lysyl oxidase activity was assayed as described by Harris and Garcia de 
Quevedo [17], and collagenase assays were carried out using 14C-glycine-labelled collagen gel as a 
substrate as described by Evanson et al. [11, 12].

Borohydride reduction and collagen-type estimation were performed as previously described [30]. 
Hydroxyproline content was determined according to Kivirikko et al. [27]. Protein content was measured 
as to Lowry et al. [32], DNA in tissue homogenates was assayed by the diphenylamine reaction [4]. 
Collagen cross-links (as dihydroxylysinonorleucine and hydroxylysinonorleucine levels) were determined 
as described by Reiser and Last [38].

Results

Table I summarizes the changes in collagenase, lysyl oxidase and prolyl 
hydroxylase activities in bleomycin-injured rat lungs and the influence of colchicine 
and vinblastine on these changes. Bleomycin instillation causes a great rise in lysyl 
oxidase and prolyl hydroxylase activities and a decrease in collagenase activity. Both 
colchicine and vinblastine greatly diminishes these changes.

Table I

Effect o f colchicine and vinblastine on collagenase ( cpm/mg DNA x  10 ~3) lysyl oxidase (cpm/mg 
protein x !0 ~ 3) and prolyl hydroxylase (cpm/mg protein x l0 ~ 3) in bleomycin-injured rat lungs

Collagenase Lysyl oxidase Prolyl hydroxylase

Control 5.7 ± 0.4 11.3 ± 0.7 8.9 ± 0.6
Bleomycin 3.8 ± 0.4* 120.1 ± 5.4* 62.2 ± 3.8*
Bleomycin + colchicine 15.1 ± 0.8* 61.2 ± 2.2* 41.1 ± 1.3*
Bleomycin + vinblastine 11.2 ± 0.9* 53.1 ± 2.3* 37.2 ± 1.4*

Mean values ± S.D. * -  p < 0.001 treated vs control
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A great rise in collagen cross-linking was observed in bleomycin-injured lungs. 
In colchicine- and vinblastine-supplemented animals these changes were less 
pronounced.

Table II

Collagen cross-links in bleomycin-injured rat lungs after colchicine and vinblastine treatment (cpm x
hydroxyproline ~

D H L N L H L N L D H L N L :H L N L

Control 117 ± 10 58 ± 4 2.02 ± 0.16
Bleomycin 856 ± 61* 167 ± 14* 5.13 ± 0.33*
Bleomycin + colchicine 521 ± 32* 125 ± 11* 4.17 ± 0.27*
Bleomycin + vinblastine 644 ± 38* 191 ± 13* 3.37 ± 0.22*

Mean values ± S.D. DHLNL -  dihydroxylysinonorleucine, HLNL -  hydroxylysinonorleucine. * -  p <
0.001 treated vs control.

Table III shows collagen type pattern in rat lungs. Bleomycin instillation causes 
a great rise in type I collagen with concomitant decrease in type III protein. In lungs 
of colchicine- and vinblastine-treated rats these changes were less pronounced, 
although type I/type III ratio remains at higher level, as compared to the control.

Table III

Collagen types in bleomycin-injured rat lungs after colchicine and vinblastine treatment

I III IV V I / I I I

Control 38.3 ±2.0 39.2 ±1.8 15.0 + 0.9 7.5 ±0.6 0.98±0.11
Bleomycin 61.6±3.2 19.4 ±1.3 14.4 ±1.2 4.6 ±0.5 3.18±0.46
Bleomycin + colchicine 47.2 ±2.9 23.5 ±1.6 15.1 ±1.4 14.2± 1.1 2.01 ±0.25
Bleomycin + vinblastine 43.3±2.7 29.6 ±1.8 16.6± 1.7 10.5 + 0.8 1.46 ±0.17

Mean values ± S.D. Total collagen in each gel is assumed to be 100% and the different collagen types 
are calculated as relative percentages.

Discussion

Most of the effects of colchicine on cells have been attributed to the ability of 
this alkaloid to bind to and disrupt microtubular structures either in the mitotic 
spindle [24] or elsewhere in the cell [31, 48]. Both colchicine and vinblastine have 
been shown to inhibit the extracellular deposition of collagen both in  v itro  [1, 8] and
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in animals models of fibrotic diseases [9, 40]. The effects of these agents are not 
specifically directed towards collagen but are generally directed towards all protein 
bound responsible for extracellular transport. In addition, these drugs will interfere 
with other cell functions such as chemotaxis and phagocytosis, which depend on an 
intact cytoskeleton. It is interesting that colchicine stimulates the release of 
collagenase from cultured rheumatoid synovium [18]. It has been shown, that 
colchicine inhibits procollagen secretion and conversion to collagen in embryonic 
chick cranial bone [10, 19].

It was also shown, that colchicine reduces incorporation of proline and 
hydroxyproline into collagen during induction of liver cirrhosis in rat with CC14 [40].

To my knowledge, this is the first time to provide evidence, that both colchicine 
and vinblastine exert and effect on collagen cross-linking and type I/type III collagen 
ratio in bleomycin-injured rat lungs.
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In experiments on anaesthetized cats increased doses of bradykinin were administered 
intraarterially into an innervated part of the small intestine perfused in situ with constant 
inflow. It is concluded that the main factor accelerating transcapillary fluid efflux and lymph 
flow in this region with bradykinin is the rise in permeability of gut capillaries. This is 
confirmed by elevation in capillary filtration coefficient which takes place on the background 
of an increase in capillary hydrostatic pressure (when the intestine is naturally blood 
supplied), as decrease in the latter (when the preparation is perfused under constant inflow). 
The gut denervation decreasing regional vascular tone modifies bradykinin-induced lymph 
flow and shifts of hemodynamics in the small intestine. In denervated small intestine when 
compared with innervated ones bradykinin causes less expressed increase in lymph production 
and capillary hydrostatic pressure, but more marked elevation in capillary filtràtion coefficient.

Keywords: lymph flow, microhemodynamics, small intestine, bradykinin, denervation

It is known that bradykinin (BK) causes dilatation of intestinal arterioles and 
venules [1], acceleration in regional blood flow [5]. W hen small intestine was 
perfused naturally, BK increased capillary hydrostatic pressure (Pc), capillary 
filtration coefficient (CFC), and lymph flow (LF) in the region [4, 8]. It is known that 
the kallikrein-kinin system has considerable links with the sympathetic nervous 
system [6, 11], but the participation of nervous system in BK-induced shifts of LF and 
microhemodynamics in the small intestine is still not clear.
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This observations prom pted the present study to establish the alterations in Pc, 
CFC, lymph production (LP), and LF in the innervated and denervated small 
intestines perfused under constant inflow when increased doses of BK were infused 
into the regional artery.

Materials and methods

Cats of either sex weighing 2.5-4.5 kg were anaesthetized with urethan (1 g/kg, i.v.). Heparin 
(1000 I.E./kg) was administered intravenously to prevent clotting. The hemodynamically isolated part of 
small intestine (from the duodenum to the colon) was perfused under constant inflow by means of the 
first channel of the peristaltic pump, which directed blood from femoral artery to the superior 
mesenteric artery. The venous outflow (venous outflow pressure was 6 mmHg) was drained to an 
extracorporeal reservoir mounted vertically. From the reservoir blood was returned to the animal by 
means of the second channel of peristaltic pump via the femoral vein. To determine regional LF the 
polyethylene cannula was inserted into the intestinal postnodal lymphatics.

Pc and CFC were determined before and in 3 -5  min after BK infusion by measuring the 
extracorporeal circulating blood volume [7]. The alterations in regional LF at the first min of BK effect 
were considered as reflection of active reactions of lymphatics. The increase of this parameter was linked 
with squeezing of lymph when lymphatics contracted. The decrease in LF at the 1st min was considered 
as dilatation of lymphatics and lymph delay. The sum of average rates of LF in the intestine within 10 
min of BK effect and within following 10 min was considered as reflection of LP intensity in the region. 
The reactions of regional arteries were defined on the base of the alterations in perfusion pressure (Pa).

The effects of increased doses (0.1, 1.0, and 10.0 p.g/min-kg) of bradykinin-triacetate (Reanal, 
Hungary) infused into the superior mesenteric artery were investigated in experiments with perfusion of 
the innervated part of the small intestine. Only 1.0 (rg/min kg of BK was used in denervated (after 
ligation and cutting of periarterial nerves) ones.

Variables are expressed as means ± SEM. The significance of differences was assessed by 
unpaired Student’s r-test.

Results and discussion

In 17 experim ents when the isolated part of sympathetically innervated small 
intestine (weighing 1 13± 4g) was perfused in situ under constant inflow of 
34.5 + 1.7 ml/min-100 g blood, Pa was 126±5m m H g, Pc 18.4 + 1.3 mmHg, CFC 
0.103±0.009 m l/min-mmHg-100 g, and LF 26.5±6.4 ml/min-100 g.

In experiments (n = 8) when the denervated small intestine was perfused 
under constant inflow of 33.9 ± 1.6 ml/min-100 g blood, the initial values were: Pa 
116±6m m H g (92% of that in innervated preparation), Pc 14.9± 1.1 mm Hg (81%, 
p<0.05), CFC 0.120±0.008 ml/mmHg-100 g (117%), and LF 27.4±6.0 gl/min-lOO g 
(104% of that in innervated intestine). Thus, the sympathetic denervation of the gut 
led to a fall in vascular tone in the small intestine. The absence of m arked changes in 
LF in these conditions may be due to reciprocal alterations in Pc (fall) and CFC  
(rise).
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Local arterial infusion of 0.1 (n = 8), 1.0 (n = 9), and 10.0 (n = 7) (ig/m in kg 
BK into the bloodstream  of innervated small intestine led to dose-dependent increase 
in LP. The average rate of LF in the intestine within 10 min of kinin effect rised by 
6.0%, 307.0% (p< 0 .02 ) and 533.0% (p<0 .05), respectively, and within following 10 
min -  by 46.0%, 258.0% (p<0.05), and 319.0% (p<0 .05), respectively (Fig. 1). The 
BK-induced intensification in LP in the intestine can be attributed to different 
reactions of lymphatics in the region. W hen the minimal dose of BK was infused, the 
LF at the 1st min decreased by 8.0%, while on the contrary, when the middle and 
maximal doses of kinin were infused -  LF at the 1st min increased by 30.0% and 
153.0% (p <  0.001), respectively (Fig. 2).

Fig. 1. Changes in lymph production (LP) -  average rates of lymph flow in innervated (white columns) 
and denervated (shaded columns) small intestine within 10 min of BK effect (a) and within the following 

10 min (b). 0.1, 1.0, and 10.0 -  are doses (in pg/minkg) of BK. Values are means ± SEM.
* p < 0.05; **p<0.01; ***p< 0.001

Fig. 2. Changes in lymph flow at the 1st min (LF) in innervated (white columns) and denervated (shaded 
columns) small intestine in response to BK. 0.1, 1.0, and 10.0 -  are doses (in (j.g/min kg) of BK. Values

are means ± SEM.
*p<0.05; **p<0.01; ***p<0.001

The acceleration in LP and therefore in transcapillary fluid efflux in the small 
intestine with intact sympathetic innervation was conditioned by increase in CFC by
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33.0% (p<0.01), 44.0% (p<0 .05), and 39.0% (p <  0.001), respectively with infusion 
of increased doses of BK (Fig. 3). On the background of maximal vasodilatation in 
the innervated small in testine perfused under constant inflow with i.a. papaverine 
infusion (0.5 m g/m in), BK (1.0 p.g/min kg) induced rise in CFC by 38.0% (p<0.05). 
As to these data the elevation of CFC in intact intestine, can be attributed completely 
to the rise of capillary permeability.

Fig. 3. Changes in capillary hydrostatic pressure (Pc), and capillary filtration coefficient (CFC) in 
innervated (white columns) and denervated (shaded columns) small intestine in response to BK. 0.1, 1.0, 

and 10.0 -  are doses (in p.g/min kg) of BK. Values are means ± SEM.
*p<0.05; **p<0.01; ***p<0.001

It is interesting to  note that the increase in permeability produced by BK is 
dose-dependent not only in the cat small intestine but in dog forelimb too [12], 
showing an absence in specificity of BK effect.

The rise observed in vascular permeability was accompanied with acceleration 
in plasma protein transfer to the interstitium and with consequent decrease in colloid 
osm otic pressure grad ien t between blood and tissues, and oedem a form ation in the 
intestine. In this case the  fall in Pc in the small intestine perfused under constant 
inflow with BK infusion may be considered as peculiar "safety factor" of oedema 
formation. The data ob tained showed that when doses of 0.1, 1.0, and 10.0 jcg/min kg 
BK were infused into the  bloodstream  of small intestine, Pc decreased by 8.6%, 
16.0% (pcO.Ol), and 19.0% (p<0.01), respectively (Fig. 3). On the other hand, J. 
Barrowman et al. [4] show ed that BK caused the elevation in Pc. This difference may 
be due to the regim en o f perfusion of the small intestine. It is clear that when the 
intestine is naturally b lood  supplied, the dilatation of regional vessels can be 
accompanied with increase in regional blood flow, and in consequence of this Pc can 
rise. But when stable b lood  flow is m aintained the dilatation of intestinal vessels can 
be accompanied with decrease in Pc only.

Data in literature have shown that in experiments with biomicroscopy of the 
m esentery the i.v. adm inistration of high and low doses of BK led to the dilatation of
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arteries and venules [2]. But in vitro BK stimulated constriction of veins [13]. In our 
experiments BK decreased Pa and minimal values were registered at the 1st min of
1.0 gg /m in  kg kinin effect: a fall by 33.0% (p <  0.001, Fig. 4). Consequently in spite 
of BK infusion Pa rised to 75.6% (p < 0 .0 5 ) at the 5th min because of autoregulatory 
escape of arterial vessels from BK effect.

Fig. 4. Changes in perfusion pressure (Pa) at the 1st min (c) and at the 5th min (d) of BK infusion in 
innervated (white columns) and denervated (shaded columns) small intestine. 0.1, 1.0, and 10.0 -  are 

doses (in pg/min kg) of BK. Values are means ± SEM.
*p<0.05; **p<0.01; ***p<0.001

In our experiments LF and hemodynamic shifts in the small intestine with BK 
were accompanied by dose-dependent activation in the gut motility. Similar results 
were received by C. Chou [5]. A t the sam e time BK exerted a relaxing effect on 
isolated rat duodenum via the stimulation of adenylate cyclase [10] The acceleration 
in LF in the intestine at the 1st min of BK infusion therefore we considered as a 
relationship of two factors: compression of contracting gut, and constriction of 
lymphatics in the region, because T. A zum a et al. [3] showed the elevation of tonic 
contractions of the lymphatics of the mesentery, with the rise of BK concentration. 
M oreover the alterations in intestinal LF under the influence of BK can be linked 
with a change in the permeability of lymphatics according to  the data of our previous 
experiments with in situ perfused lymphatics [9].

In experiments when denervated small intestine was perfused under constant 
inflow, the dose of 1.0 g g /m in k g  of BK was used because 0.1 |xg/kg did not alter LF 
and hemodynamic param eters and the effect of 10.0 was similar to that of
1.0 |xg/min kg. The effect of BK on registered param eters in the denervated small 
intestine is shown in Figs 1 -4 . As seen, BK caused an elevation in LP. The average 
rate of LF in the denervated small intestine was increased by 205.0% (p <  0.001) 
within 10 min of kinin effect and by 171.0% (p<0.02) -  within the following 10 min. 
These changes in LP in the region were accompanied with an elevation in LF at the 
1st min by 28.4%, BK led to decrease in Pc by 19.0% (p < 0 .0 5 ) and to increase in 
CFG by 49.0% (pcO .O l). The Pa in the intestine with BK decreased by 21.1%
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(p <  0.01) at the 1 -  2nd m in with consequent increase in the param eter up to 97.4% 
(p <  0.05) at the 5th min.

Thus in denervated  small intestine perfused under constant inflow the 
directions of shifts in all registered param eters with BK were the same as in the 
innervated preparation. Differences were found in values of these shifts only.

Therefore it is concluded that the main factor accelerating transcapillary fluid 
efflux and LP in the sm all intestine under the influence of BK was the elevation in 
perm eability of m icrovessel’s walls. The rise in CFC, and consequently in 
permeability, took place on the background of both an increase in P c (when intestine 
was naturally blood supplied), and a decrease in the param eter (when preparation 
was perfused under constant inflow). U nder these conditions the sympathetic 
nervous system m aintaining certain vascular tone, does not exert considerable effect 
on BK-induced shifts in LF and hemodynamics in the small intestine at the same 
tim e.
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The generations of rats raised in normobaric hypoxia (10% 0 2 in N2) were observed 
for changes in their oxygen-hemoglobin affinity, hemoglobin content (Hb) blood 0 2 capacity 
and p 0 2- 0 2 content curves: the first generation (HI) and the second generation (H2). HI 
rats possessed a lower 0 2-Hb affinity while H2 rats had a higher 0 2-Hb affinity than normoxic 
control rats. Hb was greater in both hypoxic groups, however, H2 rats showed a Hb lower than 
that of HI rats.

Both hypoxic groups showed a leftward shift of the p 0 2- 0 2 content curve. In p 0 2 
range between 25 and 50 mmHg, H2 rats showed a shift greater than HI rats. So in hypoxic 
conditions the HI rat’s ability to supply enough 0 2 to the tissues is smaller than that of H2 
rats. In the rat’s adaptation to hypoxia the Hb increase plays only a minor role while 0 2-Hb 
affinity increase constitutes a physiologically meaningful adaptation.

Keywords: adaptation to hypoxia, blood 0 2 capacity, DPG-Hb ratio, oxygen- 
hemoglobin affinity

Changes in hem atocrit, hemoglobin content and blood 0 2 affinity are known to 
occur subsequent to chronic exposure to hypoxia.

The shape and the position of the H b -0 2 dissociation curve (ODC) are 
im portant determ inants of oxygen uptake at the lung and release at the tissues [2, 5, 
16]. But the amount of oxygen loaded will depend on the characteristics of the ODC, 
as well as the hemoglobin content (Hb).

Most animals native to high altitude show a rather high oxygen affinity and a 
shift of the ODC to the left [6, 9, 16]. R ats acclimatized to high altitude although 
show a greater hem oglobin concentration [3].

It is generally accepted that a sojourn at high altitude for several generations 
induces a better adaptation to chronic hypoxia than a stay during the life of one
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generation. It is, however, less known what happens during the adaptive processes to 
high altitude of m am m als. W e examined the H b -0 2 affinity, the hem oglobin content, 
the blood oxygen capacity, the blood oxygen content in hypoxic rats of first 
generation (rats born  in normoxic environment and placed in the hypoxic 
environment a few hours after birth) and hypoxic rats of second generation (rats 
born  from hypoxic paren ts of the first generation being conceived and living in the 
sam e hypoxic environm ent). The object of the present investigation was to study the 
changes in 0 2 transport conditions in hypoxic rats of two different generations.

Methods

Hypoxic rats were placed in a normobaric hypoxic environment (a wood and glass chamber) 
equipped with absorbers for C 0 2 (soda lime) and humidity (silica gel) and forced ventilation through a 
closed circuit. The gas mixture (10% 0 2, 0.2-0.4%  C 0 2 in nitrogen) was introduced in the chamber and 
periodically controlled by 0 2 and C 0 2 analyzers. The p 0 2 of this gas mixture was 74 mmHg.

Hypoxic rats of first generation (HI) were placed with their mother in hypoxia a few hours after 
birth. Hypoxic rats of second generation (H2) were born in hypoxic environment from hypoxic parents of 
the first generation. Both hypoxic groups were raised in the same hypoxic environment. Control rats (N) 
were born and raised in normoxia, at sea level. Litters of normoxic parents were randomly assigned to 
the N or the HI group. No selection procedures were used to produce the 3 groups of rats and no 
difference was observed in the morality of HI or H2 rats in our study. After weaning, the food (a 
standard diet of maintenance "open formula") was the same for all rats.

Thirty adult rats (11 N rats, 10 HI rats and 9 H2 rats) of both sexes were used. At the time of 
measurements the ages of the 3 groups of rats were almost the same while the body weights were 
different (see Table I) because a slowing down of the growth rate has been demonstrated in rats raised in 
hypoxia [8]; however H2 rats were found to have a larger growth rate than HI rats [11]. Rats were 
anaesthetized with sodium pentothal (40 mg/kg) and their middle tail artery was catheterized to draw 
arterial blood. During blood sampling both hypoxic groups breathed in hypoxia (10% 0 2). Heparinized 
whole blood samples were measured as follows: the hemogasanalysis by a Nova Biomedical Stat profile 3 
Analyzer; the Hb, the percent oxygen saturation of hemoglobin (S02), the 0 2 content and the blood 0 2 
capacity by an Instrumentation Laboratory 482 CO-Oximeter adapted for rat’s blood samples; the 2,3- 
DPG concentration with a UV-30 test kit (Boehringer Mannheim) using a Beckman DU 62 
Spectrophotometer. Blood sample was tonometered for 30 min in an Instrumentation Laboratory 237 
Tonometer at 37 °C with 6 different humidified gas mixtures containing respectively 3.3, 5.0, 6.2, 8.8, 10.9 
and 14.3% 0 2, 5.6% C 0 2 (equivalent to 40 mmHg for a barometric pressure of 760 torr) balance N2.

Following each tonometry the acid-base balance, the Hb, the S 02 and the 0 2 content were 
determined in blood. Both p 0 2-S 02 and p 0 2- 0 2 content curves were constructed for blood at pH 7.4, 
p C 0 2 40 mmHg and 37 °C (standard conditions) [1]. Measured p 0 2 in equilibrated samples were 
corrected to a blood pH of 7.4 using the Bohr coefficient in the rat: Alog р 0 2/ДрН = -0.509± 0.029 [14]. 
The partial pressure of p 0 2 corresponding to 50% saturation in standard conditions (P50st) was 
graphically obtained from a plot of the data using Hill’s expression: log(S02/1 0 0 -S 0 2) = 
n X logp02-n  X logP50. The term n represents the slope and is indicative of the shape of the oxygen- 
hemoglobin dissociation curve which depends upon the heme to heme interactions [4]. In the present 
study we determined n at P50 (n50).

Acta Physiologica Hungarica 82, 1994



0 2 t r a n s p o r t  in hypoxic a lb in o  r a ts  o f  firs t an d  seco n d  g e n e ra tio n 399

The 0 2 content was calculated by the following equation: 0 2 content = 1.39 xH b x SO2/100. This 
expression of 0 2 content does not include physically dissolved oxygen and does not, therefore, express 
total oxygen. The blood 0 2 capacity was calculated by the following equation: 0 2 capacity = 
1.39 x Hb x 1-(% C O H b + %MetHb)/100 where %COHb is the carboxyhemoglobin per cent and 
%MetHb is the methemoglobin per cent. The 0 2 capacity is the blood capacity based on available 
hemoglobin and does not include physically dissolved oxygen.

The mean values of each parameter in the 3 rat groups were compared using ANOVA and 
Duncan’s multiple range test. P < 0.05 was significant.

Results

The differences in blood 0 2 affinity between the 3 groups of rats were 
considerable (Table I). In comparison with the P5 o st value of the control rats N 
(34.7 m mHg), H I rats showed a lower H b - 0 2 affinity (P50st = 37.0 mmHg) while H2 
rats showed a greater H b -0 2 affinity (P50st = 31.0 mmHg). These differences were 
all significant (P < 0.05). The difference betw een the P5 QSt of H I rats and that of H2 
rats was 6.0 m m H g and denoted significant variations of H b -0 2 affinity between the 
2 groups of hypoxic rats.

There were significant increases of the Hb in both hypoxic groups when 
compared with N rats (P < 0.05); however H 2 rats showed an H b value significantly 
lower than that of H I rats.

A similar trend was found in the 2,3-D PG  concentration: there were significant 
increases in both hypoxic groups (H I and H2) when com pared with N rats 
(p < 0.05); H 2 rats showed a 2,3-DPG value significantly lower than that of H I  rats 
(p < 0.05).

There was significant increase in the 2,3-DPG to H b ratio (D P G /H b) in H I  
rats (1.34) when com pared with N rats (1.02). There was no significant difference 
with H2 rats.

The blood 0 2 capacity was significantly greater in both hypoxic groups than in 
N group (p < 0.05); H 2 rats showed an 0 2 capacity value lower than that of H I  rats 
(p < 0.05).

There were no significant differences in n50 values between the 3 groups of
rats.

The oxygen-hemoglobin dissociation curve in the 3 groups of rats is shown in 
Fig. IB. In accordance with the P50st values we observed that the curve of H I  rats 
shifted to the right com pared with that o f N rats while the curve of H2 rats shifted to 
the left when com pared with N rats. T hese differences were reduced when the p 0 2 
values greater than 55 mmHg.
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Table I

P50, Hb, 0 2 capacity, 2,3-DPG and n50 in normoxic and hypoxic rats

Group Age Weight pH P50 st Hb 2,3-DPG DPG/Hb C>2cap "50
days g mmHg mmol/1 mmol/1 mol/mol Vol.%

N (ll)
158a 338a 7.420a 34.7b 2 .0 0 c 2.04c 1 .0 2 b 17.5c 2.87a

±16 ± 2 2 ± 0 . 0 2 0 ± 1 . 8 ±0.27 ±0.25 ±0.19 ± 2.3 ±0.43

Hl(10)
167a 250c 7.316c 37.0a 2 .6 8 a 3.60a 1.34a 23.7a 2.94a

± 2 1 ±25 ±0.026 ± 0.9 ±0.31 ±0.52 ±0.25 ± 2 . 8 ±0.84

H2(9)
164a 282b 7.391b 31.0c 2.37b 2.80b 1.18a-b 2 0 .8 b 2 .8 6 a

±18 ± 2 1 ±0.027 ± 1.4 ±0.29 ±0.51 ±0.26 ± 2 . 6 ± 0 . 6 8

Values are mean and S.D. P50st = P02 at which Hb is half-saturated with 0 2 at standard conditions; 2,3-DPG = 2,3-diphosphoglycerate; DPG/Hb = 2,3- 
DPG to Hb ratio; 0 2cap = blood 0 2 capacity; nJ0 = Hill coefficient at P50.
N = normoxic control rats; HI = hypoxic rats of first generation; H2 = hypoxic rats of second generation. The number of rats for each group is shown in 
parentheses.
ANOVA and Duncan's multiple range test; significance: p < 0.05. Those values with the same letter are not statistically different.
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pO (mmHg)

Fig. 1. Blood oxygen equilibrium curve of each group of rats studied. In the upper half (A) ordinate is 
expressed in 0 2 content; the oxygen capacity for each group is also indicated. In the lower half (B) the 
ordinate is in per cent saturation of oxy-hemoglobin. N = normoxic control rats; HI = hypoxic rats of 

first generation; H2 = hypoxic rats of second generation

In Fig. 1A the relation is shown between p 0 2 and 0 2 content in the 3 groups of 
rats. We observed that, for the same value of p 0 2, both hypoxic groups showed an 0 2 
content value greater than that of N rats. This evidence is present for the whole curve 
with the shift to the left in comparison with N rats. M oreover we observed that H2 
rats showed an 0 2 content greater than H I  rats in the p 0 2 range between 25 and 
50 mmHg.

In Fig. 1A furtherm ore, 0 2 capacity values in the 3 groups of rats were 
indicated.

The curves that were determ ined in H I and H2 rats reached p 0 2 values higher 
than those that existed in the hypoxic environment of rearing.

Acta Physiologic a Hungarica 82, 1994



402 A . I.icc ia rd i e t  al.

Discussion

Our results show tha t the H2 rats differ from the H I rats concerning the 
oxygen-hemoglobin affinity, the H b concentration and the oxygen capacity.

In accordance with our previous studies [12, 13] H I rats possess a low 0 2-Hb 
affinity and H2 rats have a high 0 2-Hb affinity. The reduction of the 0 2-Hb affinity 
found in H I rats seem s to  be mainly a consequence of the high 2,3-DPG levels. The 
higher 0 2-Hb affinity of the  H2 rats cannot be only an effect of the reduction of 2,3- 
D PG  observed in H 2 w hen com pared with H I  rats. Probably other mechanisms may 
contribute to the increase of 0 2-Hb affinity in H2 rats. Petschow et al. [9] suggest 
that a high 0 2 affinity of the blood can be explained by a reduced interaction of 2,3- 
D PG  with hemoglobin. Poyart et al. [10] affirm that this reduced interaction of 2,3- 
D PG  with hemoglobin in species living in high altitude can be explained with the 
differences in the sequences of the a  and ß chains of the hemoglobin.

H I rats shown a lower 0 2-Hb affinity but they have higher oxygen capacity 
than both N and H 2 rats. Baum ann et al. [1] have argued that in rats exposed for 3 
m onths to a simulated altitude of 4000 m the effective mechanism of adaptation is 
the increase in blood 0 2 capacity. Likewise our H I rats were born in normoxic 
environment, were placed in the norm obaric hypoxic environment (10% 0 2 and N2) 
since a few hours after b irth  and kept in this hypoxic environment for 5 months.

Blood content depends on 0 2-H b affinity as well as the hemoglobin 
concentration and p 0 2. O u r m easurem ents show a leftward shift of the curve p 0 2- 0 2 
content in H I and H 2 ra ts  (Fig. 1A). The leftward shift of the curve p 0 2- 0 2 content 
in H I  rats is attributable entirely to the rise in the concentration of hemoglobin; on 
the other hand, the leftw ard shift of the curve p 0 2- 0 2 content in H2 rats is mainly an 
effect of their high 0 2-H b affinity. Although a change in the genetic m aterial of our 
H2 rats cannot be assum ed, the im portant finding in our study is that H2 rats exibit a 
better adaptation to hypoxia a similar to that of animals native to high altitude. Our 
above results, indeed, are  in accordance with the finding of M onge et al. that 
reported  that in the genotypically adapted mammals and birds, the arterial 0 2 
content is a function only of H b -0 2 affinity and P a 0 2 because the H b concentration 
does not increase at high altitude [7].

Moreover, in our work, the im portance of the shift observed in H2 rats seems 
greater in the p 0 2 range between 25 and 50 m m Hg (corresponding to a S 0 2 range 
between 35% and 75% ). This is of great interest because under hypotic conditions, 
such as both H I and H 2 rats encounter, the arterial p 0 2 corresponds approximately 
to the same portion of the  curve: an increase of the mean 0 2 content and probably 
the increase of the 0 2 pressure in the tissue capillaries might help to improve 0 2 
transport to the tissues.
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The tolerance of a given species to  hypoxia is largely dependent upon its ability 
to supply enough oxygen to the tissues. It appears that an increased 0 2-Hb affinity is 
of fundam ental im portance for 0 2 supply at severe hypoxia [3, 14, 15, 16, 17]. In fact, 
an increase of 0 2-Hb affinity presents certain advantages in that the loading of 
oxygen at the am bient oxygen tension is facilitated. Such an increased 0 2-Hb affinity 
appears to be a physiologically meaningful adaptation of animals native to high 
altitude.

W hen com paring the adaptation in H I  rats with H2 rats we can sum m arize 
that the form er show an increase in 0 2 content entirely due to the increase of 
hemoglobin concentration; the latter develop a greater increase of blood 0 2 content 
mainly due to the increase of 0 9-Hb affinity.

The increase of 0 2-H b affinity in the course of two hypotic generations 
com pensates for the reduction of the arterial S 0 2 due to the hypoxic environment so 
that the arterial 0 2 content in H2 rats rem ains essentially unchanged in comparison 
with N rats in normoxic environment.

All this suggests that the ability to  supply enough oxygen to  the tissues in tim e 
of need in the H I  rats is smaller than in H2 rats. Such observations seem to indicate 
that, in the adaptation of rats to the hypoxic environment the increase in hemoglobin 
concentration plays only a m inor role. So a greater ability of hemoglobin to take up 
oxygen in the lungs appears to be a physiologically meaningful adaptation to the 
hypoxic environment.
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The adult male Swiss mice were treated intraperitoneally with AET (2- 
aminoethylisothiouronium Br.HBr) or MEA (cysteamine HC1), in a toxic dose of 400 mg/kg 
body weight. The measurements of the protein content in crude homogenates of testes, 
kidneys and liver were done every fourth hour throughout a 24-hour period.

Treatment of mice with AET and MEA resulted in different patterns of temporal 
changes in the protein content in testes, kidneys and liver expressed in mg per 1 g of fresh 
tissue and per the whole organ weight. The extent and timing of the alterations in the protein 
level appeared to depend on the particular organ chosen and the thiol agent applied.

Keywords: protein level, mouse organs, aminothiols

The aminothiol molecules such as 2-aminoethylisothiouronium 
^ N H

- / C H / 2- S - C * ^  ] and cysteamine [NH2- / C H / 2-S H ]  are known to be
" N H 2

radioprotective agents characterized by significant effectiveness of action but high 
toxicity [2, 4, 5, 9 -1 2 , 18, 19, 2 3 -26 , 28, 29j. The thiol com pounds distinctly affected 
cellular metabolism when adm inistered to  animal organism in radioprotective and 
toxic doses [1, 3, 6, 8, 13, 14, 2 0 -22 , 27].

It has been dem onstrated that the S-containing drugs could modify the effects 
of ionizing radiation on the protein content in the tissues but relatively little is known 
about the influence of thiols given alone, w ithout subsequent irradiation, on tem poral 
changes in the protein concentration in the mammal organs [16, 17]. In this 
connection, the aim of the present study was to determ ine the alterations of the 
protein level in testes, kidneys, and liver of mice treated  with A E T
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(2-aminoethylisothiouronium Br.HBr /o r  М Е А / cystaemine H Cl), in a toxic dose of 
400 m g/kg body weight.

Materials and methods

The experiments were carried out on adult male Swiss mice. They were kept under constant 
environmental conditions with 12:12 light -  dark cycle (light: 08.00-20.00, dark: 20.00 -  08.00). All were 
fed standard granulated chow and given drinking water ad libitum.

Group I, consisting of untreated mice served as control. Group II mice were treated with AET, 
and those of Group III with MEA. The animals were injected intraperitoneally with AET (2- 
aminoethylisothiouronium Br.HBr, Sigma, USA), or MEA (cysteamine HC1, International Enzymes 
Limited, England), in a single dose of 400 mg/kg body weight, in 200 ц.1 aqua pro injectione (Polfa, 
Poland), always at 18.45 [15, 16].

The mice were killed by cervical dislocation every fourth hour during the 24-hour period, starting 
at 20.00. Then the body weight of animals and the fresh weight of testes, kidneys, and liver, as well as the 
level of protein in crude homogenates of the organs, were assessed. The concentration of protein was 
determined according to the method of Lowry et al. [7] with bovine serum albumin as a standard and 
read at 500 nm, using a Specord UV Vis spectrophotometer.

The protein content was expressed in mg per both 1 g of fresh tissue and the whole organ weight. 
The results were evaluated by an analysis of variance and the Duncan’s new multiple range test, using a 
Commodore C64 computer.

Results

B o d y  weight

There were no differences in the body weight between the particular groups of 
m ice and in the tem poral changes in this respect within each of the group of mice.

O rg a n  weight

The weight of testes was, as com pared with that of G roup III, significantly 
higher at 20.001 in G roups II and I. No differences in the tem poral changes of this 
value within each of the group of mice were found.

There were no differences in the weight of kidneys betw een the particular 
groups of mice and in the  tem poral changes of this value within each of the group of 
mice.

The liver weight was, in comparison with that of Group III, significantly higher 
at 24.00 in Groups I and II, and in relation to that of Group I, significantly lower at
04.00 in Groups II and III. Differences in the tem poral changes in this respect existed 
in G roups I and III.
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Table I

Mean (±SD) weight o f testes and protein concentration in crude homogenate o f testes in the particular groups o f mice

G ro u p  T im e  o f  k illin g

30001 2400 0400 0800 1200 1600 MOO11

Number I 10 9 8 8 10 10 9
of и 8 10 10 10 10 и 10

mice hi 9 10 10 11 и 10 11

absolute I 193.25+ 9.71 201.16+16.96 177.43 + 28.66 200.25+ 8.73 197.94 + 20.25 194.39+18.87 198.88 + 21.77
(mg) и 200.68 + 22.59 177.50+15.89 197.75 + 32.84 182.64+18.64 184.75+28.56 189.09+15.84 193.85 + 20.34

Weight
hi 170.44 + 25.79 187.35+29.17 182.64 + 20.34 181.59 + 22.27 191.09 + 25.21 188.14 + 26.95 202.00 + 24.03

I:II:III П11II N.S. N.S. N.S. N.S. N.S. N.S.of
testes

relative I 6.53 6.91 5.93 6.73 6.90 6.64 6.91

X о Ú* II 7.03 5.91 6.66 6.09 6.44 6.49 6.60
III 5.76 6.36 6.21 6.42 6.75 6.87 7.19

mg per 1 g I 31.53+2.70 29.92 + 2.96 28.25 + 2.72 27.75 + 2.28 28.60 + 3.35 28.27 + 4.70 30.96 + 3.92
of fresh II 30.42 + 2.77 30.20+2.63 28.00 + 3.71 25.73 + 2.14 29.73 + 3.15 28.72 + 5.77 29.00 + 3.58

Protein
tissue III 33.85+2.36 28.20+3.11 28.93+3.16 29.81+2.89 28.36 + 3.55 30.33+4.19 31.18 + 3.10

concent- I : II : III II I.Ill N.S. N.S. Il 1. Ill N.S. N.S. N.S.
tration III .2400 1200 0400 0800 1600 20004. 2000' “ *

mg per the I 6.08 + 0.55 6.01+0.71 5.01+0.92 5.54 + 0.52 5.65+0.87 5.49+1.05 6.12+0.85
weight of II 6.08 + 0.77 5.36 + 0.70 5.52+1.11 4.67 + 0.43 5.47+0.91 5.40+1.05 5.60+0.74

testes III 5.76 + 0.95 5.26+0.93 5.27+0.78 5.41+0.82 5.42+0.96 5.68 + 0.96 6.28+0.93

I:II:III N.S. N.S. N.S. JI.HI I, N.S. N.S. N.S.

Groups of mice: I - control, II - treated with AET, III - treated with MEA. N.S. - non-significant; Significant differences at P < 0.05

Protein level in testes, kidneys and liver and M
EA

 treatm
ent 
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Table II

Mean (±SD) weight of kidneys and protein concentration in crude homogenate o f kidneys in the particular groups o f mice.
For explanation o f signs see Table I

Group Time of killing
3000«axx>i 2400 0400 0800 1200 1600

Number I 1 1 1 0 1 0 1 0 и 11 12

of и 1 1 и и и и 1 1 10

mice hi 1 1 и 1 0 1 0 и 1 0 12

I 435.77 + 38.80 431.79 + 22.02 437.10+62.07 480.39+36.56 430.90 + 50.91 441.18+53.59 438.62 + 47.04
и 465.27 + 41.31 436.20 ±51.54 420.04+36.63 457.90 + 80.49 440.27 + 53.04 417.95 + 50.85 444.70+61.61

absolute
(mg)

hi 449.54+55.81 *18.35 + 56.65 431.89 + 45.66 429.75+33.23 419.72+45.65 418.64 + 31.84 443.50+36.18

Weight
of

kidneys
1 :11:111 N.S. N.S. N.S. N.S. N.S. N.S. N.S.

relative I 1.47 1.47 1.45 1.60 1.49 1.50 1.54
X 10-2 II 1.61 1.44 1.41 1.53 1.52 1.43 1.51

III 1.51 1.41 1.46 1.51 1.48 1.52 1.59

I 46.42+5.41 45.18+4.25 47.54+5.00 52.59+6.33 48.42+3.40 51.60 + 5.37 49.61+4.30
II 49.64 + 7.35 53.55 + 4.93 48.30+7.56 51.05 + 7.51 47.87 + 8.08 52.54 + 4.88 52.65 + 4.43

mg per 1 g III 45.79+5.21 47.68 + 5.46 49.46+6.12 45.00 + 5.80 48.78+6.70 51.84 + 6.94 49.05+5.46
of fresh
tissue I:II:I1I N.S. . I III. II N.S. .111 II 1 N.S. N.S. N.S.

Protein I . 2400 2000' 040ÍT 1200 2000«, 1600 080СП---- *
concent
ration

■* J

I 20.11+2.08 19.54 + 2.45 20.82+4.01 24.99+3.81 20.90+3.18 22.78 + 3.94 21.78 + 3.24
mg per the II 22.94±2.88 23.34 + 3.33 20.60+3.52 23.10+3.98 20.89 + 3.18 21.87 + 2.72 23.44 + 4.01
weight of III 20.57 + 3.14 20.26 + 3.02 21.22 + 3.10 19.35 + 2.90 20.35 + 2.74 21.75 + 3.59 21.80+3.31

1:11:111
I

N.S.
, 2400 2000'

I li i  IL
0400 1200

N.S.
2000«

N.S. N.S. N.S.
16 0 0 .
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Table III

Mean (± SD) weight o f liver and protein concentration in crude homogenate o f liver in the particular groups o f mice. For explanation o f signs see Table I

Group
2 0 0 0I 2400 0400

Time of killing 
0800 1200 1600 2000"

Number I 9 и n 10 и 10 10
of II 10 и 10 10 10 10 8

mice III 10 и и 11 10 и 11

I 1 .5 0  +  0 .1 5 1 .5 0  +  0 .0 9 1. 6 8 + 0 .1 2 1 .7 1 + 0 .2 1 1 .6 0  +  0 .2 2 1 .55  +  0 .0 9 1 .4 6  +  0 .1 6
II 1 .4 3  +  0 .1 7 1 .4 7  +  0 .1 0 1 .5 1 + 0 .1 7 1 .6 2 + 0 .1 6 1 .5 8  +  0 .1 6 1.55  +  0 .1 6 1 .5 2 + 0 .2 1

absolute
III 1 .4 6  +  0 .1 7 1 .2 9  +  0 .1 2 1 .5 3 + 0 .1 8 1 .5 7 + 0 .1 2 1 .5 7  +  0 .1 7 1 .4 7 + 0 .1 6 1 .4 9  +  0 .1 2

(mg)
I: II: III N.S. ■ III .11 I . . II III. I . N.S. N.S. N.S. N.S.

of I 2000" 2 0 0 0 ' 2 4 0 0  1 6 0 0  1 2 0 0  . 0 4 0 0 0 8 0 0

liver III ,2 4 T O 2 0 0 0 ' 1 6 0 0  2 0 0 0 " .  0 4 0 0  0 8 0 0 1200 
------------ 1

relative I 5 .0 6 5 .0 9 5 .5 8 5 .7 1 5 .5 5 5 .2 5 5 .0 6
X 10-2 II 4 .9 6 4 .8 7 5 .1 0 5 .3 8 5 .4 2 5 .3 3 5 .2 3

III 4 .8 7 4 .3 7 5 .2 3 5 .5 5 5 .4 8 5 .3 0 5 .2 9

I 6 9 .6 0 + 6 .5 9 6 0 .8 5  +  4 .5 0 6 4 .6 6 + 6 .4 6 6 8 .9 3  +  2 .6 8 6 7 .2 7  +  4 .7 3 7 1 .0 6  +  6 .5 9 7 2 .8 5 + 4 .1 2
II 7 8 .2 3  +  9 .4 0 7 1 .3 9  +  8 .3 6 68.66 +  6 .1 6 6 8 .3 2  +  5 .4 7 6 8 .4 0  +  5 .7 1 6 9 .1 2  +  6 .7 4 7 1 .8 4  +  6 .3 2
III 7 7 .8 0 + 4 .6 1 7 3 .7 6  +  6 .2 9 6 4 .8 4  +  4 .0 5 6 4 .1 1 + 6 .5 7 6 9 .1 2  +  4 .7 0 7 0 .6 6 + 6 .1 3 6 7 .4 2  +  4 .1 5

mg per 1 g
of fresh
tissue I : II:III . I. HI II . .1.11 HI . N.S. N.S. N.S. N.S. N.S.

concent- II .1 6 0 0 120 0  0 8 0 0  14 0 0 0 4 0 0  2 0 0 0 "  . 2 0 0 0 '
tration .0 8 0 0 0 4 0 0  2 0 0 0 "  1 2 0 0  . 16 0 0  2 4 0 0 2000'

I 1 0 4 .1 2 + 1 1 .9 0  9 1 .3 0  +  8 .9 4 1 0 9 .0 9 + 1 3 .3 3 1 1 7 .9 3  +  1 3 .7 4 1 0 7 .4 3  +  1 4 .8 2 1 1 0 .4 4 + 1 2 .7 3 1 0 6 .5 9  +  1 2 .9 9
II 1 1 2 .4 6 + 1 2 .5 0  1 0 5 .1 9  +  1 3 .4 7 1 0 3 .8 6 + 1 5 .7 7 1 1 7 .0 0  +  2 0 .4 9 1 0 8 .1 8  +  14 .01 1 0 7 .3 8 +  1 6 .1 7 1 0 9 .0 7 + 1 6 .8 5

mg per the III 1 1 3 .9 8 + 1 6 .3 6  9 5 .1 6 + 1 0 .6 7 9 9 .6 1  +  12 .5 5 1 0 0 .4 9  +  9 .2 3 1 0 8 .6 3  +  1 4 .9 2 1 0 3 .7 4 + 1 3 .5 8 1 0 0 .4 4  +  9 .0 8

weight of
I : II : III N.S. . I III.II N.S. ■ Ц Ц »  ■■ N.S. N.S. N.S.
I . 2 4 0 0 , . 2 0 0 0 '  2 0 0 0 "  1 2 0 0  0 4 0 0  1 6 0 0 . 0 8 0 0 .

III , 2 4 0 0 0 4 0 0  2 0 0 0 "  0 8 0 0  1 6 0 0 .  1200 2000' 
---------1

Protein level in testes, kidneys and liver and M
E

A
 treatm

ent 
409
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гаоо* 2400  400 w o  12.00 «00  2000
tvne of day

Fig. 1. The protein concentration in crude homogenates of the organs expressed in mg per 1 g of fresh 
tissue in the particular groups of mice: x—x I, control; о—о II, treated with AET; •- -»III, treated with

MEA

P ro te in  level in testes

The protein concentration in testes expressed in mg per 1 g o f fresh tissue was, 
as compared with that o f  Group II, significantly higher at 20.001 and 08.00 in Group
III. There were no differences in this respect between Group I and both Group II at
20.001 and Groups II and III at 08.00, respectively. D ifferences in the temporal 
changes of this value w ere found within Group III.

The total am ount o f  protein (m g) in testes was, in relation to that o f Group II, 
significantly higher at 08.00 in Groups I and III. There were no differences in the 
tem poral changes in this respect within each of the group of mice.

P rote in  level in k idneys

The protein level in kidneys expressed in mg per 1 g of fresh tissue and the 
total amount of protein (m g) in kidneys were, in comparison with those of Group II, 
significantly lower at 24.00 in Groups I and III, and in relation to those o f Group III, 
significantly higher at 08.00 in Groups I and II.

Acta Physiologic a Hungarica 82, 1994
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Differences in the temporal changes of the protein concentration related to 
both 1 g of fresh tissue and the whole organ weight, were encountered within 
Group I.

P ro te in  le v e l in liv e r

The protein level in liver expressed in mg per f g of fresh tissue was, in 
comparison with that of Group I, significantly higher at 20.001 in Groups II and III, 
and at 24.00 in Groups III and II. Differences in the temporal changes of this value 
were found in Groups II and III.

The total amount of protein (mg) in liver was, in comparison with that of 
Group II, significantly lower at 24.00 in Groups I and III, and in relation to that of 
Group III, significantly higher at 08.00 in Groups I and II. There were differences in 
the temporal changes in this respect in Groups I and III.

гооо1 гем coo eoo 12.00 к00 гооо"
time of day

Fig. 2. The protein level in crude homogenates of the organs expressed in mg per the whole organ weight.
For explanation of sign see Fig. 1

Acta Physiologic a Hungarica 82, 1994
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Discussion

Administration of AET and MEA to the organism of mice, in the toxic dose of 
400 mg/kg body weight distinctly affected the protein metabolism. Different patterns 
of alterations in the protein content in testes, kidneys, and liver expressed in mg per 
1 g of fresh tissue and per the whole organ weight observed during the 24-hour and a 
quarter after AET or MEA injection. Differences in the protein level in the organs 
between mice treated with the aminothiols and the control ones were found only 
throughout the dark period, but daily fluctuations in the protein concentration in the 
organs were recorded within the particular groups of animals during the light-dark 
cycle. It was shown that the extent and timing of the temporal changes in the protein 
level in testes, kidneys and liver obtained after AET and MEA treatment of mice 
were dependent on the organ chosen and the S-containing compound given.

The biological effects of the aminothiols are accepted to be connected with the 
various nature of their influence on the physiological-biochemical processes and 
molecular reactions taking place in the cells of the particular tissues and organs [1, 3, 
8 , 13, 14, 20, 27]. However, the mechanisms of action of the sulphydryl compounds at 
the cellular and molecular levels and especially their influence on the protein 
metabolism remain poorly defined [1, 8 , 20, 27].
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CHANGES IN THE MAST CELL NUMBER AND 
DEGRANULATION PATTERN DURING PERIOVULATORY 

PERIOD AND AFTER BLOCKING GONADOTROPHIN 
SURGE IN MICE OVARIAN COMPARTMENTS
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Mast cell in the ovary of cyclic mice were observed in the ovarian medulla, hilum and 
bursa, but not in the cortex. A significant increase in the degranulation of mast cells was 
observed in the hilum and bursa but not in the medulla following the gonadotrophin (On) 
surge as compared with before the surge at proestrus. The results of pentobarbital treatment 
at proestrus imply the significant role played by estradiol 17-ß (E2) in inducing mast cells 
migration and degranulation, specially in the medullary, cortical and bursal region of the 
ovary. The results indicate differential regulation of mast cells number and degranulation in 
different ovarian compartments of mice.

Keywords: mast cells, ovary, pentobarbital sodium, gonadotrophin surge

Several reports indicate the involvement of histamine in the ovulatory process 
[6]. It is known that the inducer of ovulation, luteinizing hormone, also induces 
release of histamine from ovarian tissue [14]. Significant increase in ovarian 
histamine concentration coincident with gonadotrophin (Gn) surge has been shown 
in the rat [9], rabbit [10], hamster [7] and human [11]. Histamine evidently is released 
from mast cells and basophils, which concentrate during ovulation near the 
disrupting follicle [1, 12, 18] and degranulate there [4, 7]. In the hamster the number 
of mast cells remains unchanged on days 1 -3  (day 1 = estrus) of the estrous cycle in 
each ovarian compartment. However, mast cell number and degranulation pattern in 
different ovarian compartments changed significantly in proestrus. The objective of 
the present study was to examine alterations in the number and degranulation
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pattern of mast cells in different ovarian compartments of mice during the 
periovulatory period and also after the blockade of preovulatory surge of 
gonadotrophin with pentobarbitone sodium.

Materials and methods

Adult cyclic mice of Parke’s strain weighing 25 -  30 g were maintained in a room with a daily 
lighting schedule of 14 L: 10 D; (lights on at 0600 h) and food and water were available ad libitum. Mice 
were used only after exhibiting four successive regular cycles. The cycle of each mouse was checked by 
vaginal smears taken daily between 0900-1000 h. Six mice per group were sacrificed in the morning 
between 0900-1000 h (before Gn-surge) and in the evening between 1800-1900 h (after Gn-surge) at 
proestrus and in the morning between 900-1000 h (after ovulation) at estrus. Another group of 5 mice 
were given i.p. injection of pentobarbitone sodium ( 2  mg in 0 . 1  ml saline/mouse) at proestrus between 
1300-1500 h. The animals were sacrificed next morning between 0900-1000 h. The control mice were 
given saline only.

The ovary with bursa were excised and placed in 10% buffered neutral formalin. Serial 6  p.m 
paraffin section were stained, dehydrated and then mounted in DPX. All sections were stained with the 
Quick Toluidine blue method as described in detail earlier [7].

Mast cells were classified as non-degranulated (the intact cells with extrusion of less than 10 
granules) and degranulated (cell exhibited dispersion of more than 10 granules). Mast cells were counted 
within a 10 X ocular and a 45 x objective in every 5th serial section of the ovary. The percentage of 
degranulated mast cells were calculated by dividing the actual number of mast cells degranulated with the 
total number of mast cells (nondegranulated + degranulated), and multiplying this with 100. Mast cells 
were counted in different ovarian compartments separately. The specific ovarian compartments were 
classified as medulla, cortex, hilum and bursa. Cortex represents the peripheral part of the ovary and 
consists of connective tissue, follicles and corpus luteum (CL). Medulla represents the central part of the 
ovary and consists of the connective tissue or stromal cells in which the follicles and CL are embedded. 
The bursa represents an area of the capsule immediately surrounding the ovary. The ovarian hilum 
region is characterized by the collection of numerous arterioles and venules.

Data were analyzed by the one-way analysis of variance (ANOVA) followed by Duncan’s 
Multiple Range Test. Wherever appropriate Student’s i-test was used. Differences were considered 
significant if P < 0.05.

Results

D istr ib u tio n  o f  m a s t  c e lls  in  th e m o u s e  o v a r ia n  c o m p le x

Mast cells were found distributed unevenly in the different ovarian 
compartments, viz. medulla, hilum and bursa. Mast cells were not found in the 
ovarian cortex.
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C h a n g es in  th e  m a s t  c e ll n u m b e r  a n d  d eg ra n u la tio n  p a ttern  b e fo re  a n d  after  
g o n a d o tro p h in  surge

Mast cell number and their degranulation pattern in different ovarian 
compartment changed significantly following Gn surge (Table I). Following the Gn 
surge at proestrus, number of mast cells declines (P < 0.05) in the hilum and bursa, 
while it remains unchanged in the medulla. Following ovulation at estrus morning, 
mast cell number increases (P < 0.05) in the medulla, while it decreases in the hilum 
as compared with the proestrus.

Table I

Changes in the total number (TMC) and percentage degranulation (% Deg) o f mast cells in the different 
ovarian compartments o f mice before and after gonadotrophin surge

O v a r ia n P r o e s t r u s P r o e s t r u s E s t r u s

C o m p a r t - m o r n i n g e v e n in g m o r n in g

m e n ts T M C %  D e g T M C %  D e g T M C %  D e g

a a a a b
Medulla 382.3 ±54.0 29.0 ±1.9 360.7 + 59.5 29.9 ±3.6 830.3 ±76.2 1 1 . 8  ±  1 . 1

a a b a b
Hilum 1750.2 ±135.9 27.4 ±1.8 1144.3± 168.2 43.2 ±3.2 885.5 ±124.7 13.8 ±0.8

b a b
Bursa 361.2 ±40.9 11.3± 1.6 264.0 ±22.0 38.0 ±5.3 273.0 ±9.2 16.8 ± 1 . 2

Entire
Complex a b a b
Total 2493.7 ±150.4 2 2 . 6  ± 1 . 2 1769.3 ±125.3 32.0 ±2.3 1988.5 ±178.4 15.3±0.8

* Values are mean ± S.E.
Data on mast cell number and % degranulation were analyzed separately by one way ANOVA and 
Duncan’s multiple range test (Footnotes a & b). 
a = p<0.05 vs Estrus 
b = p<0.05 vs Proestrus morning

The percentage degranulation of mast cells increases in the hilum as well as in 
the bursa but not in the medulla after the Gn surge as compared with before the 
surge at proestrus (Table I). The percentage degranulation decreased (P < 0.05) in 
all ovarian compartments following ovulation in estrus morning as compared with 
proestrus (Table I).

Acta Physiologica Hungarica 82, 1994



418 A . K rishna a n d  K. Ja isw al

M a s t c e ll  n u m b er a n d  d e g ra n u la tio n  p a tte m  in th e  o v a ry  o f  so d iu m  p e n to b a r b ito n e  

tr e a te d  m ice

Total number of mast cells and their degranulation in the entire ovarian 
complex was significantly higher in the pentobarbitone treated females as compared 
with the control (Table II). Mast cell number changes significantly (P < 0.05) in the 
medulla and bursa but not in the hilum (P > 0.05) following blocking the 
preovulatory Gn surge by sodium pentobarbitone as compared with the proestrus 
(morning) in the mouse (Table II). The number of mast cells in the hilum but not in 
the medulla and bursa, were higher (P < 0.05) in the pentobarbitone treated mice as 
compared with the control. Interestingly, mast cells were also observed in the cortex 
region (187.8 + 12.9 mast cells) of the ovary in the pentobarbitone treated mice 
(Table II). Mat cells were not found in the cortex of the ovary in control animals. In 
general pentobarbitone treated mice exhibited higher mast cell degranulation in all 
the ovarian compartments than controls and the mice in the morning of proestrus 
(Table II). When compared with the mouse at proestrus evening, both in the hilum 
and bursa a lower (P < 0.05) percentage of mast cell degranulation were found in the 
pentobarbitone treated mice.

Table II

Effects of blocking Gn surge by pentobarbital treatment on the total number (TMC) and percentage 
degranulation (% Deg) o f mast cells in the different ovarian compartments o f mice

O v a r i a n

C o m p a r t 

m e n t

P e n t o b a r b i t o n e

t r e a t e d

T M C %  D e g

C o n t r o l

T M C %  D e g

Medulla 717.4 ±30.9
a

36.0 ±0.7 804.6 ±87.9 10.8 ±0.3

Hilum
a

1979.0 ±143.8
a

37.2 ±0.9 892.6 ±152.4 14.5 ±0.6

Bursa 247.2 ±21.3
a

29.4 ±2.8 272.0± 11.2 17.4 ±1.4

Cotex 187.8 ±12.9 19.2 ±1.2 - -

Entire
Complex
(Total)

a
3131.4 ± 131.4

a
30.5 ±1.2 1969.2 ±147.0 14.2±0.4

* Values are mean ±SE 
a = P < 0.05 vs respective control by t-test
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Discussion

In the mouse, mast cells in all the ovarian compartments (medulla, hilum and 
bursa) coincident with Gn surge (Table I) undergo peak degranulation. A decline in 
mast cell number at estrus as compared with proestrus (morning) also suggests the 
occurrence of extensive degranulation at proestrus (Table I). This study further 
confirms the earlier finding of Krishna and Terranova [7] in hamster that mast cells 
degranulate extensively in the ovarian complex coincident with Gn surge. Thus, it 
appears that events at proestrus activate mast cells, induce degranulation and so 
reduce their number. Mast cells without granules are difficult to identify. Mast cell 
number did not decline in pentobarbitone treated mice as compared with the 
proestrus (Table II). In mice, a significant increase in the percentage degranulation 
of mast cells following Gn surge was noticed only in the hilum and bursa but not in 
the medulla. A high number of degranulating mast cells were already found in the 
medullary region on the morning of proestrus (Table I). In the rat [4], only medullary 
(not hilar) mast cell degranulation increased at proestrus, whereas, in the hamster, 
increased degranulation was observed in all the compartments measured at 
proestrus. If the ovary produce (or direct the synthesis of) a mast cell degranulating 
agent in response to the hormonal changes at proestrus, possibly it is a different 
agent or metabolized differently in different species and/or ovarian compartments, 
therefore, accounting for the differences in degranulation patterns.

Following ovulation the degranulation of the medullary and bursal mast cells 
decreases as compared with the proestrus but if the mouse at proestrus stage are 
given pentobarbitone, their percentage degranulation remains high. This may be 
because of continuous secretions of high level of E2 from the ovary following 
pentobarbitone treatment as reported earlier in the rat and hamster [15, 16]. It is 
very well known that E2 causes mast cell degranulation in the rat uterus [3]. A similar 
increase in the mast cell degranulation occurs from diestrus to proestrus in the 
hamster ovarian complex [8] during which E2 is also high [13].

The present study revealed different patterns of mast cell degranulation in 
three ovarian compartments (medulla, hilum and bursa). In the medulla, a high mast 
cell degranulation was observed on the morning of proestrus before the Gn surge, 
which continued until after the Gn surge. The high level of degranulating mast cells 
in the medulla were also found in the females treated with pentobarbitone to block 
Gn surge. While degranulation declined following ovulation. Thus E2 and/or other 
local factors seems to be more likely factor(s) involved in the mast cell degranulation 
in the medullary region of mice ovary. This could be because of the proximity of 
medullary mast cells, as compared with the hilar or bursal and with the steroid 
secreting antral follicles. In the hilum, an increase in degranulation of mast cell was 
observed from morning to evening at proestrus. Thus, it seems that in the hilum,
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along with other factors Gn surge may be primary involved in inducing mast cell 
degranulation. In the bursa, a significant increase in mast cell degranulation was 
observed during proestrus. But the continuous presence of a high level of mast cell 
degranulation in bursa of the mouse treated with pentobarbitone suggests that E2 
may be the major stimulus. Such compartmentalized variation in mast cell 
degranulation pattern within the ovarian complex was shown in the hamster earlier 
[8].

The present study revealed higher number of mast cells in the ovarian complex 
of females treated with sodium pentobarbitone at proestrus as compared with the 
control females. Further, these females showed presence of mast cells in the cortex 
of the ovary. Mast cells are generally not found in this region during normal cycles. 
This increase in number of mast cells in the hilum following the block of Gn surge is 
not due to decline in percentage degranulation. These observations suggest that the 
increase in the number of mast cells after blocking the Gn surge by pentobarbitone 
could be due to migration of these cells into the ovary as reported earlier in the rat 
[2, 5]. Females treated with pentobarbitone at proestrus were shown to secrete 
higher level of E2 on next day morning [15, 16]. Thus, migration of mast cells to the 
medulla and cortex of pentobarbitone treated females may be related to the high E2 
level. A recent study has shown the ability of mast cells to respond to estrogen [17].
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