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EFFECT OF PROXIMAL SELECTIVE VAGOTOMY 
ON GASTRIC PROSTAGLANDIN CONTENT IN THE 
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D uring Shay-ulcer form ation damages to  the barrie r of the gastric mucosa develop 
even before the appearance of macroscopic ulceration. Proxim al selective vagotom y 
preven ts these damages. Following pyloric ligation th e  prostaglandin content of the  
m ucosa changes in parallel w ith th e  injuries of the m ucosal barrier: T X B 2 conten t of the 
forestom ach increases, while P G F 2a]p),a content of bo th  th e  forestom ach and the an trum  
decreases. Following PSY operation the  6-keto-PG F, aipha conten t of th e  mucosa de
creases, whereas P G F 2 alphaand T X B 2 contents exhibit no alteration. As a combined 
effect o f proxim al selective vagotom y p re treatm ent and  pyloric ligation the  6-keto- 
PG Fj alpha and P G F 2 a|pha contents of th e  mucosa rem ain  low and the T X B 2 increase, 
otherw ise detectable after pyloric ligation, does no t take  place.

Keywords: proxim al selective vagotom y (PSV), po ten tia l difference (PD ), T X B 2,
6-keto-PGF! a|pi,a, PGF2aiPha

I t  has benn dem onstrated in our previous experim ents th at m ucosa  
barrier suffers dam ages during Shay-ulcer form ation [20]. Injuries could be 
detected as early as the 6th hour following pyloric ligation. Injuries o f  the  
mucosa barrier were also detected following PSY operation: these injuries 
however, proved to  be transiet [6].

In the present experim ents the changes of the prostaglandin content o f  
the m ucosa were measured 10 hours after pyloric ligation . It is w ell-know n  
from th e works o f Mozsik th at in  th is period, and in  even  earlier periods as 
well, biochem ical alterations take place in the cells o f the mucosa: ATPase 
activ ity  o f  the membrane and glycoprotein content o f the stom ach increase, 
tissue A TP content decreases and in the period preceding ulcer form ation also 
the m etabolism  o f nucleic acids exhib its alterations [12].

In  th e  Shay-ulcer m odell, ulcer form ation takes place 17 to  24 hours 
after pyloric ligation . In the present experim ent th e  changes o f the prosta
glandin content o f the mucosa were determ ined in  such a m om ent w hen bio-

Correspondence should be addressed to  
Sándor D u b e c z
Third D epartm en t of Surgery, Semmelweis School 
1085. B udapest. N agyvárad té r 1. H ungary

1* Acta Physiologica Hungarica 74, 1989 
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chem ical alterations h ad  already taken  place but the m acroscopie ulceration 
h a d  not yet developed.

The present experim ent was aim ed at answering the follow ing question: 
Does or does not P S Y  operation alter in  the Shay-ulcer m odell the inju

ries o f  the mucosa barrier and the changes o f prostaglandin content?

M aterials an d  m ethods

The experiments w ere carried ou t on CFY ra ts  (LA TI) weighing 200 g. The anim als were 
k e p t starving for 24 hours before the experim ent, b u t w ater was given ad libitum . Median 
laparo tom y  was perform ed u n d e r e ther anaesthesia, th e  pylorus was lifted and — by  securing 
th e  in tegrity  of the blood vessels — ligated according to the method of Shay [18, 19]. The PSV 
opera tio n  was carried ou t as previously  described [3, 6]. M easurements of PD  values were carried 
o u t according to the m ethod o f G áti e t al. [8]. P rostag landin  content of tissues sam ples obtained 
from  th e  forestomach and  th e  an tru m  was determ ined  by  R IA  m ethod [4, 5, 7]. The following 
k its  m anufactured by the  Iso tope  In s titu te  of the H ungarian  Academy of sciences were used: 
125I -6-keto-PG F2alpha, 125I-T X B 2 and 3H -PG F2alpha.

Prostaglandin con ten ts are  given in pg/m g w et tissue weight units [2]. I t  should be noted 
th a t  o th er authors suggest th a t  prostaglandin con ten t should be referred to  1 mg protein [14].

The animals used were divided into to following groups:

P D  measurements

1. u n trea ted , control group (18 anim als)
2 . measurem ents 10 hours a f te r  pyloric ligation (10 anim als)
3. m easurem ents 10 hours a f te r  PSV operation (12 anim als)
4. m easurem ents 10 hours a fte r  pyloric ligation and PSV operation (10 anim als).

D eterm ination o f prostaglandin content o f  samples obtained from  the forestomach and the antrum

5. un trea ted , control group (16 anim als)
6. tissue sampling 10 hours a f te r  pyloric ligation (10 anim als)
7. tissue sampling 10 hours a f te r  PSV operation (10 anim als)
8. tissue  sampling 10 hours a f te r  pyloric ligation and PSV operation (10 anim als)

The results obtained are  presented in  the form  of column diagrams. S tuden t’s unpaired 
t - te s t  was used for the s ta tis tic a l analysis.

R esults

Changes of PD  va lu es are shown on F ig. 1. Following pyloric ligation  
P D  value decreased (2nd colum n). The decrease could be prevented by PSV  
trea tm en t (4th colum n).

Figure 2 shows th e  changes o f  gastric P G F 2aiPha content. The column-pairs 
sh ow  the changes o f  th e  prostaglandin content of tissue sam ples obtained  
from  the forestomach and the antrum . PSV  pretreatm ent exerted  no effect 
on  th e  pyloric ligation-induced decrease o f P G F 2aiPha content (4th  column- 
pair). PSY had no effect on  its own on the P G F 2aiPha content o f the mucosa.

Changes of 6 -k eto -P G F laiPha content are shown on Fig. 3. This PG  
co n ten t did not change follow ing pyloric ligation  (2nd colum n-pair). The
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Fig. 1. E ffec ts o f  10 -hour-long  py loric  lig a tio n  an d  p ro x im a l selective v ag o to m y  on tran sm u co sa l
P D  v a lu es o f th e  r a t  sto m ach

X± pg/mg 
SE wet 

tissue
180

*P<0.05 
* ♦ P < 0.02

F -fo re  stomach 
A -  antrum

117.5
±115

122.25
±13.60

100-

40-

16

*74.57
±11.63

62.06**
4.81

Æ .

170.84
±51.36

149.28
±37.82

П Л  control 
У //Л  10^ pyl. lig.

10h PSV
10h PSV+pyl. lig.

*81.89 
*70.79 ±22.19 
£23.42

Fig. 2. E ffec t o f p y lo ric  lig a tio n  an d  p ro x im al se lective v ag o to m y  on P G F 2aipha o f th e
r a t  sto m ach

6-keto-P G F j alpha content o f the mucosa decreased significantly upon the  
effect o f both  pyloric ligation (3rd colum n-pair) and pyloric ligation -f- PSV  
operation (4th colum n-pair).

Figure 4 dem onstrates the changes of T X B 2 content.T he results obtained  
indicate th a t PSV  pretreatm ent (4th colum n-pair) prevented the T X B 2 
content increase observes in the forestom ach following pyloric ligation  (2nd  
colum n-pair).

D iscussion

The pathogenic role o f hydrogen ions in the developm ent o f gastro
duodenal ulcers is well-docum ented. The nearly 80-year-old statem ent o f  
Schwarz holds true even nowadays: there is no ulcer w ithout acid [17].
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871.1 control

Fig. 3. E ffect of pyloric ligation  and proxim al selective vagotom y on the 6- keto-PG Fla)pha
conten t of th e  r a t  stom ach

F-fore stomach
□  control

10h pyl. tig.

Fig. 4. E ffect of pyloric ligation and  proxim al vagotom y on the throm boxane B 2(TYB2) con ten t
of the r a t  stom ach

According to the investigations o f  Brodie the pyloric ligation-induced  
increase o f  gastric secretion  is caused b y  vago-vagal reflex  which can he 
in h ib ited  b y  vagotom y [1]. Truncal v a gotom y inhibits the hydrogen ion  
hypersecretion  developing after pyloric ligation  and protects against Shay- 
ulcer form ation [9, 10, 19].

I t  has been known for a long tim e th a t PSV operation decreases gastric 
secretion  and contributes to  the healing o f  duodenal ulcers. According to  the  
data o f  Schwamberger [16] the protective effect o f truncal vagotom y against 
Shay-ulcer is more pronounced than th a t o f  selective vagotom y. This obser
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vation  has been explained in  connection  w ith the devascularisation o f  lesser 
curvature, w hich intervention is carried out during selective vagotom y [16].

It has been dem onstrated in  our previous experim ents th a t truncal 
vagotom y prevents those dam ages to  the mucosa barrier which w ould other
wise develop during Shay-ulcer form ation [7]. Lesion o f  the m ucosa barrier 
can be detected  after PSV operation; however, th e y  can not already be 
dem onstrated in  the 6th hour fo llow ing surgery [6].

PSV  treatm ent prevents th e  pyloric ligation-induced damages to  the  
m ucosa barrier [6].

It is know n from the works o f  R obert that prostaglandins — even  in  
doses which are but sm all fractions o f  those inhibiting gastric secretion  — 
protect against the developm ent o f  experim ental m ucosa lesions [13]. A ccord
ing to  the investigation  cited endogenous prostaglandin m obilization can be 
evoked b y  pretreatm ent w ith  substances which are ju st m ildly irritative to  
the m ucosa. This prostaglandin m obilization provides protection against 
necrosis-inducing agents. The form er mechanism is called direct, w hile the  
latter adaptive cytoprotection [14]. Different prostaglandins m ay exert 
opposite physiological effects [15]. P G A X, PG EX and P G E 2 are vasobroncho- 
dilators, while P G F 2a|plla is a vaso-bronchoconstrictor. PGAX, P G E X and 
P G IX inhibit the aggregation o f throm bocytes, w h ilst the vasoconstrictor  
T X A 2 stim ulates throm bocyte aggregation and exerts ulcerogenic effect in  
the stom ach [22]. P G F 2aiPha has no antisecretory effect, but protects against 
indom ethacin-induced ulcer [21]. According to the investigations o f  Sreagne 
in rats the P G E 2 content is sign ifican tly  higher in  th e  forestom ach th an  in  
the antrum . As far as the P G E 2 con ten t o f the m ucosa is concerned no dif
ference can be found between truncal and proximal selective vagotom ies [2].

Miller and Teppermann reported on the observation that lesions o f  the  
m ucosa barrier which were evoked b y  the adm inistration of 5 mM acetyl- 
salicylic acid could be prevented b y  P G E 2 treatm ent. According to  their v iew , 
P G I2 m ay protect the integrity o f  th e  mucosa barrier [11].

W hen discussing the results obtained in the present experim ents it 
should be noted  that these experim ents were acute ones in  which PSV  pre
vented  the developm ent o f an acute gastric ulcer caused b y  hypersecretion. 
It should also be m entioned th at th e  changes of prostaglandin content m ay  
presum ably take place earlier th an  th e  10th hour chosen here for the deter
m ination. In th e  future we wish to  investigate also on the tim e course o f  the 
changes o f  prostaglandin content fo llow ing PSV.

Since T X B 2 increases the aggregation of throm bocytes and exerts 
ulcerogenic effect, so in  the preulcerous state the increase o f T X B  2 content 
seem s to be o f im portance. The P SV  secured protection o f the m ucosa m ay  
partly be explained be the beneficia l effect of the intervention on m ucosal 
PG content.
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A  conclusion can be drawn, accordingly during the form ation of Shay- 
ulcer PSY influences th e  lesions o f the m ucosa barrier and alters mucosal 
prostaglandin content. A fter pyloric ligation  PSV  inhibits b oth  the decrease 
o f  P D  and the increase o f  T X B 2 content o f  th e  forestom ach.
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THE INFLUENCE OF ELECTROCOAGULATION OF 
THE SEPTUM AND SECTION OF THE 
ENTORHINAL CORTEX ON GENERAL 
BEHAVIOUR AND MEMORY IN CATS
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In  chronic experiments on ca ts it  was shown th a t the lesion of the medial p a rt of 
the septum  does no t result in the “ septal syndrom e” ; the ratio  of the different sleep-wake
fulness cycle phases rem ains w ithin th e  baseline values; the  acquisition, re trieval and ex
tinction  of in strum en tal alim entary conditioned reflexes proceed norm ally; the delayed 
conditioned reflexes are impaired. Massive septal lesion, including its la teral p a rt, leads 
to  the developm ent of the “ septal syndrom e” ; there are changes in the s tructu re  and 
percentage of the different sleep-wakefulness cycle phases; th e  acquisition and  extinction 
of in strum en tal alim entary  reflexes w ith  the sound discrim ination are m arkedly re ta rd 
ed; the perform ance of delayed conditioned reflexes is com pletely destroyed. The section 
of the entorh inal cortex produces an increase in  the num ber of repeated errors and per- 
severative movem ents during perform ance of instrum ental alim entary reflexes, the 
deceleration of the  acquisition and  extinction of instrum ental a lim entary  reflexes, 
complete disturbance of the delayed conditioned reflexes and does no t affect the  sleep- 
wakefulness cycle. The problems of th e  role of the hippocam pus and its  m ain inputs in 
the regulation of the short-term  operative memory in  th e  “ pure form ” as well as the 
significance of the descending influence of the hippocam pus on the regulation of general 
anim al behavior were also discussed.

Keywords: septo-hippocam pal system , entorhinal inpu t, short-term  m em ory, 
general behaviour

The hippocam pus and closely related structures are thought to  be of 
param ount im portance in the organization of learning and memory [18, 21, 22, 
23, 35] as w ell as in  the regulation o f the orientation reflex [7] and m otivated  
em otional processes [25, 30]. It is naturally  assum ed th at the hippocam pus 
as well as the other cortical structures m ay fulfil these functions b y  w ay of  
their inputs and outputs through w hich inform ation arrives, on the one hand, 
about the even ts o f the external and internal world o f the organism and, on 
the other, the hippocam pus can in teract and effectively  affect other structures 
o f the brain. Over the last tw o decades the researchers’ attention  has been  
directed at th e  elucidation of the functional organization of the septal inputs
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and outputs. This in terest seems to  be inspired b y  the fact th a t the septum  
occupies a strategic p lace between the m esodiencephalon and the archipaleo- 
cortical structures and  its  destruction leads to  drastic changes in the back
ground electrical a c t iv ity  of the hippocam pus [29, 30], to  the developm ent 
o f th e  w idely know n septal syndrom e [3, 4, 12] and to  the im pairm ent o f  
different learning task s [8]. In the analysis o f  the neurophysiological m echa
nism s responsible for th e  organization o f learning and m em ory great attention  
is attached  to the dynam ics o f the hippocam pal theta  rhythm , that is the  
in tegrative electrophysiological phenom enon reflecting different levels o f  
functioning of the septohippocam pal system . I t  is considered th at the devel
opm ent of the h ippocam pal theta  rhythm  is associated w ith  the recording, 
storage and retrieval o f  inform ation in  the brain [1, 14, 17, 29, 35, 36]. 
H ow ever, works h ave appeared recently [5, 24, 25, 26] in  w hich the special 
significance of the developm ent of the hippocam pal theta rhythm  in the orga
n ization  of learning and memory is questioned. Furthermore, the view  seem s 
to  have been revived  th a t the developm ent o f the hippocam pal theta  rhythm  
is related to the non-specific  activation  o f the brain, which in  turn is obli
gatory  for the rea lization  of all the steps o f  organization o f learning and  
m em ory [9, 10, 34].

For the in vo lvem en t of the hippocam pus in  the integrative activ ity  o f  
th e  brain its cortical in p u t from the entorhinal cortex is o f no less im portance. 
In  B en n ett’s view  [5], the influence o f the entorhinal input, resulted in the  
desynchronization o f  th e  electrohippocam pogram , m ust be o f greater im por
tance for the m em ory organization than  the influence o f the septal input 
lead ing to the hypersynchronization  o f the electrohippocam pogram  in the  
range o f  the theta  rhythm .

It  follows from  th e foregoing th a t further investigation  em ploying a 
v a r ie ty  o f approaches and techniques are necessary in  order to  solve the  
problem  of (a) the participation  o f the hippocam pus and its  inputs in the  
m em ory organization, and (b) the significance o f  the dynam ics o f  the hippo
cam pal theta  rhythm  for the learning and consolidation o f m em ory traces. 
B earing this in m ind, w e have undertaken a stu d y  o f the influence of electro
coagulation of the sep tu m  and o f section  o f the entorhinal cortex on: 1) the  
general behaviour o f  anim als, 2) the structure o f the sleep-wakefulness cycle, 
3) th e  acquisition o f  th e  instrum ental alim entary reflexes, 4) the extinction  
o f instrum ental alim entary reflexes, and 5) delayed conditioned responses.

Methods
A nim als

The experim ents w ere carried out on 30 m ature cats of bo th  sexes. Before the commence
m en t of the learning sessions the animals were adap ted  to  the experim ental chamber and 
observation  was made of th e ir  general behaviour. The am ount of daily food in take was also
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m easured. L ater on, th e  ca ts th a t  had easily adapted  to  the experim ental set, had a good appe
tite , and were no t distinguished for aggressiveness or apprehensiveness, i.e. were steady, were 
selected for the experim ents.

Im plantation o f electrodes

M etal electrodes were stereotaxically im planted  w ith the object of recording the electrical 
ac tiv ity  from the neocortex and the hippocam pus and for electrocoagulation of different nuclei 
of th e  septum . Surgery was m ade under N em butal anesthesia (35 m g/kg). The coordinates o f the 
ca t’s b rain  atlas of Ja sp e r and  Ajmone-M arsan were used [11].

Procedure o f acquisition and extinction o f instrumental alimentary reflexes

Instrum en ta l a lim en tary  reflexes were tra ined  in the experim ental chamber consisting 
of tw o com partm ents. The rea r p a rt of th e  cham ber w ith the area of 0.3 m2 served as the s ta rtin g  
place where the anim als were kep t in the in te rtria l period. In  the fro n t com partm ent w ith  the 
area of 1 m2, outside, a t  th e  front-side walls, feeders were placed from  w hich the animal received 
food b y  raising the suspended door. A 500 Hz tone served as a conditioned signal for one feeder, 
and clicks for the other. In  response to th e  form er the animal was expected to go to  th e  rig h t, 
in response to  the le tte r, to  th e  left. The source of sound was placed on th e  top of the fro n t wall 
a t  th e  very ceiling of th e  experim ental cham ber. Five seconds after th e  onset of one or th e  o ther 
signal the door of th e  s ta rtin g  section was opened and the ca t was given the possib ility  of 
food-procuring.

The procedure of extinction  of in strum en tal alim entary reflexes to  two feeders was 
sta rted  after the elaboration  of a 100% discrim ination of conditioned responses. Over one session 
every conditioned signal was presented w ithout food reinforcem ent as m any times as i t  was 
required  for the obtaining of th e  acute extinction  of the reflexes. Chronic extinction was achieved 
only in  the run  of the m ultisession experim ents.

M easurements of delayed responses was sta rted  when a 100% discrim ination of condi
tioned signals had been reached. One or the o ther conditioned signal was delivered for 10 s and 
the anim als were allowed to  leave the starting  section only a t a certa in  tim e after its cessation. 
The tim e after which th e  cats approached th e  signalled feeder correctly  and the errors d id  no t 
exceed 5 —10% was considered a m axim um  of delay.

Control animals

In  10 control cats before any surgery the ra te  of acquisition and  extinction of in s tru 
m ental alim entary reflexes as well as the duration  of delayed conditioned reflexes were m easured. 
The m ean data  obtained in these cats served as a standard  for com parison w ith those ob ta in ed  
in  th e  experim ental ones.

Septal lesion

The septum  was lesioned by electrocoagulation. For this purpose, bipolar electrodes w ith  
2 m m  difference in leng th  were im planted on each side of the b ra in , in  the septum . D irect 
cu rren t w ith the in tensity  of 8 —15 mA was passed for 30—40 s. The ex ten t of septal lesions 
varied  depending on th e  in tensity  of direct cu rren t and duration of its  passage.

Section o f  the entorhinal cortex

The entorhinal cortex  was sectioned w ith a special knife designed in  this laboratory [19]. 
I t  consisted of two parts . The guiding p a rt was m ade of a syringe needle 2 mm in d iam eter and 
placed stereotaxically according to  the coordinates A-5.5, L-10 in to  th e  necessary po in ts of 
the skull. The mobile p a r t of th e  knife was a pilot, sm aller in diam eter, to  the end of which a steel 
wire 3 —4 m m  long, b en t a t  a r igh t angle, was attached. W hen p u t in to  the  guiding p a r t  the 
wire became stra igh t b u t upon  leaving it  the  angle recovered and the to ta l ablation of th e  en to 
rh inal cortex was perform ed by  means of a circular m otion of the knife.
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Polygraphie recording

Recording of electrical ac tiv ity  in the neocortex  and hippocam pus was effected on an 
ink-w riting  electroencephalograph of the firm  “ San’ei” . In  order to  identify  different phases 
of th e  sleep-wakefulness cycle, a p a rt from the electrical activity  of th e  studied structures, 
recording was made also of th e  cervical muscles and eye movements.

Histology

To specify the localization of deep electrodes and  the extent of septal lesion and section 
of th e  entorhinal cortex a fte r th e  term ination of th e  experim ents direct cu rren t (20 mA for 20 s) 
was passed through them . F ix a tio n  of the brain  w as made by perfusion of neu tral form alin 
th ro u g h  th e  carotid artery  exposed  under N em butal anesthesia (35 m g/kg). For further fixation 
th e  b ra in  was removed from  th e  skull and was again placed for some days in  neutral formalin. 
T hen  th e  exact location of th e  electrodes and the e x te n t of the septal lesion were determ ined in 
fro n ta l serial sections.

Statistics

The data were sta tis tica lly  treated. The m ean  values were calculated , their standard  
dev iations and the significance o f differences in th e  m ean values were checked by S tuden t’s 
t- te s t .

R esults

EJfects of septal lesion

1. Effect o f septal lesion on the m otivational-em otional reactions and the 
sleep-wakefulness cycle. On the basis o f th e  character o f  th e  effects obtained  
b y  septal lesion and their  comparison w ith  the data o f m orphological control

Fig. 1. Schematic drawing reflecting  the extent of lesion in the septum  and  section of the en to
rh in a l cortex. A — a lesion o f only the medial sep tum , В — a m assive lesion of the whole 

sep tum , C — section of th e  entorhinal cortex
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Fig. 2. E ffe c t o f  m edia l sep tu m  lesion  an d  section  o f th e  e n to rh in a l co rtex  on th e  sp e c tra l  
d en sity  a n d  p o w er o f  th e  e lec tro h ip p o cam p o g ram . O rd in a te  — re la tiv e  am plitude . A bscissa  
— freq u en cy  in  H z . A — p rio r to  an d  C — follow ing th e  m edia l se p tu m  lesion, В — fo llow ing

section  o f th e  e n to rh in a l co rtex

Fig. 3. C hanges in  th e  food m o tiv a tio n  due  to  sep ta l lesion and  sec tio n  of th e  en to rh in a l co rte x . 
O rd in a te  — th e  a m o u n t o f food in ta k e  in  g ram m s. T he f ir s t  b a rs  re p re se n t d a ta  o b ta in e d  p r io r  
to  a n d  th e  second  ones — follow ing th e  su rg ery . A — th e  lesion  o f th e  m edial sep tu m , В  — 

m assive  sep ta l lesion, C — sec tion  of th e  e n to rh in a l co rtex .

of the lesion  exten t (Fig. 1), the experim ental anim als were subdivided in to  
tw o groups. The first group com prised animals in  w hich the lesion  was 
restricted to  the m edial nucleus. Cats w ith  a m assive lesion o f the w hole  
septum  fell into the second group.

In b oth  groups the electrical a ctiv ity  o f the hippocam pus was altered  
equally, as evidenced by a tota l abolishm ent o f the hippocam pal theta rhythm
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Fig. 4. E ffec t o f sep ta l lesion  o n  th e  slepp-w akefulness cycle. A, В — b efo re  th e  su rgery , C. D  — 
a f te r  th e  lesion of th e  m ed ia l se p tu m , E , F  — a f te r  a  m assive  lesion of th e  sep tu m . W  — w ake

fu ln ess , LSW S —lig h t slow  w av e  sleep, D SW S — d eep  slow w ave sleep , P S  — p a rad o x ica l
sleep.

during the performance o f  the m otivational-em otional reactions against the  
background of w akefulness, as well as during the developm ent o f paradoxical 
sleep  (Fig. 2). Behavioural reactions and th e  structure o f the sleep-wakefulness 
cycle  altered in  a different w ay. In anim als w ith the lesion  placed in  the  
m edial septum , food m otivation  rem ained alm ost unaltered (F ig. ЗА), while  
i t  increased sign ificantly  in  animals w ith  lesion  of the entire septum  (Fig. 3B). 
Som etim es the am ount o f  food intake increased two tim es. T he com ponents 
o f  th e  so-called “ septal syndrom e” , described in  rats, i.e . rise o f sen sitiv ity  
to  stim uli to which th e  anim al had earlier reacted slightly  or paid no a tten 
tio n , developm ent o f  th e  perseverative m ovem ents etc., developed in those  
cats only in which the lateral nucleus w as lesioned in addition  to  the medial 
septum .

Depending on th e  volum e of lesion th e  structure o f the sleep-wakefulness 
cycle  altered variably. F igure 4 illustrates a 24-h structure o f  the sleep-wake
fu lness cycle before lesion  (A), after lesion  o f only the m edial septum  (B), 
and after the m assive lesion  of the septum  (C). As can be seen, the structure 
o f  th e  sleep-wakefulness cycle and percentage of its different phases consid
erably  alter in the cats w ith  a m assive septal lesion, th is being expressed  
in  th e  increase o f am ount o f wakefulness and decrease o f  th e  paradoxical 
phase. D estruction o f o n ly  the medial nucleus does not result in  any appre
ciable changes.

2. The effect o f  sep ta l lesion on p reviou sly  elaborated instrum ental a li
m entary reflexes. A fter th e  acquisition o f  stable instrum ental alim entary  
reflexes the control anim als w ithout sep ta l lesion usually developed a pro
nounced  hippocam pal th e ta  rhythm  in response to  a conditioned signal and 
during approach to  the feeders. It  m ight be assumed th at th is  theta rhythm  
is in  som e w ay casually associated with the retrieval of conditioned reflexes,
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i.e . readout of m em ory traces. H ow ever, in  cats w ith lesions only in  the m edial 
nucleus of the septum , in  which th e  hippocam pal th eta  rhythm  disappeared  
altogether, the previously  elaborated conditioned reflexes found to  be un 
altered, i.e. a 100%  discrim ination o f conditioned sounds was m aintained  
(F ig. 5, dotted line).

A  different picture is observed if, in  addition to  the m edial nucleus o f  
the septum , the lateral one is also lesioned. In these cats, in parallel to  the  
developm ent o f th e  septal syndrom e, th e  pre-elaborated discrim ination o f  the  
conditioned signals was disturbed and we had to  reelaborate them , th is  
requiring about th e  same num ber o f com binations as their elaboration for 
th e  first tim e in  th e  in tact animals (F ig. 5, solid line). A t the same tim e, ow ing  
to  th e  developm ent o f the septal syndrom e, the percentage o f correct responses 
in  the first relearning session decreases below 50% . A 100% discrim ination  
o f  conditioned signals is reached on ly  w ith in  4 session o f relearning.

Thus, the lesion  o f only the m edial septum , in spite o f disappearance  
o f the hippocam pal theta  rhythm , does not affect the previously elaborated  
conditioned reactions and discrim ination o f conditioned signals whereas the  
lesion  o f the lateral septum  disturbs th e  discrim ination o f conditioned signals 
and relearning is required for its restoration.

3. The effect o f  septal lesion on the elaboration o f  instrum ental alim entary  
reflexes. In a subsequent series o f  experim ents, a study was made o f the  
influence o f septal lesion on the acquisition  of instrum ental alim entary reflexes  
to  tw o feeders. Proceeding from the fact th a t in response to  conditioned signals 
the hippocam pal th eta  rhythm  especially  increases in  the first learning ses
sions one m ight expect a negative effect of the disturbance o f the septo- 
hippocam pal system  on learning. The effect in this case also was dependent 
on th e  extent o f  th e  lesion. In  cats w ith  a restricted lesion o f the m edial 
nucleus, in which th e  hippocam pal th eta  rhythm  had been abolished, instru-

Fig. 5. Effect of sep ta l lesion on previously elaborated instrum ental alim entary reflexes. 
D o tted  line — the m edial septum  lesion, solid line — a massive septal lesion. O rdinate — per

centage of correct responses. Abscissa — learning sessions
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m ental alim entary reflexes were as readily elaborated as in  controls (Fig. 6). 
As it  can be seen from  the percent o f  corrected responses, the experim ental 
anim als do not differ sign ificantly  from the controls in all sessions of learning. 
I f  th e  lesion in volved  th e  lateral nucleus too , then the elaboration was con
siderably delayed (F ig . 7) and a 100%  discrim ination o f conditioned signals 
becam e almost im possib le.

4. Effect o f  sep ta l lesion on the extinction o f  instrum ental alim entary  
reflexes. In this series o f  experim ents, after a 100%  discrim ination o f con
ditioned  signals to  tw o  feeders had been achieved, lesions were placed in  the  
septum . As in the previous experim ents, th e  previously elaborated condi
tion ed  reflexes w ere n o t disturbed if  the lesion involved only the m edial 
nucleus, or the discrim ination o f conditioned sounds was disturbed w hen  
th e  lesions were m assive and involved  the lateral nucleus as well. In the  
la tter  case we had to  re-elaborate discrim ination, followed b y  the procedure 
o f  extinction . R etardation  o f the extin ction  o f conditioned reflexes in the

Fig. 6. Effect of lesion of th e  medial septum  on th e  acquisition of instrum ental alim entary 
reflexes. Light bars — d a ta  obtained in control anim als, dark  bars — in experim ental ones. 

Ordinate — p ercen t of correct responses. Abscissa — learning sessions

Fig. 7. Effect of a m assive lesion of the septum  on th e  acquisition of instrum ental alim entary 
reflexes. Light bars — d a ta  obtained in the controls, dark  bars — in the experim ental ones. 

O rdinate — p ercen t of correct responses. Abscissa — learning sessions
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Fig. 8. Effect of sep tal lesion on the extinction of th e  instrum ental alim entary  reflexes. L igh t 
circles — data  obtained in the control, and dark  ones — in the experim ental animals. A — th e  
m assive lesion of th e  septum , В — lesion of the  m edial septum. O rdinate — percent of correct 

responses. Abscissa — extinction sessions

case o f isolated  lesion of the m edial septum  was not observed (Fig. 8B ). If, 
how ever, the lesion  involved also the lateral nucleus o f th e  septum  the anim al 
reached an acute extinction  after a 100-fold presentation o f conditioned sounds 
w ithout reinforcem ent, while chronic extinction  was atta ined  only on the  
13th day o f work (Fig. 8A).

The extin ction  of conditioned reflexes is therefore retarded only in  case 
o f th e  electrocoagulation spreading over the lateral septum , whereas the  
lesion  of the m edial septum  does not lead to  any changes in  the course o f  the  
extinction .

5. Effect o f  septal lesion on conditioned delayed reactions. After the  
m axim um  of delayed reactions was established, a lesion  was placed in the  
septum , and after recovery the duration o f conditioned delayed reactions 
w as again checked. The cats w ith  septal lesion were found to  be unable to  
perform conditioned delayed reactions. I t  should be em phasized th at the  
delayed reactions were equally disturbed in the cats w ith  restricted lesion
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Fig. 9. Effect of septal lesion and section of th e  entorhinal cortex on conditioned delayed 
reactions. A — prior to th e  surgery, В — following th e  lesion of the m edial septum , C — follow
ing a massive lesion of th e  septum , D — after section of the entorhinal cortex. O rdinate —

percent of correct responses

o f th e  m edial nucleus o f  the septum  (F ig. 9) as well as in  th ose w ith a lesion  
in vo lv in g  the lateral nucleus. Prior to  th e  surgery the cats o f this experi
m en ta l group accom plished alm ost 100%  discrim ination o f conditioned  
sounds even 5 m in delays. Following th e  lesion  of the m edial septum  in the  
sam e cats w ith 5 m in delays one can observe a complete disturbance o f the  
discrim ination of conditioned signals. Lesioned cats left th e  starting section, 
h u t their reactions to  conditioned signals to  the appropriate feeders were no 
m ore than  50% correct; w hich m ay be considered as an absolute error in  the  
case o f  tw o choices. Their choice of feeders was random even  when th ey  were 
released from the starting section 2 — 5 s after the cessation  of conditioned  
signals. This indicates th a t even the restricted  lesion o f th e  medial nucleus 
o f th e  septum  renders th e  animals to ta lly  incapable of perform ing conditioned  
delayed  reactions, w hile discrim ination o f  conditioned signals during their  
action  is well preserved.

As indicated above (Fig. 5), in th e  case when the lateral nucleus o f the  
sep tu m  is also dam aged we had to  re-elaborate sound discrim ination, but  
restoration  of conditioned delayed reactions did not occur.

Effect o f  section o f  the entorhinal cortex

1. Effect o f section o f  the entorhinal cortex on the m otivational-emotional 
reactions and on the sleep-wakefulness cycle. The section o f  the entorhinal
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cortex did not considerably change such m otivational behaviour as aggression  
and fear and there were on ly  insignificant changes in food consum ption  
(Fig. 3C). H ow ever, a few days after the operation the anim al’s m o tility  
increased and the developm ent o f perseverative m ovem ents was observed  
in response to  th e  conditioned signals. A bout tw o weeks later the changes 
o f the m otor a c tiv ity  passed, perseverative m ovem ents ceased, and general 
behaviour, characteristic of the preoperative period, recovered.

The section  o f the entorhinal cortex did not noticeably change the  
structure o f the sleep-wakefulness cycle. In  spite o f the increase in the m otor  
a ctiv ity  during perseverative m ovem ents tow ards the feeders, the operated  
animals slept as calm ly as before the operation and no considerable changes 
in the percentage o f  different phases of 24 h sleep-w akefulness cycle occurred.

The section  o f the entorhinal cortex resulted in noticeable changes in  
the electrohippocam pogram , w hich found expression in  an increase o f  th e  
hippocam pal th eta  rhythm  during wakefulness and paradoxical sleep (F ig. 2) 
and in the suppression of slow potentials during slow  w ave sleep.

2. Effect o f  section o f  the entorhinal cortex on learning and memory. 
To elucidate the role o f the entorhinal input o f  the hippocam pus in learning  
and m em ory 4 series o f experim ents were carried out. In the first series the  
effect o f the section  o f the entorhinal cortex on the preelaborated instrum ental 
alim entary reflexes to  tw o feeders were studied. Moreover, the effect depended  
on the postoperative period. W hen the test sessions coincided with the period  
o f the developm ent o f perseverative m ovem ents in  animals the discrim ination  
o f the conditioned signals was significantly disturbed. If, however, the reten 
tion  o f the conditioned instrum ental alim entary reflexes was tested after the  
cessation o f perseverative m ovem ents a 100%  discrim ination was retained. 
From this fact it  follows that the intactness o f the entorhinal input is not 
necessary for the retrieval of a learned response.

Fig. 10. E ffect of the section of the entorhinal cortex on the acquisition of instrum ental ali
m entary  reflexes. L igh t circles — da ta  obtained in th e  controls, and dark  ones — in the exper

im ental anim als. O rdinate — percent of correct responses, Abscissa — learning sessions
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Fig. 11. Effect of section of th e  entorhinal cortex on th e  extinction of instrum ental alim entary 
reflexes. L ight circles — contro l animals, d a rk  circles — experim ental ones.

F ig. 12. E ffect of section o f the  entorhinal costex on the extiucion of the instrum ental alimen
ta ry  reflexes. Light circles refer to  control anim als and  dark circles to  experim ental animals.

In  the second series o f  experim ents th e  effect o f the section of the entorhi
nal cortex on the ecquisition  o f instrum ental alim entary reflexes was studied. 
In th is case retardation o f the acquisition  o f discrim ination o f conditioned  
signals was again observed only in connection  with the developm ent o f perse- 
verative m ovem ents. T h at is w hy during th e  first learning sessions the experi
m ental and control anim als did not differ from  one another in the percentage 
o f correct responses to  the conditioned signals (Fig. 10), whereas w ith  the 
developm ent of perseverative m ovem ents experim ental anim als show ed a 
m arked decrease in  the leve l o f discrim ination. As soon as the perseverative  
m ovem ents ceased, the correct responses approached 100% . The above facts
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indicate th at th e  entorhinal input o f  th e  hippocam pus is not necessary for 
the acquisition o f instrum ental alim entary reflexes either.

The n ext series o f experim ents w as performed to  stu d y  the effect o f  the  
section  o f the entorhinal cortex on th e  extinction o f instrum ental reflexes. 
The interruption of the entorhinal input of hippocam pus was not found to  
influence the extinction  of instrum ental alim entary reflexes. Both acute and  
chronic (Fig. 11) extinction  in the experim ental anim als occurred at the rate  
identical to  th a t o f the controls. Since the procedure o f  the extinction  was 
started after 100%  discrim ination o f conditioned reflexes had been reached, 
perseverative m ovem ents had already stopped by th a t tim e and could not 
have a negative effect on the extinction .

Thus, the entorhinal input o f th e  hippocam pus is not necessary for the  
organization o f negative learning in  th e  animals.

The purpose of the last series o f  experim ents w as to  study the effect of 
the section o f entorhinal cortex on delayed conditioned reactions (F ig. 9D ). 
Cats capable o f performing a rather long (1—5 min) delayed reactions prior 
to  th e  section o f the entorhinal cortex, were selected for the experim ents. 
After the interruption o f the entorhinal input, the sam e cats proved to  be 
unable to  choose the signalled feeders correctly even w hen they  were le t  out 
o f th e  starting section of the experim ental chamber 2 —5 s after th e  term i
nation  o f the conditioned signals. These findings indicate that the section  of 
the entorhinal cortex leads to  a com plete disturbance o f  operative short-term  
m em ory underlying the performance o f  delayed conditioned responses.

D iscussion

W hile considering the question o f the effect o f sep tal lesions upon learn
ing and m em ory special attention  is devoted to the behavioural and EE G  
changes arising thereat. Among them  the m ost prom inent is the developm ent 
in  septectom ized  animals o f range, hyperactiv ity , disturbance of a tten tion  
[3, 4, 12], disappearance o f the hippocam pal theta rhythm  [30, 31], and other 
changes subsum ed under the nam e o f “ septal syndrom e” . In our opinion  
the septal syndrom e m ay involve also the disturbance o f a normal structure  
of th e  sleep-w akefulness cycle, which w as also reported b y  Lena and Parm eggi- 
ani [15].

Am ong these changes particular significance has been lately attached  
to  th e  disappearance o f  the hippocam pal theta rhythm  following the septal 
lesion. The developm ent of the hippocam pal theta  rhythm , reflecting the  
function o f the septo-hippocam pal system  on a high level, has been associated  
w ith  the organization o f memory [1, 17, 35] and the regulation o f a norm al 
sleep-w akefulness cycle [15]. This lends support to  the conclusion th a t the
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elim ination  o f the hippocam pal theta  rh yth m  will result in  a deficit o f the  
organization o f learning and memory as w ell as in a disturbance o f the norm al 
structure of the sleep-w akefulness cycle. H ow ever, as show n above, in  the  
case o f a lesion o f on ly  the medial part o f  th e  septum  the signs of the septal 
syndrom e were lack ing in spite o f a com plete disappearance of the h ippo
cam pal theta rhythm . The structure o f  th e  sleep-wakefulness cycle did not 
alter either. After th e  disappearance o f th e  hippocam pal th eta  rhythm  cats 
did not become easily  excitab le, as described b y  Lena and Parm eggiani [15] 
in  septal animals. This exclude the regulating influence o f the hippocam pal 
th e ta  rhythm  upon th e  excitab ility  o f the cortex  which is allegedly an im por
ta n t factor of the norm al course o f sleep.

This is a direct ind ication  that neither the septal syndrom e as a w hole  
nor its  separate com ponents are causally associated  w ith the lack  of the h ippo
cam pal theta  rh yth m . Some com ponents o f  the septal syndrom e in our 
experim ents on cats developed only in the case when the lateral septum  was 
lesioned  alongside w ith  its  medial part.

Further, our experim ents have show n th a t the lesion o f on ly  the m edial 
septum , leading to  a com plete disappearance o f  the hippocam pal theta rhythm  
w ith ou t developm ent o f  the septal syndrom e, has no considerable effect on  
th e  acquisition o f  instrum ental alim entary reflexes to approach one o f the  
tw o  feeders in response to  an appropriate sound stim ulus. D elay  w ith learning 
o f  th is type is observed on ly  in the case w hen the lateral septum  is also lesioned, 
resu lting in the developm ent o f pronounced signs of the septal syndrom e. This 
ind icates that the developm ent of the hippocam pal th eta  rhythm  is not 
obligatory either for th e  recording o f inform ation by the brain or for the  
consolidation of m em ory traces and conversion of short-term  m emory into  
its  long-term  form. On th e  other hand, th is does not im ply th a t the develop
m en t o f  the hippocam pal theta  rhythm  does n o t reflect defin ite steps o f orga
n ization  of m em ory. A m ple evidence can be adduced in favour of the fact 
th a t the developm ent o f  the hippocam pal th e ta  rhythm  is correlated w ith  
th e  process of inform ation recording by the brain. However, th e  hippocam pal 
th e ta  rhythm  serves on ly  as an electrographic correlate o f these behavioural 
acts and is not an ob ligatory factor in inform ation recording b y  the brain; 
still less obligatory is it  in  the consolidation o f  memory traces and conversion  
o f short into long-term  m em ory.

Neither did restricted  lesion o f the m edial septum , not resulting in  the  
developm ent of the hippocam pal theta rhythm , alter considerably the rate 
o f th e  extinction o f instrum ental alim entary reflexes w ith sound discrimina
tio n . B oth  chronic and acute extinction  w as as successful in  experim ental 
anim als as in controls. Bearing in mind th e  circum stance th a t extinction  o f  
a conditioned reflex is a type of learning [27, 33, 35], the above-described  
fact m ay be qualified as an additional argum ent in favour o f  the statem ent
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th a t the hippocam pal theta rhythm  is not involved in  the regulation o f learn
ing  and m em ory.

Among th e  tests  used by us, restricted lesion o f the m edial septum  has 
a drastic influence only upon th e  conditioned delayed responses. The cats, 
w hich before th e  surgery approached th e  signalized feeder during 5 min delay, 
after lesion o f th e  m edial septum  failed even when th ey  were released from  
th e  starting box 1 s after the cessation  o f a conditioned signal. This fact m ay  
be interpreted, on the one hand, from  the position o f the hypothesis [13, 24] 
according to  w hich delayed responses to  conditioned signals are regulated  
b y  short-term  m em ory in “pure form ” and, on the other, in term s o f the  
hypothesis considering the septo-hippocam pal system  to  be an im portant 
link  in the system  o f m echanism s responsible for the short-term  operative  
m em ory [22, 23].

The developm ent o f  the septal syndrom e, delay w ith  the process of 
acquisition and extinction  o f instrum ental conditioned reflexes, disturbance 
o f  delayed responses, disturbance o f preacquired discrim ination o f conditioned  
signals and disruption o f the norm al structure of the sleep-wakefulness cycle, 
observable during m assive lesions o f  the septum , are indicative o f a more 
im portant role o f  the lateral septum  in the regulation o f general behaviour  
as w ell as o f  learning and m em ory, since the lateral septum  is a relay link for 
the hippocam pus to  the m esodiencephalic structures and thus the above- 
described changes m ay be produced b y  cessation of the regulating descending  
influence of the hippocam pus on the activating and m otivative m esencephalic 
and diencephalic brain structures.

In dealing w ith  the role o f  th e  hippocam pus in learning and m em ory  
organization th e  stu d y  of the effects o f  the interruption o f its cortical (ento- 
rhinal) input on the acquisition and extinction  of instrum ental alim entary  
reflexes as well as on delayed conditioned responses is o f considerable interest. 
The fact th at th e  stu d y  of the dynam ics o f hippocam pal electrical a ctiv ity  
have revealed a reciprocal relationship o f the septal and entorhinal inputs 
redoubles the in terest [20]. W hereas the former is responsible for the hyper
synchronization o f the slow electrical a c tiv ity  of the hippocam pus in the range 
o f the theta  rhythm , the later, on the contrary, leads to the desynchronization  
o f the electrohippocam pogram . M oreover, the lesion o f the entorhinal input 
resulted in an increase of the hippocam pal theta  rhythm  [2, 6, 20, 35]. This 
fact, on the one hand, reveals the inh ibitory influence o f the cortical input 
on the septo-hippocam pal system , and on the other, it  questioned the h yp o
thesis about th e  significance o f  the hippocam pal theta  rhythm  for learning 
and m em ory trace consolidation, because no facilitation  o f learning was 
observed during the increase in th is  rhythm  (Figs 10, 11). Thus, whereas 
th e  lesion o f these tw o inputs differently affects the electrogenesis o f the  
hippocam pus, its  effects on learning and m em ory are identical. In both cases
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on ly  the disturbance o f  delayed conditioned reactions is observed and no 
changes in the processes of acquisition and extinction  o f instrum ental ali
m entary responses occur. These findings allow to  conclude th at the hippo
cam pus w ith its inputs participates in  the organization o f short-term  operative 
m em ory in “pure form ” rather than in the organization o f long-term  m em ory  
through the consolidation of traces.
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Chang liver cells and Chinese ham ster ovary (CHO) cells were im printed either 
w ith insulin or w ith thyro trop in  (TSH). Chang liver cells responded to insulin h u t no t to 
TSH. As an effect of im printing evoked by insulin adm inistration  the binding of insulin 
adm inistered for the second tim e was enhanced. In  the mixed culture of im prin ted  and 
in tac t cells the  ex ten t of the binding was similar to  th a t  seen in the cultures of the cells 
having received im prin tatory  trea tm en t alone. CHO cells also responded to TSH , im 
printing developed and was tran sm itted  to  the cells which were no t in  in teraction  w ith 
the hormone (in tac t cells). In  CHO cells also insulin gave rise to im printing for insulin, 
whereas TSH  gave rise to m oderate binding im prin ting  for insulin. On the o ther hand, 
insulin im prin ting  did not enhance the binding of TSH. The obtained results indicate 
th a t  both  th e  im printing itself and the specificity of th e  transm ission of im prin ting  
depend on th e  characteristics of the cell-type in question. The ex ten t of the transm is
sion, however, is always proportional to the ex ten t of im printing.

Keywords: horm onal im printing, cell lines, cell-to-cell transm ission, insulin, 
thyro trop in

The first interaction  of the target cell and the hormone gives rise to  
horm onal im printing which accounts for the com pletion o f the m aturation  
o f the receptor and the developm ent o f the normal response capacity o f  the  
cell to the horm one [3, 4]. In  m am m als the im printing takes place in the p o st
nata l period [5]. The phenom enon o f im printing, however, can also he observed  
in  unicellulars [6] at the first interaction of a hormone or any molecule which  
is able to  bind to  the receptor, and the tem plate o f the cell membrane. Cell 
cultures serve as a good model for the developm ent o f mam m alian im print- 
ing [5]; though th e  cells of the culture had been previously exposed to  the  
horm one in the liv ing organism, during the long decades of the cu ltivation  
period the tem plate o f the cell membrane changes to  such an exten t th a t the  
n e x t interaction w ith  the hormone gives rise to  im printing. Thus, in  Chang 
liver cell cultures interaction w ith  insulin leads to  the strengthening o f both  
th e  receptor binding and the response capacity  o f the cell [13]. In  Chinese
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ham ster ovary (CHO) cell cultures the interaction  w ith either gonadotropin  
(F S H , LH ) or thyrotropin  (TSH) horm one leads also to  the strengthening  
of th e  receptor and to  th e  developm ent o f a more marked response capacity  
of th e  cell [14]. In the case of CHO cells, such as in the living organism  [8, 9], 
also th e  phenom enon o f horm onal overlap can be dem onstrated, i.e ., due to  
the identical alpha and related beta subunits gonadotropins and thyrotropin
[24] overlap one another’s binding capacity  and influence. The overlap m ani
fests itse lf  also in the im printatory ab ility  o f these hormones [12]. Moreover, 
the binding of TSH to  CHO cells is more pronounced and the response evoked  
is m ore marked than th a t of the corresponding gonadotropin hormone.

In  the living organism , such as in  cell cultures, cell division takes place 
continuously . Therefore th e  perinatally im printed cells are not the sam e ones 
w hich  respond to the horm one in  the adulthood. In cell cultures, subsequently  
to  im printatory treatm en t, only the offsprings of the im printed cells can be 
found. These offspring cells, however, also exh ib it enhanced response capacity  
to  th e  hormone, since th e  relatively  short period of cultivation allows neither 
any change of the form ed (strengthened) membrane tem plate to  develop, 
nor an y  loss of receptor structure to  occur. Or to put it  in an other w ay, 
im printing is inherited from  mother to  daughter cell; such inheritance, however, 
can hardly  be explained b y  genetic m echanism s. It seem ed to  be probable 
th a t im printing was transm itted  by m eans o f cell-to-cell interactions. In 
recent years several authors [19, 22] reported on the observation th a t in cell 
cultures it  is only a group of the cells w hich is actually involved in hormone 
binding, whereas the u tm ost m ajority o f the cells respond to  the hormone. 
This m eans that fo llow ing the binding o f the hormone to the receptor the 
in form ation  is transm itted  from cell to  cell, and the postreceptor m echanism s 
are triggered in the recip ient cells ju st as th ey  have been triggerred in the  
first cell which have actu a lly  been in in teraction  w ith the hormone. It has 
been dem onstrated in  our previous investigations [9] th at the above-m en
tion ed  phenom enon can be observed also during im printing, i.e. the inform a
tion  is transm itted from  the im printed cell to  those in tact cells which have  
not been  in interaction w ith  the horm one. I f  the tim e duration is sufficient, 
very  low  proportion o f th e  cells, even as low  as 1%, is enough to  secure the 
transm ission  of the inform ation.

The present experim ents were aim ed at studying the exten t o f the spe
c ific ity  o f  the transm ission o f im printing, i.e . whether it is really the presence 
of th e  given  hormone (the im printing w ith  the hormone) which is necessary  
for im printing to develop in  an other cell, or also aspecific treatm ents (w ith  
an other hormone) are able to evoke im printing.
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M aterials and  m ethods

Chang liver cells and  CHO (Chinese ham ster ovary) cells were used for the experim ents. 
The cultures were m aintained in  P arker’s solution contain ing 2%  colostrum -deprived calf 
serum. Insulin  (Sem ilente MC, Novo, Copenhagen) and th y ro tro p in  (TSH, Ambinon, Organon, 
Oss) were used for the  experim ents in  concentrations of 10 ~6 and  10_SM, respectively.

The cell cultures were incubated w ith  0.25%  trypsin  solution (Difco, 1 : 250) for 2 to  5 
m inutes. The cells were rem oved by  pipetting  from  the wall of th e  culturing flasks and centri
fuged. A fter rem oval of th e  supernatan t th e  sedim ent was added to  plain m edium and the cell 
suspension th u s obtained was d istributed  in to  centrifuge tubes. The 1st tube served as control, 
to  the 2nd insulin was added and to  the 3rd TSH  was given. The cell suspension was k ep t in 
revolving tubes a t 37 °C for 4 hours. I t  was centrifuged anew, washed twice w ith Tyrode 
solution and after repeated  centrifugation plain medium was added  to  the sediment. The num 
ber of th e  cells was determ ined (40.000 to  50.000 cells per ml) and the cell suspension was 
d istribu ted  in to  H tubes (equipped w ith coverslip). Each tube  contained 3 ml of cell suspension 
and the d istribu tion  was as follows: 1st tu b e : control, 2nd: control-(-cells trea ted  w ith insulin, 
3rd: cells trea ted  w ith insulin, 4 th : contro l-(cells trea ted  w ith  TSH  and 5th: cells trea ted  w ith 
TSH.

The experim ental groups were cu ltivated  for ano ther 24 hours and fixed. The cells were 
partly  stained according th e  M ay-Griinwald-Giemsa m ethod and partly  washed following 
fixation in  neu tral 4%  formol solution (dissolved in  PBS) for 5 m inutes. The cultures were in 
cubated either w ith ElTC (fluoresceine isothiocyanate, B D H ,E ngland)-labeled insulin'(protein 
content: 0.2 mg/ml, F IT C / protein  ratio : 0.42) or w ith FITC-labeled TSH (protein content: 0.2 
mg/ml, FITC / protein  ra tio : 1.83), washed tw ice w ith PBS and  in distilled w ater, and dried. 
The cultures were tes ted  for the in tensity  of fluorescence in  a Zeiss Fluoval cytofluorim eter. 
The resu lts were recorded by  a H ew lett P ackard  41 CX m icrocom puter. The analogous signs 
of the fluorim eter were converted into d ig ital ones by means of a digital processor. According 
to its m athem atical program  the com puter provided the m ean values, the standard  deviations 
and the significance levels betw een the experim ental groups (S tuden t’s t  tes t and analysis of 
variance).

The cells of bo th  cell lines received specific as well as aspecific treatm ent. FITC-insulin and 
FITC-TSH binding were investigated in bo th  subgroups of bo th  groups.

In  each group tw en ty  cells were m easured for the in tensity  of fluorescence. The m easure
ments were perform ed separately  above th e  cytoplasm  and th e  nucleus. The fluorescence m ea
sured above the cytoplasm  indicated th e  horm one binding o f the plasma m em brane, w hilst 
the fluorescence m easured above the nucleus represented th e  horm one binding of the nuclear 
mem brane. The m easurem ent of this la t te r  binding was also necessary since investigations per
formed during the last decade (2) have revealed th a t also the nuclear m em brane is able to  bind 
hormones and  th a t  th is horm one binding m ay  in certain  instances be different form  the horm one 
binding of th e  plasm a m em brane. The Figure shows the m ean values of the consistent results of 
the experim ents repeated  three tim es, i.e. each column represen ts the results obtained in  cells.

R esu lts an d  discussion

Two cell lines and tw o horm ones were used for the experim ents. The 
target cell for insulin  is the liver cell, whereas the target cell for TSH  is the 
thyroid cell. Still, it  has been dem onstrated in previous investigations [8, 9, 
12, 14] th at T SH  overlaps w ith  the gonadotrop horm ones. Moreover, the  
efficacy o f  TSH  exceeded th at o f  the gonadotropins from the point o f view  
of both  binding and the capacity  to  evoke response, either when TSH  was 
adm inistered in the perinatal period or when it  w as investigated  in  the Chinese 
ham ster ovary cell m odel. In  the present experim ents Chang liver cells re
sponded w ell to  insulin . Insulin treatm ent gave rise to  im printing leading to  
the characteristic and marked increase o f  insulin binding.
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Fig. 1. FITC-TSH and FITC -insulin binding of pure and mixed CHO and Chang cell cultures 
tr e a te d  w ith TSH or insulin. C =  control (un trea ted ) cells; TSH , insulin =  cells trea ted  w ith 

th e  horm one indicated; C +  =  50% to 50%  m ixture  of un trea ted  and horm one trea ted
cells

The fluorescence o f  the m ixed cultures, i.e ., of those cultures where 
th e  ratio  of the cells im printed  w ith  insulin  w as equal to  the ratio o f  the in tact 
cells (the determ inations were carried out 24 hours after m ixing, i.e ., at a tim e  
w h en  th e  ratio could n o t change), proved to  be entirely sim ilar to  the flu o 
rescence of the cells trea ted  w ith  insulin  alone. This finding indicates the cell- 
to -ce ll transmission o f th e  inform ation o f im printing (Fig. 1). W hen the Chang 
cells were imprinted not w ith  insulin but by TSH  adm inistration, th e  binding  
o f FITC-insulin did not increase. This observation indicates th e  specific ity  
o f  in su lin  im printing. T he binding o f FITC-TSH also corroborated th is speci
f ic i ty  since irrespective o f  w hether insulin or TSH  was used for evoking  
im prin ting  in the Chang cell m odel, the final result was invariably  negative.

T SH  treatm ent o f  CHO cells gave also rise to  im printing and the exten t 
o f  th e  imprinting o f  th e  m ixed (im printed and intact) cells was sim ilar. This 
m eans that the im printing was transm itted  from the im printed CHO cells 
to  th e  non-im printed ones (as it  had been also previously dem onstrated  [9]). 
T he im printing evoked b y  TSH  adm inistration  m arkedly enhanced th e  binding  
o f  FITC-insulin to  CHO cells m eanwhile the im printing evoked  b y  insulin  
adm inistration enhanced the binding to  an even  greater ex ten t. T hat is to  
sa y , insulin  proved to  be able to  give rise to  im printing in CHO cells. This 
phenom enon indicates th a t the CHO cell has either an insulin  receptor or 
such  a membrane structure which is able to  bind insulin and to  g ive rise to
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im printing. This statem ent, on its own, seems to be surprising enough; never
theless, it  is w ell known th at also such cells contain insulin receptors w hich  
are not defin ite target cells of insu lin  [23]. The binding o f any hormone evokes 
som e perturbation o f the m em brane [18] and, th u s, m ay alter the binding  
o f  other horm ones [15—17]. I t  is possible that th is  phenom enon m anifested  
itse lf  in the insulin  binding o f th e  CHO cells treated  w ith  TSH . On the other  
hand, it  is also possible that th e  binding to  CHO cells can be regarded as 
being specific, as it  has been previously  dem onstrated in  the case o f  the  
testis  (1). The observation th at insu lin  influences the porcine granulosa cells [23] 
m ay support the former assum ption. Anyhow, the binding o f FITC-labeled  
T SH  was not enhanced in the CHO cells treated w ith  insulin, i.e. insulin  did 
n ot evoke such changes of the m em brane which w ould result in the enhance
m ent of TSH  binding.

On the basis o f the experim ents also another, presum ably im portant, 
conclusion can be drawn, nam ely, th a t the extent o f  the im printing evoked  
(either specifically  or aspecifically) was identical to  the exten t o f the tran s
m ission of im printing from the d irectly  involved cells to  the in tact ones. This 
observation indicates that it is th e  change of the m em brane w hich is being  
transm itted  (by m eans of direct intercellular contact [10] v ia  som e, so far 
unknow n m echanism s), regardless to  the specific or aspecific nature o f  th e  
change in  question.

Thus, cell cultures o f liver and ovary origin proved to be similar from  
the point o f v iew  th at the phenom enon o f im printing could be evoked in  both  
cultures b y  the adm inistration o f the specific horm one and, m oreover, the  
im printing was transm itted to those cells which were n ot in direct in teraction  
w ith  the horm one. The cell cultures o f different origin, how ever, proved to  
be different from the point o f v iew  o f the extent o f the specific ity  o f  th e  hor
m onal im printing. H igh specificity  could be observed only in the case o f  the  
liver cells.
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The trachea of ra ts  anaesthetized w ith sodium pentobarbitone was cannula ted  
and the air flow velocity and the pressure of the oesophagus were measured. In  th e  
spontaneously hypertensive ra ts  the breath ing frequency was higher, the tida l volum e 
and th e  effective lung resistance were sm aller than  th a t of th e  normotensive W istar ra ts . 
I t  seems th a t the neurohum oral control of respiration in SH R  animals differs from  th a t  
of norm otensive rats.

Keywords: B reathing p a tte rn , spontaneously hypertensive rats, v en tila to ry  
drive, b reath ing frequency, tidal volum e, lung resistance

The strain of the spontaneously hypertensive rats (SH R ) is accepted as 
one o f the best m odel o f hum an essential hypertension. The details o f  the  
m echanism s of hypertension developing in these rats are not known in certain  
aspects. There is, however a consensus that increased sym pathetic a c tiv ity  
plays an im portant role in  pathogenesis o f  this form o f hypertension [5, 6, 7, 9].

The hypothesis tested  in  the present experim ents was w hether the  
increased sym pathetic activ ity  in S H R  would result in  a different breathing  
pattern  com pared to  norm otensive W istar rats (W R). The central inspiratory  
a ctiv ity , the “ ventila tory  drive” was estim ated by m eans of the ratio o f  the  
inspiratory volum e and the inspiration tim e (averaged inspiratory airflow  
velocity ) [2, 4].

M ethods

The ra ts  were anaesthetized w ith sodium pentobarbital (50m g*kg-1, i.p.) and were lying 
in  the  supine position. A pneum otachograph was introduced into th e  trachea and the difference 
in  pressure betw een the trachea and oesophagus was measured. The signals of airflow velocity  
and  pressure were m onitored and stored on an  analogue taperecorder (frequency bandw idth , 
DC-625 Hz per channel).

The analogue signals were fed into a digital signal processing system to estim ate  the 
following param eters:
a. in  respect to  tim e: respiratory  frequency, tim e of inspiration
b. in respect to  volume: tida l volume com puted for 100 cm2 of body surface, inspiratory volum e 

referred to one sec. of inspiration considered as sign of “ ven tila to ry  drive” , and m inute
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ventila tion  expressed for 100 cm2 of body surface. Body surface (cm2) =  9.2*body w eight 
(g)2/3-.

c. effective resistance of lungs
In  a signal series selected for analysis generally 4 —10 respiratory  cycles were analysed 

and , to  improve accuracy, th e  arithm etic m ean value of the param eters calculated for each

Frequency VT * 100 cm"2
Hz ml

Fig. 1. Breathing frequency (frequency), tidal volum e (VT*100cm_s), m inu te  ventilation (V) 
an d  ventilatory drive (V T *TIN _1) as functions of body  weights in spontaneously hypertensive 

ra ts  (SH R ) and in norm otensive W istar ra ts (W R).

Breathing frequency :

SH R  : Y =  0.944(±0.078)+0.0016(0.0002)x; 
W R  : Y  =  1 .12 (± 0 .10)+ 0 .005(± 0 .0002)x ; 

tb  =  4.973 and p <  0.001, 
th e  lines are different if  the  B W  >  231 g

Tidal volume:

SH R  : Y  =  0 .496 (± 0 .020 )-0 .0005 (± 0 .0001 )x ; 
W R : Y  =  0 .526 (± 0 .0308)-0 .0004(± 0 .0001)x ;

tp  =  4.643 and  p <  0.001, 
the  lines are significantly d ifferent and parallel.

M inu te  ventilation:

SH R  : Y =  42 .0 (± 9 .99 )+ 0 .286 (± 0 .029 )x ; 
W R : Y  =  69 .6(± 15 .8) +  0.207(±0.0397)x, 

there  is no differences betw een the lines.

Ventilatory drive:

SHR : Y =  1.58(0 .093)-0 .0008(±0.0002)x; 
W R : Y =  1 .59 (± 0 .132)-0 .001(± 0 .0003)x , 

there  is no difference betw een the lines.
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respirato ry  cycle was used for fu rth er biom etrical analysis. (Depending on the experim ental 
conditions, resp irato ry  cycles m ay very significantly even in  a brief tim e interval.) (For details 
see (3).)

B iom etrical analysis (1, 8): The mean values and  the ir standard  errors (SEM) are given 
in  Table I , and the groups were compared by m eans of the unpaired t- test. The relationships 
betw een th e  param eters and the body weight were estim ated by m eans of linear regression 
equations. In  th e  regression equations (Y =  a ( ± s a ) ± b  (± s b )  x) on Fig. 1 a refers to  the in te r
cept, sa to  the error of the in tercept, b to the regression coefficient and sb to  the error of the 
regression coefficient. Only significant regression equations are given. To compare two regression 
equations at th e  first step the difference between th e  regression coefficients was estim ated (tb). 
I f  the regression coefficients were different, the lim it values of x-axis were estim ated to  indicate 
a significant distance (p =  0.05) betw een the two regression lines based on the  equations solved 
for the same x  lim it value. I f  th e  regression coefficients did no t differ, th e  significant distance 
betw een th e  tw o parallel regression lines was estim ated (tp).

R esults

In th e  SH R  group the body w eight, tid a l volum e and the effective lung  
resistance were smaller, the respiratory frequency, the inspiratory volum e  
com puted for unit o f tim e (the “ventila tory  drive” ) were greater than th a t  
o f the W R  group (Table I).

To elim inate the error due to  the differences in b od y w eight o f groups, 
linear regression estim ations were performed as a function  o f body w eight. 
There was a difference betw een the groups concerning the respiratory frequency  
and tidal volum e (Fig. 1). There was no difference betw een the groups in  
respect o f  m inute ventila tion  and respiratory drive based on the inspiratory  
volum e expressed for unit tim e (Fig. 1).

Table I

Lung function parameters

n

W R

75

SH R

95

Body weight (BW , g) 388 ± 8 .9 3 324 ±12.7**
Frequency (Hz) 1.35±0.022 1 .46±  0.032**
Tidal volume (VT) 

(ml* 100 cm -2)
0.38±0.0074 0 .36±  0.0082

“V entilatory drive” 
(VT* TIN E-1, 
ml* s -1 * 100 cm -2)

1.23±0.030 1 .32±  0.031*

Kesistance (R) 
(Pa »ml- 1 *s)

13.0±0.69 10 .0±  0.74**

M inute ventilation
(V =  ml »m in-1 *100 
cm -2)

31.0±0.72 3 1 .4±  0.77

* =  p <  0.05; ** =  p <  0.01
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D iscussion

In the present experim ents the respiratory frequency was higher in  the  
S H R  group than it  was in  the W R  group. According to  the literature review ed  
b y  H owes [5] in  the brainstem  and in  th e  hypothalam us o f the S H R  anim als 
the adrenergic as w ell as the nonadrenergic activities and thus in h ib ition  are 
decreased. This phenom enon m ay he one o f the explanation  o f increased  
respiratory frequency in  these rats: th e  cells of the respiratory rh yth m  gene
rator escaping inhibition .

The tidal volum e decreased in  th e  SH R  group com pared to  th e  W R  
group, while the regression lines o f m in u te  ventilation  and th at o f th e  v en ti
la tory  drive did not differ. The v en tila tio n  is determ ined b y  the m etabolic  
dem and to  provide a constant level o f  th e  arterial gas tensions and it  is  m odi
fied  b y  num erous reflexes. The rats o f  th e  tw o groups were an aesth etized  so 
th e  difference in  breathing pattern is probably the consequence o f  different 
central inspiratory a c tiv ity . The hum oral factors also m ay alter the resp iration  
in  SH R  anim als: e .g ., the increased plasm a catecholam ine level resu ltin g  
from  the augm ented sym pathetic a c tiv ity  m ay decrease lung resistance.

It seem s th at the neurohum oral control of breathing and th a t  o f  the  
airw ays o f SH R  anim als is different from  th a t o f the W R  and n eed s further  
investigations.
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The influence of propranolol, nalorphine and haloperidol on the breathing p a tte rn  
and  on th e  blood levels of cyclooxygenase products of anaesthetized spontaneously- 
breath ing  norm otensive W istar ra ts  (W R ) and of spontaneously hypertensive ra ts  (SH R ) 
were investigated. The respiratory ra te  w as higher and th e  effective lung resistance was 
sm aller in  th e  SH R  th an  in the W R. B reath ing  frequency decreased after nalorphine in 
bo th  groups, while only in SHR after haloperidol. P ropranolol augm ented th e  dynam ic 
lung resistance in  bo th  groups. The blood 6-keto-PG Fla level was higher and th e  T X B 2 
level was lower in  th e  SH R  than  in  th e  W R . The central inspiratory  activ ity  as well as 
th e  levels of peripherally  acting substances involved in th e  regulation of resp iration  and 
in  the control of bronchial smooth m uscle tone are different in  the SH R and W R.

Keywords: Spontaneously hypertensive rats, b rea th ing  pattern , propranolol, 
nalorphine, haloperidol

In spontaneously hypertensive rats (SHR) respiratory frequency was 
higher and tidal volum e was smaller th an  in  norm otensive W istar rats (W R ), 
but there was no difference in the m inute ventilation  o f  the groups. Thus the  
neuro-hum oral control o f breathing o f  SH R  is different from th a t o f  W R . 
The aim  of the study was to in vestigate the influence o f  different drugs (pro
pranolol, nalorphine and haloperidol) acting centrally and/or peripherally on  
the breathing o f W R  and SH R as w ell as to  study their  effects on prostanoid  
levels (PG I2 and T X A 2).

M ethods
Lung function  parameters

The ra ts  (body w eight: 250 — 350 g) w ere anaesthetized w ith  sodium pentobarb itone 
(50 m g X k g -1, i.p .) and were kep t supine. A  pneum otachograph was attached to th e  trachea 
and airflow (V), and difference in pressure (P T P ) between th e  trachea  and oesophagus were
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m onitored and stored in  m agnetic tape (frequency bandw idth , DC-625 H z per channel). 
V  an d  PT P were fed in to  a  d ig ital converter to estim ate  th e  following param eters: respiratory  
frequency  (Fr), tim e o f in sp ira tion  (tl) , tid a l volum e (VT) referred to 100 cm2 of body surface 
an d  m inute ventilation (V E). Central inspiratory ac tiv ity , th e  “ventila to ry  drive” , was estim at
ed from  the Y T/tl ra tio , using averaged inspirato ry  airflow  velocity (1, 4). Dynamic lung elas- 
tan ce  (Edyn) and resistance (R dyn) were calculated. Generally 4 — 10 resp ira to ry  cycles were 
analysed  for each period, and  the arithm etic m eans of param eters were calculated for each 
re sp ira to ry  cycle [2].

Drugs used w ere; propranolol (Inderal, IC I, 100 /ig X kg- I ), nalorphine (Nalorphin, 
Chinoin, lm g X k g -1) and  haloperidol (Haloperidol, R ich ter, 2m gX kg-1). The drugs were 
in jec ted  via a ca the ter in se rted  into the jugular vein.

Protocol

Airflow and pressure signals were stored before and 15 min. a fter trea tm en ts for two 
2-m in intervals. A t th e  end  of th e  experiments th e  anim als were killed and  blood samples were 
collected.

6-keto-PGFlx and T X B 2 assays

Having decap ita ted  th e  ra ts , blood samples (4 — 5 m l/rat) were collected into tubes 
con tain ing  150/Л of 6 .5%  E D T A  (Reanal) and 100/d of 0.5 mg/ml indom ethacin (Chinoin) 
(dissolved in ethanol-w ater, 60/40 v/v). A fter separation  a t  4 °C, the plasm a samples were 
s to red  a t —20 °C. 6-ke to -P G F la and T X B 2 levels o f th e  samples were estim ated  directly from  
th e  plasm a by 125I-6-keto-PG FIa R IA  k it and  by  125I-TXB2 R IA  k it (Izinta). Specific 
a c tiv ity  of the 1251-labelled 6-keto-PG Fl0t-TME was ab o u t 1800 C iX m m ol-1 and the 1251- 
T X B 2 tracer concentrate contained approxim ately 2/zCi radioactivity . D uplicate determ ina
tio n s  were performed. R ecovery  was about 60% . The ranges of standard  curves were between 
2 .5 —250 pg/tube. The values were no t corrected for recovery percentage.

Statistical analysis

Means i  s.e.m .s. a re  given, and the groups were compared by  th e  unpaired t- te s t. 
T he differences (between before and after trea tm en ts) of groups were com pared by the paired 
t- te s t .

R esults

Table I shows th e  results of lung function  tests and the effects of treat
m en ts on cyclooxygenase products. After physiological saline there was no 
difference between th e  tw o  groups.

In the group o f  W R , compared to  saline, propranolol increased R dyn, 
nalorphine decreased Fr, V T /tl, VE and haloperidol increased V T /tl. In the  
W R  groups propranolol, nalorphine and haloperidol sign ificantly  (P <  0.05) 
decreased the level o f  T X B 2 (110 i  17.3; 78 ^  12.9 and 137 i  32.9 p g X m l-1  
respectively  com pared to  288 ^ 3 3 .8  p g X m l-1  for saline) b u t the level 
6-keto-P G F la was n o t sign ificantly  affected.

For saline-treated rats the SH R  had higher Fr and lower Rdyn than  
th e  W R , while the le v e l o f  6-keto-PG Flol w as significantly higher (P <  0.05) 
in  th e  SH R group com pared to the W R  group (333 i  33.8 and 209 i  22.5
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Table I

Effect o f Propranolol, Nalorphine and Haloperidol on normotensiv and spontaneously hypertensive rats

Physiol, saline Propranolol N alorphine Haloperidol

A d A b A Ö A d

FR 1.42 -0 .0 1 3 1.43 -0 .0 5 8 1.26 - 0.20* 1.31 0.046
±0.072 ±0.019 ±0.016 ±0.027 ±0.060 ±0.041 ±0.049 ±0.054

VT 0.35 0.006 0.32 0.013 0.32 -0 .0 0 3 0.37 0.013
±0.008 ±0.005 ±0.015 ± 0.011 ±0.006 ± 0.01 ±0.008 ±0.004

VT/Tin 1.14 0.019 1.02 0.014 0.93 -0 .1 9 9 * 1.17 0.101*
±0.035 ± 0.022 ±0.057 ±0.048 ±0.035 ±0.041 ±0.051 ± 0 .36

V 29.5 0.14 27.3 -0 .3 4 23.8 -4 .0 3 * 28.61 2.23
± 1.48 ±0.81 ± 1.47 ±1.31 ± 1.11 ± 0.78 ± 1.07 ± 1 .25

E  dyn 144.0 13.1 159.0 0.7 142.3 - 0 .3 167.0 - 4 .4
±11.89 ± 5 .89 ± 12.0 ± 5 .10 ± 9.47 ±10.46 ±12.23 ± 6 .53

R  dyn 16.4 2.52 15.0 3.16 * 17.1 4.23 16.3 1.3
± 2 .59 ± 1 .29 ± 1 .54 ± 1.38 ± 2.05 ± 3 .30 ± 2 .26 ± 2 .63

FR 1.65 -0 .0 0 9 1.57 -0 .0 8 1.68 —0.47*й 1.57 -0 .1 5 * «
±0.051 ±0.097 ±0.096 ±0.067 ±0.056 ±0.051 ±0.055 ±0.037

VT 0.35 0 0.30 0.18 0.33 0.011 0.31 0.033
±0.007 ± 0 ± 0.012 ±0.024 ±0.009 ±0.008 ±0.024 ± 0.012

VT/Tin 1.31 -0 .0 3 5 1.18 -0 .0 2 9 1.26 -0 .0 4 1 * tt 1.16 0.11*
±0.054 ±0.054 ±0.076 ±0.074 ±0.044 ±0.031 ±0.084 ±0.046

V 34.3 -0 .4 1 0 28.4 0.71 32.9 — 8.65*ö 28.70 —0.4
± 1 .59 ± 1.39 ± 2 .04 ± 1.08 ± 1.38 ± 0 .74 ±2.05 ± 0 .70

E  dyn 137.0 3.8 185.0 - 4 .4 130.0 14.3 148.4 -1 7 .7
± 7 .1 ± 11.0 ±13.08 ± 9 .8 ± 9 .0 ± 8 .90 ± 7 .8 -± 13 .0

R  dyn 6.39 1.48 13.7 5.09 10.84 0.99 6.39 4.97*
± 0.89 ± 0 .94 ± 2.67 ±1.91 ± 0.65 ±0.085 ±0.51 ± 1.61

6-keto 20.85±2.25 16.33±1.80 24.58±2.36 26.08±3.27
W R TX B 28.83±3.38 10.98±1.73* 7.79±1.29* 13.65±3.29*

6-keto 33.33±3.38* 33.08±3.62 37.75±5.02 33.66±2.83
SHR TXB 9.67±1.69* 16.75±2.14* 16.46±2.02* 16.16±1.36*

Lung function param eters after various treatm ents. Values are means is .e .m . ,  N  =  10. A =  before trea tm en t; <5 =  change after 
trea tm en t; F r  =  respiratory  frequency (Hz); VT =  tida l volum e (ml/100 cm2 body surface); V T /tl =  “ventila to ry  drive” (ml s_1/100 cm 2);
VE =  m inute ventilation  (m l-m in.-1/W 0 cm2); E  dyn =  dynam ic elastance (P a-m l-1); R  dyn =  dynam ic resistance (P a-m l_1-s), 6-keto =  to 
«= 6-keto-PG Fla expressed in pg/100 pl, T X B  expressed pg/100 pi.

tt =  P  <0.05  for changes caused drugs; * =  P  <0.05 for differences betw een W R  and SH R  groups.

Propranolol, nalorphine, haloperidol and brething in rats
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pg X m l“ 1, respectively) and the level o f  T X B 2 was sign ificantly  sm aller 
(96.7 ±  16.9 and 288 ±  33 .8  pgX  m l“ 1, respectively). For the SH R  propranolol 
and nalorphine increased R dyn and nalorphine decreased Fr, Y T /tl and V E . 
H aloperidol decreased F r and increased V T /t l and R dyn. In the SH R  the  
lev e l o f T X B 2 was sign ifican tly  (P <" 0.05) increased b y  propranolol, nalor
phine and haloperidol (168 ^  21.4; 165 ±  20.2 and 162 ±  13.6 p g X m l“ 1, 
respectively , compared to  saline, 97 i  16.9 pgX  m l“ 1), but the level o f 6-keto- 
P G F la was not affected.

For SHR com pared to  W R, nalorphine decreased more m arkedly Fr, 
Y T /tl and YE, and haloperidol decreased Fr.

D iscussion

Hypertensive rats exh ib it hypo-algesia [11] suppressed b y  naloxone [9]. 
H ypertension m ay fa c ilita te  the production o f endorphins thereby increasing  
th e  treshold of pain. In  th e  present experim ents nalorphine decreased Fr in  
b oth  groups but more in  th e  SH R anim als. Thus the endorphin level m ay be 
elevated  in  the S H R . W ard and H oladay [10] dem onstrated that both ц 
and <5 receptors are in v o lv ed  in m orphine-induced respiratory depression in  
the rat. There m ay be neurons e.g. in th e  cat [3], which are stim ulated b y  
m orphine or endorphins and which are insensitive to nalorphine. A similar 
p attern  was observed concerning the V T /t l  and Y E . Nalorphine-induced  
respiratory depression o f  th e  W R m ay be strain-specific.

Haloperidol decreased Fr in the S H R . In awake m ice haloperidol 
also decreases Fr [8]. A dm inistration of haloperidol intracerebro-ventricularly  
induces an im m ediate, lo n g  lasting increase in VT and a decrease in Fr while 

V E  rem ains virtually unchanged [6]. These results indicate a tonically  active  
dopam ine system in th e  central regulation o f  respiration, w hich seems to  be 
m ore pronounced in  th e  S H R .

Propranolol increased  Rdyn in b oth  groups indicating th at peripheral 
catecholam ines m ay con tro l bronchial sm ooth  muscle tone.

T X A 2 is a very  p o ten t vasoconstrictor and bronchoconstrictor, and it 
induces platelet aggregation  [5]. Prostacyclin  can m odify the bronchial 
sm ooth  muscle tone [7]. The balance betw een  these cyclooxygenase products 
m ay influence bronchial sm ooth muscle ton e.

The stable m etab o lite  o f prostacyclin, 6-keto-PG Fla, was increased in  
th e  S H R  compared to  th e  W R , and the em ployed treatm ents did not m odify  
its  level. The level T X B 2 decreased in W R  after treatm ents, but in the SH R  
it  changed in the opposite  direction. There m ay be a relationship of both the  
increased level of T X B 2 and the decreased prostacyclin/throm boxane w ith  
the augm ented R dyn in  S H R  animals, observed particularly after propranolol
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or haloperidol treatm ents. The regulation o f breathing seem s different in  th e  
SH R  and in  the W R; several central and peripheral m echanism s m ay be 
involved.
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VANADIUM INDUCED CHANGES IN GLYCOGEN 
CONTENT OF C L A R I A S  B A T R A C H U S  (LINN) 

AND C H A N N A  P U N C T A T U S  (BLOCH)
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Clarias batrachus (Linn) and  Charma punctatus (Bloch) were exposed to  5, 10 and 
15 ppm  of vanadium  and investigated th e  effects on tissue glycogen a t  3, 6 and  9 hrs. 
R esults indicated th e  variations in  the  level of glycogen were highest a t 15 ppm  after 
9 h r exposure in  liver th an  muscle, brain , kidney and heart of Clarias batrachus as 
compared to  Channa punctatus. The varia tion  recorded in  tissue glycogen conten t was 
discussed in relation  to  respiratory  distress, form ation of mucus on the whole fish and 
disturbed behaviour of the fish.

Keywords: V anadium , glycogen, liver, brain

Vanadium  a transitional m etal is known to its role in cardiac ailm ents 
and nutritional processes (Macara, 1980). H owever, vanadium  has y e t to  find  
a place in the b iochem istry of anim al system s. From  the literature it  appears 
th a t th e  acute and chronic effects o f vanadium  w as investigated  in relation  
to  behavioural studies [2, 3, 5, 6, 7, 9, 15].

In  the present investigation  an attem pt was m ade to  find  out the effects  
o f vanadium  on visceral carbohydrate reserves o f tw o freshwater fishes, i.e ., 
Clarias batrachus (Linn) and Channa punctatus (Bloch) at 3 hr, 6 hr and 9 hr 
exposure.

M ateria l an d  m ethods

Live, healthy and  m atu re  fish species of Clarias batrachus and Channa punctatus of 
18 — 20 cm in standard leng th  were obtained from  the local pond and acclimatized in the labora
to ry  for five days (12% ) before they were exposed to various concentrations of vanadium  (5, 
10 and  15 ppm). The sub lethal and lethal concentration of vanadium  for Clarias batrachus is 
5.8 ppm , 11.2 ppm, and for Channa punctatus is 3.2 ppm , 6.8 ppm . In  this study  an a ttem p t was 
m ade to  investigate the effect of vanadium  concentrations below sublethal and lethal to  under
stand  th e  acclim atization abilities of the fish  a t  high toxic concentrations.
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T im e exposure

Actual studies: B o th  fish  species were exposed to  short term  exposure (9 hrs). The authors 
m ade an  attem pt to find  o u t the  exact interfering tim e of the pollu tant on carbohydrate m eta
bolism  via measuring glycogen content. Hence, th e  experim ent was term inated  a t 3, 6, and 9 
hrs.

Control studies : (i) T hen  species of Clarias batrachus (Linn) and Channa punctatus (Bloch) 
were sacrified to find ou t th e  level of glycogen in liver, muscle, brain, kidney and  heart, (ii) W at
er sam ples were subjected for the  analysis of 0 2, C 0 2, pH  and BOD using the standard  methods 
of E xam ination  of w ater and  W astew ater (1976).

Table I

Vanadium toxicity — tissue glycogen level in  Channa punctatus (Bloch)
A fter 3, 6 and 9 hr. Exposures

Organs Control 5 ppm 10 ppm 15 ppm % Fall

2784.6*
± 65.7

2214.7*
± 29 .3

1948.7*
± 37 .5

37.64

Liver 3124.80
± 6 1 .35

2633.90
±70.3

2189.30
± 40 .2

1788.50
± 40 .9

42.76

2148.4*
±54.5

2089.0*
± 60 .0

1690.4*
± 50 .7

45.90

2347.8*
± 35.8

1804.9*
± 33 .0

1787.6*
± 35.2

12.31

Muscle 2038.86
± 41 .88

2250.00
± 50.9

1756.10
± 42 .0

1504.40
± 26 .5

26.20

2214.8*
± 39.7

1587.5*
± 27 .0

1352.9*
± 38 .0

33.64

894.1*
± 40.8

975.8*
± 19 .5

620.8*
± 24.2

25.06

B rain 828.40
± 26 .85

889 о 
±49.8

915.60
± 21.0

575.00
± 15 .0

30.58

878.0*
±25.7

894.8*
± 23 .0

475.0*
± 19 .2

42.66

683.3*
± 20.8

733.9*
± 20.2

482.2*
± 21 .5

10.07

K idney 536.21
± 30 .20

636.70
±19.8

717.90
± 15 .0

400.50
± 14 .5

25.30

597.5*
±22.5

693.9*
± 11.6

339.7*
± 16 .3

36.64

96.8*
± 10.3

78.2*
± 5 .6

70.6*
± 8 .5

14.24

H eart 82.33
± 14 .80

88.40
± 5 .8

77.40
± 7 .3

64.80
± 8 .5

21.29

80.1*
± 5 .0

65.8*
± 2.8

59.5*
± 2.1

27.7

Values (ug/g), wet w t. tissue) are mean ±  SE of 5 replicates. Symbols (*, O , • )  indicate 
the exposure at 3, 6 and 9 hr.
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Table П

Vanadium toxicity — tissue glycogen level in  Clarias 
Batrachus (L in n ) after 3, 6 and 9 hr exposure

Organs Control 5 p  pm 10 ppm 15 ppm %  F all

2960.2*
± 55 .1

2342.9*
± 65 .3

1148.6*
+26.3

56.32

Liver 2632.8
± 73 .8

2750.00
±62 .23

2220.30
± 54 .5

1043.70
± 30 .8

60.35

2420.3*
± 7 0 .8

2242.8*
± 50 .5

994.9*
± 21 .9

62.21

2013.4*
± 42 .8

1512.1*
± 30 .4

1156.2*
± 29 .0

32.5

Muscle 1714.3
± 45 .2

1871.80
± 50 .5

1412.00
± 25 .2

1113.20
±30.4

35.3

1704.5*
± 29 .3

1326.8*
± 19 .0

886.8*
29.7

48.2

710.3*
± 18 .5

942.7*
± 33 .4

513.9*
± 26 .0

21.7

Brain 656.7
± 28 .5

650.40
± 32 .0

748.60
± 25 .3

404.30
± 14 .8

35.03

617.9*
± 17 .5

396.3*
21.0

386.1*
18.3

48.2

453.5*
± 21.0

349.1*
± 25 .3

294.9*
±26.7

41.2

Kidney 502.2
± 19 .5

383.20
± 15 .8

310.50
± 21.8

250.40
±30.5

50.13

351.2*
± 20.0

284.9*
14.8

230.9*
±17.8

54.02

88.2*
± 5 .4

62.3*
± 8.8

48.7*
± 5 .9

35.83

H eart 75.9
± 5 .8

63.30
± 8 .5

56.70
± 5 .8

39.10
± 5 .8

48.48

51.9*
± 3 .6

49.9*
± 7 .5

32.3*
± 4 .5

57.7

Values (|Ug/g wet w t. tissue) are mean ±  SEM of 8 replicates. Symbols (*, O, • )  indicate 
the exposure a t 3, 6 and 9 hr.

P reparation  of vanadium  concentration

V anadium  of Sarabhai Chemicals (India) was taken  and  dissolved in the double distilled 
w ater to produce the required concentration.

Procedure of the experim ent
Ten species of Clarias batrachus (Linn) and Channa punctatus (Bloch) were k ep t in  six 

separate truffs (5 litre  capacity). The three truffs contained 5, 10 and 15 ppm  concentrations 
of vanadium  and the rem aining th ree were the control ones.
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A fter 3, 6 and 9 hr. exposure the fishes were sacrified for liver, muscles, b ra in , kidney 
and  h ea rt. The preparation of tissue samples and th e  estim ation of glycogen were described 
elsewhere (11). The experim ent was repeated five tim es.

Tissue preparation and glycogen assay

Results

From  the data (Tables I and II) it  is evident that sign ificant variation  
in  th e  am ount o f glycogen  of five  organs was recorded in C larias batrachus 
and Channa punctatus. A m ong these f iv e  organs the highest fall w as observed  
in  liver  at 9 hr exposure w ith  1.5 ppm  vanadium  salt follow ed b y  brain, 
k id n ey , muscle, and heart in Channa punctatus. However, th e  fall in  tissue 
glycogen  content was higher in  Clarias batrachus than in Channa punctatus. 
O ut o f  these three concentrations the 15 ppm  was more tox ic  th an  10 and 
5 pp m . Fishes exposed to  9 hr. duration had great fall in  tissue glycogen  
co n ten t than at 6 hr or 3 hr exposures, respectively.

Table I I I

Vanadium induced changes in  physico-chemical parameters

P aram eters
D uration
(hours)

Control
inater

Eperim ental w ater

5 ppm 10 ppm 15 ppm

(2) C. punctatus
3 7.5 7.2 7.0 6.5

± 0 .5 ± 0.2 ± 0.2 ± 0 .3
pH 6 7.5 7.0 6.7 6.2

± 0 .5 ± 0.1 ± 0.1 ± 0.1
9 7.5 6.8 6.5 6.0

± 0 .5 ± 0 .3 ± 0.2 ± 0.2

3 7.0 6.7 6.4 6.0
± 0.1 ± 0 .5 ± 0 .5 ± 0 .5

D O 6 7.0 6.2 5.5 4.8
± 0.1 ± 0 .4 ± 0 .4 ± 0 .3

9 7.0 5.3 5.0 4.0
± 0.1 ± 0 .4 ± 0 .5 ± 0.1

3 4.5 10.4 19.8 35.7
± 0 .3 ± 0 .4 ± 0 .5 ± 0 .4

B O D 6 4.5 18.5 26.3 40.8
± 0 .3 ± 0 .7 ± 0 .4 ± 0 .5

9 4.5 28.5 40.3 48.9
± 0 .3 ± 0 .5 ± 0 .7 ± 0 .5

3 Nil 1.8 3.8 6.0
± 0.2 ± 0 .3 ± 0 .5

c o 2 6 Nil 3.0 4.9 8.6
± 0.2 ± 0.2 ± 0.1

9 Nil 4.2 5.7 10.3
± 0 .3 ± 0.6 ± 0.2
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Table IV

(2) C. batrachus
3 7.4

± 0 .5
pH 6 7.4

± 0 .5
9 7.4

± 0 .5

3 6.5
± 0 .4

DO 6 6.5
± 0 .4

9 6.5
± 0 .4

3 4.0
± 0 .3

BOD 6 4.0
± 0 .3

9 4.0
± 0 .3

3 Nil

C 08 6 Nil

9 Nil

7.1 7.0 5.8
± 0 .5 ± 0 .5 ± 0 .3

6.8 6.6 5.6
± 0.2 ± 0 .3 ± 0.2

6.2 5.7 5.0
± 0.2 ± 0.2 ± 0 .3

6.1 5.8 5.1
± 0 .5 ± 0 .5 ± 0.2

5.4 5.0 4.8
± 0.1 ± 0 .3 ± 0 .4

4.8 4.3 3.5
± 0 .3 ± 0.2 ± 0 .9

63.2 27.3 40.9
± 0 .5 ± 0 .3 ± 0.8

22.6 35.8 53.8
± 0.6 ± 0 .5 ± 0.2

30.1 49.2 62.5
± 0.8 ± 9 .9 ± 0 .9

3.1 5.6 8.9
± 0.2 ± 0 .5 ± 0 .9

4.9 7.8 11.7
± 0 .5 ± 0 .5 ± 0 .9

7.3 9.2 14.8
± 0 .3 ± 0 .4 ± 0 .4

The pH  o f the w ater, level of DO, C 0 2 and BO D respectively show ed  
significant variations (Tables). The fall in w ater pH , DO level and B O D  
were greater at 15 ppm  during 9 hr exposure than  at 10 ppm  and 5 ppm  or 
at 3 and 6 hr exposures.

D iscussion

P ollutants m ay influence the various physiological and biochem ical 
m echanism s through altering several physico-chem ical param eters and fin a lly , 
the death m ay be due to  the m etabolic inhibition  im posed b y  the precip itation  
o f pollutants in  the anim al system s.

The variations in th e  selected  physico-chem ical parameters m ay help  
to  understand the effects o f  pollutants and the fa ll in  the tissue glycogen level. 
D ue to  m ucus form ation all over the surface o f  the body, increased opercular 
m ovem ent, respiratory distress and change in the behaviour o f the fish  m ight 
have enhanced the tissue acidosis process w hich is a result o f  changed buf
fering system  in the tissues. W hen the fish  is unable to  procure the oxygen  
because o f vanadium  exposure, hypoxia m ay deplete carbohydrate energy  
reserve due to  the stress conditions.
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Liver being an im portant organ o f various m etabolic process. The storage 
o f glycogen showed a m axim um  fall as compared to  the rem aining tissues of 
Channa punctatus. O ut o f  these tw o fish  species the changes in tissue glycogen  
con ten t in Clarias batrachus were higher than  in Channa punctatus. This m ay  
ind icate a difference in  their physiological adaptive m echanism s in a new  
situ ation . The changes observed at 9 hr exposure are highest than  at 3 and 
6 hr exposure. This m ay  he due to  a difference in the adaptation  abilities. 
A  corollary to our fin d in gs, such changes were also observed w ith  other pollu
ta n ts  on tissue g lycogen  level [11, 12].
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EFFECT OF ATRIAL DILATATION ON THE 
TENDENCY OF ATRIAL ARRHYTHMIAS
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The arrhythm ogenic effect of atrial d ila ta tion  was studied by  electrophysiological 
investigations carried out on 24 dogs. A trial distension was evoked by  increasing the pres
sure in the rig h t atrium  (12 to 14 mm Hg) or by the baloon d ila ta tion  of the left atrium . 
Program m ed electrical stim ulation  of the heart was used for th e  electrophysiological 
investigations. In  addition to  th e  superficial ECG leads also a tria l and ventricular epi- 
cardial electrogram s were obtained for the ECG recording. A cute a tria l dilatation led to 
shortening of the  atria l refractory  period, whereas neither im pulse conduction of the heart, 
nor pacem aker activ ity  of th e  sinus node exhibited any alteration . A trial d ilatation  
resulted in  pathological a tria l irritab ility , and early  or frequent a tr ia l stim ulation caused 
atrial tachycardia of shorter (non sustained) or longer (sustained) duration. R epetitive 
a tria l extrasystoles in  response to  early stim uli could also frequently  be observed during 
atrial d ilatation . The obtained results indicate th a t  a tria l d ila ta tion  is arrhythm ogenic 
and m ay lead to  the developm ent of atrial tachycardia.

Keywords: a trial d ila ta tion , atrial irritab ility , supraventricular tachycardia, 
a trial fibrillation

Various factors are involved  in the pathogenesis o f arrhythm ias and the 
underlying m echanism s have on ly  partially been revealed so far. Several 
experim ental data as well as clinical observations ind icate that stretching  
and dilatation o f the atrial w all can frequently underlie arrhythm ias of atrial 
origin. The observation that supraventricular tachycardia, atrial fibrillation  
and atrial flu tter frequently occur in such diseases where the atrium is enlarged  
(m itral disease, cor pulm onale) deserves special a ttention .

Our present investigations were aimed at studying the effect o f atrial 
stretching — atrial dilatation on cardiac im pulse generation and impulse con
duction as well as on the tendency o f the heart (and especially  o f the atrium) 
to  develop arrhythm ias.

E xp erim en ta l design an d  m ethods

The experim ents were carried ou t on mongrel dogs of bo th  sexes (body weight: 15 to 25 
kg) under pen tobarb ita l sodium anaesthesia (30 m g/kg intravenously). A fter in tratracheal 
insertion of an inflatable cannula th e  animals were m echanically ventillated  by means of a
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volum e controlled respirator. The chest was opened by  horizontal sternotom y. For the recording 
of epicardial electrograms and  to  carry  ou t th e  electrical stim ulations unipolar electrodes were 
sewed in to  the epicardial surface of the righ t and  left a tria  and ventricles. Indwelling catheters 
w ere inserted  into the r igh t a trium  and into th e  r igh t and left ventricles for the m easurem ent of 
a tr ia l and  ventricular pressures. Pressures were m easured by means of a S tatham  transducer.

Two methods were used for a tria l stre tch ing , i.e., acute a tr ia l dilatation: (1) Constant 
increase (12 to  15 mm H g) of the  righ t a tr ia l pressure by means of infusion (adm inistration  of 
physiological saline solution v ia  a ca the ter inserted  into the superior vena cava); (2) D ilatation 
of th e  left atrium  by means of an inflatable baloon catheter inserted v ia  the pulm onary vein 
(in tralum inal pressure: 12 to  15 mm Hg).

The strain  gauge m ethod (resistance gauge) was used for recording th e  changes of contrac
ti li ty  o f left ventricle. P rogram m ed electrical h ea rt stim ulation (a tria l and ven tricu lar pacing) 
for th e  purposes of electrophysiological investigations was used. The in tensity  of the electrical 
stim ulus was twice as high as th e  diastolic threshold  of the heart. The dura tion  of the impulse 
was 2.0 ms. A Medtronic 5925 impulse generator was used for the program m ed heart stim ulation 
(12). The ECG curves, electrogram s and pressure curves were recorded by  means of a 6-channel 
Heilige recorder. For studying  a tria l irritab ility  single and double early  a tr ia l stim uli as well as 
freq u en t a tria l stimuli (w ith 300 ms cycle leng th  stim ulation for 30 s) were used.

A fter recording th e  baseline values (control period) the m easurem ents were repeated 
anew  under the circum stances of a tria l pressure and a tria l baloon d ilatation .

S tatistical analysis was carried ou t using S tuden t’s one tailed t  tes t.

R esu lts

N either the im pulse conduction o f the heart, nor the pacem aker activ ity  
o f th e  sinus node exh ib ited  considerable alteration upon the effect o f atrial 
pressure increase. The atrioventricular (PQ tim e) and atrial (w idth o f the P 
w ave and the difference betw een the right and left atrial P  waves) im pulse 
conduction  tim es som ew hat increased. The ventricular im pulse conduction  
tim e (w idth  of Q RS), th e  corrected reawakening tim e o f the sinoatrial node 
(C SN R T), the tim e duration o f the cardiac cycle (CL) and the QT tim e did 
not change upon the effect of the increase in  atrial pressure or atrial d ilatation. 
Sim ilarly, no alteration could be observed in the ventricular refractory period 
(V E R P ), m eanwhile the atrial refractory period (A E R P ) was consequently  
and sign ifically  shorter during atrial dilatation.

The results are sum m arized in  Table I.

Table I

Effect o f  atrial stretching on the electric parameters o f  the heart

Period
CL
ms

P
tim e
m s

PQ
tim e
ms

QRS
tim e
ms

QT
tim e
ms

CSNRT
ms

A ER P
ms

V E R P
ms

Control 550 50 105 64 215 30 135 140
(n =  24) (± 3 5 ) ( ± 10) ( ± 20) ( ± 10) (± 2 5 ) ( ± 10) ( ± 12) (± 1 4 )

A trial pressure 560 54 109 63 218 34 110* 138
increase (n =  24) (± 3 2 ) ( ± 10) ( ± 22) (± 0 9 ) (± 24 ) ( ± 12) ( ± 10) (± 1 6 )

A trial baloon 562 54 108 65 220 28 112* 141
dilatation  (n =  10) (± 3 0 ) ( ± 10) ( ± 20) ( ± 10) (± 30 ) ( ± 12) ( ± 12) (± 1 4 )

The numbers represent mean ±  SD values.
* =  Statistically significant difference (p <  0.05) compared to the control.
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During atrial stretching characteristic increases o f  atrial irritability,
i.e ., tendency o f the atrium  to  arrhythm ias, could be observed. Under normal 
circum stances (control period) early single or double atrial stimuli did not 
lead to repetitive responses and no atrial arrthythm ia developed. Sim ilarly, 
neither did frequent electrical stim ulation  evoke arrhythm ia. After stretching  
o f the atrial wall, how ever, increased atrial irritability and the developm ent 
o f supraventricular arrhythm ia could be observed. Follow ing the com bined  
increase o f right atrial pressure and adm inistration o f  early atrial stim uli 
(14 cases) repetitive atrial response (repetitive atrial extrasystoles) occurred  
in  8 cases, while atrial tachycardia developed in 6 in stan ces (4 non sustained  
and 2 sustained). A s a result o f frequent atrial stim ulation  atrial tachycardia  
developed in 9 cases (3 non sustained and 6 sustained). Transient atrial fib ril
la tion  was seen in  3 instances, whereas transient flu tter  occurred in 2 cases. 
During acute d ilatation  o f the left atrium  and following early  atrial stim ulation  
(10 cases) repetitive response (repetitive atrial extrasysto les) occurred in  
6 cases, whereas atrial tachycardia could be detected in  4 instances (3 non  
sustained and 1 sustained). Frequent atrial stim ulation  led  to  atrial ta c h y 
cardia in  7 cases (3 non sustained and 4 sustained). Transient atrial fibril
la tion  could be detected  in tw o cases.

Fig. 1. R epetitive a tria l extrasystoles after early  a tria l stimuli g iven to  dogs in which righ t
a tria l pressure w as increased

P aper recording speed: 50 m m s-1 . U pper line: I I .  lim b lead, second line: left ventricular p res
sure curve, th ird  line: rig h t ventricular pressure curve, fourth line: I. bipolar limb lead, f ifth  
line: I I .  bipolar limb lead, six th  — bottom  — line: I I . bipolar lim b lead. Two early electrical 
stim uli (delay period Sx—S2: 160 ms and S2—S3: 120 ms) evoked repe titive  responses (th ree

atria l extrasystoles)
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F ig. 2. Short — non sustained  — atria l tachycard ia  following early a tr ia l stim uli in dogs — 
subjected  to  left a tria l baloon dilatation

ECG  recording during acu te  d ila ta tion  of the left a trium . Paper speed: 50 m m r 1, Upper line: 
I I .  lim b lead, second line: le ft ventricular epicardial electrogram, th ird  line: left auricular 
epicard ial electrogram, fo u rth  line: righ t a tria l epicardial electrogram, f if th  line: left a tr ia l 
epicardial electrogram. Two early  stim uli (delay period S j—S2: 180 m s and  S2—S3: 140 ms) 
led to  short (10 sec) a tria l tachycard ia  (ectopic im pulse generation p a r tly  from  the righ t and

p artly  from the left atrium )

U J

/ V v

Л Л .

A a m A w V W

Л М д / v M A a a /

-----

YJUJ

Г Т

Fig. 3. Continuous — sustained — atria l tachyarrhy thm ia  following early  a tria l stimuli given
to  dogs w ith increased a tr ia l pressure

ECG  recording during increased righ t atrial pressure. Paper speed: 50 m m s-1. Upper line: I I . 
lim b lead, second line: left ven tricu lar lead, th ird  line: righ t ventricular lead, fourth lead: I. b i
p o la r limb lead, fifth  line: I I .  bipolar limb lead. Two early atrial stim uli (delay  period St —S 2: 
180 ms and S2—S3: 130 ms) led to  continuous a tria l tachyarrhythm ia. A fter 80 seconds the tach y 

cardia spontaneously resolved and th e  sinus rhythm  was restored
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Characteristic types o f  arrhythm ias developing after atrial d ilatation  
are show n on Figures 1 — 3.

N either ventricular contractility , nor ventricular pressure exh ib ited  
considerable alteration upon the effect o f  increased right atrial pressure or 
le ft atrial dilatation. The ventricular pressure curve did not change consid
erably during atrial dilatation, i.e ., neither systolic pressure, nor end-diastolic  
pressure changed. The left ventricular strain gauge curve was also unaltered.

D iscussion

E longation and stretching o f the cardiac m yofibrils increase irritability  
and m ay evoke arrhythm ia [4, 6, 7, 8, 10]. Stretching o f  the cardiac w all 
seem s to  result more easily  in arrhythm ia if  either the m yocardium  itse lf  or 
th e  cardiac m etabolism  is not in tact [9, 13]. One possible cause o f the arrthyth- 
m ia occuring after stretching m ay be the phenom enon th a t as an effect o f the  
stretching o f the myocardial fibres the action potentials exhibit pathological 
change and the delayed after depolarization and ectopic im pulse generation  
m ay ensue [4, 6]. Another possible cause o f the occurence o f the stretching- 
caused arrhythm ia m ay be the stretching-induced local disturbances o f  
im pulse conduction (unidirectional block) which m ay predispose to the d evel
opm ent o f  the reentry typ e o f arrhythm ia [10]. From  the point o f v iew  o f  
th e  developm ent o f atrial — supraventricular — arrhythm ias the m ain  
question  is ju st how does atrial stretching alter atrial irritability. B oyden  
et al. reported on the observation th at as the result o f th e  enlargem ent o f  the  
le ft atrium  (provoked by artificial m itral insufficiency) in  dogs atrial ex tra 
systo les, supraventricular tachycardia and atrial fibrillation  could frequently  
be detected  [2, 3]. In th is experim ental model o f m itral insufficiency atrial 
action  potentia ls were m ostly  normal; histological analysis, however, revealed  
atrial fibrosis and m yocardial hypertrophy [2, 3]. According to  the find ings  
o f cardiac biopsies carried out in  hum ans chronic atrial dilatation results in  
pathological alterations o f  the atrial action potentials, and slow response  
ty p e  action  potentials can frequently be detected [1, 11, 16]. In patients w ith  
atrial fibrillation developing as a result o f chronic atrial dilatation focal f i 
brosis and cell necrosis o f th e  atrial w all is a frequent find ing [1].

The results obtained in the present investigations indicate that stretching  
o f the atrial wall (increase of atrial pressure, atrial d ilatation) increases both  
atrial irritability  and the tendency o f the atrium to  arrhythm ias and leads 
to  the developm ent o f supraventricular arrhythm ias. N either the im pulse  
generation, nor the im pulse conduction of the heart exhibited  considerable 
alteration upon the effect of atrial dilatation; follow ing stretching o f  the  
atrial w all only shortening o f the atrial refractory period could be observed.
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T he pathological increase o f  atrial irritab ility  which w as caused by atrial 
dilatation  m anifested its e lf  in the phenom enon that early or frequent atrial 
stim uli caused supraventricular arrhythm ia or tachyarrhythm ia. The pro
vok ed  supraventricular arrhythm ias proved to  be o f different type (reentry  
atrial tachyarrhythm ia, atrial fibrillation and atrial flu tter  associated w ith  
tachycardia), but from  th e  clinical point o f  view  th ey  were similar to  the  
supraventricular tachycard ia  associated w ith  atrial d ilatation . Such ta ch y 
cardia can relatively  o ften  he seen in m itral disease (left atrial dilatation) 
and, less frequently, in congenital heart m alform ations w hich are associated  
w ith  atrial dilatation (atrial septal defect, E bstein’s anom aly). D ilatation  
associated  atrial arrhythm ia m ay develop w ith ou t ischaem ic damage to  the  
m yocardium ; hypoxic and  ischaem ic dam age, however, increases the probabil
i ty  o f  such arrthythm ias to  develop. According to our p ilot investigations the  
ten d en cy  to arrhythm ias caused b y  atrial dilatation is more pronounced  
under the conditions o f  cardiac ischaem ia (resulting from  strangulation o f  
th e  coronaries). It is also of im portance th a t follow ing coronary surgery  
— aortocoronary bypass — supraventricular tachycardia frequently  develops, 
especially  in patients w ith  enlarged atrium  [5]. A trial natriuretic peptide 
(A N P ) m ay also be in v o lv ed  in the developm ent of d ilatation  associated atrial 
arrhythm ias. Atrial stretch ing enhances A N P  secretion [14, 15] and the  
attack s of paroxysm al supraventricular tachycardia are som etim es accom 
panied  by polyuria and polydipsia. S till, it  seem s reasonable to  assume th a t  
A N P  does not play a m ajor role in the pathom echanism  o f supraventricular  
tachycardias. The substance itse lf (A N P ) is w ithout arrhythm ogenic effect 
and does not alter considerably the ten d en cy  o f the heart to  arrhythm ias. 
T hus it  is the stretching o f  the atrial w all w hich, on the one hand, has arrhyth
m ogenic influence on its  own and, on th e  other, enhances A N P  secretion.
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Three fish  species were exposed to  a sublethal dose (0.35 mg/1) of DDT continuous
ly  for a period of 50 days and the effect of hepatic and renal acid and alkaline phosphatases, 
glucose-6-phosphatase and fructose-1,6-diphosphatase activities was observed a t  15, 30 
and 45 days. E xposure to DDT a t 15 days led to the fall and increase thereafter (a t 30 and 
45 days) in th e  activities of acid phosphatase, glucose-6-phosphatase and  fructose-1,6- 
diphosphatase in  hepatic tissue, where as alkaline phosphatase in liver registered an  in 
crease a t 15, 30 and 45 days DDT exposure. In  renal tissue the trend  of 4 phosphatases 
was same as th a t  of alkaline phosphatase in the liver. The changes in  these 4 phospha
tases were more pronounced in C. p unc ta tu s than  in G. ba trachus and L. roh ita .

Keywords: DDT, tox ic ity , phosphom onoesterase, gluconeogenetic enzymes, 
teleost, alcaline phosphatase

Pollutants act as physiological stressers for the exposed anim als, as do 
the environm ental parameters, and interfere w ith various physiological pro
cesses at the m olecular level [6, 17, 18]. Reduction in  dissolved oxygen  content 
is th e  com m on effect o f m any p ollu tants and m ay result from a physiological 
reaction betw een the organism and its environm ent [7, 14, 15].

An increase in  oxygen in take o f the animal results in  a decrease o f their 
life span through increased to x ic ity  o f the solution [17, 20]. I t  is also know n  
th a t D D T exposed animals consum e more oxygen b y  increasing the secretion  
o f oxygen  consum ption enhancing hormone [13].

In an earlier com m unication [19] from this laboratory the author report
ed the effect o f sublethal dose o f  D D T  (0.035 mg/1) at 50 days on tissue phos
phatases in three teleosts. To understand further about the tox ic  nature, the  
author’s investigated  the chronic effect of D D T  at 15, 30 and 45 days on  
hepatic and renal acid phosphatase (orthophosphoric m onoester phosphohydro- 
lase E.C .3.1.3.2) alkaline phosphatase (orthophosphoric m onoester phospho-
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hydrolase E.C.3.1.3.1) glucose-6-phosphatase (D -glucose-6-phosphate phospho- 
hydrolase E .C .3.1.3.9) and fructose-l,6-d iphosphatase (D -fructose-l,6-b i- 
phosphate 1-phosphohydrolase E .C .3.1.3.11) activ ities in  Labeo rohita (Ham), 
Clarias batrachus (L inn) and Channa punctatus (Bloch).

M ateria l an d  m ethods

L. rohita, C. ba trachus and C. puncta tus (18 — 20 cm standard  length) were obtained 
locally, acclimatized in  th e  labora to ry  for a couple of days before six of each species were sacri- 
fied  for hepatic and renal acid and alkaline phosphatase, glucose-6-phosphatase and fructose- 
1,6-diphosphatase activities. Tw enty five fish of each species were exposed to  sublethal dose 
(0.035 mg/1) of DDT for a  period of 50 days. E qual num ber of fish were k ep t subsequently in 
ta p  w ater as control for th e  same period. A fter 15, 30 and 45 days exposure bo th  groups of 
contro l and experim ental fish  species were dissected for liver and kidney tissues.

E N Z Y M E  A S S A Y S :

Glucose-6-phosphatase

To 0.6 ml of cacodylate buffer (0.1 M, pH  6.5), 0.1 ml of EDTA  (10 mM in buffer, pH  6.5) 
and  0.2 ml of ghicose-6-phosphate  (50 mM in buffer) was added and incubated  a t  30 °C. A fter 
10 m in incubation, 0.1 m l of 10% tissue hom ogenate (buffer 0.1 M, pH  6.5) was added and 
incubated  a t the same tem pera tu re  for 15 min. The reaction was stopped by  adding 1 ml of ice 
cold TCA (10%). The o ther details were described earlier [11].

Fructose-1,6-diphosphatase

0.4 m l of borate buffer (0.05 M boric acid pH  9.5) was added to  0.1 ml of fructose-1,6-diphos- 
p h a te  (0.05 M, pH  7.4), 0.1 m l of M gS04 (0.05 M), 0.1 m l of MnCl2 (0.005 M) and  0.1 ml of cys
te ine (0.05 M, pH 9.5, fresh solutions were prepared regularly). A fter 5 min incubation a t 38 °C, 
0.2 m l of 10%  tissue hom ogenate was added to  the above reaction  m ixture and  incubated a t 
38 °C for 20 min. The reaction  was term inated  by  adding 1 ml of 0.1 M TCA. The other details 
o f th e  procedure were same as desribed by McGilvery [9].

Alkaline phosphatase

To 1.0 ml of substrate (disodium -P-nitrophenyl-phosphate te trah y d ra te ) 0.5 m l of buffer (pH  
10.0, .75 g) glycine and 21 m g MgCl2 dissolved in  70 m l of w ater. 8.5 ml of M N aO H  was added 
and  m ade up to 100 ml) was added and incubated a t  37 °C for 5 min. 0.5 ml of 10% tissue ho
m ogenate  (prepared in buffer) was added and incubated  again a t  37 °C for 15 m in. The reaction 
w as stopped by adding 4 m l of 0.04 M NaOH. A control was also m aintained side by  side w ithout 
tissue  homogenate. The o th e r details of th e  enzyme assay were same as those described by  
F rais [5].

A cid  Phosphatase

C itra te  buffer (pH 5.0, .1 M) was used in  acid phosphatase estim ation. The reaction  m ixture 
contained  0.1 ml of 1%  (W /Y) Triton-X -100. The o ther details of the assay is same as th a t of 
alkaline phosphatase.

Stock solution

DDT (Parry, M adras Ind ia) stock solution (lm g/m l) was prepared in acetone (BDH) and 
th e  required  am ount was added  to  have the desired concentration.

The experiment was repeated  for 6 tim es and the da ta  were subjected to  te s t of variance 
b y  F isher method [4].
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R esu lts

D D T  exposure for 15, 30 and 45 days led to  m arked changes in  the  
activities o f  hepatic and renal acid and alkaline phosphatase, glucose-6- 
phosphatase and fructose-1,6-diphosphatase in L. rohita, C. batrachus and 
C. punctatus (Tables I — III). E xposure for 15 days to D D T  resulted in  the inh i
bition of acid phosphatase, glucose-6-phosphatase and fructose 1,6-diphospha
tase levels in the hepatic tissues o f  th e  three fish species.

Table I

Variations in  tissue phosphatases due to D D T toxicity in  L . Rohita (ham)

D DT exposure in days % of
control 15 30 45 Rise

(A )  K idney 
Acid phosphatase 0.294

±0.041
0.312

± 0 .057  ( ± )
0.330

±0.042 ( ± )
0.366

±0.056 ( + )
24.48

Alkaline phosphatase 0.724
±0.132

0.780
± 0.112 ( + )

0.789
±0.134 ( ± )

0.952
±0.084 ( ± )

31.49

Glucose-6-phosphatase 0.222
±0.092

0.264
± 0 .090  ( ± )

0.295
±0.060 ( ± )

0.345
±0.078 ( ± )

55.40

Fructose 1,6-diphosphatase 0.305
±0.075

0.338
± 0 .081  ( ± )

0.374
±0.092 ( ± )

0.392
±0.096 ( ± )

28.52

(B )  Liver 
Acid phosphatase 0.382

±0.097
0.345

± 0 .114  ( + )
0.464

±0.091 ( ± )
0.585

±0.118 ( ± )
53.14

Alkaline phosphatase 0.248
±0.016

0.276
± 0 .092  ( + )

0.305
±0.093 ( ± )

0.324
± 0.122 ( ± )

30.64

Glucose-6-phosphatase 0.368
±0.119

• 0.294 
± 0 .099  ( ± )

0.376
± 0.111 ( ± )

0.589
±0.125 ( + )

60.05

Fructose 1,6-diphosphatase 0.494
±0.124

0.415
± 0.212 ( + )

0.502
± 0.120 ( ± )

0.695
±0.131 ( ± )

40.68

Values (acid and alkaline phosphatase =  p  moles pf P-nitrophenol/m g protein a t  37 °C 
G-6-ase and F-D-ase =  fi moles of Pi/m g protein  a t 30 °C and 38 °C, respectively) are mean 
±  SDM of 6 replicates. Test of variance was performed between control and trea ted  values of 
respective tissues. Side script ( ± )  indicates th a t  P  <  0.001.

This inhibition  w as reversed at 30 and 45 days exposures. W hereas, 
alkaline phosphatase registered an increase at 15, 30 and 45 days in  liver 
tissue. In  contrast to  liver, an increase in the activ ities o f the four enzym es 
at 15, 30 and 45 days in renal tissue was recorded.

Am ong these four enzym es the highest rise was recorded in renal alkaline 
phosphatase level (C. punctatus, T able III). It was follow ed by hepatic acid  
phosphatase (C. punctatus, Table II I ) , glucose-6-phosphatase (C. batrachus, 
Table II) fructose-1,6-diphosphatase (L. rohita, Table I).
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Table П
Variations in tissue phosphatases due to D D T  toxicity C. balrachus (linn)

D DT exposure in  days % of
rise

Control 15 30 45

( A )  K idney
Acid phosphatase 0.224 0.247 0.283 0.324 44.64

± 0 .069 ± 0 . 1 1 1 < + > ±0.059 ( + ) ±0.061 < + >
A lkaline phosphatase 0.520 0.546 0.584 0.769 47.80

± 0 .215 ± 0 . 2 2 1 ( + ) ±0.064 (+ ) ±0 .218 <+>
Glucose-6-phosphatase 0.268 0.292 0.338 0.391 45.89

± 0 .074 ±0.092 ( + ) ±0 .070 ( + ) ±0 .070 ( + )
F ructose 1,6-diphosphatase 0.409 0.445 0.472 0.542 32.51

± 0 .130 ±0.917 ( + ) ± 0 . 0 0 ( + ) ± 0 .099 ( + )
( B )  L iver
A cid phosphatase 0.306 0.264 0.379 0.491 60.45

±0 .051 ±0.041 ( + ) ±0.080 ± 0 . 0 2 1 < + )
A lkaline phosphatase 0.262 0.285 0.322 0.362 38.16

± 0 .051 ±0.059 ( + ) ±0.065 ( + ) ±0 .018 ( + )
Glucose-6-phosphatase 0.486 0.407 0.572 0.842 73.25

± 0 .124 ±0.064 ( + ) ± 0 . 1 2 0 < + > ±0 .219 ( + )
F ructose 1,6-diphosphatase 0.606 0.524 0.646 0.810 33.66

± 0 .227 ±0.091 ( + > ±0.230 ( + ) ± 0 . 1 2 1 ( + )

Values: (acid and alkaline phosphatase =  p  moles of p-nitrophenol/m g protein a t 37 °C, 
G-6-ase and F-D-ase =  / 1  m oles of Pi/mg protein a t  30 °C and 38 °C, respectively) are mean 
±  SDM of 6 replicates. T est o f variance was performed between control and treated values of 
respective tissues. Side scrip t ( ± )  indicate th a t P  <  0.001.

Table III
Variations in  tissue phosphatases due to D D T  toxicity in c. punctatus (Bloch)

Fn
D DT exposure in  days % of 

rise
Control 15 30 45

( A )  K idney
A cid phosphatase 0.144 0.188 0.212 0.243 62.00

± 0 .042 ±0.039 ( + ) ±0.060  ( + ) ± 0 .049  ( + )

A lkaline phosphatase 0.280 0.321 0.386 0.520 85.71
± 0 .032 ±0.042 ( + ) ±0.077 (+ ) ±0 .061  ( + )

Glucose-6-phosphatase 0.362 0.429 0.489 0.586 61.87
± 0 .089 ±0.059 (+ ) ±0.081 ( + ) ± 0 .069  ( + )

Fructose 1,6-diphosphatase 0.532 0.586 0.636 0.729 37.03
± 0 .097 ±0.089 ( ± ) ±0 .096  (+ ) ± 0 .124  ( + )

( B )  L iver
A cid phosphatase 0.214 0.272 0.330 0.392 63.17

± 0 .043 ±0.039 ( + ) ±0.069  ( + ) ± 0 .040  ( + )

A lkaline phosphatase 0.162 0.187 0.240 0.272 67.90
± 0 .039 ± 0.021 ( + ) ±0.074  ( + ) ±0 .055  ( + )

Glucose-6-phosphatase 0.674 0.572 0.706 0.974 44.51
± 0 .215 ±0.049 ( + ) ±0.083 ( + ) ± 0 .139  ( + )

F ructose 1,6-diphosphatase 0.832 0.718 0.846 0.965 15.98
± 0.121 ±0.084 ( + ) ±0.071 ± 0 .229  ( + )

Values (acid and alkaline phosphatase =  p  moles of P-nitrophenol/m g protein a t 37 °C’ 
G-6-ase and F-D-ase =  p  moles of Pi/mg pretein a t  30 °C and 38 °C, respectively) are mean 
±  SDM of 6 replicates. T est o f variance was performed between control and  treated  values of 
respective tissues. Side scrip t ( ± )  indicate th a t P  <  0.001
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D iscussion

P ollu tants influence various m etabolic processes. Increase in the se
cretion o f oxygen  consum ption enhancing hormone disturbs the adjusting  
capabilities and com pel the anim al to  consum e more oxygen  under contam i
nated situation . These effects are attributed to th e  physiological stressing  
nature o f the tox icants [6, 14, 16, 17].

I t  is know n th at organochlorine compounds bring about various altera
tions b y  influencing quite a num ber o f biochem ical param eters. I t  is also 
know n th at th ey  interfere seriously w ith  the hepatic, renal and neural m etab
olism  and can depress secondary sexu a l characteristics [1, 2].

In  the present investigation th e  author observed th at the nonspecific  
phospho m onoesterases and gluconeogenic enzymes in  renal and hepatic tissue  
registered a linear increase for 45 days DDT exposure, except th a t th e  tw o  
gluconeogenic enzym es observed a fa ll at 15 days exposure in  hepatic tissue  
and the rise w as higher in a carnivore then  herbivore or piscivore fish .

The rise of these phosphatases m ay be discussed on the follow ing  
sequence: Increase in  hepatic and renal acid phosphatase, an enzym e th a t  
plays an im portant role in interm ediary m etabolism  m ay be related to  tissue  
dam age and pre-necrotic changes [3, 8, 10, 12]. H ow ever, the rise in  alkaline 
phosphatase m ay be presumed ow ing to  an increase in  transphosphorylation  
m echanism  as the animals are under physiological stress. Increase in liver  
and renal G-6 ase and F-D-ase can be attributed to  stim ulated  gluconeogenic 
process w hich is because o f organochlorine in toxication  as the latter is repon- 
sible for the depletion of energy reserve [19].

E levation  in  hepatic and renal phosphatase levels m ay reflect physiolog
ical adjustm ents to  cope with continued  DDT stress and to function for the  
survival o f  the fish  in poisoned environm ent. It is know n th at D D T  exposed  
anim als w ould consum e more oxygen  and may drag the anim al to  a new  
stead y  sta te  o f m etabolism  as the increased oxygen consum ption is required  
to  support enhanced physiological activ ities in m etabolizing and elim inating  
the pollutants b y  the exposed anim als. Such a m echanism  m ight have occurred  
in  the present stu d y  and the above alterations in four phosphatases m ight be 
due to  the above changes. Moog [10] and Shaffi [19] while discussing the  
physiological significance of non-specific phosphom onoesterases said th a t the  
elevation  in  serum and tissue phosphatases m ight be associated w ith  the  
pathological condition of the tissues. Chronic DD T exposure m ight have led  
to  the above situation  and increase in  the level o f tw o  phosphatases m ight be 
related to  the above phenomena.

The highest rise in hepatic and alkaline phosphatase, G-6-ase and F-D - 
ase in  these three fish  species ind icate the degree o f  pathological condition  
o f th e  tissue ow ing to  chronic D D T  exposure and v ice  versa.
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The role of sex on the developm ent and function of parie ta l cell was investigated 
in  the ra t. B asal gastric acid secretion and parietal cell mass were found to  be significant
ly lower in  female ra ts  th an  in male. The results suggest th a t  sex is an  im portan t factor 
influencing th e  grow th and function  of the gastric mucosa.

Keywords: ra t  stom ach; acid; parie ta l cell m ass; gastric mucosa; grow th

Amure and Omole [2] show ed th at female rats secrete less gastric acid  
than  m ale and th a t the adm inistration o f oestrogen to  rats caused a reduced  
gastric acid secretion. There is how ever no consensus in  the literature on the  
reasons for these observations.

The present study was designed to  investigate the influence o f  sex  on  
gastric acid secretion and parietal cell mass in  the rat.

M aterials an d  m ethods
A nim als

A dult W istar stra in  ra ts  weighing 110 —140 g were divided into two groups: male and 
female. The two groups of ra ts  were k ep t in  separate cages where r a t  chow and  tap  w ater were 
provided ad-libitum  for a period of 35 days prior to  the determ ination  of gastric acid secretion 
and parie ta l cell mass.

Preparation o f animals fo r  gastric acid secretion study

R ats  were fasted  overnight w ith  free access to  w ater so as to  give a reasonably clean 
stom ach a t  the tim e of the experim ent. They were then  anaesthetized w ith an  in traperitoneal 
injection of urethane solution (25% w/v) a t  0.6 ml/100 g body w eight and prepared according 
to  th e  technique described by Ghosh and Schild [7].
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The stomach lum en w as perfused a t a ra te  of 1 ± 0 .1  m l/m in w ith  distilled w ater a t 
37 °C and the effluent collected a t 10 min in tervals and assayed for titra tab le  acid against
0.01 N  sodium hydroxide using  phenolphthalein as an indicator.*

Preparation o f stomach fo r  parietal cell count

The stomach of th e  r a t  was rem oved under general anaesthesia induced w ith an in tra 
peritoneal injection of u re th an e  solution. They were opened along the greater curvature and 
con ten ts  removed by gentle washing. The em pty  stom ach was pinned w ith  serosal surface down
w ard  on a cork sheet im m ersed in a tra y  containing norm al saline to stre tch  ou t all mucosal 
folds as described by Card an d  Marks [5]. The fla ttened  specimens were rem oved and trim m ed 
carefully  to  separate the a n tru m  from the fundus. The fundic region was traced  carefully on 
w h ite  paper and the surface area  determ ined. The specimens were th en  fixed for 24 horns in  10% 
form ol saline and em bedded in  paraffin.

F rom  every specim en, six strips of glandular mucosa were excised approxim ately 
perpendicular to the an tra l m argin ra ther th a n  parallel to the curvatures as described by Cox 
and  B arnes [6]. Care was how ever taken to  exclude the  transitional type mucosa which sepa
ra te s  th e  fundus from the a n tru m  and the cardiac type mucosa ad jacen t to  th e  transverse ridge. 
The histological observations were confined to  true  fundic mucosa.

The sections were s ta in ed  according to th e  technique described by Asojo [3]. The differ
en t gastric  mucosal secretory  cells are well d ifferentiated w ith th is technique the mucous neck 
cells were pale green, zym ogenic granules of chief cells dark green and parie ta l cells appeared 
yellow. Nuclei were sta ined black.**

Histological observations and calculations

Mucosal thickness w ere determ ined from  10 readings on each section w ith a calibrated 
ocu lar micrometer (m agnification 90x). F inal calculations were made according to the method 
of Card and Marks [5].

Parietal cell counts w ere done using calibrated  ocular grid (m agnification 900x). A single 
‘co u n t’ represented all p a rie ta l cell nuclei or nuclear fragm ents seen in  a colum n of tissue 0.1 
m m  broad  and extending from  the base to  th e  surface of the mucosa. Ten counts were made on 
each section and the average (designated subsequently  as the average count per u n it area) was 
calculated . PCM is derived from  the following determ inations [4].
1. M ean parietal cell count p e r un it area of each stomach.
2. Surface area of the acid bearing region of the stom ach.
3. Correction factor for shrinkage of the mucosal strips during fixation  and staining.

Table I

Basal gastric acid secretion

Type of ra ts
In itia l body w eight 

(g)
Body weight of ra ts  

after 35 days (g)
Basal gastric acid 

secretion in ^eq/10 
m inutes

Male 138.5 248.1 3.69±0.08
(20) ± 4 .13 ±6.90

Female 138.5 247.9 3.49±0.06*
(20) ± 4 .06 ± 5.74

Values are means ±  S. E .; no. of ra ts  is shown in parentheses, 
w ith  male rats.

* P  <  0.05 compared

* The measurem ent o f gastric acid secretion usually commenced by  8.00 a.m. and con
cluded by 2.00 p.m.

** All dyes used w ere obtained from  G. T. G urr L td ., London.
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4. The actual thickness of the sections and the cross-sectional d iam eter of the cells.
5. Correction factor for nuclei over-estimation.

Shrinkage factor was determ ined according to  the m ethod described by Card e t al. [5], 
while the thickness of the sections and the diam eter of the cells were derived from direct m easure
ments using th e  m ethod of Morengo [8]. The correction factor for nuclei over-estim ation was 
calculated according to a form ula derived by Abercombie [1]. P arie ta l cell mass was estim ated  
using the form ula of N aik e t al [9].

Statistics

All resu lts are expressed as means ±  S.E. S tatistical com parisons between th e  experi
m ental groups were perform ed using the S tudent’s t  test.

R esults

Basal gastric acid  secretion

The m ean basal gastric acid secretion for the m ale rats (Table I) was 
3.69 i  0.08 /teq/10 m inutes and this was sign ificantly  (P  <  0.05) higher th an  
the value obtained for the fem ale rats (3.49 i  0.06 f ieq/10 minutes).

Parietal cell mass

The results (Table II) show th at the average count per unit area for 
male rats w as 17.50 ^  0.16 and the corrected count per u n it area was 12.23 i  
i  0.11. W hen these values were compared w ith  the corresponding values for 
fem ale rats (17.16 ^  0.18 and 11.89 i  0.19) the differences were not sign if
icant. The surface area o f the acid-bearing region o f the stomach o f fem ale  
rats (7.68 i  0.30 cm2) was however sign ificantly  (P  <  0.05) lower th an  th e  
observed va lu e for norm al male (8.66 ^  0.42 cm2). A s a consequence o f  th is , 
the parietal cell mass recorded for the fem ale rats (18.26 ^  0.16 m illion) w as  
sign ificantly (P  <  0.001) lower than the observed value for the male (21.18 i  
i  0.13 m illion).

D iscussion

The higher m ean basal gastric acid secretion rate in  the male rats th an  
in the fem ale rats, observed in the present work, ten d  to  support th e  con 
tention o f Am ure and Omole [2] that fem ale rats secrete less gastric acid  
than male.

It w as revealed  b y  th is work th at the value for the fundic surface area 
in the fem ale rats was significantly lower than  the observed value for norm al 
male rats. As a result o f th is, there was a statistica lly  significant decrease in  
the parietal cell mass in  the female rats. This result shows that sex  is  an  
im portant factor influencing the growth and developm ent of the gastric
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Table II

Parietal cell mass

Type of ra t
Average count Correction factors Corrected Surface area 

of fundus 
(cm2)

P arie ta l cell 
mass
(X10«)

H eight of 
fundic mucosa 

(MM)

Volume of 
fundic mucosa 

(m m 3)
per un it area

X S.F. F.N.O.
T  .C.F. 

Y
area (Z)

Z =  X  X  Y

Male 17.50 0.953 0.733 0.699 12.33 8 .6 6 21.18 0.431 373.25
± 0.16 ±0.004 ± 0.002 ±0.003 ± 0.11 ± 0 .42 ± 0.13 ± 0.012 ±26.50

Female 17.16 0.939 0.730 0 .6 8 6 11.89 7.68* 18.26** 0.428 328.70
± 0.16 ± 0.011 ±0.015 ± 0.011 ± 0 .19 ± 0.30 ± 0.16 ±0.024 ±18.86

Each value represents mean ±  S.E. from 360 counts in 6 ra ts. S.F., Shrinkage factor. F. N. O. Correction factor for nuclear overestimation. 
T.C.F., Total correction factor. * P <  0.05, ** P <  0.001 compared w ith the value for male rats.

K
. O

. A
deniyi and M

. O
. O

low
okorun



Effect of sex on gastric  acid secretion in  ra ts 67

m ucosa. Furtherm ore, the low  parietal cell mass in  the fem ale rats could 
have accounted for the low  basal gastric acid secretion recorded for these  
anim als during the gastric acid secretion  study.
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D evelopm ent of sensoro-motor functions and a d u lt learning behaviour was 
studied in  ra ts  subjected  to n itra te  exposure. P regnant and  lactating  dams and  th e ir 
offspring were supplied w ith drinking w ater containing n itra te , 1.12 or 2.24 mM K N 0 3, 
and com pared w ith  nitrate-free controls. P ostnatal m a tu ra tion  of reflexes, th a t  of sensory 
and som atic param eters and m otor ac tiv ity , furtherm ore, th e  acquisition of one-w ay 
avoidance and  rew arded discrim inative learning behaviour in  adulthood were exam ined. 
Reflexes (righ ting , cliff-avoidance) and  hearing startle  reaction  m aturated  earlier iu  
n itra te  trea ted  groups. No difference was found in o lfactory homing behaviour, in  the  
tim e of eye opening and in body w eight growth. Open-field m otor activ ity  was h igher 
a t  days 5, 7, 10 a fte r  b irth , b u t hypoac tiv ity  ensued a fte r day  20. A m arked learning 
deficit was observed both  in punished and  in  rewarded learning paradigms. The resu lts 
indicate a n itra te  induced deviation in behavioural developm ent, and an im pairm en t in 
learning behaviour, particularly  of discrim inative type.

Keywords: n itra te  contam ination, drinking w ater, cerebral functions, learning
deficit

As a consequence o f intensified  agriculture th e  nitrate contam ination  
of drinking w ater show s a gradual increase in H ungary [5]. It is particularly  
im portant in  the provinces where aproxim ately 38.9 percent o f th e  population  
consum e their drinking water from individual wells. N um erous studies have  
dem onstrated th a t n itrate induces m ethem oglobinaem ia in  newborn and sm all 
children [4, 11, 17]. I t  was also dem onstrated th a t n itrate and its reduced  
form  nitrite, can also cause digestive disturbances [18], their m etabolites m ay  
induce m alignant tum ors in the stom ach and intestines [7, 16]. Various lesions  
were detected also in  the central nervous system , m ain ly  in acute experi
m ents [8, 9].

The present stu d y  was aim ed to  clarify w hether chronic n itrate con
sum ption by pregnant rats and their offspring has an y  deleterious effect on 
the developm ent o f  sensoro-m otor functions and the adult learning behaviour.
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M aterial a n d  m ethods

A nim als and nitrate treatment

Pregnan t W istar ra ts  were provided w ith  w ater and standard  food pellets (LATI. 
Gödöllő, H ungary) ad  lib itum . The n itra te  was given in  drinking w ater in doses of 1.12 or 2.24 
mM potassium  n itra te  (120 m g /lo r 240 mg/1 respectively). The control anim als received n itra te- 
free w ater. The daily w ater in take  of m others was m easured during pregnancy and lactation. 
A fter w eaning a t day 21 post partum  the m others w ere excluded from the experim ents, and the 
offspring received the sam e w ater containing 1.12 or 2.24 mM nitrate, or n itra te-free, as the ir 
m others had  previously. The young animals were separated  according to  sex and  were kep t in  
groups of 5 per cage a t  room  tem perature and  u n d er controlled schedule o f light and dark  
periods. All the tests were perform ed between 8.00 and  12.00 a.m. For behavioural studies in 
adu lthood  only the male anim als were used.

Sensoro-motor development

The m aturation  of reflexes i.e. righting on a surface and cliff avoidance was studied as 
described by  others [2]. The reaction tim es, i.e. la tency  of turns from  the  back to norm al 
position in  the case of righ ting  reflex, and the tim e to  th e  onset of w ithdraw al from  the edge of 
a cliff were measured daily in  seconds. The m a tu ra tio n  of reflexes were expressed in reciprocal 
reaction  tim e. The daily observations of reflex perform ances were continued u n til the criterion 
was fulfilled, i.e. the reflexes had  to be perform ed w ith in  2 seconds.

Open-field locom otor behaviour was m easured on days 5, 7, 10, 20 post partum  and 
closed-field activity  was m easured a t day 42 by  using the time-sampling m ethod  of 10 seconds 
as described earlier[[12]. To assess sensory developm ent olfactory homing behaviour was analysed 
from  d ay  6 to 11 and th e  date  of eye opening and  hearing startle was recorded [2]. The body 
w eight of the animals was m easured weekly.

A dult learning behaviour

One-way active avoidance (pole jum ping, [6]) and  w ater rew arded discrim inative learn
ing te s ts  were applied. In  th e  discrim ination te s t anim als deprivated of w ater for 23 hours were 
tra ined  to  push a swing-door for w ater supplied b y  an autom atic d istributor. A fter the establish
m en t o f th e  positive conditioned response to a continuous sound of 70 dB, 1000 c/s for 5 seconds, 
a d ifferential stim ulus was introduced (in terrup ted  sound of 70 dB, 2000 c/s for 5 seconds), 
w hich w as no t reinforced by  w ater. E valuation  of th e  learned response was based on the ob
servation  of performing co rrec t responses. Correct responses were scored if  th e  ra t  pushed th e  
door for w ater in response to  the reinforced sound or failed to respond to  th e  nonreinforced 
signal.

R esu lts

N itra te  intake

The nitrate con ten t of drinking w ater did not influence the volume o f  
w ater consum ption sign ificantly  (Table I). The am ount o f d aily  nitrate intake 
is also shown in the ta b le  which was calcu lated  according to  th e  nitrate con
centration  of the drinking water.

Sensoro-motor development

The m aturation o f  reflexes and sensory function was affected in the  
nitrate exposed anim als (Fig. 1). B oth n itrate doses accelerated the appearance
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Table I

Average daily water intake o f nitrate exposed and control rats during pregnancy and lactation

K N 0 3 doses in  mM

1.12 2.24

Gestation
w ater volum e+ 157±21 160±11 165± 8
K N 0 3 am ount+ + 0.0 19.8 39.6

Lactation
W ater volume 250±16 273±18 289±15
K N 0 3 amount 0.0 32.4 69.4

+ In take =  mean ±  S.E.M. m l/kg-day-1,
+ + Calculated uptake of K N 0 3 =  m g/kg-day-1 .

o f the fu lly  organized m otor reflexes, i.e. righting and cliff-avoidance. The 
criterion o f reflex performance w as reached earlier in  th e  treated  rats. Con
cerning the developm ent o f sensory functions it was seen  th at m aturation  
o f the hearing startle reaction w as m oderatly accelerated in  nitrate exposed

x10'1sec-’ x10"’ seer1

9
Postnatal age in days

Fig. 1. M aturation of righting reflex (p a rt A) and cliff avoidance reaction  (part B). Mean 
reciprocal values of reflex tim e (sec) are shown. •  =  control group (n  =  49), ■  =  1.12 mM 
K N 0 3 exposed group (n =  52), ▼ =  2.24 mM K N 0 3 exposed group (n  =  31), * =  p <  0.05, 

** =  p <  0.01 vs control, S tudent’s te s t
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4001-

F ig. 2. Effect of n itra te  con tam ined  drinking w ater consum ption on th e  novelty  induced m otor 
a c tiv ity  in ra ts of different ages. M otor activ ity  is expressed in percen t o f control (n =  51) 
scores. Stippled columns rep resen t 1.12 mM K N 0 3 dose (n =  49), ha tched  columns represent 

2.24 mM K N 0 3 dose (n =  31). * =  p <  0.05, ** =  p <  0.02 t>s contro l S tudents’ t  tes t

groups as compared to  control (F )> 3.4, p <  0.03; data are not shown). 
N itra te  did not influence th e  tim e of eye opening. The m aturation  of olfactory  
h om in g  behaviour, i.e . th e  ab ility  of an isolated  pup to  return to its litter- 
m a tes, was also not in fluenced . No changes was found in  th e  body w eight.

F ig. 3 . Effect of n itra te  con tam inated  drinking w ater consum ption on th e  punished learning 
behav iou r in adult ra ts. E ach  po in t represents m ean ±  S.E.M. perf orm ance' О =  conrol 
(n  =  10), •  =  1.12 mM K N 0 3 (n  =  8), ▼ =  2.24 mM K N 0 3 (n =  6). * =  p <  0.05, ** =  p <  

<  0.02, *** =  p <  0.01 vs control, M ann-W hitney U -test
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N ovelty induced locomotor activity

These studies showed th at the locom otor activ ity  o f  nitrate treated rats  
w as increased in  th e  early postnatal period and later it  w as reversed gradually  
b y  day 20 (F ig. 2). In  accordance w ith  th e  observed h y p oactiv ity  on day 20, 
treated  anim als displayed lower locom otor activ ity  also in  adulthood in  a 
closed-field test (p <  0.05 Student’s t  test, data are not shown).

A d u lt learning behaviour

A deficit in  the acquisition o f the pole jum ping avoidance response was 
found in rats supplied w ith  nitrate (Fig. 3). The learning deficit became sign if
ican t by the 4th  day  of training. The tw o nitrate doses influenced the learn 
ing  performance in  a comparable manner. W ater-rewarded discrim inative 
learning was altered m arkedly as a result o f nitrate exposure (Fig. 4). Practical
ly  no sign o f conditioned supression o f nonreinforced responses could be ob
served  in the n itrate-exposed  animals while in the controls the number o f cor-

Fig. 4. Effect o f n itra te  contam inated  drinking w ater consum ption on th e  rewarded discrim i
n a tiv e  learning behaviour in  ad u lt ra ts . A =  performances to  reinforced conditioned signal, 
В =  performances to  non-reinforced, discrim inative signal. О =  contro l (n =  10), •  =  1.12 

mM K N 0 3 (n =  8), ▼ =  24 mM K N 0 3 (n =  6)
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rect responses to the discrim inative signal reached 90 percent on days 9 and  
10 (Graph В of Fig. 4). For statistical evaluation  the discrim inative perfor
m ance from days 6 to  10 was pooled and analysed using M ann-W hitney’s hi
te s t . Either the lower (U 10 8 =  0, p <  0.001) or higher n itrate dose (U 10.e =  
=  0 , p <  0 .001) caused significant learning deficit. There w as no change in  
th e  number of correct responses to  the reinforced conditioned signal during 
th e  acquisition, but after the introduction o f the discrim inative conditioned  
signal from days 5 to  8 some deficit could  be seen in the retention of rein
forced learned responses in  the nitrate groups (Graph A o f F ig. 4).

D iscussion

The main find ing  in  these experim ents was that the offspring of nitrate  
consum ing dams show ed remarkable hyp eractiv ity  and abnorm al m aturation  
in  som e behavioural te sts . Furthermore, our results also showed a h ighly  
sign ificant learning d efic it both in punished and in rewarded conditioning. 
T he learning deficit w as m ost pronounced in  the discrim inative task.

Other studies h a v e  shown th a t n itrate or nitrite m ay  cause various 
form s o f injuries such  as m ethem oglobinaem ia [5, 13], hypothyreoidism  
[10, 14], or behavioural deficit [3, 9, 15]. Since nitrite as th e  reduced form o f  
nitrate oxidizes not o n ly  ferro-haem oglobin but also other ferrous haemopro- 
te in s as myoglobin and cytochrome P-450 [13], it  might be assum ed that the  
fundam ental m echanism  o f action is a generalized cellular hypoxia .

W hile studying th e  effects of n itrate contam ined drinking water on the  
am ount of water in tak e it  became clear th a t  there was no a significant trea t
m en t effect. Based on the m easurem ent o f  water consum ption the daily  
am ount of nitrate in tak e could be calcu lated  which show ed th a t it was 6 or 
more tim es higher th a n  the tolerance va lu e  (5 mg/kg b .w ./day) declared for 
th e  hum an by W HO cited  [1]. H ow ever, the dose used in  this experim ent 
are comparable to  a m oderate nitrate contam ination often found in drinking 
w ater of numerous H ungarian settlem ents leading to m ethem oglobinaem ia in  
children [5].

Two doses o f n itrate were used in  these experim ents and both led to  
a m arked h yperactiv ity  measured in  openfield  in early postnata l age. The 
m aturation of tw o m otor reflexes was follow ed throughout the early post
nata l period. B oth  righting and cliff avoidance reflexes show ed an apparent 
accelerated m aturation, but this could be the consequence o f  hyperactivity. 
T he hyperactivity w as m ost pronounced in  the very early postnatal age, 
th en  gradually decreased and reversed already by day 20. These results sug
gest th at nitrate n eurotoxicity  m ay interfere with the norm al developm ent 
o f  those stim ulatory and inhibitory processes which regulate motor activ ity .
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In  adulthood tw o behavioural test were used to  assess the learning  
ab ility  o f animals subjected to  lifelong nitrate exposure. B oth  training para
digm s o f the avoidance and approach types, have revealed deficient learning  
capacity . The acquisition o f th e  pole jum ping avoidance response was im paired  
and the learned suppression o f an approach response was alm ost absent in  the  
course o f discrim inative conditioning. E specially this later observation m ight 
suggest a relatively w ell circumscribed dam age in the neocortex. Since nitrate  
treatm ent was continued even  during the learning tests a number of factors 
m ay be considered to  explain the learning deficit. Such factors could be d efi
cient brain developm ent due to  hypoxia or a direct dam age to  certain brain  
areas, eventually  the ensuing hypothyreoidism  due to  chronic nitrate con
sum ption [10]. Further studies are necessary to  clarify the contribution o f  
these unwanted consequences of chronic n itrate consum ption.

R E FE R E N C E S

1. Achtzehn, M. K ., H aw at, H ., Paulenz, H .: Daily in take von N itra t und  N itrit beim Men
schen. In : Sehr. Reihe G esundh. Umw. Bad E lster 3, 22 — 32 (1987).

2. Alder, S.: Behavioral teratology. In : Application of Behavioral Pharm acology in Toxicology.
Ed. by G. Zbinden e t al. R aven  Press, New York, pp. 57—66 (1983).

3. Anderson, J . E. and R obichaud, R . C.: R etrograde amnesia induced by  hypoxia and electro
convulsive shock in two r a t  strains. Physiol. B ehav., 14, 81 — 84 (1975).

4. Comly, H. H .: Cyanosis in  in fan ts caused by n itra tes in well w ater. J .  A. M. A. 129,112 —116
(1945).

5. Deák, S.: N itrat- und  N itritgehalt des Trinkwassers in  U ngarn u n d  M ethemoglobinämie.
Sehr. Reihe Gesundh. Umw. 3, Sonderh. 1 pp. 88 —101. (1987).

6. De Wied, D .: Inh ib ito ry  effect of ACTH and re la ted  peptides on extinction  of conditioned
avoidance behaviour in  ra ts . Proc. Soc. Exp. Biol. Med. 122, 28 — 32 (1966).

7. Fujim ura, S., Kogure, /., Sugim ura, T. and T akayam a, S.: The effect of lim ited adm inistra
tion of N -m ethyl-N -nitro-nitrosoguanidine on the induction of stom ach cancer in  ra ts . 
Cancer Res. 30, 8 4 2 -8 4 8  (1970).

8. H artm ann , P. E .: N itrates and n itrites: ingestion, pharm acodynam ics and toxicology. In :
De Serres, F. J . and H ollander (Eds.). Chemical Mutagens. Yol. 7. pp. 211 — 294 (1982).

9. Isaccson, R. L. and Fahey, J .  M.: Some anatom ical and behavioral consequences of acute
sodium n itra te  adm inistration . Neuroscience Res. Comm. 1, 39—45 (1987).

10. Jahreis, G., Hesse, V., Schöne, F ., Lüdke, H .: E influss einer chronischen N itratbelastung
auf die Schilddrüsenfunction, die Som atom edin-C-K oncentration und  das W achstum  im 
Tierversuch. Sch. Reihe Gesundh. Umw. 3, Sonderh. 1 60—75 (1987).

11. Nelson, J . D.: Textbook of Pediatrics. W. В. Saunders Company, 12th Edition, p . 1226
(1983).

12. N yakas, C.: Behavioral effects of infantile adm inistration  of glucocorticoid hormones. In :
Application of Behavioral Pharm acology in  Toxicology. E d. G. Zbinden et al. R aven  
Press, New York, pp. 2 6 5 -2 7 6  (1983).

13. Rein, H ., E bert, B ., Jung . F .: Zur Biochemie des N itrits. Sehr. Reihe Gesundh. Umw. 3,
Sonderh. 1 8 0 -8 7  (1987).

14. Seffner, W., H öring, H .: N itra t und  Schilddrüse-Ergebnisse experim enteller U ntersuchun
gen. Sehr. Reihe Gesundh. Umw. 3, Sonderh. 1 33 — 37 (1987).

15. Viveiros, D. M., T ondat, 1. M.: Effects of sodium n itrite  on D R L  performance in th e  ra t.
Pharm acol. Biochem. B ehav. 8, 125 — 127 (1978).

16. W att, P. C.: R elation betw een gastric histology and gastric juice pH  and nitrite  and N-ni-
troso compound concentrations in the stom ach after surgery for duodenal ulcer. J .  Clin. 
Pathol. 37, 511—515 (1984).

17. W. H. 0 . R eport on a W orking Group: H ealth H azards from D rinking W ater (1978).
18. Ormai, S., Ju rány i, R ., Sasvari, M., A rató, G.: E ffect of n itra te  contam inated drinking

w ater on the exocrine pancreatic secretion in ra t. Sehr. Reihe Gesundh. Umw. 3, 
Sonderh. 1 1 1 0 -1 1 5  (1987).

Acta Physiologica Hungarica 74, 1989





Acta Physiologica Hungarica, Volume 74 ( l ) , p p .  77— 93 (1989)
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Conditioned tas te  aversion (СТА) is a v ital adaptive reaction  governed by highly 
reliable b u t poorly understood central mechanisms. In  an  a tte m p t to elucidate th e  site of 
action of various СТА eliciting drugs, equipotent dosages were applied by th e  system ic 
(i.p.) and in tracerebral (i.c.) route. R ats were offered w ater on days 1 and 2. On day  3 
they  received 0 .1%  sodium saccharin (CS) followed by  pen tobarb ita l anaesthesia and
i.p. or i.c. in jection  of the drug (US). A fter w ater on day  4, th e  ra ts  were allowed to 
choose betw een w ater and  saccharin on day  5. The pu ta tive  cen tra l action of am phetam ine 
was no t confirm ed by  this experim ental arrangem ent, since СТА was evoked by  only 
m oderately (abou t 10 times) lower i.c. th a n  i.p. dosages. Sim ilar ratio  of the i.c. to  i.p. 
effective dosages was obtained w ith carbachol. On the o ther hand , СТА of clearly central 
origin was caused by  harm aline and by o ther monoamine oxidase inhibitors, pargyline 
and clorgyline, w hich elicited comparable aversion using 500, 400 and 250 tim es lower i.c. 
th an  i.p. dosages, respectively. The in tracerebral grad ien t o f th e  effect pointed  to  the 
lower medulla (inferior olive, raphe nuclei) as the critical b ra in  region and to  serotonin 
as the tran sm itte r  participating  in th e  aversive labeling of the gustatory  stim ulus. 
The CTA-forming m echanism  can also be studied by analysing the action of drugs, e.g. 
convulsants, w hich do no t produce СТА even when applied  a t  highly toxic dosages 
(LD 50) eliciting long lasting convulsions (picrotoxin, 5 m g/kg; bicuculline, 5 mg/kg). 
It is concluded th a t  comparison of b rain  events elicited b y  drugs which can or cannot 
serve as unconditioned stim uli in the СТА paradigm  m ay substan tia lly  contribute to  the 
exploration of th e  underlying neural mechanisms.

Keywords: conditioned taste  aversion, adaptive reactions, am phetam ine, carba
chol, monoamine oxidase inhibitors, convulsants

Conditioned ta ste  aversion (СТА) has becom e, during the past 10 years, 
one o f th e  m ost thoroughly  studied areas of m em ory research, the results o f  
w hich are exten sively  covered in monographs [5, 58], review  articles [3 ,1 5  — 17, 
33, 35, 77, 78], and bibliographies [72]. Whereas concentrated effort has 
established the fundam ental properties o f СТА at th e  behavioural level, 
analysis o f the relevant brain m echanism s has progressed more slow ly. The 
neurophysiological investigation  o f СТА is ham pered b y  the m ultistage  
organization of the acquisition process and by the poorly  defined uncondi
tion ed  stim ulus. A t least 5 different phases can be distinguished in  СТА 
acquisition: perception o f the taste stim ulus, form ation o f the short term
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gu sta tory  trace, perception o f the aversive stim ulus, association o f  the aversive 
stim u lu s w ith the gu statory trace, form ation and consolidation o f the long  
term  СТА engram. Functional ablation procedures, allowing transient inter
ference w ith selected phases o f  СТА acquisition, showed th at form ation o f the  
g u sta tory  trace is an extrem ely  fragile process requiring th e  participation of  
th e  cerebral cortex and in tact m otivational and attentional m echanism s. 
On th e  other hand, persistence o f the gustatory trace, its association  w ith the  
sym p tom s of poisoning, and form ation o f the long term  СТА engram are 
processes highly resistant to  interference w hich proceed even  during func
tio n a l decortication, anaesthesia or com atose states. The above phases of 
СТА acquisition cannot be differentiated b y  brain lesions w hich  block СТА 
learning by disrupting the w eakest link o f the chain. The failure of lesioned  
anim als to  acquire СТА m ay indicate th at the lesion has disrupted the gusta
to ry  trace formation rather than  its association with the aversive stim ulus. 
I t  is obvious that the la tter  phase cannot be isolated by th e  lesion  technique.

There are several possibilities o f circum venting the above difficulties. 
In  th e  ideal case, the experim ental interference should be lim ited  to only one 
com ponent of the process. The long delay betw een the CS and US makes it  
possib le  to  use spreading depression, electrical brain stim ulation , system ic or 
intracerebral injection o f drugs, hypotherm ia, hypoxia and other interventions 
for th is  purpose, but the results o f these studies have not so far led to  a 
reliab le establishm ent o f  the neural substrate of different СТА com ponents. 
A n oth er possibility is to  analyze СТА acquisition by exam ining the signals 
generated by the respective CS and US inputs. Since poisoning is a p ivota l 
elem en t of the СТА m echanism , analysis o f the circuits activated  b y  the  
various CTA-eliciting stim uli can hopefully specify the structures responsible 
for th e  aversive labelling o f the gustatory trace. The aim o f th e  present paper 
is to  review several recent attem pts to determ ine the basic properties of the  
U S and to find a com m on system  ultim ately  activated b y  th e  wide range o f  
СТА eliciting stim uli.

The nature o f the US

X -radiation used in th e  first СТА studies [32] elicits an internal m alaise comparable to 
th a t  induced by emetic drugs. G astro in testinal distress is certainly a com m on, bu t not indis
pensab le , cause of СТА. M any drugs elicit СТА w ithout inducing any obvious signs of sickness. 
On th e  o ther hand, there are instances of alm ost le thal poisoning which do n o t elicitCTA [44, 63]. 
C om parison of various stim uli which elicit or fail to  elicit СТА can help to  characterize the 
effective US and to determ ine the pathw ays m ediating its effect.

А СТА eliciting drug m ay affect the gastro in testinal system and its  nociceptive receptor 
w hich are connected to the CNS through  vagal and splanchnic afferents. O ther drugs m ay ac t 
up o n  th e  area postrem a, a chem oreceptive zone a t the ground of the fou rth  ventricle, sensitive 
to  blood-borne toxins. F inally , th e  drug m ay directly  affect the brain  centers mediating th e  
U S. The different routes can be distinguished by appropriate experim ental procedures. The role 
o f a rea  postrema was dem onstrated  by Berger e t al. [9] who reported  th a t  a lesion of th is 
s tru c tu re  abolished СТА produced by  methylscopolam ine, a d rugnot penetra ting  the blood-brain 
b a rr ie r , b u t did not p reven t СТА elicited by am phetam ine which read ily  passes into th e
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brain . Area postrem a lesions also a tten u a te  СТА induced by LiCl [55, 73], intravenous copper 
sulfate [24] and gamm a radiation  [67]. The significance of vagal afferents was dem onstrated  
in  experim ents [25], showing th a t  subdiaphragm atic vagotom y prevented  СТА elicited by 
in tragastric  adm inistration of C uS04 b u t did no t reduce СТА induced by in traperitoneal or 
in travenous injection of this poison. У agai deafferentation did n o t dim inish the CTA-inducing 
potency of in traperitoneal LiCl [54] or of in tragastrically  or in traperitoneally  adm inistered alco
hol [46].

The central effect of a drug can be confirm ed by in tracerebral adm inistration of the 
substance which should elicit СТА a t  dosages a t  least 100 times low er than  the system ic ap 
plication. I t  can also be expected th a t  the effect of intracerebral in jection  will be inversely re la ted  
to th e  distance betw een the injection site and the critical brain locus.

A lthough central action has been surmised for a num ber of СТА eliciting agents, the 
assum ption has been only rarely  tested  by  in tracerebral adm inistra tion  of drugs. A m it e t al. 
[2] reported  th a t zl9-tetrahydrocannabinol elicits comparable СТА w ith either a 5 m g/kg 
in traperitoneal injection or a 30 fig in trahippocam pal injection. The drug was about 30 tim es 
more effective w ith  intrahippocam pal th a n  w ith  systemic application. No СТА was induced by  
in tracerebral injection of m orphine (30 fig), a lthough i.p. injection of 9 mg/kg morphine elicited 
m arked СТА. Since only one in tracerebral and  one in traperitoneal dosage was used, th e  above 
study  does no t allow a reliable comparison of th e  efficacy of centrally  and peripherally applied 
drugs. We have employed a similar approach for ascertaining th e  cen tral effects of o ther CTA- 
-eliciting drugs.

A m phetam ine

The belief that am phetam ine-induced СТА is centrally m ediated is 
largely based on the observation th a t am phetam ine fails to elicit СТА in  
rats whose brain contents of norepinephrine and dopam ine have been reduced  
to 16 and 10% , respectively, b y  intraventricular in jection  of 6-hydroxy- 
dopam ine [74]. The finding th at a 6-hydroxydopam ine lesion of the dorsal 
tegm ental noradrenalinergic p athw ay [75] did not prevent am phetam ine- 
induced СТА supported the v iew  th a t the aversive effect is m ediated b y  
dopam ine rather than by noradrenaline [21]. Consonant w ith  this hypothesis  
is the attenuation  of am phetam ine-induced СТА b y  th e  dopam ine antagonist 
pim ozide [39]. A  central am phetam ine effect is also inferred from the failure 
of the peripherally acting hydroxyam phetam ine to elicit СТА [12]. In  a direct 
test o f the central m ediation o f the am phetam ine effect [38], rats received  
either an intracerebral am phetam ine injection  through a cannula chronically  
im planted in the third ventricle or an intraperitoneal dose 15 min after saccha
rin drinking. A choice betw een saccharin and w ater on the n ext day  
revealed СТА o f similar in ten sity  in  cannulated anim als who had received  
5 m g/kg o f d,1-am phetam ine intraperitoneally or 250 pg intracerebroventric- 
ularly. A vailable pharm acokinetic data [70] indicate th at intraperitoneal 
injection  of am phetam ine increases brain level of th a t drug to a m axim um  
of 10 pg/g  10 min after the injection  and to  6.5 and 2.5 pg/g  after 1 and 2 h, 
respectively. I f  we assum e th at th e  intracerebrally adm inistered drug is 
uniform ly distributed in the approxim ately 1 g w eight o f  rat brain, than  the  
drug level attained w ith  the ineffective intracerebral injection of 160 pg  
am phetam ine exceeds by at least an order o f m agnitude the concentration  
attained after intraperitoneal in jection  o f 5 mg/kg am phetam ine. In fact,
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F ig. 1. Mean saccharin preference on the firs t re ten tio n  day for each group receiving peripheral 
o r cen tra l am phetam ine on th e  first conditioning day , as a log function of estim ated (IP ) or 
app lied  (ICY) brain am phetam ine levels. The dose-response function is m arked ly  shifted to  the 
r ig h t in  animals receiving ICY am phetam ine The open circle denotes th e  effect of 5 mg/kg 

amphetam ine in  th e  cannulated anim als. F rom  Greenshaw and Buresová [38]

w ith  the 200 g rats used in this study, 250 fig per rat corresponds to  1.25 
m g/k g , i.e. to the range o f effective system ic  dosages (F ig . 1). СТА elicited  
b y  intracerebral application  o f am phetam ine m ay possib ly  be due to  the  
penetration  o f the drug across the blood-brain barrier in to  the circulation. 
T h e peripheral effect can be stronger in th is case than it is w ith  intraperitoneal 
application, since by-passing the liver m ay slow down am phetam ine d etox i
cation .

The above resu lts indicate th at, contrary to  the prevailing view , centrally  
applied  am phetam ine is a relatively  ineffective US in  th e  СТА paradigm. 
H ow ever, a contribution  o f a central effect to  the СТА inducing properties 
o f  am phetam ine can n ot be ruled out. I t  is possible th at th e  central effects 
o f  am phetam ine are a necessary but not sufficient condition for the efficacy  
o f  th is drug in СТА learning and th at a com bination of central and peripheral 
effects is required w ith  either route o f drug adm inistration.

Carbachol

Carbachol is another drug which has been claimed to  elicit СТА in rats 
i f  adm inistered intracerebrally. According to  Myers and de Castro [62] appli
ca tion  of carbachol in to  the medial septum  elicited СТА b y  activation  o f the
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central cholinergic system . Carbachol injection  into the ventral hippocam pus 
was ineffective, while intraventricular carbachol caused СТА m ediated b y  
a peripheral cholinergic effect, which could be blocked b y  m ethyl atropine. 
U nfortunately, the authors did not specify the am ount of intracerebrally  
applied carbachol (2 or 3 “tam ps” ) and did not determ ine the carbachol 
dosage eliciting СТА w ith  system ic application. The relative efficacy of in tra 
cerebrally and system ically  applied carbachol was exam ined, therefore, in  
a series o f experim ents performed in  160 male hooded rats. The animals w ere 
first adapted to  drink their daily ration  of water during a 15-min stay in  th e  
drinking box (days 1 and 2) and w ere exposed on day 3 to the novel ta s te  
(0.1%  sodium  saccharin) followed by intraperitoneal or intracerebral in jection  
of carbachol. After receiving water on day 4, the rats were allowed to  choose  
between saccharin or water on day 5. The drug was dissolved in physiological 
saline and applied in  volum es which did not exceed 2 [Л. The procedure to o k  
advantage o f the fact th at the gu statory trace — poisoning association pro
ceeds under anaesthesia [16]. The anim al was anaesthetized w ith pentobarbital 
(40 mg/kg) im m ediately  after saccharin drinking, the skull was exposed and  
a small trephine opening was made above the intracerebral injection site . 
The rat was th en  fix ed  in the stereotaxic instrum ent, and the injection cannula  
(0.4 mm external diam eter) was inserted into the brain (nucleus of the so litary  
tract, lateral hypothalam us, dorsal hippocam pus, m esencephalic reticular  
form ation). Intraperitoneal carbachol injections were applied to unanaesthe-

g/rat

Fig. 2. CTA-inducing properties of in tracerebrally  (lower curve) and  intraperitoneally (upper 
curve) applied carbachol. O rdinate: saccharin-w ater preference in  the  m ultiple bottle re ten tion  

tes t on day  5. Abscissa: carbachol dosage per ra t (average body weight 200 g)
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tized  animals, but th e  effect of anaesthesia  was determ ined for the critical 
dosages.

The results are illustrated on F ig . 2 which shows th a t injection o f 5 fig 
carbachol into the region o f the solitary tra c t elicits а СТА o f similar in tensity  
as an intraperitoneal injection of 30 /xg carbachol (i.e. 0.15 mg/kg to rats 
w eighing 200 g on th e  average). Since th e  intracerebral threshold dosage is 
on ly  slightly lower th an  the system ic one, th e  assum ption seem s to be justified  
th a t, w ith both routes o f application, th e  critical site o f the carbachol effect 
is peripheral. C onsonant w ith this conclusion  is the find ing th at the in tra
cerebral carbachol effect was not su b stan tia lly  changed w ith  different in jec
tio n  sites (lateral hypothalam us, hippocam pus, midbrain reticular form ation) 
or b y  dividing th e  dosage into equal parts injected into sym m etrical brain 
areas. As in the case o f  am phetam ine, failure of carbachol to  elicit СТА w ith  
low  central dosage does not exclude the possib ility  of a com bination of central 
and peripheral effects in the CTA-inducing action of the drug. The in ter
pretation  of the intracerebral injection  o f carbachol is further com plicated  
b y  the possibility th a t the drug does n o t elicit СТА directly but that it  pro
duces visceral reactions constituting an internal aversive sta te  perceived as 
th e  US. Intracerebral carbachol disrupts hom eostasis of b od y fluids [42, 79], 
elicits pulm onary oedem a [71] and produces a state of internal malaise [64].

H arm aline

The conventional СТА eliciting stim u li act through visceral afferents or 
through the chem oreceptors of the area postrem a, on the em etic center in  the  
lateral reticular form ation. The em etic center probably p lays an im portant 
role in the neural circuits o f СТА. СТА can  also be elicited b y  activation  o f the  
em etic  center through channels by-passing  the above inputs, e.g ., in the case 
o f  m otion sickness induced by vestibular stim ulation [14, 37, 40, 47]. Buresová  
et al. [19] succeeded in  eliciting СТА b y  electrical stim ulation o f the vestibular  
nuclei or by their unilateral functional ab lation  with a local injection of KC1. 
Area postrema lesions m ay even fac ilita te  acquisition o f  СТА induced b y  
system ic injection o f  apomorphine [13] or by rotation [67]. On the other  
hand, the em etic center is not indispensable for СТА acquisition. The claim  
th a t antiem etics atten u ate a previously  acquired LiCl-induced СТА [23] 
w as not confirm ed b y  Rabin and H unt [69] who failed to prevent acquisition  
o f  radiation, or LiCl-induced СТА b y  antiem etics. Similar observation was 
reported earlier b y  L ev y  et al. [50].

In spite o f th ese  negative results, th e  assum ption seem s to  be justified  
th a t the СТА elic iting  properties o f cen tra lly  administered drugs can be m ost 
productively in vestigated  with substances exerting a specific influence on the  
low er brainstem circuits, presumably activated  by the U S. We exam ined
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J  Of

s+w Harmaline

Fig. 3. CTA-inducing properties of in tracerebrally  (inferior olive) (left) and intraperitoneally  
(right) applied harm aline hydrochloride. O ther legends as in  Fig. 2

one o f such drugs, harmaline, an indolam inergic com pound and m onoam ine- 
oxidase inhibitor [80], which induces a generalized trem or in laboratory  
anim als by activation  of the olivo-cerebellar system  [29, 49]. The harmaline 
trem or is due to  suppression o f a ton ic inhibitory influence exerted on the  
inferior olive b y  serotoninergic fibres originating in the raphe nuclei [41, 80]. 
Since harmaline affects also the lateral reticular nucleus [6, 7], i.e. the centres 
presum ably affected b y  other CTA-eliciting stim uli, exam ination of harmaline 
in  the СТА paradigm seemed to  be warranted [18].

The procedure described in the carbachol experim ents was followed. 
Intraperitoneally injected harm aline elicited significant СТА at 5 m g/kg, 
and th is effect was not dim inished w hen the drug was applied to  rats anaesthet
ized w ith  pentobarbital. Intracerebral injection of harmaline into the inferior 
oliva o f  anaesthetized rats elicited  СТА at the dosage of 3.1 pg. The results 
sum m arized in Fig. 3 indicate th a t the intracerebral in jection  was about 
500 tim es more effective than the intraperitoneal one. This ratio is consonant 
w ith  a central action o f the drug, the intraperitoneal application of w hich  
does not elicit any overt signs o f  gastrointestinal distress. A ssum ing that the  
intracerebrally injected harmaline diffuses into a volum e o f about 100 pi 
o f surrounding brain tissue, the effective concentration approaches the 35 
pmol/1 level attained at the start o f  harmaline tremor [76].

The central effect of harmaline was confirmed in another series of experi
m ents comparing СТА after harm aline injection (6 pg or 50 pg) into the  
inferior olive, bulbar reticular form ation, mesencephalic reticular form ation, 
m edial hypothalam us, cerebral cortex  or cerebellum (Fig. 4). СТА was m ost 
pronounced with harmaline injection  into the inferior olive. It  was alm ost 
absent w ith  neocortical, hypothalam ic and mesencephalic injections. Inter
m ediate results were obtained at th e  rem aining sites. The spatia l gradient o f  
the intracerebrally applied harm aline points towards m edulla as the site o f
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7.

Fig. 4. Conditioned tas te  aversion elicited by in tracerebral injections of 6.2 fig (above) and 50 fig 
(below) harmaline into cerebral cortex (Co), hypothalam us (H y), mesencephalic reticular for
m ation  (MRF), cerebellum  (Ce), bulbar re ticu lar form ation (B R F) and inferior olive (10). 
O rdinate: percentage of saccharin from the to ta l fluid intake during the retention test. From

Buresová and  Bures [18]

th e  drug action b u t docs not im ply th a t activation o f the olivocerebellar 
circuit is the critical even t. Knowles and Phillips [48] showed that the har
m aline rhythm in th e  EE G  and neuronal activ ity  proceeds during pento
barbital anaesthesia w hich  com pletely blocks the trem or. More relevant than  
th e  tremor is probably  the harmaline activation  o f the reticular form ation  
and the effect o f th e  drug on the serotonergic neurones contained in the  
raphe nuclei.

M onoam ine oxidase inhibitors

Since harm aline acts as a reversible inhibitor o f the monoamine oxidase  
A , responsible for th e  m etabolic degradation of serotonin [47], it was necessary  
to  exam ine the p ossib ility  that the harm aline elicited СТА is due to th is prop
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erty o f the drug. The next series o f  experim ents tested  the СТА eliciting  
potency o f tw o m onoam ine oxidase inhibitors, pargyline and clorgyline, both  
w ith system ic and intracerebral adm inistration.

Pargyline is an irreversible m onoam ineoxidase inhibitor affecting both  
A and В types o f the enzym e [30]. W hen tested  in th e  standard СТА paradigm , 
significant aversion was elicited b y  intraperitoneal injection o f 20 mg/kg  
pargyline. A sim ilar effect was obtained w ith  pargyline applied to  rats which  
had been anaesthetized  im m ediately after saccharin drinking on day 3. 
Pargyline in jection  into the nucleus raphe magnus at the level o f th e  inferior 
olive elicited СТА at the dosage o f 2.5 pg adm inistered in 1 /Д saline. The 
results are sum m arized in Fig. 5 showing that pargyline is about 400 tim es 
more effective w ith  intracerebral than  w ith system ic adm inistration.

The selective inhibitor o f the A  form of m onoam ine oxidase, clorgyline 
[20, 61], elicited СТА at still lower concentrations. The results illustrated  by  
Fig. 6 indicate a similar ratio of intracerebrally (2.5 pg/rat) and intraperi-

sfw"/» Pargyline

Fig. 5. CTA-inducing properties of intracerebrally  (m edullary raphe nuclei) or in traperitoneally  
applied pargyline hydrochloride. O ther legends as in Figs 2 and 3

S
s tw  ’

60

A0

20

Clorgyline

10'
,-5 10-u 10 3 g /rat

Fig. 6. CTA-inducing properties of in tracerebrally  (m edullary raphe nuclei) or in traperitoneally  
applied clorgyline hydrochloride. O ther legends as in  Figs 2 and 3
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to n ea lly  (2.5 mg/kg) applied  effective drug dosages as in the case o f  pargyline 
and harmaline. The clearly  central effect offers an excellent opportunity for 
determ ining the site o f  th e  drug action by in jections into various brain regions. 
E xperim ents attem pting  to  establish the spatia l gradients of pargyline and 
clorgyline effects are n ow  in progress. It should be pointed ou t that both  
m onoam ine oxidase inh ib itors elicited СТА at system ic dosages considerably  
low er than those used in  other behavioural studies. For exam ple, Luine and 
P ad en  [53] reported th a t  depression of progesterone-facilitated lordosis in 
ovariectom ized fem ale rats required 30 to 50 m g/kg pargyline, w hile 40 mg/kg 
clorgyline was ineffective.

Serotonin

Inhibition o f the m onoam ine oxidase b y  pargyline or clorgyline consid
erab ly  increases brain serotonin  [53]. Since the m onoam ine oxidase inhibitors 
in terfere with m etabolic degradation of other catecholam ines as well, the role 
o f  serotoninergic circuits in  the СТА m echanism  rem ains unclear. The available 
experim ental evidence is rather controversial. Lorden and Margules [51] 
reported  that electro lytic  or 5,7-dihydroxytraptam ine lesions o f  the dorsal 
and median raphe nuclei (providing serotoninergic innervation o f m ost fore
brain  structures) fac ilita ted  СТА acquisition. Conversely, system ic adm inistra
tio n  o f  the serotonin precursor 5-hydroxytryptophan attenuated subsequent 
acquisition  of the LiC l-induced СТА to saccharin [52]. The latter finding  
contrasts with the report b y  Zabik and Roache [85] that 5-hydroxytryptophan  
(100 mg/kg) induces m oderate СТА to saccharin when adm inistered im m e
d ia te ly  after the drinking session and that th is effect is strongly potentiated  
w hen  ethanol (12%) is used  as the novel ta ste . Im ipramine, a tricyclic anti
depressant which increases serotonin availab ility  b y  blocking its  reuptake 
in to  presynaptic term inals [22], was reported to  elicit mild СТА [8]. We 
w ere not able to confirm  th is when using 5 m g/kg imipramine in  the standard  
СТА paradigm.

Further experim ents are needed to resolve the above controversies. I t  is 
conceivable that a lesion  o f the midbrain raphe nuclei can activate  the raphe 
n u clei in the lower m edulla , which m ay play a more im portant role in СТА 
acquisition . Similarly, СТА attenuation in anim als pretreated w ith  5-hydroxy- 
tryptophan may be an exam ple of the US preexposure effect [31]. Indirectly  
rela ted  to СТА research is the evidence th at increased serotonergic activ ity  
suppresses the mouse k illing behaviour o f rats. Ónodéra et al. [66] reported  
dose related inhibition o f  muricide by intraventricular injection o f 10 to 50 pg 
serotonin  and p oten tia tion  o f this effect b y  tricyclic antidepressants and 
m onoam ine oxidase inh ib itors. These results also await reinterpretation in 
th e  СТА context. In  an a ttem p t to directly te st  the role of serotonin in СТА
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acquisition, 10, 20 or 40 pg serotonin creatinine su lfate were injected  in to  
the m edullary raphe nuclei of rats who had been anaesthetized im m ediately  
after drinking saccharin on day 3 in th e  standard СТА procedure. The 40 ц g 
dose elicited strong СТА while the other dosages were ineffective. The re la tively  
high dosage required to  induce СТА is not surprising since in the absence of 
pharm acologically reduced catabolism  and intracellular transport the sero
ton in  effect is rather short lasting. Further experim ents are needed to  verify  
the sp ecific ity  o f the effect by blockade w ith serotonin antagonists, du p li
cation  w ith  serotonin agonists and facilitation  with subthreshold dosages o f  
m onoam ine oxidase inhibitors and tricyclic antidepressants.

Convulsants

The diversity o f drugs em ployed as US in the СТА paradigm m akes it 
difficult to  find a com m on physiological system  m ediating their effects. Since  
both the agonist and the antagonist m ay be effective in  eliciting СТА (e.g. 
eserine and m ethylscopolam ine, apom orphine and chlorpromazine), СТА can  
not be due to  sim ple activation  or inh ib ition  o f  the cholinergic or dopam inergic 
system s. Similar findings have led to  th e  conclusion th a t any change o f  the  
internal state can serve as a US [31]. This is obviously not the case, how ever, 
since m any lethal poisons do not elicit СТА, even when adm inistered at dosages 
causing death o f a percentage o f the anim als [44, 63]. These negative find ings  
are not less im portant than the positive ones: they contribute to the k n ow l
edge o f the СТА m echanism  b y  specifying the m etabolic and functional 
changes which fail to induce aversive labelling of the gustatory trace. U nfor
tu n ately , negative findings are rarely published so th a t the list o f in effective  
drugs is much less im pressive than the list o f CTA-inducing agents.

Fig. 7. CTA-inducing properties of pentylenetetrazol (PTZ), p icrotoxin (PTX), bicuculline 
(BÍC) and 3-m ercaptopropionic acid (3-MPA) applied to in tact ra ts  (left columns) or to  ra ts  
anaesthetized im m ediately a fter saccharin drinking w ith pentobarbital (N, 40 mg/kg). O rd inate: 
saccharin-w ater preference in the multiple bo ttle  re ten tion  test on day  5. The num bers below 

the columns indicate th e  drug dosages in mg/kg
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Drugs deserving particular a tten tion  in  this respect are convulsants: 
th e y  elicit strong activation  of the central nervous system  which is often  
accom panied by strik ing visceral sym ptom s, but the seizure m ay at the same 
tim e disrupt the la ter phases of the СТА acquisition process. The lim ited  
experim ental evidence is rather am biguous. N achm an and H artley  [63] found  
strychnine sulfate to  be a relatively in effective US and Ahlers and B est [1] 
and Millner and P alfa i [59] reported sim ilar negative results w ith m etrazol. 
According to Golus and McGee [34] and Shaw  and W ebster [81], m etrazol 
induces mild СТА w hen  a tw o-bottle techn ique is used for aversion testing . 
In  view  of this scarce and controversial ev idence, several w ell known convul
san ts were tested  in  th e  standard СТА procedure. In order to  separate the  
effect of the convulsions and convulsion-related peripheral changes from th e  
prim ary central effect o f  the drug, the sam e dosages were tested  in unanaesthet
ized  and anaesthetized (40 mg/kg pentobarbital) rats.

The results are illustrated  in F ig. 7 w hich shows saccharin preference 
in  a multiple choice te s t  on day 5. M etrazol (40 mg/kg) elicited  a weak but 
sta tistica lly  sign ificant СТА in unanaesthetized  rats and the effect was consid
erab ly  increased w hen injecting m etrazol in to  anaesthetized animals. P icro
to x in  and hicuculline elicited  СТА neither in  unanaesthetized nor in anaesthet
ized  rats. 3-m ercaptopropionic acid produced stronger СТА in unanaesthetized  
th a n  in  anaesthetized anim als.

Since all drugs produced convulsions in  about 50%  of the anim als, 
seizures cannot acount for the observed p ositive  effects. In  fact, most severe  
convulsions were seen after hicuculline w hich  induced no signs of СТА, al
th ou gh  the spasm s and jerking m ovem ents were probably noxious enough to  
activa te  aversive m otivation .

The possib ility  m ust be considered th a t the СТА failure is due to  
seizure induced disruption o f the association and/or consolidation processes. 
This view  is supported b y  the amnesic effects o f metrazol adm inistered in the  
in terval between CS (saccharin) and US (LiCl) or shortly after US [1, 59, 81]. 
The difference betw een  the strength o f СТА induced by m etrazol injection  
to  unanaesthetized and anaesthetized rats m ay result from  th e reduction o f  
th e  disruptive effect produced by pentobarbital blockade o f the epileptic  
discharge. This m echanism  is not universal, however, since pentobarbital 
influenced СТА elic ited  b y  3-m ercaptopropionic acid acts in  an opposite w ay. 
I t  seems, therefore, th a t explanation o f  the differential effects o f  th e  
te sted  drugs m ust be sought in more su b tle  differences in their m echanism s 
o f action.

Picrotoxin and hicuculline act as specific GABA antagonists [27], 
picrotoxin at the lev e l o f  GABA activated  membrane Cl-  conductance [65] 
and bicuculline b y  inhibiting GABA binding to  the receptor site [84], but 
b oth  drugs have th e  capacity to block th e  G ABA-m ediated inhibition in
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a num ber o f invertebrate and vertebrate neurons. In  th is context it  is under
standable th at СТА is not elicited b y  strychnine [63], which blocks the glycine  
and beta-alanine m ediated inhibition  [4]. Pentylenetetrazol acts as a weak  
G ABA antagonist [65], but also produces changes in  non-synaptic m em brane 
conductance, which m ay contribute to  the convulsant effect [83]. I t  is prob
able th a t this G A BA -independent action  accounts for the m etrazol induced  
СТА. The 3-m ercaptopropionic acid impairs G ABA-m ediated inhib ition  by  
blocking the synthesis of GABA [57], but it  also enhances the release of 
the excitatory  aspartic acid [28].

E vidence for the possible in volvem en t of G ABA in  the central regulation  
of food intake is lim ited . Intracerebroventricular injection  of the G A BA  ana
logue m uscim ol induces feeding in  satiated  rats [60], and a similar effect was 
observed after m uscim ol injections in to  the ventrom edial hypothalam us [45] 
and the dorsal raphe nucleus [68]. On the other hand, intraperitoneally  
applied m uscim ol has an anorexic effect [26] which is still more pronounced  
w ith  system ic application of T H IP  (4,5,6,7-tetrahydroisoxazolo(5,4-c)-pyridin- 
3 -o l) , a potent GABA agonist w hich penetrates the blood brain barrier [11]. 
The anorexic action o f the latter drug can be antagonized by bicuculline but 
not b y  strychnine, pentylenetetrazol or picrotoxin [10]. Since T H IP  exerts  
m arked analgesic and sedative effects, the anorexia can be a non-specific  
concom itant. The possib ility  of using m uscimol or T H IP  as the US for produc
ing СТА has y et to  be tested.

C onclusion

In  spite of the diversity of СТА evoking stim uli, the final result is fairly  
uniform : a recently formed gustatory trace receives an aversive label. I t  is 
highly probable th a t this effect o f  th e  US is im plem ented by com m on m echa
nism s w hich can be activated  through a number of converging routes. N ucleus 
of the solitary tract, area postrem a and emetic centre are links re latively  
close to , but not identical with, the poin t o f convergence. The latter is probably  
not a definite centre but rather a pharm acologically identifiable circuit. Two  
experim ental strategies seem to be particularly prom ising in this research:
a) intracerebral adm inistration o f drugs which elicit СТА by central action  
m ay show  a spatial gradient o f effectiveness, pointing to  the critical brain  
regions or circuits, b) Changes of brain m etabolism  elicited  by the m ultitude  
of drugs, which do or do not serve as US in the СТА paradigm, form a m u lti
dim ensional space in  which each drug is represented b y  a single point. A  hyper
plane o f  th is space, giving the best separation of th e  clusters corresponding  
to effective and ineffective stim uli, can disclose the relevant m etabolic events. 
B oth  approaches are straight forward and should lead  in the near future to  
a deeper understanding o f the functional anatom y and neurochem istry o f  СТА.
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A fter reviewing the anatom y and physiology of potassium  the endocrine regu la
tion  of the “ ex ternal” and “ in te rn a l”  potassium  balance is sum marized. As the plasm a 
potassium  concentration has an  extraordinary  role in  th e  m aintenance of the ac tiv ity  
of the living cell membrane, th e  review  focuses on endocrine factors inducing hypokalae- 
mia and hyperkalaem ia.

M odern research has revealed m any renal and ex trarenal influences and we have 
learned a lo t concerning the developm ent of plasm a potassium  changes. The renal and 
extrarenal mechanism s governing potassium  homeostasis are regulated by  precisely 
coordinated endocrine mediators.

The m ost im portant horm ones involved in  the regulation  of internal potassium  
balance are th e  catecholamines, insulin  and aldosterone. Several drugs causing changes 
in  the plasm a potassium  level exert the ir effect through th e  above mentioned horm ones.

Keywords! potassium m etabolism , endocrine regulations, hormones, hypokalae- 
mia, hyperkalaem ia

In the past decade a num ber o f new concepts have emerged concerning  
th e  regulation o f potassium  m etabolism . Our know ledge has been extended  
also through th e  use o f the new  therapeutic m eans influencing directly or 
ind irectly  the endocrine m ediators o f  potassium  turnover [4, 5, 7, 16, 20, 21, 
27, 40, 41, 56, 60, 65]. From a clinical point o f v iew  both  hypokalaem ia and  
hyperkalaem ia are extrem ely im portant, though it  is n ot decided at present 
w hich one o f th e  disorders occur more frequently and w hich one is the more 
hazardous. A t an y  rate, hypokalaem ia is the more ex ten sively  studied and, 
therefore, hyperkalaem ia probably requires more a tten tion .

C hem ical an a to m y  an d  physiology o f po tassium

The am ount o f  potassium  in th e  70 kg average m an is 55 mmol per kg  
o f  body weight, altogether 3850 m m ol in the body [27]. From this am ount 
98%  can be found in  the intracellular fluid com partm ent (at a concentration
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of 150 mmol/1) and 2%  in  the extracellular flu id  com partm ent (at a concentra
tion  o f 4 —5 mmol/1). A n  increase in the extracellular potassium  concentration  
to  9 — 10 mmol/1 could resu lt in fatal cardiotoxicity . Plasm a potassium  levels 
w ould be increased to  such an exten t b y  the daily potassium  ingestion of 
70 m m ol provided th a t i t  would be distributed exclusively in  the extracellular 
space [64]. Under norm al circumstances the maintenance o f  the large potas
sium  gradient betw een th e  intracellular and extracellular space is ensured to  
90%  b y  the N a-K -A T P-ase pump o f the cell membrane. The potentia l of the 
cellular membrane is determ ined ch iefly  b y  the potassium  gradient [27, 64]. 
I t  is known that the m em brane potential is indispensable for the v ita l activ ity  
o f th e  cells and in  its  m aintenance the logarithm  of the ratio o f internal to  
external potassium concentrations (practica lly  the plasm a potassium  level) has 
a decisive role. H ypokalaem ia and hyperkalaem ia m ay originate from the  
disorders of the “ extern al balance” (intake-output) and “ internal balance” 
(distribution of potassium  between the intracellular and extracellular space). 
N evertheless, hypokalaem ia is more frequently  the disorder o f  the external 
balance and is m ostly  a chronic abnorm ality. On the other hand, hyper
kalaem ia is m ostly (b u t certainly not exclusively) the result o f a defect in 
th e  function of the in ternal balance and develops acutely. The regulation of 
the external balance [2, 3] is provided first o f  all by the k idney, but the intes
tin es are participating as well. Potassium  excretion in the d istal and collecting 
tubu les are enhanced b y  a series of factors [12]. The regulation o f the internal 
balance is carried out b y  the above m entioned N a-K -A TP-ase as well as by  
certain hormones. I t  is  o f  particular im portance that from  these hormones 
not on ly  insulin [2, 3, 7, 9] but also catecholam ines [56, 64, 65] are activited  
b y  feeding. These m echanism s enhance cellular potassium  uptake for the 
prevention of card iotoxicity  and n eurotoxicity  [16] th at w ould be induced  
b y  the ingested potassium  load.

C atecholam ines

Catecholamines are one of the m ost im portant regulators o f the distri
bution  of potassium  betw een the intracellular and extracellular flu id  com 
partm ents [2—5, 10, 21 , 27, 56, 61, 63 — 65]. In healthy subjects the beta- 
adrenergic epinephrine disposes the potassium  surplus during acute potas
sium  loading from th e extracellular space [4, 56]. Beta-adrenergic antagonists 
are acting in the opposite way [63]. The plasm a potassium  decreasing action  
of the non selective beta-agonist isoprénaline is strongly dose-dependent, and 
th is effect is abolished b y  the beta-l-2-adrenergic antagonist propranolol but 
unaffected by the b eta -l-an tagon ist atenolol. On the basis o f the afore men
tioned  arguments, it  is highly probable th a t the beta-2-receptor is responsible
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for the plasm a potassium  decreasing effect. This w as further supported by  
the plasm a potassium  decrease induced by the beta-2-agonist salbutam ol 
characterized also b y  a strong dose dependency [21]. On the other hand the  
h eta-l-agon ist prenarterol was w ithout effect while th e  alpha agonist phenyl
ephrine had an opposite effect: it  potentiated  the increase of plasm a potas
sium induced by potassium  loading [63]. This action  could be neutralized  
by the concurrent adm inistration o f the alpha antagonist phentolam ine [65]. 
It should be stressed that heta-antagonists(propranolol) enhance the exercise- 
induced plasm a potassium  increase even to a life-threatening level [5, 21]. 
To sum m arize, we can say th at the adrenergic com pounds are im portant 
m odulators o f extrarenal potassium  hom eostasis. B eta-2-agonists and alpha- 
antagonists cause hypokalaem ia, while hyperkalaem ia develops in response 
to  beta-receptor blocking and alpha agonist agents.

In su lin

H yperkalaem ia is well know n in diabetic ketoacidosis and high plasm a  
potassium  is not rare in insulin deficient conditions even  w ithout any distur
bance o f the acid-base equilibrium  [1, 9 — 11, 13, 14, 16, 24, 28, 34 —36]. 
De Fronzo and his co-workers have dem onstrated th a t the norm al basal 
insulin — despite its relatively  low  level — is o f critical im portance in  the  
normal regulation o f plasm a potassium  level [7]. T h ey  infused intravenously  
very sm all quantities of potassium , elevating serum leve l only b y  0.5 mmol/1. 
W hen basal insulin levels were reduced by som atostatin  infusion, serum  
potassium  concentration was doubled b y  the same rat o f potassium  chloride 
infusion. H owever, restoring normal basal insulin concentration resulted in  
a prom pt return of serum potassium  to  the previous leve l [7]. In  v iew  o f this 
study it  is obvious th at insulin has an em inent role in  the protection against 
hyperkalaem ia [2, 3, 6 —10, 13, 14, 24, 33—36].

In  hyperkalaem ia insulin enhances the en try  potassium  in to  the 
cells. In  contrast to  previous beliefs potassium  enters in to  the cell w ithout 
glucose [61]. N evertheless, it  is necessary to  infuse glucose intravenously  
together w ith  insulin white treating hyperkalaem ia to  prevent o f  hyp ogly 
cemia. O f course, isotonic glucose solution should he used for th is purpose 
because hypertonic glucose m ay produce hyperkalaem ia b y  itse lf (see later). 
In the context of the relationship betw een plasm a potassium  and insulin, 
it should be m entioned th at sustained hypokalaem ia m ay lead to  deficient 
insulin production while hyperkalaem ia is a stim ulus o f  insulin secretion (if 
plasm a potassium  concentration is elevated  to the value o f 8 —9 mmol/1) 
[6, Ю].
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Aldosterone

This hormone is perhaps the m ost im portant in the regulation  o f potas
siu m  metabolism [1 — 3, 6 —8, 10—20, 23, 25 — 37, 44, 48, 51, 57, 6 0 —62]. 
I t  influences “ external potassium  balance” through its effect on the kidney  
and intestine, furtherm ore it  is im portant also in  the regulation o f “ internal 
potassium  balance” [12, 15, 16, 57]. A ldosterone stim ulates the sodium- 
potassium  pump in  th e  d istal tubules (in the peritubular m em brane) and 
increases the perm eability  o f the lum inar m em brane, e levating  the blood- 
urine potassium gradient from  10 : 1 to  50 : 1 [61]. A ldosterone enhances 
potassium  secretion esp ecia lly  in  the presence o f high “ distal volum e flow ” 
and  sodium supply as w ell as non-reabsorbable anions associated w ith so
d ium  [12]. Aldosterone in fluences also internal potassium  balance. I t  is well 
k n ow n  that acute potassium  loading is several tim es more to x ic  in  adrenalec- 
tom ized  animals th an  in  the in tact controls and not only because o f the dif
ference in potassium  excretion  [17]. Adrenalectom ized anim als m aintained  
on glucocorticoids handle the acute potassium  load alm ost norm ally (some 
d efect in handling is due to  the lack o f catecholam ines owing to  the absence 
o f  th e  adrenal m edulla [61]).

Endocrine response to the intravenous infusion o f hypertonic solutions

Seldin and Tarail dem onstrated several years ago [58], confirmed by  
M okoff and his co-workers [22], th at intravenous infusion o f hypertonic 
sod ium  chloride and m annito l induces a transitory increase in  plasm a potas
siu m  concentration in  h ea lth y  animals. Prim um  m ovens o f th is  phenom enon  
is hyperosm olality in  th e  extracellular flu id  com partm ent deriving w ater 
from  the intracellular space, thereby increasing the potassium  concentration  
w ith in  the cells b y  favouring the outward diffusion o f potassium . N evertheless 
there are hormones (insulin  and aldosterone) in  th e  healthy b ody which counter
a ct (or at least m itigate) th e  above process.

I f  hypertonicity is elicited  by glucose, the consecutive increase in insulin  
lev e ls  reverses the ab ove events resulting in  decreased plasm a potassium . 
In  th e  presence o f com bined insulin-aldosterone deficiency glucose m ay induce 
so-called  paradoxical hyperkalaem ia [13, 14]. A  similar tendency can be 
dem onstrated w hen there is only a selective lack of insulin  or aldosterone. 
T he concept of lack  o f  aldosterone is, how ever relative since paradoxical 
hyperkalaem ia can occur in patients w ith norm al aldosterone secretion when  
th e  aldosterone requirem ent o f the body is increased [1, 15, 57]. This occurs 
in  som e cases of renal insufficiency [57] and diabetes [15]. In  “ norm aldoste- 
ronaem ic” diabetic and renal patients [35, 37] the paradoxical hyperkalaem ia  
induced  by hypertonic glucose or saline [30], could be prevented by pharm a
cologic doses of a m ineralocorticoid.
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In  certain renal patients w ith  “ physiologic suppression” [23, 26] of 
aldosterone production (due to  sodium  and water retention) glucose-induced  
hyperkalaem ia could he overcome b y  aldosterone production stim ulated  b y  
low  sa lt intake [31—36, 47, 48, 51]. H ypoaldosteronaem ia associated w ith  
thyreotoxicosis in  a diabetic patient could be prevented either by low  sodium  
intake or b y  adequate antithyroid treatm ent, preventing b y  both procedures 
the paradoxical hyperkalaem ic effect o f  glucose [34]. In  hypoaldosteronaem ic  
patients w ith  chronic renal failure and diabetes, a paradoxically increased  
response in  growth hormone after glucose promoted th e  norm al serum p o ta s
sium  decrease [38, 39].

I t  has been recognized long ago th a t certain com pounds (spironolactone, 
triam terone, amiloride) antagonizing the effects o f aldosterone m ay cause  
dangerous hyperkalaem ia w ithout and w ith  glucose loading [16]. A  sim ilar  
response m ay be observed after the adm inistration o f the converting enzym e  
inhibitor captopril w hich induces “ pharm acological selective hypoaldoste-  
ronism ” [20, 40, 42, 54, 55, 60]. W e have seen an analogous effect in  response 
to  the beta-blocking agent m etoprolol [41, 43, 54]. U pright posture enhanced  
the glucose-induced hyperkalaem ia after the latter com pounds. The serum  
potassium  elevating effect of the upright posture [44—47, 59], as w ell as its  
m itigating effect on the glucose-induced decrease in  serum potassium  in  
h ea lth y  subjects have been repeatedly confirmed [53]. In  diabetic patien ts  
the upright posture favours the developm ent o f glucose induced h yp er
kalaem ia [37].

Drugs influencing potassium  metabolism through endocrine mediators

D iuretic drugs are responsible for hypokalaem ia through enhancing  
the a c tiv ity  o f the renin-angiotensin-aldosterone system . R ecently, several 
beta-2-stim ulants (Salbutam ol) have been blam ed for the developm ent of 
hypokalaem ia [21]. A  number o f “ endocrine” drugs are causing h yp er
kalaem ia [27]. W e have already m entioned the alpha-receptor stim ulants, 
potassium  sparing com pounds and glucagon. Most drugs inducing hyper
kalaem ia through endocrine m ediators suppress th e  activ ity  o f the renin- 
angiotensin-aldosterone system : beta-blocking agents [5, 41—43, 54], con
verting enzym e inhibitors [20, 40, 42 , 50, 54, 55, 60] non-steroidal an ti
inflam m atory-antiprostaglandin com pounds as well as heparin, cyclosporine  
and several other drugs [27, 64].
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AMYGDALA, DEPRESSION AND DRUG TREATMENT*
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The problem  of the m echanism s of depression and action  of the depressive drugs 
needs theoretical analysis and m ultichannel investigations. Animal models of depression 
are im portan t for such investigations. Various neurochem ical behavioral and psycholog
ical models w ere analysed in the  presen t paper. A m ygdalar model of depression seems 
to  he one of th e  m ost im portan t models. The effects of th e  trea tm en t by am phetam ine, 
im ipram ine and  chlorpromazine on th e  am ygdalar depressive syndrome in dogs were 
described. The individual differences were stressed, bo th  in  respect to forms of particu lar 
depression and to  the sensitivity to drug treatm ent.

Keywords: depression, antidepressive drugs, am ygdala.

The problem of the mechanisms of depressive states is very important for 
the theory of motivation. Depression is characterized by the lack of motivation 
to perform any behavioral act, by apathy, inactivity and withdrawal. Although, 
the depressive states are very often observed in humans in their grave or 
milder form, and they seem even to be a sign of our present civilization, the 
mechanisms underlying depression are not fully elucidated. Below will be 
described and analysed theories of various authors, concerning mechanisms of 
depression. Also our own attempts to elucidate this problem will be reviewed.

Theories and models o f  depression

There are many theories and models of depression (see McKinney and 
Bunney [35], Harlow et al. [23] and others). One of the more recent is Seligman’s 
theory of helplessness (produced by unpredictability of rewards) as the main 
cause of depression [44]. This theory has become very popular lately. According 
to my mind the most attractive is however Stein’s [45, 46, 47] theory of ahe-
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104 Elzbieta Fonberg

donia. It was formulated ou behavioral, neuroanatomical and neurochemical 
bases. Stein attributed the depressive states to the impairment of the positive 
reward circuit within the brain. Such impairment causes the prevalence of the 
negative punishing system. As in the state of ahedonia all stimuli from the 
outside and inner world become aversive and reinforcements lost their re
warding properties, therefore all actions are somehow punished. Such state in 
consequence leads to inactivity, apathy, disgust, sadness. Stein assumed that 
schizophrenia is also produced by the impairment of the rewarding brain 
mechanisms. Somehow similar hypothesis was presented by Gray [22], who put 
stress on the prevalence of the inhibitory and punishment systems in schizo
phrenics. According to Stein [48] noradrenergic mechanisms are essential 
for the reward system. Stein and Wise [49] have shown that stimulation by the 
electrodes implanted into the reward system produced release of norepinephrine 
in the brain.

Stein assumed that in depressive states adrenergic system is impaired. 
The role of catecholamine system in reward mechanisms was supported by 
data of other authors, who beginning from Olds [38, 39, 40] have shown that 
both systemic and intracranial noradrenaline (or amphetamine) injections 
increase the rate of selfstimulation. More recently numerous authors demon
strated that rats would press the bar to self inject the amphetamine or norad
renaline into the reward system. For example Cytawa and coworkers [2, 3] 
have shown that rats would self inject the adrenaline into the hypothalamus 
and even may learn T-meze to obtain noradrenaline injection. On the other 
hand Hoebel et al [26] have demonstrated that rats would press the lever to 
selfadminister d-amphetamine into the nucleus accumbens. The nucleus 
accumbens is an important station for the dopaminergic system. These results 
gave the incentive to create neurochemical models of depression. Beside 
noradrenaline depletion changes in the level of other monoamines were postu
lated to be essential in depression (see Himvich and Alpers [25], Sabelli and 
Giardina [42]).

Many investigators used the reserpine model of depression. Both reserpine 
and also the widely used tetrabenzedine produce a decrease in the level of 
noradrenaline, dopamine and serotonin, by preventing their storage at the 
synaptic cleft. It was shown that these drugs may also induce depression in 
humans. In monkeys and rats reserpine produces a state of apathy, neurotic 
like responses (huddling) social withdrawal up to some kind of lethargic state 
[36, 37]. These symptoms were considered as similar to human depression [1]. 
Reserpine produces however various side-effects like parkinsonian type 
motor disturbances, which may in turn produce changes in motivation. 
According to many authors (see Ellison 4) serotonin depletion may be essential 
in depressive states. Ellison’s results indicated that disturbed serotonin — 
noradrenaline balance led to depressive symptoms in animals.

Acta Physiologica Hungarica 74, 1989



Amygdala, depression and drug trea tm en t 105

Another neurochemical model stimulated by the pioneer work of Un- 
gerstedt [50] on catecholamine mapping and then widely used by many 
ivestigators was the 6-hydroxydopamine model. Initially it was assumed that 
6-hydroxydopamine selectively impairs noradrenergic system if it is injected 
into the locus coeruleus and ventral tegmentum sites from where NE neurons 
originate. However, later on it was shown that either the global destruction 
of both dopaminergic and adrenergic systems or the selective damage of 
the dopaminergic pathways are done. Inevitably 6-hydroxydopamine 
injection would produce degeneration of DA neurons. As such procedure 
produces a state similar to depression it is possible that not the adrenergic, 
but the dopaminergic system is essential in depressive states. Such hypothesis 
was proposed by Wise [51]. He assumed that neuroleptics which blocked 
dopamine receptors [43] reduced or abolished the rewarding properties of 
stimuli and therefore would produce the decrease in motivation and learning 
and as follows, were the cause of depression. This however seems controversive 
to the clinical experience that chlorpromazine, which blocks dopaminergic 
receptors, applied for treatment of schizophrenic patients produces improve
ment, also concerning depressive symptoms (see discussion after Wise paper 
[51]).It is also suggested that noradrenergic mechanisms are involved in hedonic
i. e. reward mechanisms and dopaminergic in motivational or reinforcement 
mechanisms [24].

A m ygdalar model o f  depression

Another approach to the problem of depression is to produce depressive 
state by impairing brain structures involved in rewarding circuit and important 
for positive hedonic state. As it was shown by our previous work damage of 
dorsomedial part of amygdaloid complex (DMA) produced a depressive 
syndrome [7, 12] which may serve as a good model for the investigation of the 
mechanisms of depressive states and to study the effect of antidepressive 
drugs. Amygdalar dogs were, as described previously [6, 7, 12], apathetic, 
atonic, sad, uninterested in the environmental stimuli, as well as they 
were indifferent toward humans, with whom they had been friendly before the 
operation.

DMA dogs were also aphagic or hypophagic and showed reduced motiva
tion to perform natural spontaneous acts (like jumping, running, rolling on the 
grass, playing with the experimenter and other dogs etc). Impairment of 
learned tasks observed in these dogs may be also produced by low level of 
motivation and by decreased hedonic values of reinforcement [6, 7, 8, 15]. 
Our amygdalar model of depression seems to support Stein’s hypothesis of 
ahedonia [9, 15]. Beside the above described symptoms of sadness and apathy
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the dogs also seem to stop to enjoy feeding, which before the operation evoked 
positive arousal. They not only were aphagic or hypophagic, they actively 
opposed feeding, as if the food had become aversive. When food was introduced 
into the mouth, they spat it out, vomited and showed other signs of disgust. 
Later on when food intake was at least partly restored, they were finicky and 
consumed only the preferred kind of food. It seems that because of impairment 
of the positive hedonic system amygdalar dogs need higher value of reward for 
sufficient reinforcement. This assumption is also supported by the fact that 
introduction of more tasty food in amygdalar dogs not only increased food 
intake, but also produced improvement of instrumental alimentary perfor
mance [32]. Sensory-social reinforcement (petting by experimenter) also lost its 
previously rewarding value in amygdalar depressed dogs. Time of lying without 
petting was elongated, and time of lying for petting shortened [17], indicating 
that social-sensory stimuli were not so pleasant as before operation.

Im ipram in e treatment o f  am ygdalar depression

Considering that amygdalar model of depression is produced by similar 
mechanisms as human depressive states, it seemed logical to try the effect of 
antidepressive drugs used in human clinic. Imipramine (tricyclic antide
pressant) has been administered chronically for 3 weeks and it was injected 
intramuscularly in doses of 2 mg/kg during the first and third week and of 
4 mg/kg during the second week. Imipramine treatment produced only slight 
increase of the instrumental performance in dogs depressed as the result of 
DMA lesions. The dogs became in general more mobile during treatment. 
As the number of the intertrial responses evidently increased, a parallel 
increase of instrumental reactions to conditioned stimuli may be accidental. 
We did not obtain therefore the direct proof that imipramine restored the 
motivational and rewarding mechanisms. Strong individual differences were 
found concerning the effect of drug and in respect to different tasks. The dogs 
were less apathetic, but their unfriendly attitude towards humans, observed 
after operation, has not changed. Some dogs displayed aggressive signs, like 
growling and showing teeth [10, 11, 12, 13, 16, 17, 30, 32, 33, 34].

Responses based on social-sensory reinforcement were slightly improved 
by imipramine, but mostly those which need physical effort like running 
and jumping [11]. It is very interesting that the responses such as “give paw” 
and “sit”, which were based on social attachement were the least improved by 
imipramine treatment [11, 12, 34]. Individual differences among dogs suggested 
that differences in the extend of damage may differently affect the neuro
chemical balance. Dorsomedial amygdala is involved in noradrenergic, dopa
minergic and serotoninergic transmission, and lateral amygdala mostly in
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cholinergic mechanisms. Imipramine acts on one hand anticholinergic and on 
the other hand potentiating monoaminergic mechanisms, by increasing 
production or reducing reuptake at the synaptic cleft. The partial or total 
impairment of different monoaminergic or cholinergic amygdalar systems may 
destroy in different extent neuronal substrates of action of particular transmit
ters, mediated by imipramine and thus it may produce different mosaic of 
disturbances in neurochemical balance.

The effect o f pharmacological treatment on normal dogs

The next approach to the mechanisms of depression is to study the effect 
of drugs, hypothetically involved in depression, on motivated behavior of 
normal subjects. In our experiments we applied such classical antidepressive 
drug as imipramine, which has as mentioned above anticholinergic, adrenergic, 
serotoninergic as well as dopaminergic effect. We also used chlorpromazine — 
to verify Wise’s [51] hypothesis that neuroleptics, because of blocking the 
dopaminergic system, (which according to this author is essential in reward 
mechanisms) produce ahedonia. The next drug we applied was amphetamine — 
an excitant, widely used by students as considered to improve the mental 
processes and at the same time possibly essential in reward mechanisms [47, 
40, 3]. These drugs are also often applied in the human clinic as antidepressant 
(imipramine), stimulant (amphetamine) and neuroleptic (chlorpromazine).

According to the adrenergic theory of depression amphetamine should 
improve hedonic and motivational properties of reward, and chlorpromazine — 
should produce decrease of hedonic or motivational values. Imipramine as 
antidepressant should improve mood and prevent depression. We tested the 
effects of the above substances on responses reinforced by various rewards with 
different hedonic values. The procedures of differentiation between avoidance 
of shock and food i. e. between negative and positive motivations [5] and also 
between food and sensory-social reinforcement (petting by the experimenter)
i. e. two positive motivations [14, 21] elaborated in our laboratory open the 
possibility to compare complex effects of particular drugs. (For detailed de
scription see Fonberg [5,6], Fonberg et al [19], Kostarczyk and Fonberg[33,31], 
Kostarczyk, Fonberg and Prechtl [34], Fonberg, Kostarczyk and Kolakowska 
[20].

A voidance—alim entary differentiation. Amphetamine injected intra
muscularly (in doses of 0.5 — 2.0 mg/kg in different series of experiments) 
produced the decrease of both alimentary and avoidance responses [27, 20]. 
Whenever the decrease of alimentary performance might be produced by the 
anorexic action of amphetamine, the deterioration of avoidance cannot be 
explained in such way. Although strong individual differences were found,
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in all dogs amphetamine treatment deteriorated conditioned performance. 
The amphetamine however preserved its excitatory effect concerning the gen
eral behavior. The dogs were more mobile, running around, sniffing, exploring 
and seeking for social contact. In the reflex-chamber, however, they remained 
standing quietly.

The heart-rate decreased in all dogs in comparison to the pretreatment 
level. In particular, the increase of heart rate following conditioned stimuli was 
attenuated, which may indicate the lowered level of motivation for both food 
and avoidance of shock. As the effect was similar (although not identical) for 
positively and negatively reinforced responses it would be difficult to say that 
amphetamine affects stronger either the negative or the positive system. 
Heart rate deceleration might be produced by a sort of relaxation. According 
to some authors amphetamine produces the state of “well-being” . The relax
ation produced by this state may result in heart rate deceleration and also it 
may interfere with motivated behavior and in particular affect avoidance 
reactions. However, we noticed that during amphetamine treatment the num
ber of errors increased and that they almost exclusively concerned the avoid
ance (incorrect) responses to alimentary stimuli. This may indicate an increase 
of the fear level i. e. activation of punishment system, opposite to reward 
system. This is also controversial to the relaxation hypothesis.

Imipramine injected chronically as described above, produced either no 
effect or slight deterioration of performance [28, 29]. The comparison of the 
effect of imipramine and amphetamine on the avoidance-alimentary differen
tiation of the same dogs has shown that deteriorating effect of imipramine is 
less pronounced than the effect of amphetamine. The effect of imipramine 
concerns only the prolonged latency of response. Errors were almost not 
observed during imipramine treatment. On the other hand also the excitatory 
effect of imipramine treatment outside the reflex chamber was less obvious 
than in case of amphetamine.

Chlorpromazine applied intramuscularly for five days in doses of 1 mg/kg 
in general produced also deterioration in the response of normal, well balanced 
dogs. However, in a neurotic dog which teas all the time fearful and excited to 
such extent that he was not able to perform proper avoidance responses, 
simultaneously with general appeasement, the avoidance performance im
proved. In this dog the previous treatments by amphetamine and imipramine 
had been without beneficial effect.

A l i m e n t a r y  — s o c i a l  d i f f e r e n t i a t i o n .  The general behavior of the dogs 
gave the impression that they became more social under amphetamine treat
ment. Therefore, it was interesting to investigate how such treatment would 
affect socially reinforced responses. Also it was interesting to verify wheth
er the various drugs (the same as used in avoidance — alimentary series) would 
in a similar way affect two positively motivated responses. In this series so
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cial—alimentary differentiation was performed. Two acoustic stimuli (similar 
as in avoidance — alimentary procedure) were applied in a random order. 
To one acoustic stimulus the dog had to put one forepaw on the bar for food re
inforcement, to another acoustic stimulus the other forepaw in order to obtain 
social — sensory reinforcement (petting by the experimenter). Opposite to our 
assumption amphetamine produced deterioration of both responses, and as in 
the previous series the decrease of heart rate was observed [14]. Such results do 
not support the hypothesis that amphetamine enhances positive reward sys
tem. Anorexic effect of amphetamine may only interfere with food reward, 
but not with sensory — social reward.

Chlorpromazine also produced obvious deterioration of both social and 
alimentary responses in all dogs [21]. As in previous series strong individual 
differences in the susceptibility to drug treatment were observed. Performance 
of most of the dogs after the chlorpromazine treatment reached the pretreat
ment level or even was ameliorated, but for example in one dog the strong 
deterioration of performance overlasted the treatment and the pretreat
ment level was restituted only later on, after 2 months of rest.

Conclusion and  discussion

In spite of various the oretical analyses of the mechanisms of depression 
and numerous experimental data we are still far from the full elucidation of 
this problem. Our experiments put however some light on the problem con
cerning the effects of antidepressive drugs. First, strong individual differences 
were observed in the reactivity of the dogs to the particular drug, and con
cerning all three investigated motivations. Our results indicate that the changes 
in instrumental performance are not due to the general excitatory or sedative 
effect of the particular drug’s action. The performance of most normal dogs 
under the effect of all the three drugs investigated (acting through different 
neurochemical mechanisms) was deteriorated. Contrary to our assumption, the 
amphetamine, which was supposed to have excitatory effect and to improve the 
mental processes and, what follows, to improve the performance of learned 
tasks and to activate the reward system, produced lower level of the per
formance, and increase in the number of errors. The deterioration of instru
mental performance concerned three different motivations: fear, food and 
social reinforcement, although the dogs were in general more excited and 
showed increased motility. Therefore such deterioration would be difficult to 
explain by the hypothesis of relaxation produced by positive hedonic state of 
well-being. These results seem to be controversial also compared to the results 
of Predy and Kokkinidis [41] and to the data of Olds [39], who found an 
increase of the selfstimulation rate after amphetamine injection. Similar effect
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i. e. increase of selfstimulation under amphetamine was observed by mysel- 
while working on rats in Neal Miller’s laboratory (unpublished). The mer 
chanisms of instrumental performance to CS is more complicated than bat 
pressing (which may be activated by general motility). In addition in mos- 
series we used differentiation of two responses motivated by different motivaf 
tions. In such procedures the learned tasks were difficult not only from the 
point of view of discrimination between different acoustic stimuli, but because 
of the shift in motivations. It must be stressed that the method of differentia
tion of two responses based on two motivations creates more emotional con
flicts than the usually applied stimulus-discrimination. On the other hand the 
deterioration of performance could not be assessed with the disturbances in 
discriminatory or differentiation processes as also the simpler tasks with the 
use of a single response to one acoustic signal were deteriorated. The deteriora
tion of performance could not be due to increased mobility during amphetamine 
treatment, as in the reflex chamber the normal dogs remained quiet. The
refore it may be concluded that amphetamine exerts a deteriorating effect on 
the motivational or rewarding processes.

Imipramine, which was assumed to produce rather improvement of the 
mood than increase of arousal, in amygdalar dogs produced augmented motility 
and a rather slight improvement of instrumental motor performance, while it 
left emotional signs of depression unchanged. In normal dogs performance was 
slightly deteriorated. The fact that imipramine produced a different effect on 
normal and lesioned animals as well as the observed marked individual dif
ferences in sensitivity to treatment seem to prove that the effect of imipramine 
depends on the initial neurochemical and behavioral pretreatment state. 
The above results on the effect of amphetamine and imipramine on dogs seem 
to provide proof against adrenergic as well as dopaminergic hypotheses of 
reward.

However, the effect of treatment depends also on the task and on the 
animal species. For example, in cats imipramine produced stimulatory effect on 
the predatory behavior of normal non-killers or on cats which lost predatory 
abilities as the result of damage of either lateral hypothalamus or medial 
amygdala. Moreover, previous submissive cats (both normal and with amygdala 
damage) under imipramine effect became dominant [13, 52, 54]. If we consider 
submissive state as sort of depression then, reduction of the depressive state 
could produce increase of the general activation as well as increase of the hedo
nic values of the predatory act. Also it could elevate the confidence in efficacy 
to conquer the partner.

Chlorpromazine produced a general sedative effect on dogs. At the same 
time it resulted in obvious deterioration in the instrumental performance. 
These data may be considered in favor of Wise’s hypothesis [51]. In some 
cases however, chlorpromazine improved the performance. For example, in the
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neurotic dog chlorpromazine reduced the generalized fear reactions and there
fore helped to perform the proper avoidance response. Such effect could not be 
produced by ahedonia caused by chlorpromazine’s blocking of dopaminergic 
reward system.

The reaction of normal subjects i. e. with well balanced neurochemical 
homeostasis to drugs (which obviously disturb this homeostasis) might be 
quite different from the effect of the same drugs on subjects who are neurotic, 
depressed or with homeostasis disturbed by different causes. For example, 
imipramine produces deterioration of responses in normal dogs, but improve
ment in amygdalar or neurotic, depressed animals [10, 11, 29, 30, 34, 52, 53]. 
Imipramine may produce restoration of amine reuptake or amine production 
i. e. proper concentration only when it is disturbed, but in normal subjects, on 
the opposite it may disturb the balance and in consequence produce behavioral 
deterioration. Similarly, the effect of amphetamine on normal subject may lead 
to neurochemical disturbances, which in turn deteriorate performance. Accord
ing to such a point of view, experiments on the effect of neuroleptics per
formed on normal rats, which were the basis of Wise’s hypothesis are not 
convincing. Neuroleptics which in Wise’s experiment did not produce any 
overt motor, parkinsonian-like changes, might however disturb the neuro
chemical balance globally not limited to antidopaminergic action. It seems 
that only the comparison of the effect of drugs on normal and depressive 
subjects may be useful to verify various hypotheses concerning the neuro
chemical background of motivation, depression and ahedonia. Our results 
suggest that the effect of drug depends on a complicated neurochemical 
balance, which may vary in different pathological states as well as in individual 
normal subjects. Without such an assumption it would be difficult to under
stand why amphetamine, which potentiates dopamine action and chlorpro
mazine, which blocks dopamine receptors, have similar deteriorating effect on 
instrumental performance with different positive and negative motivations. 
Stress should belayed once more on the strong individual differences, concerning 
the reactivity to a particular drug in normal dogs. The same dose may produce 
in different dogs greater or smaller effect. The results may depend on the 
individual neurochemical differences, but also on genetic or acquired charac
teristic of the higher nervous activity and motivational level of the particular 
animal as well as on the origin of the emotional disturbances.

In normal dogs the effect of all the drugs investigated were mostly 
deteriorating, but in a different extent. In neurotic, depressed or lesioned dogs 
imipramine or chlorpromazine may improve performance.

Our results proved once more that drugs like neuroleptics, sedatives, 
antidepressants and stimulants should be applied with great precaution and 
precision. Each case should be tested individually and these drugs should 
never be applied in normal human subjects. Also in depressed and psychotic
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patients the efficiency of the particular doses should be carefully determined 
and not in a way as it is in common use in many hospitals: to apply “three 
pills every day”. Such stereotyped routine may produce deterioration, instead 
of improvement as it was demonstrated by experiments in animals. On the 
other hand the results obtained in animals should be taken with great precau
tion because of the above mentioned species differences. In the tests made by 
pharmacological industrial laboratories on their products for treatment of 
neurotic and emotional disturbances not only neurochemical and metabolic 
features of the animals tested should be taken into account, but also their 
behavioral and emotional nature.

This study was supported by the project [10, 4, 01, 6] of the Polish 
Academy of Sciences.
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A t the age of three weeks the experim ental anim als received either thyro trop in  
(TSH), or gonadotropin (FSH  -f- LH), or endotoxin (LPS) alone or in com bination. 
The effectivity of the treatm ents was evaluated a t th e  age of two m onths (w ith or w ith 
out fu rther horm one trea tm en t). Contrastingly to neonatal TSH trea tm en t, TSH  
trea tm en t a t the age of three weeks did not give rise to  im printing. In  female animals, 
however, TSH  trea tm en t increased the sensitivity to  th e  related gonadotropin hormone. 
A t the age of three weeks gonadotropin trea tm en t — on its own — did no t cause 
damages to  the TSH receptors of the thyroid gland. While in previous experim ents 
neonatal endotoxin trea tm en t damaged considerably the thyroxin  production of the 
adu lt thyroid  gland, after trea tm en ts  a t the age of th ree weeks no similar effect could be 
observed. The treatm ent, however, decreased the sensitiv ity  of the receptors to TSH. 
In  female anim als simultaneous adm inistration of endotoxin and TSH led, even w ithout 
fu rther horm one treatm ent, to  constan t increase in T 4 level (the increase could also be 
detected in the adult animal). Im printing, however, did no t develop. In  male animals 
sim ultaneous adm inistration of endotoxin and gonadotrop hormone decreased consider
ably the T 4 baseline level, and fu rther TSH or gonadotropin trea tm en t was unable to 
enhance T 4 production.

Keywords: Hormonal im printing, gonadotropin, thyrotropin , endotoxin.

The glycoproteid hormones of the pituitary gland belong to the same 
family. The alpha subunits of follicle stimulating hormone (FSH), lutein
izing hormone (LH) and thyrotropin (TSH) are identical and it is the beta 
subunit which is responsible for the specificity of the hormone. Nevertheless, 
numerous overlapping amino acid sequences can be found in the beta subunit, 
too [9, 12]. The above-mentioned hormones are able to bind to some extent to 
the receptors of each other even in the mature animal. This binding, however, 
does not evoke functional response. In the newborn animal the hormones bind 
to similar extent to the receptors of each other and also functionally overlap, 
i. e. the hormones which have different effect in the adult life are able to evoke
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the same effect in the neonatal period [5]. This characteristic manifests itself 
also in hormonal imprinting [6].

The first, usually perinatal contact of the target cell and the hormone 
gives rise to hormonal imprinting and results in the completion of the matura
tion of the receptor, i. e. both the binding capacity of the receptor and the 
response capacity of the target cell reach the values characteristic of adulthood 
[2, 3]. The binding of not the adequate hormone hut a structurally different 
molecule which is able to bind to the receptor gives rise to faulty imprinting 
which can manifest itself either in increased or, more frequently, decreased 
response capacity of the cell in adulthood [4]. The effect depends considerably 
on the quality of the target cell, too. For instance, in the gonads neonatal TSH 
treatment is as effective in evoking imprinting as FSH administration; more 
over, as an effect of TSH imprinting the response capacity will be increased in 
adulthood [6]. On the other hand, if the rat receives gonadotropin treatment in 
the neonatal period, in adulthood the response capacity of the thyroid to both 
endogenous and exogenous TSH will be decreased, the thyroxin level as well as 
the response capacity to TSH will be lower [7]. As an effect of neonatal treat
ment, however, neither hormone is able to adapt the receptor for itself, the 
response of the receptor is not more hound to that hormone with which the 
neonatal treatment has been carried out. An exception is the situation when 
the imprinting is going on during the perturbation or restitution of the mem
brane [8].

The lypopolysaccharide endotoxin (LPS) extracted from E. coli [14] 
damages the plasma membrane [11]. If newborn rats are treated with LPS, in 
adulthood the receptors of the thyroid gland of the animals will not be able to 
differentiate TSH from the gonadotropin [10]. If 24 hours after neonatal 
endotoxin treatment either TSH or gonadotropin is administered the adult 
thyroid gland wdll exhibit stronger response to that hormone with which the 
neonatal treatment after the endotoxin administration has been carried out 
[8]. This observation indicates that no matter how stable the receptor seems 
to be, it can be altered. The present investigations were aimed at studying the 
extent how far combined endotoxin and hormone treatment, administered 
tollowing the neonatal period (at the age of three weeks), can alter, i. e. adapt 
fhe receptor for itself.

M aterials an d  m ethods

CFY rats of b o th  sexes were trea ted  a t the age of three weeks and two m onths. The 
anim als serving as absolute controls were no t given any treatm ent. At the age of three weeks 
th e  trea ted  animals received trea tm en ts as follows: TSH (Ambinon, Organon-Oss, 3 IU), 
or FSH  +  LH (Pergonal, Serono, Rome, 50 IU ), or the form er hormones plus L PS  (OSSKI/ 
B ertók , LD50 : 5 m g/kg, in  a dose of 150 ,ug/animal) adm inistered sim ultaneously, or LPS 
alone. A t the age of tw o m onths the anim als belonging to  the different groups (including the 
absolute control group) were either no t given any trea tm en t or were given T SH  or gona-
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dotrop in  in doses sim ilar to  those m entioned above.The anim als were exsanguinated one hour 
a fte r the trea tm en t. Serum  thyroxin  (T 4) level was m easured by  radioim m unoassay (Iz in ta , 
B udapest). Six anim als were investigated in each subgroup. The significance levels com pared to  
th e  absolute control values were evaluated by S tudent’s t-test.

R esu lts an d  discussion

It is well-known that a single hormone treatment leads to hormonal 
imprinting [2, 3, 4]. It is not known, however, whether later on — in this 
experiments on the 21st day of life — would the cells also respond with an 
imprinting-like phenomenon. Therefore in the first part of the present ex
periments we studied this problem.

On the basis of the results (Fig. 1) it can be concluded that the direction 
of the response was the same in males and in females, whereas quantitative 
differences could be demonstrated. These differences manifested themselves 
also in the response to TSH, i. e. the T4 production was considerably higher in 
females than in males, and the response to TSH was significant only in females. 
The female animals responded also to FSH and the increase in T4 level was 
at the margin of significance. This finding indicates that the gonadotropin was 
not neutral for the receptors of the thyroid gland even at the age of three 
weeks.

Fig. 1. Serum T 4 levels (compared to the absolute control taken  as 100%) in rats trea ted  w ith  
thy ro trop in  (TSH) and/or gonadotropin (GTH) a t the ages of three weeks and/or two m onths. 
The trea tm en t a t the age of three weeks is shown above the sign, whereas the treatm en t a t  the  
age of two m onths is shown under the sign. Where only one trea tm en t is shown it  represents th e

trea tm en t a t  the age of two months
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In females the effect of TSH administered at the age of three weeks and 
not repeated anew could be detected in the two-month-old animal (the T4 level 
was higher by 13 per cent); the difference, however, was not statistically 
significant. If the animals pretreated with TSH received TSH treatment 
repeatedly, the T4 level became significantly higher than that of the absolute 
controls. The actual value, however, was not higher than that seen in the 
animals treated with TSH for the first time at the age of two months. This 
finding indicates that TSH treatment administered at the age of three weeks 
did not give rise to imprinting; from the point of view of imprining the treat
ment proved to be practically ineffective.

Gonadotropin administration at the age of two months — after TSH 
treatment at the age of three weeks — gave rise to significant increase of serum 
T 4 levels. This increase (when compared to the results of animals who had 
received TSH treatment at the age of three weeks but remained untreated 
at the age of two months) indicates that TSH treatment strengthened the 
response capacity of the receptor also to FSH. Similarly, gonadotropin admin
istered at the age of three weeks increased the sensitivity to TSH, whereas 
gonadotropin given at the age of three weeks did not influence at all, on its 
own, the T4 levels measured later on. Gonadotropin treatment at the age of 
three weeks did not influence the response capacity of the receptor to gonado
tropins.

Fig. 2. Serum T 4 levels (com pared to the absolute control taken as 100%) in ra ts  trea ted  with 
endo tox in  (LPS) a t the age of three weeks and /or w ith thyro trop in  (TSH) or gonadotropin 
(G TH ) a t  the age of two m onths. The trea tm en t a t  th e  age of three weeks is shown above the 

sign, whereas the tre a tm e n t a t the age of two months is shown under the sign
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In males no significant difference could be obtained pointing to sex- 
dependent sensitivity. LPS treatment at the age of three weeks did not in
fluence T4 baseline level; nevertheless, it can be assumed that damages to the 
receptor occurred, since neither in males nor in females was TSH able to evoke 
significant increase in T4 level. However, when LPS and TSH were adminis
tered simultaneously, striking increase in T4 level in the females could be 
detected at the age of two months even without further hormone treatment 
(Fig. 2.). This observation renders probable that the combined treatment 
sensitized the receptors to endogenous TSH. On the other hand, TSH treatment 
repeated at the age of two months deteriorated this effect, no significant 
increase could be observed any more. Gonadotropin treatment administered at 
the age of two months following LPS -f- TSH treatment proved to be entirely 
ineffective.

The most striking results were seen following LPS -f~ gonadotropin 
treatment at the age of three weeks. The thyroxin level of the male animals 
was lower by 20 per cent than the control level, either with or without further 
administration at the age of two months. On the one hand, the thyroxin level 
was considerably lower than the control values and, on the other, neither TSH 
nor gonadotropin was able to stimulate the receptor. In female animals, 
however, if at the age of two months no further hormone treatment was 
carried out, the T4 level corresponded to the control values and could be stimu
lated neither by TSH nor by gonadotropin administration.

In previous experiments [10] endotoxin administered to newborn rats in a 
dose of 1 f jg led to considerable decrease in the T 4 level measured in adulthood. 
In the present experiments not even the subtoxic dose of 150 pg altered the 
baseline T4 level. On the other hand, the observation that neither in males nor 
in females did the administration of the specific hormone, i. e. TSH increase 
the T4 level significantly indicates that the receptor was really damaged. 
The labile condition of the membrane which developed as an effect of LPS 
treatment administered at the age of three weeks proved to be favourable 
for simultaneous TSH treatment. Though no imprinting evolved (in the female 
animals) but by adulthood extreme extent of sensitivity to endogenous TSH 
developed. In the same system the inadequate hormone which was able to bind 
to the receptor, i. e. gonadotropin, damaged the receptors both in male and 
in female animals. The receptors lost their response capacity to their own hor
mone, whilst no response capacity developed to the adequate hormone (i. e. to 
the hormone which was able to give rise to imprinting). So, the experiments 
unequivocally demonstrated that the receptors can be altered even at the age 
of three weeks, after the completion of the maturation of the receptor, but du
ring destruction — and subsequent restitution — of the membrane. Moreover, 
the alterations evoked will be constant changes of the receptor. This phenom
enon has also practical importance in such situations when imprinting develops
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as an effect of hormone treatment, and, at the same time, receptor damages 
caused by pathogenic organisms or adverse effect of drugs are also present.

It is of interest, and can hardly be explained solely on the basis o f the 
present experiments, that when compared to the controls the significant posi
tive effects could always be observed in the female while the significant 
negative effects were seen in the male animals.

*
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The general accepted concept about the M RF as an unspecific ascending a c tiv a t
ing system  concerns only one of its multiple functions. Investigations on m ore th a n  
100 hooded ra ts  of the Long-Evens strain  w ith  small b ilateral sym m etric lesions in 
dorsal, central and ven tral subnuclei of the M RF brought ou t the following results 
pointing to  fu rther im portan t functions:
1. E ach lesion type  produced a different syndrom e of param eter changes of th e  spon ta
neous open field behavior w ith some common tendencies of reduced am bulatory  and 
exploratory  activities.
2. V isual placing responses were strongly reduced or to tally  abolished after lesions 
w ithou t tendencies of recovery.
3. Changes of locomotion and  muscular tonus were quite different or even opposite in 
dorsal, central and ven tral types of lesions.
4. In  four tasks of postoperative active avoidance acquisition or retention and perfor
mance of preoperatively learned tasks the im pairm ents were different related to  the 
lesion type  including a different loss in brightness discrim ination.

The results support th e  hypothesis th a t M R F subdivisions participate d ifferently  
in inform ation selection, tun ing  and coupling inform ation w ith goal directed m ovem ents 
of different type. Lesions severely disturb the proper use of some inform ation for a cue, 
especially visual cues when th ey  are in the anterior p a rt of th e  mesencephalon.

Keywords: mesencephalic reticular form ation, behavior, locomotion, m uscu lar
tonus.

Motivations induce goal-directed behaviour. In this paper we comprehend 
goal-directed behaviour as the adjustment of eyes, ears, head, body and limbs 
to objects of the environment, as movements directed to such objects or even 
to withdraw from them or to avoid contact with such objects. We do not 
include in this definition purposeful behaviour in the broadest teleonomic 
sense. Programs of goal-directed behaviour are closely connected with informa-
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tion selection and tuning processes, with coupling of sensory informations to 
motor performance and with concentration (focussing) of attention. It is well 
known that the tectum and the cerebellum are involved in these processes and 
in the control of motor performance of goal-directed behaviour. Several nuclei 
of the ponto-mesencephalic region regulate the directed movements and the 
muscular tension in postures (for review see [13]). The complex and dynamic 
motor coordination comes out being the result of regulating interactions be
tween neocortex, teetum, cerebellum and the ponto-mesencephalic region. 
The latter works under multiple forebrain control and receives descending 
inputs directly from the different fields of the sensory neocortex, the frontal 
cortex [2, 18, 30, 36] from the neocortex via basalganglia [5, 6, 9, 31] and from 
the subpallidal limbic region [4, 17]. We suppose that the mesencephalic 
reticular formation (MRF) and the brain stem reticular formation in general 
plays an important role in the precise regulation of goal-directed behaviour and 
exploratory behaviour.

Concepts about the functional significance of the brainstem RF and the 
MRF are still controversial. There are a lot of reasons to suggest that the 
generally accepted concept about the MRF as an unspecific ascending activating 
system [28, 39, 40] concerns only one of its multiple functions. The polymodal 
character of MRF neurons was believed to be related to this function (for review 
see [38]). There is evidence, however, that different parts of the MRF are 
involved in analytic and integrative processes on the segmental level and 
exert descending control upon several coordinated motor and vegetative 
functions. We recently studied changes, syndromes and deficits of spontaneous 
and of active avoidance behaviour on rats after various mesencephalic lesions.

Methods

The investigations w ere performed on m ore th a n  100 male hooded ra ts  o f th e  Long- 
E vans strain . B ilateral sym m etric lesions were produced by stereotaxical applications of 
constan t anodal currents of 1mA and 15 s duration . For larger lesions we applied tw o sub
sequent coagulations w ith 1 mA. In  sham -operated controls the current was no t switched on. 
Localizations and sizes of lesions were histologically checked in Nissl stains a t  the end of the 
experim ents. Typical representatives of the lesions of each group are dem onstrated  in Fig. 1.

Results and discussion

1. Visual and tactile placing responses were tested before and 14 and 45 
days after surgery [19]. Every rat was suspended by hand with its front feet 
and head hanging freely down. Then it was moved slowly to a wooden shelf 
with its eyes on the shelf level and was stopped 3 cm distant from the shelf 
for 5 s. This test was repeated 5 times on the investigation day. Preoperative
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Fig. 1. Typical lesion localizations of all six lesion groups P R  — pre tec tum , NCP — nucleus 
commissurae posterioris, CUj and CU2 — area cuneiformis, CUS — area subcuneiformis.

A P in mm posterior to  bregm a

and sham-operated (postoperative) control rats performed visual placing 
responses very quickly with short latencies even before reaching the 3 cm 
distance by upward elevation of the head and placing their forepaws on the 
platform. This response occurred in 100% of the trials. This reflectory move
ment significantly decreased after all lesion types (p <C 0.001), when move
ments occurred, then with long delay and rather slowed. After extended lesions 
of the area cuneiformis (CU2) or combined lesions of the very anterior part of 
CU and the nucleus commissurae posterioris (NCP) both visual and tactile 
placing responses were totally abolished. In these cases rats made no attempt 
to change their slackly hanging position or to orientate in vertical direction. 
From the 14th to 45th postoperative day no improvement could be observed,
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whereas Braun [4] had found such a recovery after large substantial damage of 
the neocortex. We suggest that the impairment of the visual placing response 
after different lesion types may come from different reasons. After lesions of 
the posteroventral pretectum (PR) this may he strongly impaired brightness 
discrimination [24]. In NCP rats vertical orientation and eye movements are 
strongly reduced. But it remained unclear why the deficit was the strongest in 
the most ventrally lesioned rats (anterior part of the area subcuneiformis,
CUS).

2. When we analysed the lesion syndromes we found typical differences 
depending on the lesion type. All CU2 rats, 50% of the NCP — CU rats and 21% 
of the CUX rats displayed a syndrome of disturbed locomotion. When they 
were set on the ground they immediately started with stereotypely performed 
hyperkinetic locomotoric movements. They ran against walls or any other 
obstacles without previous orientation. Most of them did not stop at the end 
of a table but fell or jumped down and continued this typical locomotion on 
the ground. A similar “locomotor syndrome” was described in cats with 
extended lesions in the mesencephalic and pontine tegmentum. We suggest that 
the lesion causes disinhibition of the locomotor region in the caudal pontine 
part of the CU [7, 8, 37]. The special curious form of the locomotion may 
result from increased extensor tonus in forelimbs, neck and trunk after dor
solateral or central tegmental lesions which was also observed in cats by Hess 
[11]. Ogawa [32] called this type “Paradeschritt” and Muskens [29] reported 
that the distribution of the muscle tonus changed with the lesions’ site in 
dorsoventral direction from extension to flexion. We also found flexion after 
CUS lesions [23]. Contrary to controls, CU2 and NCP—CU rats did not resist 
when pushed foreward (no so called “negativism”). Another symptom of 
possible disinhibition was found by measuring the time of leaving a round field 
of 40 cm diameter in the center of a great room. CU2 rats left this after 3.7 s, 
CUX rats after 6.4 s and NCP—CU rats after 7.8 s, which is a significantly 
shorter time than that of the sham-operated controls which left it after 12.3 s 
(p -< 0.001 for CU2 and CUj, p <C 0.05 for NCP—CU).

PR lesions were typically characterized by mydriasis and reduced or 
abolished pupillary consensory reflexes.

3. Depending on the lesion type we got special information about changed 
behaviour from careful investigations in open field which consisted of a 60 X 75 
cm plastic floor and 22 cm high walls. It was subdivied into 20 small fields 
(15 X 15 cm) which were controlled by 9 infra-red beams. Figure 2 demonstrates 
that the lesions of different MRF parts differently influenced the parameters of 
ambulatory behaviour of the rats (from [20]). The total amount of locomotion in 
the open field was significantly diminished in all lesion groups (upper left 
diagram in Fig. 2). This was evident from the first 2 min period and in all the 
further periods compared to the controls. Their sequential reduction during
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Fig. 2. A m bulatory behaviour of ra ts  in the open field during 10 m in exposure. Group m ean 
values (P R ,n  =  10; N CP, n  =  14; CU, n =  10; CUS, n =  11; N C P -C U , n =  6; C, n  =  8). 
L eft upper diagram : num ber of infrared beam  crossings (Im p), colum ns subdivided in 2 m in 
periods (first on the basis). R ight upper d.: V elocity of locomotion indicated  by Im p/s and  
standard  deviations. L eft lower d.: s tay  on peripheral fields in min. R ight lower d.: sum m ated 

duration  of im m obility. In  Fig. 2—4 triangles indicate p <  0.01, +  p <  0.05

the 10 min exposure demonstrates that the habituation to the open field 
situation remained undisturbed. The total duration of immobility reveals 
rather great differences between the groups (lower right diagram) showing a 
maximum in NCP rats. On the other hand, the quotient of infra-red beam 
crossings and total duration of locomotion shows that NCP rats moved quicker 
whenever they did it, whereas CUS rats moved slower than controls (upper 
right diagram). Pretectal rats showed enhanced thigmotaxis found from the 
stay on peripheral fields near the walls (lower left diagram).

Exploratory behaviour was strongly reduced in all lesioned groups (Fig. 3). 
Most evident was the decrease in the number of rearings and reduced vertical 
orientation is also indicated by the reduction of wall-climbings. The exceptions 
in the latter case are the PR rats which also express the enhanced thigmotaxis.
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Rearing Climbing . Sniffing

Fig. 3. Exploratory behaviour of rats during 10 m in exposures in the open field. Group mean
values of num ber or duration

Sn iffin g  as a further param eter of exploratory behaviour is decreased, too, 
excep t for CUS rats w hich  displayed even  significantly more periods and tota l 
am ount of sniffing than  controls. E xcessive sniffing after large lesions o f  this 
region was already reported by Parker and Feldm an [33]. Sniffing is not only  
a ctiva ted  by olfactory stim uli, but also w hen input from any o f several senses 
arouses the animal to  explore [1, 42].

The modulating olfactory inform ation comes through the lateral olfactory  
tract to  the limbic system  and directly from  the anterior olfactory nucleus to  
th e  anterior m esencephalon [26]. Lesions o f  the anterior olfactory nucleus lead  
to  sim ilar changes of th e  sniffing param eters [11].

W e suggest th a t th e  CUS has som e inhibitory function in the regulation  
of sn iffing depending on the situational context. D isturbances o f these func
tion s m ay be involved in  strong changes o f  alim entary behaviour which we 
observed in agreement w ith  other authors [3, 12, 33] after lesions in the CUS. 
On th e other hand, the interruption o f a great part of the pallidotegm ental [31] 
and other inputs from th e  periaquaeductal gray [35], the m edial hypothalam us 
[35], th e  subthalam us [34] and the area preoptica [27] to  the ventral and medial 
parts o f  the MRF m ay also contribute to  the syndrome of disturbed alim entary  
and drinking behaviour.

Mesencephalic lesions influence groom ing, too (F ig. 4). The grooming 
duration  increased and th e  grooming la ten cy  is extrem ely shortened. This m ay  
h ave tw o reasons. W e consider that the m issed activating effect o f n ovelty  in 
th e  open field situation  after MRF lesions m ay contribute to  grooming not 
being so long suppressed or secondly a descending inhibitory influence o f the  
anterior MRF is taken off.

Also the in vestigation  in the open fie ld  situation brings us to the conclu
sion th a t the old too m uch generalized concept about the M RF is not correct.
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Fig. 4. Grooming duration  and grooming latency of ra ts  during 10 min exposure to the open
field. Group m ean values ±  s- d.

4. We further investigated  goal-directed behaviour induced by avoidance  
conditioning procedures after various lesions o f the M RF. In these experim ents 
the following tests  were used:

a) acquisition of the conditioned avoidance response (CAR) in a Y-m aze  
w ith  the right branch closed (runway left, 10 trials per session).

b) D irection change of th is te st (runway right, 10 trials p. s.).
c) Continuation with both branches open but only one ex it unlocked  

in  a 2 : 2 alternation schedule. In  th is test the open ex it was illum inated, the  
closed one was dark (dark-light discrim ination test 20 trials per session).

The start-box and the tw o goal-boxes o f the Y -m aze were separated  
from the branches by one-way doors connected w ith  electric stopw atches. 
R oth were set on b y  the conditioned stim ulus (CS), which was a five second  
buzzer sound. The first w atch was stopped by pushing the start-box door and 
indicating the reaction tim e; the second one was stopped  by pushing the goal- 
box door. The tim e difference was the running duration, from which the  
running speed (1 m distance) was sim ple to  calculate. The unconditioned s t i
m ulus (UCS) consisted of a 90 Y square-wave im pulse series w ith 30 im p/s and  
1.5 ms impulse duration. It was sw itched on to the grid floor 7 s after the onset 
of the CS.

NCP rats ind icated  by filled circles in  Fig. 5 were better in the acquisition  
of CAR in the sim ple runway te s t  compared to  controls indicated by open  
circles. In this case it  was a good advantage to  start early, to  perform less 
orientation and to  run straight on. Thus, the direction change in the fifth  
sessions was not noticed by the lesioned rats, whereas control rats hesitated  
and performed exploratory behaviour before passing the goal. In the first
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CAR [*/.]

R [s]

1 . 5  ^lÂd

Fig. 5. Mean values and stan d ard  deviations of conditioned avoidance responses (CAR) in %  
of tr ia ls , of reaction tim es (R Ts) in s, of running  durations (Rs) in s and of errors during 
brigh tness discrimination in  %  of trials, a fter lesion of NCP ( • ,  n  =  8) com pared w ith  sham- 
opera ted  controls (o, n  =  8). day  (d) 1—4: runw ay  left, d 5 — 8 : runw ay righ t, d 9 —14: alterna
tion  o f th e  goal. In  Fig. 5 — 9 indicates one triangle (or cross) p <  0.05, two triangles (crosses)

p <  0.005

session  w ith  goal alternation  after every  second trial the NCP rats entered one 
o f th e  branches by chance — th a t’s w h y  th ey  had error rates about 50% . 
In  such  a case differring from the controls th ey  im m ediately and quickly  
turned  to  the other branch which w as illum inated and open. Thus, in  spite of 
their  error rate their avoidance rate w as equal to th at of the controls. CUX 
rats had not shown such high error rates hut were lower in their CAR rate 
because they  m oved slower than controls. The greatest deficit was found after 
CUS lesions (Fig. 6) because this group had high error rates and was th e  slowest. 
The P R  group had the h ighest error rate.

W e investigated w hether rats could perform the CAR w ell i f  th ey  had 
learnt it  perfectly before the lesion. The results in m ost groups w ith  preopera
tiv e  experience were really  better. H ow ever, the error rate in  dark-light 
discrim ination retention task  3 w eeks after the lesion respectively  during 
relearning was still rather high. Figure 8 dem onstrates these results from a CU2
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CAR [V.]

Fig. 6. Mean values and s. d. of CAR, R T, R  and of errors (E) after lesion of CUS ( • ,  n  =  8)
compared w ith  controls (o, n =  8).

d 1 —4: runw ay  left; d 5 — 8 : runw ay  right; d 9 —14: a lternation  of goal

group: error rates above 40% , slow ed running, difficulties to  correct the errors 
or to  reactivate th e  m emory are typ ica l, whereas the start (reaction tim es, RT) 
was more rapid. In  this investigation  CUS rats had the m ost troubles, too.

W e m ay conclude that anim als w ith  MRF lesions are able to  see, to m ove, 
to  react stim uli, to  habituate to  situations or even to  learn, but ev idently  
th ey  have troubles to  select inform ations which m ay serve as a cue and to  
couple them  w ith  th e  correct or even  m ost effective behaviour. In the case o f  
lesions in  the anterior part of the m esencephalon these troubles are m ostly  
connected w ith v isu a lly  guided behaviour.

d) More difficulties were exp ected  in the acquisition o f a jum p (pole
clim bing) test in w hich the rats could avoid footshocks from the grid floor 
(50 V alternating current) by jum ping or climbing on a wooden rod hanging in  
the m iddle of the apparatus. After th e  onset of the CS (a 1.5 kH z tone) th ey  
had 3.5 s tim e u n til the UCS was sw itched  on. Both stim ulations were sw itched  
off b y  the anim al’s w eight on the rod. RTs and hanging durations were auto-
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CAR [Vi

1 5 9 12 27 29 31 d 3iT
Fig. 7. Mean values of CAR, RT, R  and E  during preoperative and postoperative testing in the 
Y -m aze of CU2 group ( * , n  =  8) compared w ith controls (o, n =  8). d 1 — 4: runway left; 
d 5 — 8 : runw ay righ t; d 9 —12: a lternation of goal; d 13: lesioning, d 27 — 28: runw ay left, 

d 29 — 30: runw ay righ t; d 31—36: alternation

m atica lly  measured b y  stopw atches connected to the rod. N either CUj rats nor 
C U 2 rats nor CUS rats were able to  learn th is task  and to successfully avoid  
punishm ent w ithout previous preoperative training. N one o f them  found the  
escape possibility. P R  rats detected th is w ay in the first and NCP rats in the  
third session w ith 10 trials each. PR  rats remained slow  while performing 
throughout 8 sessions w ith  a m axim al CAR rate below 50% . NCP rats continued  
to  perform a great num ber of variant jum ps beside the goal as if  th ey  couldn’t 
see it  (Fig. 8 ).They w ere also unable to learn the context betw een CS, UCS and 
th e  correct goal-directed m ovem ent. E ven  after 80 trials th ey  poorly avoided  
punishm ent, and their  RTs were still too long. The increasing number of in 
tertrial responses and th e  slow decrease o f variant jum ps (IT R  and Y J in fig. 8) 
reveal that they were n ot inhibited as in learned helplessness (compare [10, 17, 
25]. Their parameters indeed point to  increased m otivational activ ity .

The situation w as quite different when the NCP rats had preoperatively  
learnt the task. Then th ey  correctly responded in tim e and their CAR rate was 
norm al. The CU and CUS groups, how ever, found the escape possibility, but 
alw ays waited for reinforcem ent and could not relearn the jum ping test (Fig. 9).
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Fig. 8. Mean values and s. d. of CAR, R T, R, in tertria l responses (ITR ) and varian t jum ps 
(V J) per session in the postoperative jum p tes t training of NCP ra ts  ( • ,  n =  6) compared w ith

sham -operated controls (o, n =  8)

In all these experim ents it  w as surprising th a t CU rats never displayed  
any response o f  the arrest reaction ty p e  during which m ovem ents are blocked  
in any posture o f th e  body. The strong excitation  o f the CU b y  im m ediate local 
effect o f injected kainic acid [14] produced frozen postures o f very long dura
tion  in cats concom m itted by E EG  desynchronization. W e had found a similar 
tonic behavioural response in classical aversive conditioning of rats who had no 
possib ility  to escape or to  avoid punishm ents [17]. There is evidence th at the  
striatum  plays a dom inant role in  th is response typ e [15] which is possibly  
influenced by an ascending excitatory pathw ay from the CU to medial thalam ic 
nuclei, in  cats to  the centrum -m edianum -parafascicularis com plex [40] which  
itse lf has a strong projection to the striatum .

Reports on the effects of M RF lesions upon learning and retention in rats 
or cats are as contradictory as results published on the problem  whether M RF  
stim ulation  facilitates memory consolidation or disrupts retention. We think  
th at the reasons for divergent conclusions come from m ethodical differences in  
the investigations. W e have discussed several problems elsewhere [15, 19, 24]. 
Our results clearly dem onstrate th a t M RF lesions produce special behavioural 
syndrom es and im pairm ent in different types o f goal-directed behaviour. 
There is no longer evidence to believe in a com m on reticular structure w ith  
unspecific functions or any socalled widespread projections. W ith respect to
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Fig. 9. M ean values o f  CAR an d  RT of CUS group  ( * , n  =  8) com p ared  w ith  sh am -o p era ted  
C ontro ls (о, n  =  8) in  th e  p re o p e ra tiv e  an d  p o sto p e ra tiv e  ju m p  te s t  tra in in g , d  9: o p era tio n ;

d 23 — 30: postoperative sessions

m an y  unknown details about networks and functional system s in which brain 
stem  R F and especia lly  M RF or better to  say in which the m any reticular 
nuclei and divisions o f  the brainstem  are involved, we should avoid further 
sim plifications like “ unspecific” , “ arousing system ” , “ activating  system ” etc. 
F rom  the anatom ical point o f v iew  there are more local, segm ental or inter- 
segm ental interactions w hich are strongly controlled by descending cortical and 
lim bic structures, th an  ascending functions.

There is further evidence th at M RF participates in  inform ation selection, 
tu n in g  and coupling o f  these inform ations w ith goal-directed m ovem ents of any  
ty p e . On the other hand, M RF lesions do not interrupt sensory pathw ays to  
specia l sensory fields or any m otor system  directly, but th ey  severely disturb 
th e  proper use o f som e inform ation for a cue in goal-directed behaviour. 
T his concerns more o ften  visual cues when lesions are in the anterior part of the  
m esencephalon.

R E FE R E N C E S

1. B aum bach, H. D., Sieck, M. H.: Tem poral effects of discrete lesions in the olfactory and 
limbic system on open-field behaviour and dyadic encounters in  male hooded rats. 
Physiol. Behav., 18, 6 1 7 - 6 3 7  (1977).

Acta Physiologica Hungarica 74, 1989



Cortical control of exploratory  and  goal-directed behaviour 133

2. Beckstead, R. M .: An autoradiographic exam ination of corticocortical and subcortical
projection of the mediodorsal-projection (prefrontal) cortex in th e  ra t. J .  comp. Neurol. 
184, 4 3 -6 2  (1979).

3. B la tt, B ., Lyon, M.: The interrelationship of forebrain and m idbrain structures involved in
feeding behavior. A cta neurol. scand. 44, 576 — 595 (1968).

4. B raun, J . J .:  The neocortex and visual placing in ra ts . Brain Res. 1, 381 — 394 (1966).
5. Chevalier, G., Thierry, A. M., Shibazaki, T., and Feger, J .:  Evidence for a GABA-ergic

inhibitory  nigrotectal pathw ay in the ra t. Neurosci. lett. 21, 67 — 70 (1981).
7. Grillner, S.: Locomotion in vertebrates: central mechanisms and reflex in tegration. Physiol.

Rev. 55, 2 4 7 -3 0 4  (1975).
8. Grillner, S., and Shik, M. J .: On the descending control of the lum bosacral spinal cord from

th e  “ mesencephalic locomotor region” . A cta physiol, scand. 87, 320 — 333 (1973).
9. H assler, R. : S tria ta l control of locomotion, in ten tional actions and of in tegrating  and

perceptive activ ity . J . Neurol. Sei. 36, 187 — 224 (1978).
10. H ellham m er, D.: Learned helplessness — an anim al model revisited. In : Angst, J . (ed.):

The origins of depression: Current contents and approaches. Berlin, Springer 1983, pp. 
1 4 7 -1 6 1 .

11. Hess, W. R.: H ypothalam us and Thalam us. E xperim entaldokum ente. B ilderatlas. Thieme,
S tu ttg a rt 1956.

12. H ill, D. L., Almli, R. C.: M idbrain reticu lar form ation damage and the ontogeny of in-
gestive and sensorim otor behaviors. Physiol. B ehav. 26, 269 — 275 (1981).

13. Jung , R ., H assler, R .: The extrapyram idal m otor system . In : J . Field, H. W. Magoun and
W. Hall (eds.): Handbook of physiology. Neurophysiology, Vol. 2, 863 — 927. Amer. 
Physiol. Soc., W ashington 1960.

14. K itsik is, A. and Steriade, M.: Im m ediate behavioural effects of kainic acid injections into
the m idbrain reticular core. Behav. Brain Res. 3, 361 — 380 (1981).

15. K lingberg, F.: Die Bedeutung des Mesenzephalons fü r das zielgerichtete V erhalten. Wiss.
Ztschr. Karl-M arx-Univers. Leipzig, M ath.-N aturw . R. 33, 531 — 541 (1984).

16. K lingberg, F., K unz, F.: On the possible partic ipation  of the caudate nucleus in the devel
opm ent of so-called arrest-behaviour of ra ts. A cta biol.m ed. germ. 28, 1077 —1080 (1972).

17. K lingberg, F., P ickenhain, L.: Elektrophysiologische und V erbaltensuntersuchungen über
die A usarbeitung eines bedingten Abwehrreflexes auf elektrische Reize ohne F lu ch t
möglichkeit. A cta biol. med. germ. 14, 749 — 763 (1965).

18. Leonhard, C. M.: The prefrontal cortex of the ra t. I. Cortical projection of the m ediodorsal
nucleus. II . E fferent connections. Brain Res. 12, 321 — 343 (1969).

19. Mager, P ., Mager, R ., Klingberg, F .: Visual placing responses im paired after mesencephalic
lesions in the ra t . Acta biol. med. germ. 41, 971 — 975 (1982).

20. —; —; —: Open field behaviour of ra ts  after various mesencephalic lesions. Biomed.
Biochim. A cta 42, 1249 — 1259 (1983).

21. — ; —; —: The effect of lesions in the mesencephalic reticular form ation upon conditioned
avoidance responses in ra ts: I. Lesions of the nucleus commissurae posterioris. Biomed. 
Biochim. A cta 43, 85 — 93 (1984a).

22. —; —; —: The effect of lesions in the mesencephalic reticular form ation upon conditioned
avoidance responses in ra ts: I I . Lesions of the  area cuneiformis. Biomed. Biochim. A cta 
43, 1145 — 1155 (1984b).

23. —; —; —: The e ffe c t ..........  I I I .  Lesions of the area subcuneiformis. Biomed. Biochim.
A cta 45, 385 — 392 (1986a).

24. — ; — ; — : The effect of lesions in the p re tectal area upon conditioned avoidance responses
in rats. Biomed. Biochim. A cta 45, 477 — 483 (1986b).

25. Maier, S. F .: Failure to escape traum atic  shock: incom patible skeletal m otor response or
learned helplessness. Learn. Motiv. 1, 157 —170 (1970).

26. Millhouse, O. E .: A Golgi study of th e  descending m edial forebrain bundle. Brain Res. 15
3 4 1 -3 6 3  (1969).

27. Mizuno, N., Clemente, C. D., and Sauerland, E . K .: F iber projections from  rostral basal
forebrain structures in  the cat. E xper. Neurol. 25, 220 — 237 (1969).

28. Moruzzi, G., Magoun, H. W.: B rain stem  reticu lar form ation and activation  of the E E G .
Clin. Neurophysiol. 1, 455 — 473 (1949).

29. M uskens, L. J . J . :  Experim entelle und  klinische U ntersuchungen über die V erbindungen
der unteren  Olive und  ihrer B edeutung fü r die Fallrichtung. Arch. Psychiat, Nerven- 
k rkh . 102, 5 5 8 -6 1 3  (1934).

30. N akam ura, Y., K itao , Y ., Okoyama, S.: Cortico-Darkschewitsch-olivary projection in th e
cat: an electronmicroscope study  w ith the aid of horseradish peroxidase tracing tech
nique. B rain Res. 274, 140 — 143 (1983).

3 Acta Physiologica Hungarica 74, 1989



134 F. Klingberg e t al.

31. N au ta , W. J . H .: P ro jec tion  of the pallidal complex: an autoradiographic study in th e  cat.
Neurosci. 4, 1 8 5 3 -1 8 7 3  (1979).

32. Ogawa, T.: Experim entelle U ntersuchungen über die mediale und  zentrale H aubenbahn der
K atze. Arch. P sych ia t. N ervenkrkh. 110, 365—444 (1939).

33. P arker, L. W., F eldm an , S. M.: Effect of mesencephalic lesions on feeding behaviour in
ra ts. Exper. N eurol. 17, 313—326 (1967).

34. R opert, N., Steriade, M .: Inpu t-o u tp u t organization of the m idbrain reticular core. J .
Neurophysiol. 46, 17 — 31 (1981).

35. P aren t, A., Steriade, M .: A fferent projections from  the periaquaeductal gray, medial
hypothal. and m edial thalam us to  the m idbrain  reticular core. B rain Res. Bull. 7, 
411 -418(1981).

36. Segal, R. L., Beckstead, R . M., Kersey, K. and E dw ards, S. B .: The prefrontal corticotectal
projection in the ca t. E xper. Brain Res 51, 423—432 (1983).

37. Shik, M. L., Orlovski, G. N.: Neurophysiology of m otor autom atism . Physiol. R ev. 56,
4 6 5 -5 0 1  (1976).

38. Siegel, J . M.: B ehavioral functions of the re ticu lar form ation. B rain  Res. Rev. 1, 69 —105
(1979).

39. Singer, W.: Control o f thalam ic transm ission by  corticofugal and ascending reticular
pathw ays in the v isual system. Physiol. R ev. 57, 386—420 (1977).

40. Steriade, M.: M echanisms underlying cortical activation: N euronal organization and prop
erties of the m idbra in  reticular core and  in tra lam inar thalam ic nuclei. In : Pom peiano, 
O., and A jm one-M arsan, C. (eds.): B rain mechanism s and perceptual awareness. New 
York, Raven Press 1981, pp. 327—377.

41. Swanson, L. W., M ogenson, G. J .,  Gerfen, C. R . and Robinson, P .: Evidence for a projection
from  the la teral p reop tic  area and substan tia  innom inata to  th e  “ mesencephalic loco
m otor region” in  th e  ra t . B rain Res. 295, 161 —178 (1984).

42. W elker, W. I.: A nalysis o f sniffing of the albino ra t. B ehavior 22, 223 — 244 (1964).
43. Chevalier, G., V acher, S., D eniau, J . M.: Inh ib ito ry  nigral influence on tectospinal neurons,

a possible im plication  of basal ganglia in orienting behaviour. Exper. B rain Res. 53, 
3 2 0 -3 2 6  (1984).

Acta Physiologica Hungarica 74, 1989



Acta Physiologica Hungarica, Volume 74 ( 2 ) ,p p .  135— 140 (1989)
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Changes of the acid solubility and fluoride content of th e  surface layer of th e  
enamel of the firs t incisor of seventy-nine 9 to  10-year-old children living in a closed 
com m unity were measured by the m ethod of enamel biopsy a t th e  6th  and 12th  m on ths 
of the consum ption of fluoridated milk. H alf-year after the beginning of consum ption of 
fluoridated m ilk the acid solubility decreased significantly, while one-year-long consum p
tion led to  significant increase of th e  fluoride content of the enam el surface.

Keywords: milk fluoridation, enamel biopsy, phosphorus dissolution, F -  con ten t.

The aim and desired result o f the consum ption o f fluoridated milk is to  
decrease the ex ten t of the decay o f both  the deciduous and the perm anent 
teeth . The first conclusive data originated from Japan where 2 to 2.5 m g  
N aF  was added to  the milk or soup provided in the school, and after 4 years 
36.3%  reduction in the increment o f caries could he observed [5]. In the U n ited  
States o f  Am erica 35% reduction o f caries increm ent w as seen 3.5 years after  
the beginning o f the supplem entation o f th e  milk consum ed b y  6 to 9-year-old  
children w ith  F ~  in  a concentration of 3.5 m g/285 m l [12]. A nalysis o f a num er
ous Swiss sam ple revealed that in the case o f  those children who from the age o f  
9 to  44 m onths onwards drank m ilk containing F ~  in a concentration o f 1 m g/1  
the reduction o f caries increm ent was betw een 25.5 and 73.5%  as far as th e  
deciduous and 62.7%  as far as the perm anent teeth  w ere concerned [21]. 
In Scottish  children who consum ed every day for 5 years, from the age o f  4.5  
to 5.5 years onwards, 200 ml milk containing 1.5 m g F ~  significantly (by 31.2% ) 
lower DM F-T values were seen [15, 16]. Three-year-long and five-year-long  
Hungarian follow -up investigations w hich began at th e  age of 2 to 3 years  
showed 60 to  70%  reduction of caries increm ent in  the perm anent teeth  [1]. 
After 3 years the caries reduction o f the first perm anent molars in the 5 to
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6-year-old children w as 74% .Moreover, even  as early as 2 years after the ch ild
ren began to drink fluoridated  milk sign ifican t difference could be observed  
w hen  the dm f value and the decay o f th e  first permanent molars were com 
pared to  the controls [23]. Other authors found 77% reduction  in the caries 
increm ent of the perm anent teeth  after tw o-year-long consum ption o f choco
late-flavoured milk containing F -  in a concentration  of 1.0 m g/236 ml [8].

As far as the effect o f fluoridated m ilk on the enam el was concerned, 
anim al experim ents revealed  considerable increase of the F _ content o f  sam ples 
obtained  by enam el b iop sy  [11]. Fluoride incorporation in to  the enam el could  
be dem onstrated in  vitro  when extracted  hum an teeth  were steeped in fluori
dated milk [7]. After th e  consum ption o f fluoridated milk increased am ount o f  
fluoride was m easured in  the ash o f enam el and dentine o f  hum an deciduous 
tee th  [9].

Following tw o years of milk fluoridation  in vivo  enam el b iopsy in 
vestigations revealed considerable decrease o f  the acid so lub ility  o f the enam el 
[19]. Milk fluoridation for 5 years led to  sign ificant increase o f  the F _ content 
o f  the enamel surface [18].

We were unable to  find , however, an y  data in the literature on the tim e  
period necessary for th e  increase o f th e  fluoride content o f  the enam el to  be 
dem onstrated after continuous consum ption of fluoridated m ilk. Therefore the  
present investigations were aimed to s tu d y , on the one hand, whether the  
acid solubility and fluoride content o f th e  enam el surface exh ib it any change 
half-year or one year after the beginning o f the consum ption of fluoridated  
m ilk and, on the other, how these changes develop in the dependence o f tim e.

Materials and m ethods

The investigations were carried out on seventy-nine 9 to 10-year-old children living in the 
Children’s City of Fót. B etw een 1978 and 1984 th e  children living there , were already given 
fluoridated  milk; the circum stances of the investigation  and the favourab le  effects (reduction 
in  th e  incidence ra te  of caries) have been repo rted  elsewhere [2]. D ue to  technical reasons 
(renovation  of the k itchen) m ilk fluoridation w as in terrup ted  and began anew only one year 
la te r. One milligram of fluoride in the form of N aF  sa lt was freshly m ixed in to  200 ml milk and 
given to  the children once a  day, a t breakfast. T he F -  content of th e  drinking w ater in  the 
children’s home is lower th a n  0.1 mg/1.

The children were investigated  by the m ethod  of enamel biopsy (4,3) before the ré in tro 
duction  of fluoridated m ilk adm inistration, ha lf-year after and one y ear after. A fter the 
isolation, cleaning and drying w ith alcohol of th e  (1) to o th  an area of 3 m m  diam eter was isolated 
in  th e  middle of the buccal surface by a self-adhesive synthetic (polym er) tape. Then 4 [Л o f
0 .5%  HC104 solution was dropped to a W h a ttm an n  filte r paper disc of 3 m m  diam eter and the 
disc was placed on the isolated too th  surface for 60 seconds. A fter th e  rem oval of the firs t disc 
th e  rem aining acid was b lo tted  by two o ther discs and  all the three discs were stored in a poly
ethylene tube containing 200 fx\ bidistilled w ater. The am ount of phosphorus dissolved from  the 
enam el surface was considered to represent acid solubility  and was m easured photom etrically  
[22]. D eterm ination of fluoride content was carried  ou t by means of an  ionselective electrode 
(R adelkis OP-7443). The resu lts were evaluated b y  the  one-tailed t- test. Only complete follow
u p  d a ta , i. e. those contain ing initial, half-year and  one-year results, were taken  into account a t 
th e  fina l evaluation. This selection accounts for th e  lower num ber of the  sample in the case of 
phosphorus determ ination.
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Results

Before the introduction o f fluoridated milk adm inistration th e  acid  
so lu b ility  was 2.95 ^  0.14 pg dissolved phosphorus per 7.1 mm2 surface area. 
A t the 6th m onth o f fluoridated m ilk feeding the corresponding data was 
2.47 i  0.13 pg/7.1 mm2, whereas at the 12th m onth 1.92 ^  0.07 pg/7.1 m m 2. 
The am ount of dissolved phosphorus becam e sign ificantly  lower (p <; 0.05) 
already by the end o f the first half-year and further significant decrease

Fig. 1. A m ount of phosphorus dissolved from the enamel surface of the first incisor of children
consuming fluoridated  milk

p<0.01

p<0.01

Baseline 
after l/2year 
after! year

Fig. 2. F luoride content of the enamel surface of the first incisor of children consuming fluori
dated milk

Acta Physiologica Hungarica 74, 1989



138 Zsuzsanna T ó th  e t al.

(p <  0.05) could be observed by the end o f the one-year follow-up period
(F ig . 1).

The fluoride content o f the sam ples obtained by enam el biopsy were as 
follow s: initial: 19.37 ^  0.85 ng/7.1 m m 2, half-year: 20.01 ^  1.00 ng/7.1 m m 2 
and one year: 25.08 ^  1.21 ng/7.1 mm2. The increase of fluoride content becam e 
sta tistica lly  significant (p <  0 .01) by th e  end o f the one-year follow-up period
(F ig . 2).

D iscussion

The investigations were carried out in  a closed com m unity, under stan 
dard conditions, excluding thereby the organisation difficulties sum m arized in  
th e  literature [10]. W ith  the help of the teachers the fluoride enrichm ent and  
distribution of the m ilk were carried out w ithout any d ifficu lty . Urinary F -  
excretion  of the children was checked regularly. Enam el b iopsy proved to  be a 
quick  m ethod o f sam ple collection and caused no unpleasantness to  th e  
children.

Contradictory data  can be found in  th e  literature on the adequacy o f  
enam el biopsy for th e  m easurem ent o f  F "  incorporation into the enam el 
surface. On the one hand, in  rats considerable increase o f  the F ~  content o f  
enam el biopsy sam ples w as seen follow ing th e  fluoridation o f milk and w ater 
[11]. Also the results o f  hum an investigations indicated th a t the F concentra
tion  of the enam el was higher in those w ho continuously consum ed fluoridated  
w ater than in those who were never, or ju st accidentally, exposed to  fluoride 
[17]. On the other hand, following 30 m onths of adm inistration of fluoride  
ta b le ts  no difference could be observed w hen the F ~  con ten t of the enam el 
surface was com pared to  the controls [13]. On the contrary, other authors 
reported on the effect o f  three-year-long adm inistration o f tablets containing  
N a F  to  increase the F ~  content of the enam el o f the deciduous teeth  sign if
ica n tly  [20]. It is w orthy o f attention  th a t marked increase o f  the F ~  content 
o f  the adult enam el could be dem onstrated b y  enamel b iopsy  as early as four 
w eeks after the introduction  o f N aF tab let therapy [6].

At the 6th m onth  following the beginn ing  of fluoridated milk consum p
tio n  significant decrease o f phosphorus dissolution com pared to the in itia l 
va lu e could be observed. B y  the end of th e  year further considerable decrease o f  
so lub ility  was seen. The dem onstration o f  th ese changes proves not only the  
sen sitiv ity  and adequacy of the m ethods used  but supports the opinion th a t as 
early  as six m onths after the initiation o f fluoride intake in th e  above-m entioned  
am ounts significant favourable changes can be seen in  th e  enam el as w ell. 
For the evaluation o f the clinical sign ificance of the sta tistica lly  significant 
differences further long-term  follow-up investigations on the caries incidence  
rate o f these children are needed.

Acta Physiologica Hungarica 74, 1989



Fluoride content of the enamel surface in children 139

Fluoride content o f the enam el increased sign ificantly  after one year. 
In the present stu d y  the (1) tooth  was investigated  which was already erupted  
in all the 9 to  10-year-old children studied. D ue to  the self-controlled nature o f  
the study it  is indifferent from the point o f  v iew  o f the changes observed th a t  
the children had already interm ittently  consum ed fluoridated milk from  the  
ages o f 4 to  5 years onwards. Certainly, previous exposure to  fluoride m ight 
have exerted system ic effect on the tooth  germs, in the present in vestigation , 
however, the condition of the same, already erupted tooth  o f the sam e child  
was compared half-year and one-year later to  the in itial condition. Therefore 
the changes observed m ay he considered to  represent the effect o f local in flu 
ences — though the possib ility  of the local effect o f  fluoridated milk is doubted  
[14] — : partly direct and partly indirect (salivary excretion) influence. I t  can  
be assumed w ith  reason th at both the direct and the indirect (salivary ex cre
tion) effects w ould be more pronounced i f  the same quantity  of fluoridated  
milk could be divided into more than  one daily  portion.
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The present study q u an tita ted  the effects of extracellular volum e expansion on 
sodium and w ater excretion in 118 anesthetized dogs.

The anim als received a priming injection of 10 ml k g -1 R inger solution i. v. 
which was followed by a constan t Ringer solution infusion a t a ra te  of 0.25 ml • m in -1 •

■ kg-1 un til th e  end of the experim ent.
Fifteen m inutes after th e  s ta rt of the constant infusion th e  renal param eters 

were examined in 11 subsequent 15 min periods (the to ta l tim e was 3 hours).
Volume expansion produced no significant change in a rte ria l blood pressure, 

glomerular filtra tion  ra te  (G FR ), plasma sodium and potassium  concentration or, 
haem atocrit, h u t did reduce the Срдн from 284 ml ■ m in-1 to  218 ml • m in-1 (the 
da ta  were calculated for 100 gram  wet kidney weight).

There were constant significant increases in the urinary  excretion rate  from  
0.84 ml • m in -1 to  4.06 ml • m in -1 and the 39% of the infused w ater was excreted 
during the experim ent.

Volume expansion also caused a significant increase in sodium  excretion during 
the three first periods from 120 /(mol • m in -1 to  329 /tmol • m in -1 followed by a small 
b u t significant decrease. The sodium excretion a t  the end of th e  experim ent was 221 
/tmol ■ m in-1 and the 23% of the infused sodium was excreted in the course of the ex
perim ent.

The increase of the w ater excretion during the volume expansion was associated 
w ith fall of the urine osm olality and the urine became hypoosm otic as compared to the 
plasm a.

We have provided evidence th a t vasopressin was not involved in the control of 
w ater excretion in our experim ents.

I t  is concluded th a t neither filtered sodium nor decreased aldosterone secretion 
can account for the increase in sodium excretion th a t occurs after Ringer solution 
loading in  the dog.

I t  has been proposed th a t a decrease in  plasma p ro tein  concentration m ay  
decrease passive sodium reabsorption  due to oncotic forces in th e  proxim al tubule . 
The Ringer solution diuresis elicits a rise in m edullary blood flow, thereby  causing a 
w ashout of m edullary sodium. This might dissipate the osmotic force for the back- 
diffusion of w ater from the collecting duct.

Our studies indicate th a t  the response of the diluting segm ents of the d ista l 
nephron to increased delivery of sodium depends upon the presence or absence of volum e 
expansion. H owever the increase of the distal tubu lar loading ac tiva tes the tubuloglo- 
m erular feedback which increases the proxim al tubu lar reabsorption.

Based on these assum ptions our studies provide further evidence th a t the tubu - 
loglomerular feedback regulates the blood pressure in the p eritubu la r capillaries in the 
cortex around the proxim al tubules.

K eyw ords: volume expansion, w ater excretion, sodium  excretion, u rinary  
osmotic activ ity , tubuloglom erular feedback.
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The m aintenance o f fluid and electrolyte balance by the k idney is 
achieved  by in tegrated adjustm ents in  glomerular filtration  and tubular  
reabsorption.

W hen dogs are fed  or infused w ith  sodium  chloride, both  sodium excretion  
and glomerular filtra tion  rate (GFR) increase. Since th e  quantity o f filtered  
sodium  is usually m ore than  that o f th e  excreted one it  is com m only assum ed  
th a t the sodium diuresis can be explained by the increase in  filtered load [22, 
42, 43].

The error of m easurem ents o f G FR  is probably about 5% [9]. Since 
sodium  excretion even at the peak o f a saline diuresis is usually  a small fraction  
o f filtered  sodium, it  is difficult to rule out the possib ility  that small errors in 
m easurem ents are su ffic ien t to account for occasional instances of apparent 
dissociation between filtered  and excreted  sodium.

Although factors possib ly influencing tubular reabsorbtive activ ity , such 
as th e  adrenal and neurohypophyseal horm ones, are n o t y et amenable to  a 
quantitative study, th e  general correlation between filtra tion  rate and sodium  
excretion  in the dog has led m any investigators to believe that any change in 
glom erular activ ity  co n stitu te  one o f  the m ost im portant m echanisms in  the  
m aintenance of salt and w ater balance in  this animal.

An extensive literature is available on the excretion o f sodium, chloride 
and  water in dogs receiving saline infusion, but in great part the inform ation is 
m erely  descriptive concerning the fact o f  diuresis and is not correlated w ith  
th e  measurable physiological m echanism s in  the excretion o f sodium and water. 
The comparison of the data has m any difficulties, because the adm inistration  
o f isotonic saline or R inger solution to  dogs in quantities equal to one-half or 
m ore of the volum e o f  extracellular flu id  leads to unphysiological responses.

It has occasionally been suggested, however, th a t augm ented sodium  
excretion  is due to  decreased tubular reabsorption o f sodium  rather than  to 
increased filtration.

Several studies on the renal m echanism s of sodium  excretion have focused  
atten tion  on the proxim al tubule as the site of an im portant regulatory func
tion . I t  has become increasingly apparent, however, th a t th e  transport system  
in  th e  more distal parts o f  the nephron are o f  critical im portance in determ ining  
th e  final rate of sodium  excretion [8, 13, 23, 31].

The factors w hich affect sodium  reabsorption in  th e  distal nephron are 
poorly  understood. The m agnitude o f  saline diuresis during saline loading is 
determ ined to a large ex ten t by the fraction of sodium  escaping proxim al 
reabsorption which is reabsorbed in  the distal nephron. Evidence has been  
presented suggesting th a t during volum e expansion sodium  reabsorption in  the  
dilu ting  segm ent o f th e  nephron in th e  dog m ay be inhibited  and th at under 
som e circumstances sodium  reabsorption in this segm ent tends tow ard a 
lim it [40].
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Tubuloglom erular feedback (TGF) is an intrarenal hom eostatic m echa
nism  w hereby increased sodium  chloride uptake at th e  macula densa causes 
vasoconstriction  in the afferent arteriole o f the sam e nephron [35, 36, 4 5 ]. 
Intrarenal arterial infusion o f hypertonic saline decreases renal blood flow  
(R B F ) and G FR  in the canine k idney by activation  o f the TGF [17, 32]. 
M icropuncture observations during intrarenal arterial infusion of hypertonic  
saline confirm  th at the reduction in  renal blood flow  and glomerular filtra tion  
rate are due to  activation  o f tubuloglom erular feedback [37].

Intravenous isotonic sodium  salt-infusions are g iven for both exp eri
m ental and therapeutic purposes. Only few data ex ist detailing the effect on  
glom erular filtration of acute infusions of various sodium  salts, but it  is su g
gested  th at each m ay have characteristic effects. Studies using either in tra 
lum inal infusion o f solute in m icropuncture experim ents, or intrarenal arterial 
hypertonic saline infusions in  the in tact kidney, have dem onstrated th a t the  
potentia l for a renal response is dependent on the sa lt status of the experi
m ental anim al. TGF a ctiv ity  is enhanced b y  salt depletion , but alternated b y  
sodium  chloride loading [41].

Several investigators are consistent w ith  the v iew  th at the excretion  of 
sodium  m ay be regulated in part b y  y et unidentified  factors that alter net 
tubular reabsorption [3, 12, 25, 30].

The present study was undertaken to  evaluate the effects o f vo lum e  
expansion on sodium  and w ater excretion in anesthetized  dogs, w hen the  
Ringer solution loading was 1 — 3% of the body w eight (this volume expansion  
is in  the physiological range). The Ringer solution in fused  did not change the  
plasm a sodium , potassium  and calcium  concentrations. No significant d if
ferences related to changes in plasm a osm olality  were noted.

The purpose of the present study w as, to determ ine whether specific  
changes in  urinary osm olality  associated w ith  volum e expansion could be 
prevented by exogen vasopressin or not.

W e have used th is m odel to  te st w ether or n o t the potential for TG F  
a ctiv ity  is m aintained in  a situation  in  which the k id n ey  is actively conserving  
sodium  chloride despite an expanded extracellular flu id  volum e.

Materials and methods

The experim ents were perform ed on mongrel dogs of either sex weighing betw een 10 and 
30 kg. For 24 hours prior to  the experim ent the animals were k e p t on water only. A nesthesia 
was induced by intravenous adm inistration  of pentobarbital sodium  (N em butal, A bott 30 mg/kg 
body w t.) and m aintained w ith  periods of additional adm in istra tion . After the anesthesia each 
anim al received an infusion of Ringer solution equal to 1% of th e  body weight, contain ing 
para-am inohippuric acid (PA H ) and inuline, ensuring a plasm a concentration of 2 mg and 
30 mg per 100 ml respectively, followed by an intravenous infusion of 0.25 ml/kg of R inger 
solution containing 154 mmol/1 NaCl, 4 mmol/1 KC1, 1.78 mm ol/1 N aH C 03, 2.16 mmol/1 
CaCl2 per min for the rest of the experim ent.
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Cannulation of the  fem oral arteries and veins of b o th  sides was perform ed in all animals 
for a rte ria l blood collections and infusions. Mean a rte ria l blood pressure was m easured by a 
S ta th a m  strain gauge tran sducer connected to  a polyethylene catheter in  th e  left femoral 
a rte ry  and recorded on a R A D E L K IS  OH 814/1 recorder.

From a lower m idline incision the b ladder was exposed and the ure ters were catheterized 
supravesically  using fine polyethylene cannulas.

A bout 15 m inutes a fter starting  the in travenous infusion urine was collected from  both 
k idneys in 15 min periods. Blood was taken  a t  the  m idpoint of each clearance period. After 
centrifugation  the su p ern a tan t plasma was collected and the erythrocytes w ere reinfused in 
R inger solution. In the m iddle of the periods arteria l blood pressure was registered.

In  the present p ap er we dem onstrate th e  results of 3 experim ental series. In  group 
No. 1 the effects of th e  R inger solution infusion w ere examined in eleven subsequent 15 min 
periods. The total experim ent lasted for three hours.

In  group No. 2 a fte r the 5th period 10 m U /kg vasopressin was infused intravenously 
w ith  th e  constant R inger solution infusion during 10 minutes. Following th e  vasopressin 
infusion the renal function  was examined in  tw o 10 m in periods (periods 6 and 7). After 
th e  period 7 the anim als received a constan t vasopressin infusion, when 50 m U /kg vasopressin 
was infused during six ty  m inutes (it was given to  th e  R inger solution adm inistered  in constant 
infusion intravenously).

In  ten dogs the lysine-8-vasopressin (SERVA) and  in  ten dogs the argin ine-8-vasopressin 
(SIGM A) was used.

In  group No. 3 th e  effect of a large volum e expansion on kidney function  has been 
stud ied . Following the 7 th  period 25 ml per kg body w eight of Ringer solution of body tem 
p e ra tu re  was infused for 60 m inutes (periods 8, 9, 10, 11), when volume expansion was assumed 
to am oun t to 5% of body weight.

PA H  concentration in  urine and plasm a was determ ined by the m ethod  of Sm ith et al. 
[39], th a t  of inuline by th e  method of L ittle [27]. U rinary  and plasma sodium  and potassium  
concentration  was m easured by flame photom etry . T otal osmolarity of urine and plasm a was 
m easured by the m ethod of freezingpoint depression in a Fiske osm ometer. H em atocrit was 
determ ined  by means of H awskley m icrohem atocrit centrifuge, plasma p ro tein  concentration by 
th e  b iu re t method [19].

The clearance of РА Н  (Срдн) and th e  clearance of inuline (CjnU]jne) were determ ined by 
th e  usual formulas. The d a ta  for Срдн, Cinu|jne, urine flow (water excretion), sodium ex
cre tion  (U n 3x V), potassium  excretion (U ^ XV), and free w ater clearance (С н ,о ) were referred 
to  100 g kidney tissue weight.

Significance levels o f the data  was determ ined by  paired and unpaired  analysis using 
S tu d e n t’s “ t ” test. A p value of less than  0.05 was considered significant.

Results

The first series o f  studies concerns the effects of Ringer solution  infusion  
in  anesthetized dogs. The results o f the group are summarized in  Figures 1, 2,
3. Experim ents were performed on 118 dogs w hose body w eight w as 16.5 ±  0.57 
kg (x  ±  S.E.M.), the kidney weight 77.10 ±  2.65 g, and the k idney w eight 
calcu lated  for 1 kg b od y  weight was 4.67 g.

As the Fig. 1 shows the mean arterial blood pressure during the first 
period was 126 ±  2 m m H g and at th e  end o f the experiment 123 ^  2 m m Hg. 
W hile the arterial blood pressure did not change, the Срдн decreased from  
284  ^  8 ml/min to 218 ^  7 ml/m in (p <  0.001), and the glom erular filtration  
m easured by clearance o f the inuline was 94 ^  3 ml/min during th e  first period 
and 87 i  3 ml/min during the last one (period 11).

As shown in F ig. 2 the urine flow  rose progressively from  0.84 0.07
m l/m in  to 4.09 i  0.25 ml/m in and the w ater retention increased too, which
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Fig. 1. The blood pressure, PA H  clearance (Срдн) and glom erular filtra tion  ra te  (С!пи1,пе) 
during Ringer solution infusion. Points are means i  S. E. M.

was 15 m l/kg of body w eight during the first period and 31 m l/kg during the  
period 11. The 39%  of the infused water was excreted b y  the kidneys during the 
experim ent.

During the periods 1, 2, 3, 4 the sodium  excretion increased significantly  
from 110 i  12 pEq/m in to  329 i  24 pEq/m in and follow ing this period 
despite progressive increm ents in  sodium  retention it  tended to  stabilize.

The sodium  retention  was 2000 pE q/kg during the period 1 and 6000 
pE q/kg during the last period, the 23% of the infused sodium  was excreted b y  
the kidneys during the experim ent.

The potassium  excretion  increased slightly  during the periods 1, 2, 3, 4 
from  47 4 pE q/m in to  73 ^  4 pEq/m in and after th a t, did not change while
there was a loss o f  potassium  by the k idney and at th e  end o f the experim ent 
th e  decline o f the potassium  content was 300 pEq/kg o f  body w eight.
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F ig. 2. The urine flow (w ater excretion), sodium excretion ( U ^ x V )  and  potassium  excretion 
(U K XV) during Ringer solution infusion are solid lines, points are means +  S. E. M. The w ater 
re ten tio n  (ml/kg), the sodium re ten tion  (//Eq/kg) and potassium  reten tion  (//Eq/kg) during the 

experim ents, dropped lines. Points are means

As we can see in  F ig . 3 the urine osm olality  decreased during the course 
o f  th e  experiment and in  sp ite o f the adm inistered isosm otic Ringer solution  
in fusion  the urine becam e hypoosm otic as compared to  the plasm a. A t the  
beginning of the experim ent the urine osm olality  was 725 +  17 mosm /1 and 
during the last period 251 +  14 mosm /1. The plasm a to ta l osm olality  did not 
change during the experim ent its value was about 310 +  2 m osm /1.

A  striking increase in  free water clearance (C h 2o) 'was noted from  
— 0.86 +  0.05 ml/m in to  + 1 .3 8  +  0.17 m l/m in.

The plasma sodium  concentration did not change during th e  experim ent 
and its value was 150 +  1 m E q/1. The hem atocrit rem ained constant during the
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Fig. 3. The urine osm olality, the  free w ater clearance and plasm a protein  concentration 
(plasm a prot. cone.) during Ringer solution infusion, solid lines. Points are means i  S. E . M. 
The plasm a osm olality, plasm a sodium concentration (plasma N a + cone.) and haem atocrit 

during the experim ent, dropped lines. Points are means i  S. E. M.

course o f the experim ent, and the plasm a protein concentration fell slightly  
from 5.03 ±  0.07 g/dl to 4.69 ±  0.11 g/dl. |

The level o f the plasm a potassium  concentration was 3 .88 ^  0.08 m Eq/1  
during the first period and 3.74 i  0.06 m Eq/1 during the la st one.

In 20 anim als vasopressin was adm inistered during th e  Ringer solution  
induced diuresis. Following the period 5 10 m U /kg of vasopressin  was infused  
during 10 m inutes and after th is the k idney parameters were exam ined during 
the period 6 and period 7. A fter the period 7 50 m U /kg o f vasopressin was 
given intravenously in  a constant infusion during 60 m inutes.
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Fig. 4. Effects of vasopressin on blood pressure, PA H  clearance (Срдн) and glomerular 
filtra tion  rate  (С1пицпе). Values are m eans ±  S. E. M. for successive 15 min periods

As the Fig. 4. show s the arterial blood pressure, the Срдн, and glomerular 
filtration  rate rem ained relatively stab le throughout each study.

W hen a vasopressin  infusion w as superimposed on the Ringer solution  
diuresis, the GFR rem ained unchanged, and urine excretion  rose strikingly  
(F ig. 5). The urine flo w  during the period 11 was 4.09 ^  0.25 ml/min in the  
R inger loaded anim als, when a vasopressin infusion w as superim posed on the  
R inger solution the urine excretion was sign ificantly higher 5.54 ^  0.72 
m l/m in (p <  0.01).

The adm inistration of vasopressin provoked a m odest rise in sodium  
excretion  and potassium  output.

W hile in the R inger loaded dogs the sodium excretion  during the last 
period was 221 ^  17 /xEq/min, in th e  vasopressin infused animals 340 ^  48
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•— •—• control n=118
10 ml/kg Ringer sol. i.v. »— — «vasopressin n=20

Fig. 5. Effects of vasopressin on urine flow (w ater excretion), sodium  excretion (U n3x V) and 
potassium  excretion (U ^ x Y ). Values are m eans ±  S. E. M. for successive 15 min periods

/Æ q/m in (p <" 0.01), and the potassium  excretion was 75 ^  4 ^E q/m in and  
101 ^  10 /tE q/m in, respectively.

Figure 6 shows that the pattern of the urine osm ola lity , Сн2сь plasm a  
protein concentration, and hem atocrit changes are sim ilar in the tw o series 
during the experim ent.

An additional study was performed on 22 anesthetized  dogs, w hen the  
R inger solution  load was increased follow ing the period 7. The animals received  
25 m l/kg Ringer solution intravenously  during 60 m inutes (period 8, 9, 10, 
11), so the increase in extracellular volum e at the end o f the experim ent was 
about 5% o f th e  body w eight. R esults obtained from th is stu d y  are sum m arized  
in  F igures 7, 8, 9.
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Fig. 6. Effects of vasopressin on urine osm olality, free w ater clearance, plasm a protein con
cen tra tion  (prot. cc.) and haem atocrit (H ct). Values are means i  S. E . M. for successive 15 min

periods

As we can see on F ig . 7 the increm ent o f the Ringer solution  loading did not 
change either the arterial blood pressure, or Срдьь or glom erular filtration rate.

Figure 8 shows th a t the overhydration provoked a three-fold increase in  
the urine excretion, w hile the sodium  excretion was doubled, and the potassium  
o u tp u t increased sligh tly .

On the Figure 9 w e can observe th a t in the course o f  Ringer solution  
overhydration Ch2o rose sharply and the urine osm olality becam e hypoosm otic 
as compared to the plasm a osm olality. During the Ringer solution  overhydra
tio n  the plasma protein concentration decreased by about 0.45 g/dl and the  
hem atocrit by 3%.
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Fig. 7. Effects of the “ Ringer solution over loading” on the blood pressure, PAH clearance 
(С рдн) and the glom erular filtra tion  ra te  (i-inuiline) during Ringer solution infusion. Values are

means ±  S. E . if .
The solid lines represent the data  of the control experim ents, the dropped lines dem onstrate 

the param eters during “ double loading”  experim ents

Discussion

The present studies were undertaken to  quantify th e  m agnitude and tim e  
course o f changes in glomerular filtration  rate, the urine and sodium excretion  
during isosm otic extracellular volum e expansion induced b y  intravenous 
R inger solution infusion. Clearance experim ents were performed in 118 anes
th etized  dogs.

These experim ents clearly show that some factor other than increased  
filtered  sodium  accounts for part o f  the sodium  and w ater excretion increase
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Fig. 8. Effects of the “ R inger solution over loading”  on the urine flow (w ater excr.), sodium 
excretion (UNa X V), and  potassium  excretion (U ^  XV). Other details as in Figure 7

th a t  follows Ringer solution  infusion in the dog. In all experim ents in the  
present series the glom erular filtration  rate was unchanged. Plasm a sodium  
concentration was rela tively  constant in  m ost experim ents.

De Wardener and co-workers [12] have suggested th a t the increase in  
sodium  excretion after saline infusion is essentially  independent of the changes 
in  glomerular filtration  rate. In their experim ents GFR increased or decreased 
w ith  approxim ately equal frequency w hen saline was infused, excretion  always 
increased.

I t  is well established that saline loading has an exten sive  inhibition  of 
renal tubular sodium  reabsorption. On the basis o f m icropuncture and clearance
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Fig. 9. Effects of the “ R inger solution over loading”  on the urine osmolality, free w ater clear
ance, plasm a protein concentration (prot. cc.), and haem atocrit (H ct). O ther details as in

Figure 7

studies in  dog, it  was concluded th at the inhibition  of sodium  transport 
develops prim arily w ith in  the proxim al tubule [23, 40]. D espite considerable 
reductions in proxim al reabsorption suggested b y  these studies, sodium  
excretion rem ained at relatively low  levels. The major increm ent in  sodium  
excretion apparently develops only after saline loading alters the capacity for 
sodium  transport in the distal tubule.

The m agnitude o f saline diuresis during saline loading is therefore deter
m ined to  a large ex ten t by the fraction o f the sodium escaping proxim al 
reabsorption and is reabsorbed in the d istal nephron.
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The factors w hich  affect sodium  reabsorption in the distal nephron are 
poorly understood.

In the present stu d y  before collection  o f the first period the dogs had  
received in excess 10 m l/kg of Ringer solution , an am ount sufficient to  activate  
th e  “ tubular effect” . A t least 200 /xEq per m inute of the elevated rate o f sodium  
excretion  was presum ably due to the action  o f the tubular factor. In  th e  first 
series of the experim ents this am ount rather decreased than increased (F ig. 2).

The results o f th e  “ double load ing” (third series) experim ents suggest 
th a t the m agnitude o f  this change in  tubular reabsorption is related to  the  
volum e of Ringer solution  infused.

After the second Ringer solution  load, an additional tubular effect was 
dem onstrated; at least 150—200 pEq per m inute o f the increase above control 
excretion was not related  to increased filtered  sodium  (Figs 7 and 8).

The initial in fusion  of Ringer solution  had not elicited the m axim al 
“ tubular effect” , th e  m agnitude of th is effect increased when rising q u an tity  of 
R inger solution w as infused.

The data sum m arized in Fig. 2 do not suggest th a t the m agnitude o f the  
“ tubular effect” increases with progressive Ringer loading. Our results dem on
strated  that the greater part of the infused sodium  is retained in the organism .

The results o f  th e  experim ents in  which Ringer solution was infused to  
keep the plasma chloride, potassium  and bicarbonate concentrations relatively  
constant were not different from th ose in  which saline was given. Changes in 
th e  concentrations or proportions o f the principal filtrable anions thus do not 
account for the resu lts.

Three possible explanations for the decrease in tubular reabsorption o f  
sodium  have been tested . It  has been proposed th a t a decrease in  plasm a  
protein concentration m ay decrease passive sodium  reabsorption due to  osm otic  
forces in the proxim al tubide [5, 28]. In  a previous article we have suggested  
th a t the decrease o f tubular sodium reabsorption is attributed partly to  the  
decreased plasm a protein  concentration [21].

Brenner et al. [4], Lewy and W indhanger [26] observed that the oncotic  
and hydrostatic pressure existing in the peritubular capillaries m ight influence  
the proximal tubular sodium  reabsorption.

But in some experim ents when dilution  o f plasm a proteins was prevented  
b y  adding album in to  the saline infusion, the decrease in tubular reabsorption  
of sodium was en tirely  comparable to  th a t noted  when saline alone was infused
[25]. Changes in  protein oncotic forces, therefore do not account for the  
“ tubular effect” on sodium  excretion.

De W ardener and associates [12] have proposed that a hum oral agent 
other than aldosterone is the “ tubular factor” involved .

Atrial natriuretic peptide (A N P) has been postulated  to have a role in the  
regulation of flu id  and sodium hom eostasis [11, 33, 34]. It was dem onstrated
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th at the intrarenal infusion of A N P  at a dosage that evokes a potent natriuretic  
effect, w ithout changes in renal blood flow  (R B F ) or glomerular filtration  
rate, is capable o f  sign ificantly decreasing the release o f renin. The renin- 
angiotensin system , on the other hand is known to  exert a marked an tina
triuretic effect b y  acting directly on the kidney. Further results suggest th at  
the m odulatory a ctiv ity  of angiotensin II. on the natriuretic effect o f A N P  
could be negligible under normal conditions [7].

H owever, other observations are inconsistent w ith  the concept that 
atrial peptides participate in blood volum e regulation and these results suggest 
th at in the dog, endogenously released A N P  is not responsible for the diuretic 
and natriuretic response caused b y  atrial distension [18]. Chronic bilateral 
atrial appendectom y in the dog does not alter the renal response to  volum e  
expansion or attenuate the increase in  A N P [1]. In  addition these results 
show that vagal pathw ays are not required for the release of A N P and th at  
vagotom y fails to uncover any effect o f atrial appendectom y on renal function . 
The question concerning the role o f  A N P in the renal response to volum e  
expansion remains unanswered.

In the dog the net tubular reabsorption of sodium  m ay diminish during 
saline loading, independently of salt retaining horm ones and even in sp ite o f  a 
decline in glomerular filtration  rate.

It has been suggested th at increased renal blood flo w  during saline loading  
m ay be one factor th at contributes to  the decreased tubular reabsorption of 
sodium  since in the saline loaded dog when renal b lood flow  is decreased ex 
perim entally the net tubular reabsorption increases [15].

The natriuretic effect of increased plasma flow  is greater in the anim als 
receiving sm all saline loads than  in the hydropénie group, although control 
rates of blood flow  were similar in both  groups [16]. This latter observation is 
consistent w ith  the v iew  that re latively  small saline loads m ay activate n atri
uretic factors other than  blood flow , and thereby m ay condition the k idney for 
a greater (natriuretic) response to  increased blood flow .

In our experim ents the sodium  excretion increases in  the first part o f  the  
observation when the Срдн is unchanged (we suppose th a t the Срдн m easures 
the effective renal plasm a flow ), but in the second part th e  Срдн decreases and  
there is a fall in the sodium  output too. B ut in the th ird  series in our experi
m ents during the “ doubling load” w hen the Срдн declines significantly, the  
sodium  excretion increases w ithout any change in the glomerular filtration  rate 
(Figs 7 and 8).

Tubuloglom erular feedback (TGF) is an intrarenal hom eostatic m echa
nism  whereby increased sodium  chloride uptake at th e  macula densa causes 
vasoconstriction o f  the afferent arteriole of the sam e nephron. TGF has been  
shown to be stim ulated  by plasm a volum e or extracellular volum e (ECF) 
depletion and inhibited  in states o f ECF volume expansion . Thus TGF probably
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h elp s the kidney in  m aintain ing ECF volum e hom eostasis. E vidence from in  
v iv o  microperfusion studies support d istal nephron tubular chloride concentra
tio n  and/or its transport as being at least one signal [6, 44], w hile other studies 
support an im portant role for distal tubule flu id  osm olality. O ther investigators 
h a v e  suggested th at b o th  o f these param eters m ay work in concert to  stim ulate  
T G F  [29, 41].

Our results show  th at during R inger solution infusion th e  effective renal 
plasm a flow, and certain ly  the renal blood flow  too, decreases progressively. 
W e m ay suppose th a t the increase o f d ista l tubular load activates the TGF, 
th u s decreasing the R B F .

B ut it is well recognized that renin secretion is inhibited  by acute ex 
pansion  of plasma volum e. Intravenous infusion of sodium chloride inhibits 
renin  release by a renal tubular m echanism  [10].

It has been suggested  th a t  the increased metabolic work associated w ith  
h igh  solute reabsorption in the proxim al tubule and in the region o f the macula 
densa enhances the conversion o f ATP to  adenosin, which is a potent vaso 
constrictor in the k id n ey  [31].

Controversy ex ists concerning the effector limb (s) o f the T G F  mechanism, 
b u t m any investigators feel th a t part o f th is mechanism m ay involve local 
alteration  in synthesis and/or release o f intrarenal hormones. I f  th is is the case, 
th en  baseline horm onal status m ay in fluence the ultim ate outcom e o f the TGF  
response initiated b y  the signals (or others) described above.

On the basis o f  th e  present observations it  m ay he suggested  that the  
decreased net tubular reabsorption o f sod ium  and water w hich accompanies 
extracellular volum e expansion in the dog occurs through a m echanism  that 
also decreases the a b ility  to concentrate the urine. In our experim ents the urine 
b ecam e hypoosm otic as compared to the plasm a.

The ability o f m am m alian kidneys to  produce urine th a t is more concen
tra ted  than plasma is usually  attributable to  the action o f vasopressin  (ADH) 
w h ich  increases the perm eability  o f the d istal nephron to w ater, thereby allow
in g  osm otic equilibration o f collecting duct fluid w ith th e  surrounding 
hyperosm otic m edullary interstitium .

Under the conditions o f the present experim ents the decrease in urinary 
osm ola lity  cannot be attributed to  a decreased availability o f  vasopressin. 
In  th e  second series o f the experim ents exogenous vasopressin w as infused and 
th e  changes of the k id n ey  function  were sim ilar to those observed in the ex 
perim ents w ithout A D H  loading.

An additional factor th at m ay influence urinary osm olality  is the rate of 
m edullary blood flow  since an inverse relationship must ex ist betw een m edul
la ry  blood flow and th e  degree of m edullary hypertonicity [2, 20]. This factor 
cou ld  be of im portance in producing the decreased urinary osm ola lity  observed 
in  th e  present studies, and it  is entirely possible that changes in m edullary
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blood flow  m ay indirectly influence sodium  reabsorption and sodium  excretion. 
I f  m edullary blood flow  rises, the degree of m edullary hypertonicity  w ill 
decline, and secondarily the volum e o f water lost from the descending lim b  
w ould be dim inished. Therefore, the rate o f flow  through the ascending lim b  
w ould be increased, and the concentration of sodium  in the fluid reaching this 
la tter segm ent w ould be decreased. I t  is entirely possible that the net transport 
o f sodium  b y  th e  ascending lim b w ould  be dim inished under such conditions. 
Lassiter, Mylle and Gottschalk [24] have reported th at during sahne loading  
fractional reabsorption by the proxim al tubule is unchanged, whereas the  
tubular fluid to  plasm a inulin ratio in the early part of the distal convolution of 
cortical nephrons m ay be decreased. This observation is consistent w ith  the  
view  th a t volum e reabsorption w ith in  H enle’s loop is dim inished during saline 
loading. Such changes could be even  more marked in  juxtam edullary nephrons 
w ith  long loops o f  Henle.

The possib ility  cannot be excluded  that Ringer solution loading through  
som e unidentified  pathw ay directly affects the transport system  o f the H enle’s 
loop ascending lim b.

Rector and associates [30] have reported that during w ater diuresis 
urinary dilution m ay increase w ith  saline loading and reduced glomerular 
filtration  rate and on the basis o f the observation these authors have suggested  
th a t the decreased tubular reabsorption occurs at some site proxim al to  the  
ascending lim b o f H enle’s loop.

It m ay appear unlikely th a t an increased flow  through H enle’s loop  
could have occurred in  the present studies at a tim e when glomerular filtration  
rate was unchanged, unless a sim ultaneous decrease in proxim al reabsorption  
occurred.

On the basis o f the present data it is assum ed that Ringer solution  
infusion in dog provokes a progressive inhibition of proxim al tubular sodium  
reabsorption w hich additively w ith  the m edullary flow  increase and the sodium  
reabsorption decrease in the ascending lim b o f H enle’s loop produces a consid
erable sodium  and water loading increase in  the distal part o f the nephron. 
Subsequently an alteration develops in  distal tubular flu id  sodium  and chloride 
concentrations and the concentrations of these ions or the transport of the  
sodium  or chloride activates the tubuloglom erular feedback and the renal blood  
flow  decreases.

I t  is w ell established th at Ringer solution loading decreases renal blood  
flow  w ithout m odifying the glom erular filtration rate. Thus the present studies 
dem onstrate th a t in  this experim ents the tubuloglom erular feedback regulates 
the blood pressure of peritubular capillaries.

The present studies m ay help to  reconcile the conflicting conclusions 
regarding the tubular sites of altered sodium  transport during Ringer solution  
loading in dog. R inger solution infusion (in the physiological range) apparently
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provokes a progressive inhibition  o f proxim al sodium  reabsorption. Initially  
the sodium  and water excretion  increases sim ilarly and the free w ater clearance 
doesn’t change. Thereafter a progressive alteration in tubular sodium  reabsorp
tio n  appears to develop as reflected b y  the sharp rise in Ch2o w ith only modest 
increases in  sodium excretion . It  is during this phase th at the TGF moderates 
the proxim al rejectate and the w ater excretion increases while the sodium  
excretion  remained con stan t or decreased and the urine osm olality becam e 
hypoosm otic as com pared to  the plasma.

The present experim ents m ay perm it an analysis o f several factors that 
affect tubular function during Ringer solution loading in  dog.

In  any event, the m ajor increm ent in  salt excretion provoked by saline or 
R inger solution loading apparently develops only after saline loading alters the 
regulatory capacity o f th e  different nephron parts.
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A small p art of the P-containing fraction of myosin hydrolysate which could be 
eluted w ith basic solvent (triethylam ine) buffer was accum ulated on chrom atographic 
column. On the basis of the elution profile, P- and tyrosine content determ ination, 
m oreover the th in  layer chrom atographic separation and specific T yr reaction, this 
fraction is suggested to be phosphotyrosine.

The concentration of P-Tyr is about 2 mol in pig muscle myosin calculated for 
500 kD a protein. As the higher P-containing myosins also have an  approx. 2 mol P-Tyr, 
it  is thought th a t  this concentration had been present in myosins already before alkaline 
hydrolysis.

Keywords: phosphotyrosine, pig muscle myosin.

The to ta l P content o f the hydrolysates o f m yosins cannot be recovered  
w ith a chrom atographic m ethod elaborated previously [4, 5] for the P con
tain ing fractions o f m yosins. A smaller part o f P  content (11 — 14%) rem ained  
on the ion-exchange resin (D ow ex 1 x 8  colum n), however, in the course 
of the colum n regeneration a perfect elution is reached w ith  1 M HC1 and 1 M 
N aO H  solutions. Earlier th is fraction was thought as a byproduct of alkaline 
hydrolysis.

D ifferent am ounts o f endogeneous P  containing fraction are found in  the  
alkaline hydrolysates o f m yosins prepared from different sources [6—9]. 
During the studies of elution profiles it  was observed th at this P fraction from  
the colum n can be eluted w ith appropriate concentrations o f basic organic 
com pound buffers such as pyridine, triethylam ine.

Studies o f  elution profiles and the observations o f  P-binding stab ility , 
the effect o f alkaline hydrolysis on the fraction called our attention  to  the  
P-Tyr. Therefore, for analysis we produced the chrom atographic preparations 
of the fraction to  compare to the com m ercial P-Tyr and synthetic P-Tyr  
preparations. The presence o f P-Tyr in alkaline hydrolysate was confirmed by  
paper- and thin-layer chrom atographic separations as w ell as specific tyrosine  
and phosphate reactions.
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Materials and m ethods

The chemicals used were:
O-phospho-L-Tyrosine-t (P-Tyr) Sigma, G erm any; Phosphoric acid, Phosphoric acid anhydrid, 
P 20 6, H N 0 3, H 2S 0 4, A m m onium  m olybdate, 2-m ercaptoethanol, Merck, D arm stad t; Perchloric 
acid, Aldrich, G erm any; A TP, DEAE-cellulose, D extran  blue, Serva, Sw itzerland; Sepharose 
4B (CL 4B), Pharm acia; T riethylam ine, Dowex 1 x 8 ,  Fluka, Sw itzerland; Tris [ =  Tris- 
(hydroxym ethyl)-am ino-m ethan], KC1, K H C 03, Acetic acid, Chloroform, M ethanol, Reanal, 
B udapest; “ Fixion Fertigfolien”  TLC chrom atoplates w ith cation-exchange Dowex resin 
layer, Chinoin, B udapest; DC-Alufolien Polyam id 11 F  254 sheet, Merck, D arm stadt.

The synthesis of P -T yr was performed by  th e  Plim er method [19] modified by Mitchell 
and  Lunan [17]. The P-Tyr from  hydrolysate was separated  w ith ion-exchange chrom atographic 
technique of Mitchell and L unan  [17]. The synthetic and commercial P -Туг preparations were 
also chrom atographied successively on a Dowex 1 x 8  column (0.9 X 6 cm) to identify  their 
elution volumes and profiles. For the separation of th e  P-Tyr containing fractions of the myosin 
the  same Dowex 1 x 8  colum n was applied.

The myosin was prepared from dom esticated pig skeletal muscle (m. long, dorsi) of 8 
m on ths’ old pigs. The elaborated  m ethod is detailed elsewhere [4, 8]. For the production 
of P-containing hydrolysates gel filtered and lipid-free myosin preparations were applied [11].

Protein concentration was determ ined by  b iu re t micro method [13] and uv absorbance 
m easurem ents checked by d ry  weight gravim etric m easurem ents of lipid and salt-free p repara
tions.

The P-binding of P -T yr has a significant alkali-stability  [12, 16]. W hen the lipid-free 
myosin was hydrolysed in teflon  ampoules (3 M K O H , 105 °C, 10 h) in such circum stances the 
P  binding of P-Tyr was m oderately hydrolysed. The bulk of the P containing fraction of the 
hydrolysate was rem oved from  the column by chrom atographic separation technique [4, 5], 
except the P-Tyr fraction which rem ained on the column (Fig. 2).

The P -content of gel filtered and lipid-free myosin preparation and also of each elution 
fraction  of alkaline hydrolysate was determ ined by the Fiske and Subbarow m ethod [10] in the 
presence of 0.1 M HC104 and  the final reduction was reached w ith 1% ascorbic acid [15].

W hen the separation of the hydrolysate was finished w ith 2 M KC1 the column was 
washed w ith 0.005 M K H C 0 3 exhaustively to rem ove all Cl ions. Then a second portion of 
d ilu ted  myosin hydrolysate was percolated through the column and separated  again as before. 
The separation process, w ith  a th ird  portion of hydrolysate was repeated again. Thus altogether 
148 —150 mg myosin hydrolysate was chrom atographied on the column. From  this q u an tity  
o f myosin a sufficient am oun t of P-Tyr could be accum ulated to be identified by chrom atog
raphic  and TLC separations and specific reactions [1, 20, 24]. Finally, a fter hydrolysing the 
P -T yr, the free T yr was run  on cationic ion-exchange-coated TLC sheet by a method of Sajgó 
and  Dévényi [21]. The spots were observed by uv light and identified w ith  specific reaction and 
Rf values.

Results

The gel filtration  profile o f ultracentrifuged (uc-) m yosin is shown in 
Figure 1. The KC1 concentration in uc-m yosin was increased to  3 M (final 
cone.) before gel filtration  in  order to facilitate the dissociation o f associated  
proteins, lipids and R N A  traces. The first peaks of protein (tubes 14— 19) were 
collected as m yosin.

The protein phosphatase activ ity  o f  the preparations was checked w ith  
Ehler’s m ethod [3]. N o phosphatase a c tiv ity  was perceived in  gel filtered  
m yosin, it disappeared in the course o f the first D E A E -cellulose treatm ent. 
O nly a sm all R N A -P -content was found in the preparations (0.1 — 0.3 m ol 
P/m ol m yosin), when it  was determ ined by Schneider’s pentose analysis m ethod  
[22] and the results were corrected at the calculation of real P-content. A lw ays
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Fig. 1. Gel filtra tion  and  elution profile of pig skeletal muscle myosin on Sepharose 4 В colum n 
(1.9 X 82 cm). The colum n was equilibrated and eluted w ith 0.5 M KC1 containing 8 mM K H C 0 3. 
A bout 130 mg uc-m yosin was stored in  3 M KC1 for a night and applied onto the colum n in 8 
m L volum e. Flow ra te , 18 —19 mL/h. The protein  content was detected by  uv absorbance a t 
280 nm. The con ten t of tubes 14 —19 was pooled as myosin, about 90 mg protein in 30 m L 
volume. A dditional batches of uc-m yosin were applied onto the same column to obtain higher

am ounts of gel filtered myosin

the lipid- and phospholipid-free m yosin  sam ples were hydrolysated in teflon  
am poules. The to ta l P-content o f the hydrolysate was determ ined before the  
separation of th e  P-containing fractions, then the KOH concentration o f the  
hydrolysate w as diluted to 0.005 m ol and percolated through a D ow ex 1 x 8  
colum n and separated as shown in  Figure 2.

The separation on the colum n was repeated two tim es su ccessively  in  
order to  accum ulate such a quantity  o f P-Tyr which was sufficient for analysis 
and identification  (see m ethod).

The separations and elution volum e o f commercial P-Tyr and the P-T yr  
fraction o f the hydrolysate accum ulated from the three different portions o f  
the m yosin can be eluted using a 0.5 m ol triethylam ine-acetate buffer show n  
on Figure 3. In  th e  elution volum e o f our synthetic P-Tyr an insignificant 
deviation  was found  only. It  is interesting to  note that the separation o f the  
P-containing fractions, like the basic amino acid phosphates and the P-T yr  
fractions, could be performed on the sam e D ow ex 1 x 8  colum n where the sy n 
thetic and the com m ercial P-Tyr sam ples and samples originating from m yosin  
were gained and investigated .

The tubes o f  the P-Tyr fraction  were collected, divided into tw o equal 
parts, and were lyophilized. A part o f the lyophilized rem nant was applied on a 
TLC-sheet and separated with the m ethod of Rubin and Ears [20] (F ig. 4), 
while another part o f  it was developed on a Polyam id “ Alufolien” layer w ith  a 
m ixture of isobutanol and 0.5 M N H 4OH. The spots of the latter sample were
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fraction number (5ml/fraction)

Fig. 2. Elution profile of am ino acid phosphates of myosin hydrolysate obtained from 48 mg 
protein  before P-Tyr chrom atography. Hydrolysis was performed in a teflon ampoule (3 M 
K O H , 105 °C, 10h). The hydro lysate  was diluted to 0.005 M KOH concentration and percolated 
th rough  Dowex 1 x 8  colum n (0.9 X 6 cm). Separation was perform ed w ith a linear step gradient 
chrom atographic technique using a mixing cham ber w ith a capacity  of 160 cm3 containing 
0.02 M KHCO3 and 120 m L  of 0.25 M K H C 03 in th e  reservoir equipped w ith an electrom agnetic 
stirrer. The K H C 03 concen tra tion  was increased and changed as indicated by  the arrows. 
1 M K H C 03 was applied on to  the column directly (D) w ithout mixing and 2 M KC1 for regenera
tion of the column. The peaks are represented by  P content of tubes in apparent ^mol P per 
to ta l fraction. Peaks in tu rn :  2. . P-am idate, 3. . P-A rg, 4 . . Pi, 5. . P-Lys, 7. . N 7I-P-His, 8 . . 
N T-P-H is, 6, 9. . un iden tified . Generally from the  m ost of myosin sources 9 different P-con- 
ta in ing  chrom atographic fractions can be produced [8]. The P-fractions which were small to be 

detec ted  or still unidentified are m arked by?
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Fig. 3. Elution profile o f P -T yr Sigma Co (. —. —.) and P -Туг from the hydrolysate of 148 mg
m yosin ( ----- ) on Dowex 1 x 8  column (0 .9 x 6  cm). E lution was performed w ith tryethanola-
mine — acetate (T — A) buffer, pH  5.0, by step g rad ien t m ethod of [8]. The concentrations are 
increased and changed as indicated by arrows. U v absorbance was measured a t 272 nm  in

0.2 M NaOH solution
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P-Tyr

P -S er

Fig. 4. Thin-layer chrom atography of P -T yr fraction of pig myosin in presence of controls 
developed w ith the m ethod of [20]. The spots checked by uv  light were stained w ith n inhydrin  
spray. A. . synth. P-Ser, B . . syntb. P -T yr, C. . m ixture of P-Ser and P-Tyr, D . . P-Tyr from

hydrolysate

Fig. 5. Thin-layer chrom atography of P -T yr samples on DC-Alufolien Polyam id 11 F  254 sheet, 
developed w ith isobutanol — 0.5 M N H 4OH m ixture. P -T yr: A . ,  synthetized by  us, B . .  
Sigma preparation, D, E . . myosin derived samples, C. . T yr (control), respectively. The R { 

values for P-Tyr and T y r is 0.23 and 0.62, respectively
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Fig. 6. ТЫп-layer chrom atography of T yr fractions obtained w ith the 6 N  HC1 hydrolysis from 
P -T yr samples developed on “ Fixion”  X  8 ion exchange resin coated plates w ith  the method of 
[21]. Tyrosine originating from  P-Tyr com pounds: A .,  synthetic, B . .  Sigma preparation, 
C, D . . myosin hydrolysate, E . . control T y r (Sigma). O ther control amino acids seen on the 

p la te  are as follows: Lys, Phe, T yr and Leu

visualized  by u v  ligh t. During the process we found th at the P -T yr had a
0.23 Rf value (Fig. 5).

In the presence o f  high salt concentration  when the chrom atogram  w as 
developed in 1 M N aCl-containing buffer w ith  the Bardócz m ethod [1], th e  
spots of P-Tyr could  n o t really he evaluated  as th ey  were near the front.

The second portion  of liofilized residue was hydrolysed in  6 N  HC1 and  
th e  P-Tyr was id en tified  on a TLC-chrom atoplate developed in the presence o f  
control amino acid sam ples using the Sajgó and D évényi m ethod [21] (Fig. 6).

D iscussion

The phosphate ester bond in  P -Тут is far more resisting alkaline than  
acidic hydrolysis. The bond o f th e  P -Тут tolerated the alkaline hydrolysis 
fa irly  well in 5 N K O H  (NaOH) for 30 m in, at 155 °C [12, 16]. In  our conditions 
(3 M KOH, 105 °C, 10h) the P-Tyr ester bonds were m oderately hydrolysed in  
te flo n  ampoules.

Summing the results 4.2 ^urnol P  w as found in the hydrolysate of 150 mg 
lipid-free m yosin applied on a chrom atographic column. Thus, the to ta l 
P -con ten t of the m yosin  was 14 m ol P/m ol m yosin calculated for 500 kD a  
protein as approx, m olecular mass.

After the usual separation o f P -containing fractions 11—T 3.1%  (0.50—
0.55 pmol P) of th e  to ta l P -content rem ained on the D ow ex 1 x 3  column.
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It could be eluted w ith an organic buffer only, ju st like the P-Tyr. C onsequently  
the am ount o f P-Tyr in the pig skeletal m yosin was 2 mol. As to  earlier studies  
it  was concluded th at the P-Tyr concentration did not increase above 2 m ol, 
thus the phosphorylation test could not be accom plished. Still the question  
arises w hether the P-Tyr m ay ex ist in the m yosin before th e  hydrolysis or it  
was produced in the course o f  the hydrolysis from the N -P  typ es o f P-am ino  
acids b y  transesterification as it had been proved earlier using model reac
tions [23].

Sim ilarly to  the present am ount o f P-Tyr originating from pig skeletal 
muscle m yosin, from the different m yosin sources such as skeletal and sm ooth  
m uscle, even from cell m yosin nearly 2 mol P-Tyr could be gained.
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The antilipolytic, nicotinic acid analogue /S-pyridylcarbinol (Ronicol®) has prel 
viously been reported  to  decrease the free fa t ty  acid (FFÁ ) concentration  of the arteria- 
blood, and to  m oderate  th e  FFA -uptake and 0 2-consum ption of the m yocardium ; 
on th is basis, the drug m ay  be expected to  exert a cardioprotective action.

The cardiac effects of Ronicol were therefore studied on a self-control, ‘single
vessel’ coronary a rte ry  ligature dog model. The left an terio r descending coronary 
a rte ry  (LAD) was prepared in the in situ  heart of anaesthetized , thoracotom ized 
anim als. Following th e  control ligation, a stabilization period and Ronicol infusion 
(1 mg/kg iv. during 10 m inutes), the  LAD was repeatedly ligated . The duration  of the 
individual occlusions was 10 m inutes. Ronicol significantly decreased the arterial FFA  
concentration and th e  epicardial ST segm ent elevation; its  antilipolytic and anti- 
ischaemic effects were p ro trac ted  and were still observed 120 m inutes after p re treatm ent. 
The drug did no t decrease the inhom ogeneity of ventricular depolarization in the  isch
aemic m yocardium and  in the dose applied it  had no influence on the  heart ra te , arterial 
blood pressure, left ven tricu lar end-diastolic pressure and left ventricu lar contractility
(LV d P /d tmax).

In  the canine m yocardial infarction model employed i t  was observed th a t  the 
duration  of the anti-ischaem ic effect of Ronicol (1 mg/kg iv.) is about 120 m inutes. 
I t  has the advantage th a t  it  does not possess the unw anted cardiovascular side-effects 
displayed by nicotinic acid observed by us too in this model earlier (Cardiol. H ung. 13, 
3 3 -4 1 ,  1984).

Keywords: experim ental m yocardial ischaemia, inhibition of lipolysis, Ronicol, 
antiischaemic effect.

I t  is now w idely know n th at FFAs and fa tty  acid esters accum ulating in  
the ischaem ic m yocardium  p lay  an im portant pathogenetic role in the develop
m ent o f  postocclusion m yocardial injury, and in  the genesis o f the often life- 
threatening disturbances o f  im pulse form ation and conduction  arising as a 
com plication of acute m yocardial infarction [AMI; 4, 6, 8, 18, 25, 26, 27]. 
F a tty  acid excess im pairs both  the electrical and m echanical function o f the  
heart: it  enhances m yocardial 0 2 consum ption [17, 26], and concom ittantly  
decreases its contractile force [4, 11] and aggravates m yocardial ischaem ia [14].
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The inhibitors o f  lip o lysis  block TG hydrolysis both in  th e  fat tissues and 
w ith in  the m yocardium , th ereb y  dim inishing the arterial F F A  supply and the  
lo ca l m yocardial F F A  release [10, 15, 24]. Therefore, on th e  basis o f the above  
considerations, antilipolytic drugs are expected  to  exert an anti-ischaem ic 
effect [6, 8, 25].

One of the antilipolytics m ost w idely  used for a long tim e is nicotinic  
acid , which decreases the F F A  and fa tty  acid ester contents o f  the blood and  
th e  ischaemic m yocardium  [10, 27], at the sam e tim e it  increases the uptake  
and utilization o f glucose [18]. D espite these beneficial m etabolic effects, 
n icotin ic  acid is not a su itab le antagonist o f the F F A  excess accom panying  
A M I, for it also has unfavourable side-effects (hypotension, increase of cardiac 
ou tp u t, coronary ‘stea l’ phenom enon, arrhythm ias; 7, 21). On the contrary, 
clin ical and experim ental experience w ith  long-acting nicotinic acid analogues 
w ith  no considerable cardiovascular side-effects is highly prom ising [16, 21, 23, 
25]. This group o f drugs includes one studied  in the present work: /?-pyridyl- 
carbinol (Ronicol®; F. H offm ann-L a Roche).

The primary aim o f our experim ents was to  establish w hether this drug 
m a y  possess an appreciable anti-ischaem ic effect in the self-control ‘single- 
v esse l’ ligature dog m odel applied [5, 7] and, i f  so, what is th e  duration o f th is 
action . We were also in terested  in learning how Ronicol m ay influence the  
electrical and m echanical function  o f the ischaem ic canine heart [9].

Methods

The experiments were perform ed on mongrel dogs weighing 8 —18 kg fasted for 14 —16 
hours , anaesthetized w ith N a-pentobarb ita l (30 m g/kg iv), thoracotom ized and ventila ted  
artificially . Unipolar and m ultipo lar (composite) electrodes were su tu red  onto the anterior 
surface of the left ventricle, i. e. to  the area to  be m ade ischaemic a fte r ligation. U nipolar 
electrodes were used to  m easure th e  epicardial ST segm ent elevation (reflecting the severity  of 
th e  ischaemic m yocardial in ju ry ), and the composite electrode to  determ ine the activation  
tim e  of the ischaemic m yocardial area [4, 5]. The left ventricular end-diastolic pressure 
(L Y E D P) and con tractility  (LV d P /d tmax) were recorded, as was the lim b  standard  I I  ECG. 
T he arteria l blood pressure was m easured, and th e  hea rt ra te  was calculated  from the R R - 
in terval.

Ischaemia of the an terio r wall of the left ventricle was induced b y  ligation of the left 
an te rio r descending coronary a rte ry  (LAD). In  our experience, the haem odynam ic, electro- 
pathological and metabolic changes accom panying the consecutive 10-m inute coronary liga
tions are comparable after a  1 — 2 m inute precontrol occlusion [4]. A fter a control ligation 
and  an equilibration period, /З-pyridylcarbinol (Ronicol; F. H offm ann-L a Roche, Basel, 
Sw itzerland) was adm inistered in a dose of 0.1 m g/kg/m in, in the form  of an in travenous 
infusion over 10 m inutes [2, 11]. A fter Ronicol infusion, the LAD was repeatedly  ligated for 
10 m inutes and the da ta  m easured a t  the times of th e  successive ligations were com pared. 
Before the Ronicol infusion and  a fte r the release of the occlusions, a rte ria l blood was tak en  for 
F F A  determ ination. The one- and  tw o-tailed (-tests were used for s ta tis tica l evaluation of the 
results . The methods applied were described in detail earlier [4, 5, 7].
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Fig. 1. Effect of Ronicol (1 mg/kg iv.) on epicardial ST segm ent elevation recorded from the ischaemic m yocardial area in 
anaesthetized dog. Ronicol p re trea tm en t significantly reduces ST segm ent elevation; duration  of action ca. 120 m inutes
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Results

Ronicol pretreatm ent sign ificantly  reduced the epicardial ST segment 
elevation ; the anti-ischaem ic effect o f the drug was long-acting and could he 
observed even 2 hours after injection (F ig. 1). As to the control ligation, the 
arterial FFA  level increased from the preocclusion value (from  305 ^  47 to 
409 ^  71 pmol/1); R onicol sign ificantly decreased the FFA  blood concentration  
(367 ^  54 fimol/1; p <  0.05) and the antilipolytic effect w as m anifest even  
2 hours after adm inistration (318 ^  64 pm ol/1; p <T 0.05). The drug did not 
decrease the activation  tim e of the ischaem ic myocardial region, and in the 
dose applied it did n o t influence the heart rate, the arterial blood pressure, 
th e  L Y E D P and the LV d P /d tmax.

Discussion

Like its parent com pound nicotinic acid [7], /S-pyridylcarbinol (Ronicol) 
b locks the lipolysis stim ulated  by sym pathom im etics (isoproterenol, dopamine, 
noradrenaline), w ith ou t appreciably decreasing the cardiac m anifestations 
(p ositive  chronotropic and inotropic effects) o f the /3-stimulus [15, 17, 19]. 
The inhibition of F F A  accum ulation results in a lower m yocardial 0 2 consump
tio n  and an im provem ent o f the 0 2 s u p p ly /0 2 demand ratio [19, 26]. Through 
th is beneficial m yocardial m etabolic effect, Ronicol moderates th e  ST segment 
e leva tion  following coronary artery occlusion in  dog experim ents [14], and also 
th e  m yocardial infarct size, estim ated b y  epicardial ST segm ent m apping and 
b y  serial CPK determ ination  [12]. The anti-ischaem ic effect o f  Ronicol is 
lin k ed  to  intact m yocardial catecholam ine stores, as dem onstrated by the fact 
th a t  th e  cardioprotective action o f the drug is not exerted in  dogs pretreated  
w ith  reserpine [12]. A fter Ronicol pretreatm ent, the left ventricular failure 
(LY stroke volum e and contractility  decreases) associated w ith  coronary 
occlusion does not occur [11].

In patients suffering from coronary heart disease, R onicol therapy  
prevents the arterial F F A  blood level increase induced b y  isoproterenol 
in fusion , and m oderates the 0 2 dem and of the m yocardium  [22]. Ronicol 
treatm en t introduced in  the early hospital phase of AMI and m aintained for 
15 hours reduced the spatial QRS and ST vector changes and the rate of their 
developm ent; it did n o t increase the heart rate, and decreased the arterial 
blood  pressure only sligh tly , and not sign ificantly  [13].

Another nicotinic acid analogue, 5-fluoronicotinic acid, d isplays a consid
erable antiarrhythm ic effect in dogs and in patients w ith AM I: it  diminishes 
th e  frequency of the life-threatening ventricular arrhythm ias (paired extra
sy sto les , ventricular tachycardia) w ithout cardiovascular side-effects (heart
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rate increase, arterial blood pressure and cardiac index decrease [21, 23]). 
I t  is also effective in stable effort angina pectoris, sign ificantly  decreasing  
the ST segm ent depression in response to  physical exertion [16]. W e too have  
observed the anti-ischaem ic and antilipolytic effects o f a nicotinic acid sa lt, 
K -M g-nicotinate, in an angina pectoris m odel in dogs: the long-acting anti- 
ischaem ic effect of the drug was not com plicated by th e  undesirable haem o
dynam ic side-effects o f nicotinic acid (unpublished).

This can also be said of Ronicol, w hich  when given iv . in  a dose of 1 m g/kg  
during 10 m inutes exerts an antiischaem ic and antilipolytic effect lasting  for 
about 120 m inutes. In dogs, this dose does not increase the heart rate or the  
L Y E D P, nor does it  reduce the arterial blood pressure and LY d P /dtmax. 
This indicates that the haem odynam ic effects of Ronicol are more favourable  
than  those o f nicotinic acid [4, 21, 23]. In  the mammalian liver, nicotinic acid  
is form ed from Ronicol through enzym atic oxidation, but th is  process requires 
tim e; th is probably explains the long-lasting effect of th e  drug and the rare 
occurrence o f side-effects [1].

Concerning the m echanism  o f the anti-ischaemic action  o f Ronicol, it  is 
probable th at besides the antilipolytic effect other factors too  m ay play a role 
in the cardioprotective action. N icotin ic acid [20] and R onicol [3] have been  
shown to  release prostacyclin (P G I2) from  the endothelium , and P G I2 als0 
possesses cardioprotective effect [25]. I t  cannot be excluded that, besides the  
antilipolytic and prostacyclin-like effects, the fibrinolytic a ctiv ity  o f  R onicol 
plays a part in  the em ergence o f its anti-ischaem ic action [1].
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Electrical stim ulation  of th e  substantia nigra elicited complex patterns of re
sponse composed of som atom otor and  circulatory changes. Increase in  blood pressure 
associated w ith  acceleration in h ea rt ra te  was consistently  produced by  substan tia  
nigra stim ulation  b o th  in  conscious and in anaesthetized  cats. The respiration  was 
either accelerated or arrested  by  th e  stim ulation. Also self-stim ulation of the substan tia  
nigra elicited pressor responses. E lectrical stim ulation  of the nucleus of the trac tu s  
solitarius paired w ith  self-stim ulation of the substan tia  n igra, produced regular changes 
in  th e  lever-pressing ra te  for self-stim ulation. I t  is suggested th a t the substan tia  nigra is 
probably involved in  the neural mechanisms coupling the  circulatory changes w ith  the 
som atom otor responses.

K eyw ords: blood pressure, hea rt ra te , nucleus tra c tu s  solitarii, respiration, self
stim ulation, substan tia  nigra.

The substantia nigra (SN ), a major structure in the extrapyram idal 
motor system , is a m atter of considerable in terest, prim arily because it  has 
been related to  hum an m ovem ent disorders. A nim al experim ents have revealed  
m ultiple function o f the SN , nam ely, it  participates in  the control o f  m ove
ments [14, 19, 29], it  is involved  in m ediating som atom otor conditioning [18], 
consum m atory behaviour [5, 11, 20], defense reaction  [1, 12], and it  has the  
ability to  support electrical self-stim ulation (SS) [3, 4, 5, 11, 23]. It is assum ed  
that m ost if  not all behaviours are associated w ith  appropriate circulatory  
changes, thus the behaviours elicited by SN stim u lation  should have circula
tory concom itants, too . H ow ever, the exact brain m echanism s of coupling  
circulatory changes w ith  w idely different behaviours are not known y e t. The 
question raised in th is stu d y  is w hether the SN m ay have a role in the b eh av
ioural-cardiovascular integration . Previous stud ies concentrated on the  
som atom otor responses to  SN stim ulation  and less atten tion  was paid to  the  
circulatory concom itants o f  these responses. Therefore, our intention  is, first,
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to  investigate the circulatory changes produced b y  SN stim u lation , and, 
second , to  study the question  w hether th e  behavioural responses to  SN sti
m u lation  are m odified b y  the activation  o f the cardiovascular afferents. This 
qu estion  is based on previous studies [9, 10, 21] showing th at in  addition to  
th e  m edulla, supram edullary structures also receive cardiovascular inputs. 
The nucleus of the tractu s solitarius (N TS) is known as an im portant relay  
sta tio n  for cardiovascular afferents, so th e  self-stim ulation o f th e  SN was 
te sted  under sim ultaneous stim ulation o f the NTS. In spite o f th e  well-known  
lim ita tion s of electrical stim ulation studies, e.g. cell bodies or axons are acti
v a ted , describing the particular patterns o f response to SN stim ulation  m ay  
provide a useful approxim ation of the neural circuitry involved in behavioural- 
cardiovascular in tegration .

Methods

A nim a ls  and surgery
R esults were ob ta ined  in 6 male and 8 fem ale adu lt cats weighing 2.5 — 3.5 kg a t the 

tim e of surgery. Under pen tobarb ita l sodium (40 m g/kg iv.) anaesthesia bipolar electrodes were 
im p lan ted  into the su b stan tia  nigra and in the  nucleus of the tractus solitarius by  the conven
tional stereotaxic techniques. The coordinates were based on the Snider and N iem er’s brain 
a tla s  [27]. The electrodes w ere constructed of two insulated  nikrothal wires (0.3 m m  in diam 
ete r, bared  0.5 mm a t the  tip ) having tip  separation  of 1 mm. The tip resistance was 0.1 — 0.2 
m egohm . A thermocouple w as inserted into the nasal orifice w ith which th e  respiration  was 
m onito red  as a change in tem peratu re  of tida l air [8]. The electrodes and th e  therm ocouple 
were connected to a m in ia tu re  multipin connector which was fixed w ith d en ta l acrylic to the 
c a t’s skull. Each cat was allowed 7 to 10 days recovery before being tested.

Behavioural procedures. Overt behavioural responses
A t each electrode site  the threshold in tensity  for overt behavioural responses was 

determ ined  a t 100 cps and  0.3 ms pulse duration . This in tensity  varied betw een 0.1 mA and 
1.5 m A  a t the different electrode localizations. D uring stim ulation sessions th e  stim ulus 
in ten s ity  was system atically increased till strong forced m ovem ents were elicited by  the stim u
la tion . The in terstim ulation  in terval was 20 s or longer. The duration of stim ula tion  was be
tw een  1.0 s and 10 s. The som atom otor and autonom ic responses (dilation of th e  pupils, saliva
tion  etc .) to SN stim ulation  were visually observed.

Self-stimulation

The cats were tra ined  to  press a pedal to  ob tain  SN stim ulation of m edium  intensity. 
E ach  pressing produced a 0.3 s tra in  of pulses a t 100 cps. The lever-pressing ra te  was counted 
on an  electromechanical counter.

Self-stimulation paired with N T S  stimulation
B oth the SN and th e  NTS stim ulations were triggered by the cat pressing on the pedal. 

Two types of stim ulation procedures were used (Fig. 1). The first type consisted of successive 
pulse tra ins, i. e., each pulse tra in  delivered in one locus was im mediately followed by a pulse 
tra in  of same duration in  th e  other locus. The second type  of stim ulation consisted of over
lapp ing  pulse trains, b u t each pulse a t one locus was followed by  a pulse a t the o th er locus with 
a delay  from  0.5 ms to 9.0 ms. The pulse tra in  du ra tion  was 300 ms in both  cases. The sequence 
of SN  and  NTS stim ulations was system atically changed from one experim ental session to the 
nex t. The cat was allowed to  self-stim ulate during 5 min under each com bination of stim ulation. 
A daily  experimental session consisted of ten  5 m in trials. The lever-pressing ra te  measured in 
each 5 m in trial was expressed as percent of the control value measured a t th e  beginning of each
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Pulse train duration:300msec

1 st pulse train 

2nd pulse train

Л 1 Ш Ш ________
_________[ШШШ1

10 msec

1 st pulse train Л
2 nd pulse train JL

Delay:0.5-9msec

_____fl___I I I I
M

Pulse duration:0.3msec

Fig. 1. A scheme for the two types of SN stim ulation paired w ith NTS stim ulation: 1. successive 
pulse tra in s (A), the firs t pulse tra in  was im m ediately followed by  the second one; 2. overlapping 
pulse tra in s (B), th e  two pulse tra ins were sim ultaneously delivered b u t each pulse of th e  f irs t 
pulse tra in  was followed by each pulse of the second pulse tra in  w ith a delay of 0.5 — 9.0 ms

experim ental session w ithout NTS stim ulation. All anim als were tested in a t  least three sessions 
for bo th  sequences of SN and NTS stim ulations. The S tu d en t’s t- te s t was used for sta tistica l 
comparisons.

Recordings
A second operation was m ade to tie a catheter into one of the common carotid arteries. 

Recording sessions were conducted after 1 — 2 days recovery from this second operation . 
A rterial blood pressure, m onitored by a S tatham  transducer connected to  the ca the ter in the 
carotid  artery , heart ra te  com puted b y  a beat-to -beat analyser, and respiration m onitored by  
the therm ocouple, were recorded on a Heilige polygraph. The effects of self-stim ulation, and 
those of sustained stim ulation of the SN were studied on separate experim ental sessions. 
The effects of sustained stim ulations were recorded under pen tobarb ita l sodium or chloralose 
(40 m g/kg iv.) anaesthesia, too. A fter anaesthesia, th ree cats were paralyzed w ith F laxéd il 
(gallamine triiodoéthylate, SPECIA) and ventilated  w ith  a respirator for the duration  of the 
recording session.

Histology
U pon completion of the experim ent, the anim als were sacrificed, their brain  was p e r

fused, rem oved, cu t and blocks were embedded in paraffin . The position of electrode tips were 
determ ined by microscopic exam ination of frontal sections stained w ith luxol fast blue and 
cresyl violet.

R esults

Electrode localizations

H istological verification o f electrode p lacem ent showed th at all electrodes  
were properly placed in the substantia nigra (F ig. 2). All of the NTS electrodes 
were localized  in the region rostral to the obex.
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Fig. 2. D iagram showing th e  localization of the electrode tips in the substan tia  nigra. A bbre
viations: GC: substantia grisea centralis, GM: corpus geniculatum  mediale, IP : nucleus iuter- 
peduncularis, LM: lem niscus medialis, N III: nervus oculomotorius, N R: nucleus ruber,

SN: substan tia  nigra

Effects o f  substantia n igra  stimulation in unrestrained cats

Stim ulation w ith  threshold in ten sity  produced orienting behaviour. 
H ead turning, oral-face m ovem ents, contraversive circling appeared b y  in 
creasing the in ten sity . Stim ulation at h igh  level of in ten sity  elicited  tonic  
leaning of the body to  th e  ipsilateral side, and stretching o f the foreleg contra
lateral to the side o f stim ulation . In all cases dilation of the pupils, m any tim es 
salivation , occasionally piloerection and urination m ight be observed.

The arterial b lood  pressure, heart rate and respiration effects are sum 
m arized in the Table 1. The SN stim ulation  produced consistently  rise o f blood  
pressure and acceleration  in heart rate. The higher stim ulus in ten sity  was 
applied the higher increase in blood pressure could be obtained. The som ato
m otor and the circu latory effects of SN  stim ulation  varied in parallel, i.e., 
more intensive som atom otor activ ity  w as associated w ith  circulatory changes 
o f higher m agnitude. T he blood pressure response was a m onophasic increase 
during stim ulation associated  with acceleration in heart rate (Fig. ЗА). After

Acta Physiologica Hungarica 74, 1989



SN effects on circulation and behaviour 179

Table I

Changes in cardiorespiratory parameters elicited 
by substantia nigra stimulation in  freely moving cats

Prestimulation
control % no P

H eart ra te 171 +  9 +  2 9  + 4 12 0.001
Systolic blood pressure 131  +  4 -  + 4 0  + 4 12 0.001
Diastolic blood pressure 10 8  +  5 ' +  4 5 . + 5 12 0.001
Respiration rate 33  +  3 + 2 2 1  +  33 8 0.001

% , change in percent of prestim ulation control. Prestim ulation control values given in beats/m in 
for heart rate, mm Hg for blood pressure, and breathes/m in for respiration rate. All values are 
m eans +  SE.

A

Resp [50pV
,300 beats/min

В c

min m lidjoxii un mii Ui-juLUiliüL

Fig. 3. R espiration (Resp), heart ra te  (H R ) and blood pressure (BP) effects of sustained (A), 
as well as self-stim ulation of the substan tia  nigra. The cardiorespiratory effects rapidly  in 
creased a t  th e  beginning of SS (B), they  were m aintained a t a high level during continuous SS 

(C), and retu rned  to  the prestim ulation level when the stim ulation was cut off (D)
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Fig. 4. H eart rate, resp ira tion  (Resp) and blood pressure (B P) responses to  SN stim ulations of
different pulse tra in  duration

th e  cessation of stim ulation  both b lood pressure and heart rate returned to  
th e  prestim ulation lev e l, but the descending phase was much longer than the  
ascending phase. T he latency of blood pressure and heart rate responses was 
in the order o f several hundreds ms. The pulse pressure decreased in the 
ascending phase, and increased in the descending phase of blood pressure 
response. These changes in pulse pressure were produced by the som ew hat 
higher m agnitude changes in the d iastolic than  in  the systolic pressure. I t  is 
im portant to note th a t  also rebound-like after effects in the heart rate and 
occasionally in th e  blood pressure occurred, i.e ., the descending phase fell 
below  the prestim ulation  level for a short tim e. As a consequence o f repeated  
stim ulating at m edium  or high level o f  in ten sity  the prestim ulation level o f  
blood pressure and heart rate increased up to  about 130%  of the resting level 
measured at the beginning of the experim ental session. This elevated high level 
w as m aintained for several m inutes.

The respiration effects of SN stim ulation  were variable. In 9 out o f 13 
anim als the stim u lation  produced decrease in am plitude and increase in fre
quency of breathing. In  the other 4 cats, during stim ulation  at suprathreshold  
in tensities, exp iratory apnea was obtained. This apnea ceased im m ediately  
w hen the stim ulation  was cut off.

In 4 cats also th e  effects of different pulse train duration [1, 2, 3, 5 and  
10 s] on the blood pressure and heart rate responses were studied. The general 
form  of the response was similar regardless o f pulse train duration, but the  
response reached higher m agnitude w hen duration was lengthened (F ig. 4). 
The shortest train duration required for a response o f  full size was from 3 to  5 s.

Effects o f S N  stim ula tion  under anaesthesia

As an a ttem p t to  eliminate the possib ility  th at the cardiovascular re
sponses to SN stim ulation  were secondary to  the som atom otor responses, the  
effects of SN stim u lation  on blood pressure, heart rate and respiration were 
studied  either under pentobarbital sodium  (3 cats), or chloralose (5 cats)
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Fig. 5. R espiration (Resp), hea rt ra te  (H R ) and  blood pressure (B P) responses to SN stim ula tion  
a t  the  same locus in conscious cat (A), and  under pen tobarb ita l sodium anaesthesia (B)

anaesthesia. The results are sum m arized in the Table II . The general form  of 
the response was similar to  th at obtained in conscious cat, but som e differ
ences m ight be observed. The threshold in tensity  for cardiovascular responses 
was higher in the anaesthetized cats th an  in  the conscious ones (Fig. 5). Under 
pentobarbital sodium anaesthesia on ly  a slight acceleration in heart rate 
appeared. The blood pressure response was as high as in conscious cat, but 
sm aller changes in pulse pressure occurred. Under chloralose both the blood  
pressure and the heart rate responses were smaller th an  those obtained in  
conscious cats (Table II). H owever, besides the direct effects of stim ulation
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Table II
Cardiorespiratory effects o f substantia nigra stimulation under anaesthesia

Pentobarbita l sodium Chloralose

P restim ulation
control % no. P Prestim ulation

control
О //о no. P

H e a rt ra te 208 ±  24 +  4 +  0.5 3 0.05 168 ±  10 +  13 ±  4 5 0.05
Systolic blood
pressure 108 ±  8 + 3 8  ±  7 3 0.05 130 ±  9 +  15 ±  2 5 0.01
D iastolic blood 
pressure 9 0 + 5 +  39 ±  8 3 0.05 108 ±  5 +  17 ±  2 5 0.01
R espiration rate 1 5 + 2 + 5 0  ±  35 2 NS 14 ±  1 +  27 ±  5 2 NS

% , change in percent of p restim ulation  control.
P restim ulation control values are given in beats/m in for heart rate, mm H g for blood pressure, 
and  breathes/min for respiration  rate. All values are m eans +  SE.

th e  rebound-like after effects m ight be produced by increasing stim ulation  
in ten sity  (Fig. 6). The respiration effect was apnea in 3 cats, w hile sm all am pli
tu d e high frequency breathing appeared in  the tw o others.

Seeing that som e m uscular contractions were occasionally elicited by SN  
stim ulation  in anaesthetized  animals, the SN  stim ulations w ere repeated in  
three cats paralyzed w ith  Flaxédil. Also under these experim ental conditions 
pressor responses m ight be produced by SN  stim ulation.

Effects o f substantia n igra self-stimulation

The substantia nigra supports self-stim ulation  at a high lever-pressing  
rate in cats, too. The m ean +  SE values obtained in this study were 370 +  25 
presses per 5 min. The powerful som atom otor activ ity  of the self-stim ulating  
cat often resembled to  eating behaviour, nam ely , licking, chew ing m ovem ents
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F ig. 6. Respiration (R esp), hea rt ra te  (H R ) and blood pressure (BP) effects of increasing 
stim ulus intensity in  a ca t anaesthetized w ith chloralose. The stimulus in tensities were: 0.5 mA

(A), 1.0 mA (B), and 1.5 mA (C)
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accom panied b y  salivation  m ight be observed. The SS elicited pressor respons
es. The mean ^  SE values in % o f the prestim ulation control are as follows: 
120 i  5 for the heart rate, 149 5 for the systolic blood pressure, 152 ^  6
for the diastolic blood pressure, and 151 ^  17 for the respiration rate. At the  
beginning of SS the arterial blood pressure increased rapidly up to  about 180 
m m  Hg, but in certain cases it m ight exceed even 200 mm  Hg. After the initial 
period o f increasing blood pressure during SS a fairly constant value was reached 
and m aintained (Fig. 3B, C, D). The level of the elevated  blood pressure de
pended upon the in ten sity  of stim ulation , while the constancy o f blood pressure 
was related to the lever-pressing rate for SS. The blood pressure decreased 
during the interstim ulation  interval, therefore, high am plitude w aves appeared  
in  the blood pressure curve w henever a short train o f lever-pressings was fo l
low ed by an interstim ulation in terval o f about the sam e duration. Such be
haviour often occurred at the beginning o f the experim ental session. The in 
crease in blood pressure was associated with acceleration in heart rate and 
respiration.

Effects o f N T S  stim ulation on the substantia nigra self-stim ulation

In accordance w ith  our previous studies [4, 7], the substantia nigra 
self-stim ulation was m odified b y  NTS stim ulation. H ow ever, the changes in  
SS depended on the sequence o f NTS and SN stim ulations (Fig. 7). N am ely, 
in  cases when the first stim ulation w as applied to  the SN  and the second to

7. N = 6
SN+NTS

Г
Fig. 7. Changes in lever-pressing ra te  for SN self-stim ulation in  percent of control self-stimu
lation  measured a t th e  beginning of each experim ental session. The em pty  columns show the 
effects of self-stim ulation w ith overlapping pulse trains a t different pulse delay. Cj and C2 are 
poststim ulation controls, i. e. self-stim ulation w ithout NTS stim ulation . T  columns show the 

effects of self-stim ulation w ith  successive pulse tra ins
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th e  N TS, the lever-pressing rate for SS decreased. H ow ever, th is effect was 
not significant sta tistica lly  for the group o f six  cats. Interestingly , stim ulations 
w ith  overlapping pulse trains produced accelerations in  SS in one out o f 6 cats.

In  the case, w hen th e  NTS stim ulation preceded the SN  stim ulation, the  
suppression of SS w as sta tistica lly  significant, and the decrease in  lever-pres
sing rate was betw een 20 and 40 percent o f the prestim ulation control level. 
Interestingly , stim ulations w ith  successive pulse trains were more suppressive 
on SS than stim idations w ith  overlapping pulse trains. In  the la tter case, how
ever, similar effects w ere produced b y  the stim ulations regardless o f the pulse 
d elay  (Fig. 7).

It is im portant to  note that also the poststim vdation controls, i.e., the  
lever-pressing rate m easured after the paired stim ulations w ithout NTS stim u
la tio n , were below th e  prestim ulation  control level. After stim ulations w ith  
successive pulse trains th e  decrease in  poststim ulation  control was the same 
in  size regardless o f th e  order o f SN  and NTS stim ulations. A fter stim ulations 
w ith  overlapping pulse trains no statistica lly  significant change w as obtained  
in  th e  poststim ulation control w hen the first stim ulus pulse was applied to  
th e  SN , while the h ighest effect on poststim ulation  control occurred when the  
order o f  stim ulation pulses was inverted (Fig. 7).

Discussion

The results o f  th e  present stu d y  show th at the patterns o f response elic
ited  b y  SN stim ulation  contain consistently circulatory com ponents. The 
circulatory effects o f  S N  stim ulation  are pressor responses. The first question  
to  be discussed is w hether both  som atic and circulatory effects are initiated  
and controlled by the sam e neural m echanisms activated  b y  SN  stim ulation, 
or th e  circulatory changes are secondary to the som atom otor effects of SN  
stim ulation . The long latencies o f the circulatory effects support the latter  
possib ility . However, S N  stim ulation  elicited circulatory changes in anaesthe
tized  and paralyzed cats, too. Thus, the muscular a ctiv ity  seem s to  have no 
determ inative role in  th e  circulatory changes elicited b y  SN  stim ulation.

The next question  concerns the anatom ical basis for the circulatory 
responses to SN stim ulation . There is now extensive literature dealing w ith the  
neuroanatom y of the SN  [2, 9, 11, 17, 22, 23, 24, 26]. Peculiar bundle configu
rations generated b y  dendrites of SN were observed [24]. Scheibel and Scheibel 
[25] suggested that th e  dendrite bundle is a site for central programs coding  
o u tp u t patterns. R ecent studies have dem onstrated th a t in  addition to the  
principal projections from  the SN to the striatum  and thalam us, the SN  
projects also to brain stem  areas wdiich give rise to descending spinal projec
tio n s. These nigral projections m ay play an im portant role in the SN stim ula-

Acta Physiologica Hungarica 74, 1989



SN effects on circulation and behaviour 185

tion-evoked som atom otor, circulatory and respiration effects. H ow ever, a 
dichotom y o f the som atom otor and the autonom ic functions o f the SN was 
revealed by Kao and Powell [18]. They have reported th at lesions o f  SN  
retarded Pavlovian som atom otor learning but did not affect autonom ic con
ditioning. The conditioned heart rate response was bradycardia. Considering 
th at SN stim ulation elicited invariably acceleration in heart rate, it can be 
understood th at lesions of SN failed to affect the decelerative heart rate re
sponse.

The increase in heart rate, the rise in blood pressure w ith sim ultaneous 
decrease in pulse pressure indicate that probably adrenergic sym pathetic  
activation  produces these effects. This suggestion is in  accordance w ith the  
results o f Gravante et al. [15] show ing inhibitory effects o f SN stim ulation  
on the electrical and m echanical activities of the duodeno-jejunal loop. It 
seem s also probable that the baroreflex m echanism is suppressed by the SN  
stim ulation, which is shown b y  the marked bradycardia and increased pulse 
pressure after cessation of stim ulation . Such inhibition o f baroreceptor reflexes 
on hypothalam ic stim ulation was dem onstrated by H ilton  [16]. The elevated  
control level o f blood pressure after repeated stim ulating o f the SN suggests 
th at also long-lasting change in the baroreflex m echanism  m ight be produced  
by SN stim ulation.

It is a difficult question th at the cells in SN, or the fibers of passage 
m ediate the effects of SN stim ulation . A definite answer to  this question is 
still lacking, but the following data indicate the crucial role of the cells in 
responses to  SN stim ulation. Injections o f 6-hydroxydopam ine into the SN  
produced profound learning deficits in rats [13]. Thom pson et al. [28] reported  
th at neurotoxic lesions to SN can produce a nonspecific learning im pairm ent, 
but the com bined destruction o f cells and fibers o f passage within the SN  
produces a more profound learning deficit. B y recording u n it activ ity  from the  
SN  o f m onkey it  was revealed th at a substantial num ber o f neurons are con
cerned with the conditioned arm m ovem ent [19]. The present study gives 
further evidences showing the im portance o f the cells in  SN  in m ediating SN  
stim ulation-elicited responses: 1. The self-stim ulation o f  the SN was more 
affected by NTS stim ulations w ith  successive pulse trains th a n  w ith overlap
ping ones; 2. The pulse delay did not make much d ifference in the effects of 
overlapping stim ulations; 3. S ign ificant differences were found between the  
prestim ulation and the poststim ulation  controls for SS. All o f these effects 
m ay he explained by the m odulatory effects o f NTS stim ulation  on the cells 
in  SN , and not on the fibers passing through the SN region. However, it  is 
possible to argue that changes in SS m ay be due to pain or aversion elicited by  
NTS stim ulation . Our earlier experim ents showed that NTS stim ulation pro
duced no aversion in shuttle-box [7]. The acceleration in lever-pressing rate 
obtained in one cat, as well as, the dependence of the changes in SS upon the
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sequence of SN and N TS stim ulations, also support the assum ption of m odula
tory  influences ascending from  the NTS to the SN.

In conclusion, th e  d ata  obtained in th is study suggest a possible role for 
th e  SN  in integrating behavioural-cardiovascular patterns o f  response. The 
fo llow ing evidences are supporting this assum ption: 1. The electrical stim ula
tion  o f the SN elicited regularly both som atom otor and circulatory effects.
2. The intensity of the som atom otor effects varied parallel w ith  the m agni
tu d e o f circulatory changes both during sustained stim ulation  and self-stim u
la tion . 3. Changes in th e  cardiovascular input, produced b y  NTS stim ulation, 
exerted  modulatory in flu en ces on the substantia nigra self-stim ulation.
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OXYTOCIN REGULATES Ca2+ LEVEL IN MYOMETRIUM 
RY INFLUENCING PHOSPHOINOSITIDE METABOLISM*
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The effect of oxytocin on phosphoinositide m etabolism  as well as on m em brane 
protein phosphorylation in myom étrial tissue was studied. O xytocin enhanced th e  32P 
incorporation into phospholipids in m yom étrial tissue. The effect of oxytocin on phos
phoinositide m etabolism  was also detected in  plasma m em brane of 20 days p reg n an t 
ra ts . Phosphorylated m em brane lipids have been analysed and  phosphatidylinositol 
4, 5-bisphosphate proved to  be the main reaction product. O xytocin enhanced th e  32P 
incorporation into phospholipids m easured in the first 30 sec th en  the labeling decreased 
more rapidly  then  in case of the control. The effect of oxytocin proved to be concen tra 
tion  dependent. The protein phosphorylation was also influenced by oxytocin. H ow ever 
th e  am ount of alkylphosphate formed depended on the presence or absence of Ca2 + , 
Ca2+-calmodulin and cyclic AMP, oxytocin influenced th e  p ro tein  phosphorylation in 
the presence of Ca2+-calmodulin only.

Keywords: m yom etrium , oxytocin, phosphoinositide metabolism, p ro tein
phosphorylation.

It is w idely accepted that oxytocin  plays an im portant role in the stim u 
lation  o f uterine activ ity  during delivery. Considerable evidences support 
th at oxytocin  action is m ediated via oxytocin  receptor localised at the surface  
of the plasm a membrane [22] by triggering an increase in sarcoplasmic free 
Ca2+ concentration [3, 23].

The elevation  of intracellular Ca2+ level induced b y  several horm ones  
has been linked to  the stim ulation o f phosphoinositide m etabolism [4, 9 ]. 
The correlation betw een phosphoinositide breakdown and increased lev e l o f  
intracellular calcium  led to  the idea that the actual level o f  phosphatidylinosi- 
tides in  the plasm a membrane could alter calcium channels or some other  
Ca2+-transporting system s [5, 15, 25]. A lternatively, products of phosphatidyl- 
inositide m etabolism  m ay serve as calcium  mobilising agents [4].

The experim ents performed in th is report were designed to exam ine th e  
effect o f oxytocin  on phosphoinositide turnover and Ca2 +-transport processes 
of close to  term  pregnant uterus sm ooth m uscle.
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Methods

Plasm a m em brane enriched fraction was p repared  from 20 days p regnant ra ts  as de
scribed by [19]. Sarcoplasmic reticulum  fraction w as prepared according to [8]. Plasma m em 
b ran e  phosphorylation was perform ed as [28] and  a fte r hydroxylam ine trea tm en t, 32P in 
co rporation  was m easured [26]. Acrylamide gel electroforesis was carried  ou t according to 
Laem m li [12].

Autoradiogram s were prepared from dried gels using Kodak X -ray  film  and analysed by 
densitom eter. Lipids were ex trac ted  as in [26]. T he po lar lipids were identified  by th in  layer 
chorom atography in silica gel [2]. Ca2+-transport processes were m easured as described pre
v iously  [27]. Protein con ten t of the samples was determ ined by Lowry e t al. [13]. Tissue 
incubation  w ith 32P was carried  out on the basis of Seyfred and Wells [21].

Results and discussion

The effect o f oxy tocin  on 32P incorporation into phospholipids is shown  
in  T able I. In this stu d y  m yom étrial tissues were incubated w ith  32P for 5 min 
before addition of oxytocin . O xytocin produced a rapid stim ulation  of 32P  
incorporation into phospholipids during th e  first 5 min. The hormon sensitive

Table I

Effect o f oxytocin treatment on 32P  labeled phospholipids in myométrial tissue

cpm/g tissue

addition
no 3 4 5 0
oxytocin 4 1 2 0

M yom étrial tissue derived from  20 days pregnant ra ts  was incubated w ith 32P  for 5 min and then  
w ith  and without 10-7 M oxytocin for additional 5 m in. 32P labeled phospholipids were extracted  
and  determ ined as described in  Methods.

p ool o f  phosphoinositides localises in p lasm a membrane and appears to  consti
tu te  a small fraction o f tota l cellular phosphoinositides, therefore we in v esti
gated  the effect o f oxy tocin  on phosphoinositide m etabolism  on isolated plasm a  
m em brane. O xytocin enhanced the 32P incorporation from  labeled 32P ATP  
in to  phospholipids m easured in the first 30 sec in plasma m em brane prepara
tion  (Table II) then th e  labeling decreased more rapidly in  the presence o f  
o x y to c in  than in case o f  the control both  in Ca2+ free and Ca2+ containing  
m edium  [28]. The effect of oxytocin  proved to  be concentration dependent [28]. 
Phosphorylated  m em brane lipids have been  analysed and phosphatidylinosito l 
4,5-bisphosphate proved to be the main reaction  product, b u t phosphatidyl
in osito l 4-phosphate and phosphatidic acid could be also detected, and no 
incorporation into the other phospholipids was observed (F ig . 1).

The dem onstration th at oxytocin induced  enhancem ent o f  phosphoinosi
tid e  m etabolism  is partly  independent from  the presence o f  Ca2+ strongly
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Table II

32P  incorporation into myométrial plasma membrane prepared from  pregnant rats

protein lipid

pmol 3îP/rag pro te in

Addition
EGTA 41 30
cyclic AMP 51 32
P K I. EGTA 32 32
Ca2+ 54 47
Ca2+-calmodulin 60 49
EGTA, oxytocin 39 49
Ca2̂  -calmodulin
oxytocin 48 78

The membrane phosphorylation was carried out as described earlier (28) using 32P ATP. The 
concentration of additives EGTA 1 mM, cyclic AMP 0.1 /tM, Ca2 ' 10 /<\f, calmodulin 0.1 oM, 
oxytocin 0.1 /iM.

II

О
1

о
6

OP

Fig. 1. A utoradiogram  of phospholipids. The lipids were ex trac ted  [24] and the polar lipids 
were identified by two dimensional th in  layer chrom atography [2].

1. phosphatidylinositol 4, 5-bisphosphate; 2. phosphatidylinositol 4-phosphate; 3. phosphatidic 
acid; 4. sphingomyelin; 5. phosphatidylcholin; 6. phosphatidylserine, phosphatidylinositol;

7. phosphatidylethanolam ine

im ply that phosphoinositide breakdown is not the consequence of an increase 
of intracellular Ca2 + . The hydrolysis o f phosphatidylinositol 4 ,5-bisphosphate 
results in a subsequent form ation o f diacylglicerol and inositol 1,4,5-tris- 
phosphate (IP 3). W hereas diacylglycérol is an activator o f protein kinase C 
(25), I P 3 releases Ca2+ from intracellular stores [24]. O xytocin induced IP 3 
production has already been reported [14], and th e  dem onstration o f IP 3 
induced Ca2+ release from m yom étrial sarcoplasmic reticulum  was the p ivotal 
question. Figure 2 shows that IP 3 causes a dose dependent release of Ca2 + 
from sarcoplasmic reticulum  previously filled w ith  45Ca. IP 3 can either be
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time (min)

Fig. 2. I P 3 induced release of Ca2+ from  sarcoplasm ic reticulum . Sarcoplasm ic reticulum  
vesicles were allowed to take] up 4SCa in  the presence of ATP [27]. The additives were 
adm inistered  a t 6 min of incubation period , the calcium contents of vesicles were determ ined

as described in 27

step w ise  dephosphorylated or converted to  inositol 1,3,4,5-tetrabisphosphate  
( I P 4). Although the physiological role o f I P 4 is rather unclear it  has been  
suggested  that it opens up channels for Ca“+ in plasma m em brane to  cause 
further rise in free Ca“+ concentration  [11].

W e have investigated  the effect o f oxytocin  on m em brane protein  
phosphorylation too. The am ount o f  alkylphosphate form ed in plasm a mem 
brane depended on the presence or absence of Ca2 + , Ca2+-calm odulin and 
cyclic  AMP (Table II). O xytocin  influenced only  the protein phosphorylation  
in  th e  presence of Ca2 + -calm odulin, i.e. the phosphorylation o f about 20 000 
D a lto n  mol. w. protein was com pletely  abolished by 100 nM oxytocin  [27]. 
R ecen tly  it has been suggested th a t I P 3 and I P 4 m ight activa te  protein  
phosphatases [18].

The relevance o f these phenom ena to  known stim ulatory  effects of 
o x y to c in  on uterine sm ooth m uscle a ctiv ity  is open to further consideration. 
The enhancem ent o f P I P 2 hydrolysis in  plasm a membrane m ight result in a 
change in lipid com ponents of the m em brane. In this respect it  is interesting  
th a t changes in P IP , leve l have also been im plicated in the regulation  o f plasma 
m em brane Ca2 + -pum p. Thus deficien t Ca2 + -pumping ATPase is associated  
w ith  decreased P I P , levels in erytrocytes [17]. It has been recently  reported 
th a t oxytocin  inhibits sarcolem m al Ca2+ ATPase from hum an gestation  
m yom etrium  [1, 20], however, the data obtained in m yom étrial Ca2 + -ATPase 
are rather contradictory [16]. Beside the sarcolem m al Ca2 +-A TPase the sodium  
dependent Ca2+ exchange also plays an im portant role in  the regulation of
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intracellular free calcium  [6]. Our prelim inary data show  that oxytocin  
specifically  inhibits N a +-Ca2+ exchange. These data suggest that oxytocin  re
ceptor activation  in m yom étrial tissue is coupled to an enhanced phospho- 
inositide m etabolism , and resulting in  I P 3 that m ay be a link betw een o x y 
tocin  receptor binding and intracellular calcium rise. Further analysis o f the  
oxytocin  m ediated processes and their interrelationships is in progress.
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Our recent findings indicate th a t phorbol esters, the specific activators of protein 
kinase C induce the translocation of heavy metals (m ostly: zinc) from the nucleus and 
mitochondria to  the cytosol and microsomes of T lym phocytes. Phorbol ester trea tm en t 
im pairs the action of Ca-ionophores, this effect is m ediated by intracellular heavy metal 
ions (m ost probably: by zinc). Zinc activates cytosolic protein kinase C, increases its 
affinity  tow ards phorbol esters and contributes to its binding to plasma membranes. 
These results suggest th a t zinc m ay play a role in the “ cross-talk”  of second messengers 
and hence in signal transduction  in T lymphocytes.

Keywords: zinc, heavy m etals, T lym phocytes, phorbol, protein kinase C, Ca- 
ionophores, Ca2 + -dependent processes.

The pleiotropic effects o f zinc on the activation  o f T lym phocytes were 
know n decades ago. Zinc deprivation results in m any sym ptom s o f immune- 
deficiency, zinc in itse lf is m itogenic for T lym phocytes, while at higher con
centrations it effectively  blocks the action of other m itogens such as antigens 
or lectins [13]. H ow ever, we have very few inform ation about the biochem ical 
m echanism s of these processes.

On the other hand there are some recent find ings which suggests that 
zinc m ay play a role in signal transduction. Zinc can substitute calcium in a 
num ber of calcium binding sites [14]. In this w ay changes in the intracellular 
zinc concentration m ay induce conform ational and functional changes o f  
num erous calcium  binding proteins. On the other hand several DNA -binding  
proteins such as the cortisol, oestradiol and thyroid hormone receptors [17, 18] 
contain  a zinc binding site, a so-called “ zinc-finger” [2, 3, 11]. Parker et al. 
[16] defining the prim ary structure o f protein kinase C dem onstrated the  
presence o f these “ zinc-fingers” in  the regulatory dom ain o f the enzym e. 
H ow ever, the function o f th is zinc-binding site o f protein kinase €  is not yet  
known.
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Based on these results we planned some experim ents to  get an insight 
in to  th e  possible role o f  zinc in the regulation o f Ca2+- and protein kinase in
dependent signal transduction in T lym phocytes.

Methods

Subcellular fractions of T  lym phocytes were prepared by differential centrifugation 
a fte r  th e  cells have been ru p tu red  by nitrogen cavitation  [12]. The am ount of various heavy 
m eta ls was analysed by X -ray  fluorescence [5] and plasm a emission spectroscopy [4]. The 
in tracellu lar calcium concentration  was determ ined by the fluorescent indicators quin2 and 
fura-2  [6]. Zinc was depleted from  T lym phocytes and from their subcellular fractions by  the 
in tracellu lar heavy m etal chelator tetrakis-(2-pyridyl-m ethyl)-ethylenediam ine (TPEN , [1]). 
The ac tiv ity  of protein kinase C was determ ined by measuring the transfer of 32P  to  the basic 
H I h istone (Type III-S , Sigm a) as described earlier [9]. Binding of 3H -phorbol-d ibutyrate was 
m easured  by polyethylene-glycol precip itation  [9].

Results and discussion

Studying the possible role o f  zinc in signal transduction o f T lym pho
cy tes  we have selected an approach w hich m ay indicate th at the concentration  
o f h ea v y  metals (zinc) changes during the activation  of T lym phocytes. The 
d etection  of such concentration  changes is a prerequisite for the postulation  
th a t zinc indeed m ay participate in  signal transduction. Since we wanted to  
s tu d y  the role of zinc in  the “ cross-talk” of known signal transduction  system s 
we used phorbol esters, th e  selective activators of protein kinase C for lym pho
cy te  stim ulation.

Isolating the subcellular fractions of control and 12-0-tetradecanoyl- 
phorbol-13-acetate (T PA ) treated  rabbit thym ocytes and analysing their 
h ea v y  m etal content b y  X -ray fluorescence [5] and plasm a em ission spectros- 
cop y  [4] we have found  th at phorbol ester treatm ent (20 nM T P A  for 90 
m inutes) induces the translocation  o f approxim ately 270 nm ol Zn from the 
nucleus and m itochondria to the cytosol and microsomes o f 5 X 109 cells. 
Sm aller amounts o f other h eavy m etals (Cu and Fe) are also translocated in a 
sim ilar way. Our results suggest th at the activation  o f protein kinase C induces 
a substantia l increase in zinc concentration of cytosolic and m icrosom al frac
tion s o f  T lym phocytes. Investigation  o f changes in  free  zinc concentration  
during lym phocyte stim ulation  is in  progress in our laboratory.

As a next step w e investigated  the interrelationship betw een zinc and 
Ca2 +-induced signal transduction . I t  is w ell-known that phorbol esters attenu
ate th e  calcium signals induced b y  various hormones and agonists. In this 
sy stem s protein kinase C has a num ber of possible targets to  prevent the 
agonist-induced increase in intracellular Ca2+ concentration. In  th is w ay the
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action o f h eavy m etals (zinc) m ay be concealed. Therefore we have selected  
a more sim ple, “ m odel”  system  for our studies. In  our model system  we in
duced an increase in intracellular Ca2 + concentration by means of Ca-iono- 
phores such as A23187 or ionom ycin and the effect o f  phorbol ester treatm ent 
on these calcium -signals was studied.

W e have found th at phorbol ester treatm ent im pairs the action o f Ca- 
ionophores. This effect is concentration- and tim e-dependent being m axim al 
at T P A  concentrations higher than 10 nM (this is the range where protein  
kinase C is fully activated) and after an incubation tim e of 90 m inutes. Our 
studies indicate th at the effect o f phorbol esters can not be explained by the  
activation  o f Ca2+-extrusion system s, “ freezing” o f Ca-ionophores to  the  
lym phocyte plasm a m em brane or by other means o f ionophore im m obilization. 
On the other hand the intracellular h eavy m etal chelator T P E N  restores the  
Ca-ionophore-induced Ca2+ translocation to  the control level in T PA , or 
diacyl glycerol treated  lym phocytes. This suggests th a t intracellular h eavy  
m etals (m ost probably the increased am ount of zinc in the cytosol and micro- 
somes — see above —) m ay be responsible for the attenuation  of Ca-ionophore- 
induced Ca-signals in T lym phocytes [7].

As a third step we investigated  w hether the protein kinase C-induced  
excess o f  zinc in the cytosol and microsomes had any regulatory effect on 
protein kinase C itself. This question is interesting all the more because Parker 
et al. [16] suggested the existence of putative zinc binding site(s) on protein  
kinase C.

W e have found th at zinc activates cytosolic protein kinase C at nano
molar concentrations while it does not affect the mem brane-bound form o f the  
enzym e [8, 9]. Our results are in agreement w ith th a t o f Murakami et al [15] 
who also dem onstrated a zinc-induced activation  o f protein kinase C. Zinc 
increases the phorbol ester binding affin ity  o f  cytosolic protein kinase C also 
at nanom olar concentrations while it  has a much sm aller effect on the m em 
brane-bound form o f the enzym e [10].

The presence o f the intracellular h eavy m etal chelator T P E N  prevents 
the phorbol ester- and antigen-induced translocation o f protein kinase C from  
the cytosol to the m icrosom es o f T lym phocytes [9]. This suggests th at h eavy  
m etals (m ost probably: zinc) m ay contribute to the membrane binding of 
protein kinase C. Taken our data together we suggest that cytosolic protein  
kinase C is a m ixture o f enzym es which are d ifferently saturated w ith  zinc. 
Zinc saturation m ay be a prerequisite of membrane binding of the enzym e. 
This m ay explain the relative insensitiv ity  o f m em brane-bound protein kinase 
C to the addition o f zinc. However, to strengthen th is hypothesis further ex 
perim ents are needed.

Figure 1 sum m arizes our present view  on the possible role of zinc in 
signal transduction o f T lym phocytes. The activation  of protein kinase C
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Fig. 1. The possible role of zinc in signal transduction  of T lym phocytes 
A bbreviations: DAG, diacyl glycerol; N, GTP-binding protein; P IP 2, phosphatidyl inositol 
bis-phosphate; PKC, p ro tein  kinase C; P l-C , phosphatidyl inositol specific phospholipase C;

R, T cell receptor

(P K C ) releases zinc from the nucleus. The m echanism o f th is action is un
know n. In Figure 1 we illustrated one possib ility  which supposes that after 
prolonged activation  o f the enzym e protein kinase C translocates to  the nucleus, 
phosphorylâtes som e o f the zinc-containing nuclear proteins inducing a de
crease in their zinc-binding a ffin ity . As a consequence these proteins release 
zinc which appears in the cytosol and m icrosom es. However, we would like 
to  stress that th is m echanism  is m erely speculative (at the m om ent).

The excess o f  zinc in the cytosol m ay disturb the calcium -signalling  
m echanism s and causes the activation  and membrane binding o f protein  
kinase C. This “ secondary” activation  o f protein kinase C m ay represent a 
n ew  mechanism o f the autoregulation o f the enzym e since it occurs at a later 
phase of lym phocyte activation  (after 1.5 hours) when the in itia l activators 
o f  th e  enzyme (e.g.: d iacyl glycerols) have been already m etabolized.

Our results present pieces o f evidence th at zinc should be considered  
as an active con stitu en t o f the sophisticated  signalling m echanism  of T lym 
p h ocytes. These observations m ight help to  clarify the heretofore m ainly  
unknow n m echanism s o f both the action o f zinc and tum or prom oter phorbol 
e ste r s  in these cells.
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The effect o f ethanol (3.9 — 390 mM) on resting tension of vas deferens, isom etric 
contractions produced by field stim ulation  of the vas deferens and on the contractions 
produced by neurotransm itters, acetylcholine (ACh 0.55 — 55 mM), noradrenaline (NA 
0.058 — 580 ,uM) and 5-hydroxytryptam ine(5-H T 0.25 — 250 ,uM) was studied in  ra t  
vas deferens to  see if ethanol modified neurotransm ission and muscle contraction in  th is 
p reparation .

The results showed th a t e thanol had  no significant effect on resting tension of the 
muscle, bu t reduced the contractions produced by field stim ulation and b y  neuro
transm itters. I t  was concluded th a t  e thano l modifies neurotransm ission in th e  r a t  vas 
deferens p reparation , by reducing the  contractions produced by field stim ulation and 
by  depolarizing agents.

Keywords: ethanol, vas deferens, skeletal muscle, sm ooth muscle, neuro transm is
sion and muscle contraction.

I t  has been reported that ethanol has peripheral effects, i.e. it  affects  
skeleta l and sm ooth muscles [1, 2 ], causing in toxication  [3] and p oten tia tion  
o f the effects o f other drugs [4, 5].

In  the present investigation , w e were interested in  the effects o f  ethanol 
on neurotransm ission and muscle contraction  in the iso lated  vas deferens prep
aration. The effects o f  field  stim ulation  and neurotransm itters on the rat vas  
deferens were studied in the absence and presence o f ethanol.

M ethods

Preparation : A dult male Sprague-Dawley ra ts , weighing 300—400 g, were killed by a blow  to 
th e  head and bled. The abdom en was opened and  th e  vas deferens was rem oved [6]. The p rep 
aration  was set up in an  organ b a th  containing K rebs-H enseleit solution (20 ml) m ain ta ined  
a t  38 i  2 °C and bubbled w ith  5% C 02 in 0 2. The pH  of the K rebs solution was 7.2.

Stimulation and recording

The vas deferens was stim ulated a t  1 —100 Hz, w ith 10 — 20 Y  (maximal) and 0 .1—0.5 
ms pulse duration . The preparation  was se t up  under 0.5 g tension, and the contractile  res
ponses produced by  electrical stim ulation or b y  drug action were recorded isometrically, using a

Correspondence should be adressed to 
F . A. W a l i
The London H ospital Medical College, A naesthetics U nit,
U niversity  of London
W hitechapel, E l IB B , London, England
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202 F. A. Wali and A. H ay ter

force-displacem ent tran sducer (DI 50 g) and a W ashington pen recorder (model 400 MD 2C, 
P a lm er Bioscience, U. K .). S tim uli were delivered from  a stim ulator (Sartorius) to  the p repara
tio n  v ia  a pair of stim ulating  electrodes (silver/silver chloirode).

Procedure

A fter the p reparation  h ad  been set up, it  was left there  for 15 min to  settle  in physiologi
cal K rebs solution. Control recordings, w ithout any  drug , were made and these were found to be 
s tab le  for a long period of tim e (2 — 3 h). The effects of ethanol (3,9—390 mM), noradrenaline 
(0.058 — 580 /iM), acetylcholine (0.55 — 55 mM) and 5-hydroxytryptam ine (0.25 — 250 /гМ) on ra t  
vas deferens were studied. Concentration-effect curves were constructed and the mean EC50 
values (i.e. concentrations to  produce 50% m axim um  contraction) were calculated. In  con
stru c tin g  the concentration-effect curves, single concentrations were used (0.2 ml or 0.4 ml) and 
these  were given a t random . C ontact time for e thanol varied  w ith the concentration used (4 — 8 
m in). In  general, the  drug w as left there in the b a th  un til a maxim um  effect was obtained. 
T he neurotransm itters, ACh, NA and 5-HT were left in  the bath  for 20 — 60 s and un til a 
m axim um  effect was produced. No a ttem pt was m ade to  characterize the  nature  of tran s
m itte rs  released by nerve stim ula tion  nor to record th e  excitatory  junction  potentials, since 
deta ils of such investigation  are well-known and  are ou t of the scope of the present in 
vestigation .

D rugs and solutions

All drugs and solutions were made up in de-ionized distilled w ater. The Krebs solution 
used had  the same com position (mM) as th a t previously used [7]. The drugs used were: ethanol 
(pu re  90% , i.e 900 m g .m l-1 ), acetylcholine chloride, noradrenaline, 5-hydroxytryptam ine 
crea tin ine  sulphate, a trop ine  sulphate, te trodotoxin , propranolol HC1, m ethysergide bim aleate 
and  guanethidine.

Statistical analysis

M ea n se s .E . were calculated . S tudent’s (t) te s t was employed for th e  significance be
tw een  sets of paired and unpa ired  observations. A p robab ility  value of p <  0.05 was considered 
significant.

Results

1. Effect o f  ethanol on the contractions produced by f ie ld  stim ulation o f  the rat vas 
deferens

In the rat, the vas deferens was devoid  o f  spontaneous activ ity . E thanol 
(0 .39  — 39 mM) had no apparent effect on th e  resting tension o f the vas. R epeti
t iv e  field  stim ulation o f  the vas, at 1 — 100 H z w ith 10—20 У (m axim al) and  
0.1 — 0.5 ms pulse duration , produced frequency-dependent contractions. 
T hese contractions were reduced in the presence o f ethanol (39 mM). Fig. 1 
show s contractile responses of the rat vas deferens in response to  field  stim ula
tio n  at 50 Hz for 30 s, in  th e  absence and presence o f ethanol. R epetitive nerve 
stim ulation  at 50 H z, produced a biphasic response; a fast (phasic) and a slow  
(ton ic) contraction. (F ig. l a ,b ,  c). In this experim ent, we measured the slow tonic  
contractions. E thanol w as adm inistered 4 m in before record (lb )  was taken. 
T he slow  tonic contraction  (in Fig. la )  was 1.6 g tension and th is was reduced
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Effect of ethanol on ra t  vas deferens 203

to  1.1 g in F ig. lb ,  i.e. in ethanol. After w ashing out (w )ethanol, the response  
returned tow ards the control height. The phasic contraction  (2.3 g control) w as 
on ly  slightly  reduced (2.0 g) in  ethanol. Figure 2 shows frequency-response 
curves for the ton ic  contractions produced b y  field  stim ulation  at 1 —100 H z. 
The m ean F req .50 (i.e. the frequency which produced 50%  m axim um  contrac
tion) values o f  the control, in ethanol and during recovery period were: 2 1 ^ 1 .5  
H z, 4 3 ^ 4 .1  H z and 2 7 ^ 2 .2  H z, respectively (m e a n s^ S .E ., n =  8, P <  0.001, 
P: N .S .) (for curves a, b, c). To m ake sure th at these (phasic and tonic) contrac-

50 Hz

cont rol ^--------- ethanol 39 mM

( c )

recovery

Г’
Fig. 1 ■ Contractile responses produced by fie ld  stimulation o f the rat vas deferens and the effect o f  
ethanol. Field stim ulation  of the vas deferens produced phasic and tonic types of contractions 
w hich were reduced in  the presence of ethanol (39 mM). Stim ulus param eter: 50 Hz for 30s 
w ith 20 У and 0.2 m s pulse duration. A t (w), the recorder was stopped and  the preparation  was 

washed ou t. E thanol was adm inistered 4 m in before record (b) was taken

Fig. 2. Frequency-response relationship o f the contractions produced by fie ld  stimulation at 1 — 100 
Hz in  the rat vas deferens. E thanol (39 mM) shifted the control curve (a) to  the right (b). In  (c) 
recovery of the  responses occurred. See te x t for more details. E ach po in t is a m e a n ^ S .E . o f

eight experim ents
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204 F. A. Wali and  A. H ayter

tion s were of a nervous origin, i.e due to  neurotransm itter release from nerve 
term inals, tetrodotoxin  (1 pM) was added to  abolish these responses. In  the  
presence o f guanethidine (10 ,ixM), propranolol (l,txM), and m ethysergide (1 /xM), 
fie ld  stim ulation at 50 H z, produced on ly  sm all tonic contractions (0.5 g) which  
w ere greatly reduced b y  atropine (1 /xM). These experim ents ind icated  th a t the  
m ajor neurotransm itter released is noradrenaline, not acetylcholine.

2. Effect o f  ethanol on contractions produced in  vas deferens by neurotransm itters, 
acetylcholine, noradrenaline and 5-hydroxytryptam ine

The contractile responses produced b y  neurotransm itters ACh (28 mM), 
N A  (29 /xM) and 5-H T (63 /xM) are show n in  Fig. 3 (a —f) in  the absence and 
presence o f ethanol (39 mM). E thanol was introduced 5 m in before the records 
in  ethanol were taken . I t  can be seen th a t ethanol reduced the NA-induced

's

Fig. 3. Contractile responses produced by noradrenaline, acetylcholine and 5-hydroxytryptamine and 
the effect o f ethanol in  the rat vas deferens, (a) contro l noradrenaline response (2.8 g tension), 
(b) ethanol (39 mM) had  no effect on resting tension b u t m arkedly reduced th e  noradrenaline- 
induced contraction (by 61%  of control value). E thano l was added 5 min before record (b) was 
taken , (c) ACh-induced contraction  (control), (d) ACh response in th e  presence of ethanol 
(39 mM) (reduced by  31%). (e) 5-HT-induced contraction  (control), (f) 5-HT response in the 

presence of e thanol (39 mM) (reduced by  58%). For details see te x t
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contraction (control 2.8 g tension) b y  61%  (see a, b). E thanol reduced th e  ACh 
response (1.3 g) b y  31%  and the 5-H T response (2.4 g) b y  58% (see c — d and 
e —f). Pooled results are shown in Table 1.

Figure 4 shows concentration-response relations o f  NA-induced contrac
tions and the effect o f  ethanol (39 mM). Ethanol sh ifted  the control N A  curve

T able  I

Contractions produced by neurotransmitters, noradrenaline, acetylcholine and 5-hydroxytryptamine 
and effect o f thanol on rat vas deferens preparation ( means S .E ., n — 8, *P  <  0.001 )

(g)
M axim um

Contraction

EC,,
Control (C)

E C „
Ethanol(E)

EC60
R atio(E/C)

Noradrenaline 
(0.058—580 ,«M)

4 .9± 1 .1 32± 0 .9 95±3.1* 3:1

Acetylcholine 
(0 .5 5 -5 5  mM)

1 .6± 0 .9 14±0.4 46±1.2* 3.3:1

5-hydroxytryptam ine 
(0 .25 -250  ^M)

2.6± 0 .5 65±3.1 164±10.4* 2.5:1

* E thanol (39 mM) (E) significantly increased the mean EC50 values of control (C) con
centrations, indicating a marked depression of neurotransm itter responses

Fig. 4. Concentration-response curves o f noradrenalin-induced contractions in control and ethanol 
solutions (bathing rat vas deferens preparations). E thano l (39 mM) shifted the contro l (a) nor
adrenaline curve to  the r igh t and downwards (b). For more details see text. E ach  p o in t is a

mean -  S .E . of eight experim ents
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206 F. A. Wali and A. H ay ter

to  th e  right and downwards (a to b). The m ean EC50 values o f  NA-induced  
contractions in control and ethanol solutions were (3 2 ^ 0 .9  fiM and 9 5 ^ 3 .1  juM, 
respectively  (m ea n s^ S -E . n =  8, P  <  0.001).

D iscussion

I t  has been reported th at ethanol, unlike ethyl ether, or other general 
anaesthetics, stim ulates (depolarizes) the skeleta l muscle of the frog sartorius 
[8 ,9 ] . In the gut sm ooth  m uscle, ethanol in h ib ited  the spontaneous contractions 
and reduced the contractions produced b y  depolarizing agents [1, 3, 4]. H ow 
ever, in  high concentrations (390 mM), ethanol produced m arked contractions 
in  th e  gut muscle [10].

W e have chosen th e  vas deferens preparation since th is preparation is 
m a in ly  adrenergic m echanism  [11]. We aim ed at tw o specific points: (a) to  see 
i f  ethanol m odified neurotransm ission, and (b) i f  ethanol influenced the vas 
deferens and its con tractility , w ith  respect to  neurotransm itters, ACh, N A  and  
5-H T  [12, 13]. It is certain  th at ACh is in vo lved  in neurotransm ission in the  
v as deferens, this is in  accordance w ith the th eory  of Burn & Rand [14] and 
w ith  the electrophysiologic studies o f R ichardson [15], who suggested th at the  
longitud inal coat o f  th e  guinea-pig vas deferens m ay be innervated by choliner
gic fibres. That 5-H T m ay be involved in vas deferens neurotransm ission is not 
y e t  known. H ow ever, noradrenaline is the m ain neurotransm itter involved in  
neurotransm ission in  th e  rat vas deferens, and we have dem onstrated this using  
various adrenergic and other blocking agents in  the present investigation .

The present results showed that ethanol had a dual action, depending on  
th e  contraction used, and on the rate of fie ld  stim ulation. E thanol (39 mM) 
enhanced the contractions produced by low  rates of stim ulation (1 — 5 H z), 
w hereas it depressed th e  contractions produced at 10 Hz or more. A typ ica l 
response of field stim ulation  consisted o f  tw o phases: fast (phasic) and slow(to- 
nic) contractions. These responses probably reflect the m echanism  of action of 
noradrenaline, released b y  nerve stim ulation  to  produce excitatory  junction  
p oten tia l (phasic), fo llow ed by a contraction o f low  amplitude and prolonged  
duration(tonic). The contraction produced b y  N A  is due to a release of Ca2+, 
from  intracellular stores [16 —18]. Thus N a can  affect both receptor and v o lt
age-dependent calcium  channels.

The results also suggested  th at ethanol m ay have pre- and postsynaptic  
effects at the rat vas deferens preparation, since ethanol reduced the contrac
tion s produced by fie ld  stim ulation  and b y  neurotransm itters added to the  
preparation. Am ong other actions o f ethanol, is the blockade o f nerve or m uscle  
conduction , i.e acting like the local anaesthetic lignocaine. Since the vas defe
rens is a quiescent preparation, i.e it produces no action potential, it is possible
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th a t the contraction produced in  th e  m uscle, due to  electrical or chem ical 
stim ulation , is calcium  based. More experim ents are needed to explain the effect 
o f  ethanol on the contractions produced in the vas deferens in relation to the  
role o f  calcium.
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Linear correlation (r =  0.6811, p <  0.001) was found betw een the 24 hour 
u rinary  excreted fluoride q u an tity  and fluoride/creatinine ratio  (Q) of the m orning urine 
sample of 21 school children living in  a children’s home in H ungary. The m ean value of 
fluoride/creatinine ratio  (Q) in  groups of children from  eight different p a rts  of H ungary , 
also showed linear correlation (r =  0.9720, p <  0.001) w ith the m easured fluoride 
concentration  of drinking w ater. The urinary  fluoride/creatinine ratio  (Q) seems suffi
ciently inform ative for controlling fluoride in take in the course of caries preventive field 
studies.

Keywords: U rinary fluoride/creatinine ratio  (Q), m onitoring of fluoride in take

The role o f  fluoride is w ell know n in caries prevention and it  is w idely  
used  in co llective and individual prevention. In  hum an caries preventive studies 
where fluoride is system ically  adm inistered the control o f the to ta l fluoride  
in tak e is a ta sk  o f  fundam ental im portance [2, 3, 4 , 5, 7, 9, 10, 11, 12, 13, 14, 
1 5 ,1 8 ] . The determ ination o f the 24 hour urinary fluoride is considered to  beone  
o f the m ost acceptable indices o f fluoride intake in  the steady state o f  fluoride  
balance [8, 1]. I t  yields reliable results on ly  when fluoride supplem entation  is 
m onitored continuously. H ow ever this close m onitoring, for technical reasons, 
is not feasible w ith in  the conditions o f fie ld  studies involving hundreds o f  
participants. To m onitor the fluoride intake in order to avoid the d ifficulties  
o f the 24 hour urine collection, the above cited authors, except H efti et al. [7], 
m easured the fluoride concentration o f one or two urinary spot sam ples per day, 
tak ing  into consideration th at it  reflected  the fluoride m etabolism  w ith  a lower 
degree o f precision. W espi and Biirgi [18] reported that the fluoride/creatinine 
ratio (Q) of a single urinary spot sam ple could reflect the fluoride ingestion  at 
group level, but th ey  did not discuss the possible advantages o f  its usage. The 
aim  o f our present study was to  investigate w hether the fluoride/creatinine
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ratio o f  urinary spot sam ples was ju st as inform ative o f  fluoride in take as the  
am ount of the 24 hour urinary fluoride or not, and w hether it  was usable w ithin  
the fram e of field stud ies.

M aterials an d  m ethods

The material consisted of 326 healthy  subjects betw een 8 and 13 years of age, living in 11 
child ren’s homes in H ungary . These children live under alm ost identical conditions and have 
sim ilar eating habits due to  th e  centralised standard isa tion  of homes. A lim entary fluoride intake 
was negligible. There was no sizeable fluoride exposure th rough  the  drinking w ater and the air 
(T able I., I I  and personal com m unication of D ept, of Air Hygiene of N ational In s titu te  of 
Public H ealth). Home No 7. (Table I.) w here the highest fluoride concentration of drinking w ater 
was m easured, represented abou t 30% of th e  optim al fluoride level recom m ended for caries 
prevention. In three separa te  children’s homes (Table II .)  fluoride supplem entation was in tro 
duced via fluoridated m ilk. The protocol for preparation  of milk called for 0.75 mg fluoride in
0.2 m l m ilk in form of N aF . The children consum ed 0.2 m l m ilk daily during 250 days per year. 
Our investigations were carried  out on approxim ately  the 200th day. U rinary spot samples were 
collected between 7 —8 hours in  the morning. In  21 girls the  24 hour urinary  excreted fluoride 
am oun t and the fluoride/creatinine ratio  of th e  spot sam ples were determ ined simultaneously.

Fluoride concentration  was determ ined by  fluoride-sensitive electrode (R adelkis OP- 
7443), while the creatinine concentration  was m easured by  a m ethod based on the  Ja ffe  reaction  
using Centrifichem 600 (U nion Carbide), a centrifugal analyzator system. The fluoride/creatinine 
ra tio  was expressed as th e  quo tien t of m olar concentrations in  m ol/m olx  10 “ 3. TISA B buffer 
from  Radelkis (B udapest) and  “ Test Combination Creatinine”  from Boehringer (M annheim) 
was used, other chemicals w ere purchased from  R eanal (B udapest).

Table I

The fluoride concentration o f  drinking water and urinary fluoride/creatinine ratio (Q) o f children 
living in different children’s homes in  Hungary

Home No
(F) of drink

ing water 
yumol/1

No of chil
dren investi

gated

(F)/(Cr) (Q) 
m ol/m olx 10“  *

X  S.D.

l 6.0 14 1.39 0.63
2 5.0 32 1.44 0.60
3 3.6 16 0.91 0.40
4 7.0 21 1.51 0.48
5 4.0 46 1.25 0.63
6 9.0 32 1.48 0.70
7 20.0 17 2 .8 8 1.74
8 4.2 14 1.25 0.63

R esu lts

Linear correlation was obtained betw een the 24 hour urinary excreted  
fluoride quantity and th e  fluoride/creatinine ratio (Q) o f morning urine sam ples, 
r =  0.68, p <  0.001 (F ig . 1.).
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Urinary
[f -] / [Creatitine] ,,GL" 
mol/mol X 10"^

▲

y = 0.01 X + 0.55 
г = 0.6811 n-21
p < 0.001

3.0 .

w / ------------------------------- ,-------------------------- I--------------------------I-------------------------- I---------------------------I------------------- ►
50.0 100.0 150.0 jug

Fluoride excretion / 7U hours
Fig. 1. Correlation analysis between th e  24 hour urinary fluoride excretion and fluoride creati

nine ra tio  (Q) of u rinary  spo t samples taken in th e  morning

The m ean value o f fluoride/creatinine ratio (Q) in  groups of children from  
eight different parts o f Hungary, also showed linear correlation w ith the m eas
ured fluoride concentration o f drinking water, r =  0 .9720, p <  0.001 (F ig . 2.).

No s ig n if ic a n t  difference was found in the fluoride/creatinine ratio (Q) 
according to sex , in  any o f the hom es.

Out o f  the three children’s hom es, where fluoridated milk consum ption  
was called for, an elevated  fluoride/creatinine ratio w as measured in hom e “ C“ , 
only (Fig. 2. and Table II.).

Table II

The fluoride concentration o f  drinking water and urinary fluoride/creatinine ratio (Q) from  homes 
where fluoridated m ilk consumption was prescribed

Home
(F) o f drink

ing water 
jumol/1

N o of chil
d ren  investi

gated

(F)/(Cr)
m ol/m ol X 10 

X

(Q)-*
S.D.

“ A” 3.0 73 1.47 0.58
“ B” 5.0 27 1.64 0.80
“ C” 7.0 34 2.56 1.52
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Urinary

[F -]/ [Creatinine]„Q" 
mol/ mol X 10"̂

y - О.Юх+О.74

Fluoride concentration of drinking 
water

F ig. 2. Correlation analysis betw een  th e  fluoride concentration  of drinking w ater and the fluo
ride  creatinine ratio  (Q) of u rin a ry  spot samples tak en  in the morning. Regression line was 
calcu lated  on the basis of filled circles (® —@), while th e  discrete circles (О  О  O ) represent 

th e  m ean of homes “ A” , “ B ” , and  “ C” , where the contro l of fluoride in take  was performed

D iscussion

In healthy objects sign ificant correlation was obtained betw een  the fluo
ride and creatinine clearance [17], just as betw een  the plasm a fluoride and plas
m a creatinine concentrations in the age group [6] investigated  in  the present 
stu d y . In consequence th e  fluoride/creatinine ratio (Q) of a spot sam ple can be 
regarded as constant in  th e  course of the exam ination. This suggests that the
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urinary fluoride/creatinine ratio (Q) m ay be more inform ative o f the fluoride  
in take than  the fluoride concentration o f one or several urine fractions because 
th is index (Q) is independent of the actual diluting or concentrating function  of 
the kidney.

B etw een the 24 hour urinary fluoride excretion  and the fluoride/creatinine  
ratio (Q) o f the m orning urine sam ple a h ighly sign ificant relation w as found. 
H ow ever, the absolute value o f th e  correlation coefficient (0.6811) indicates 
th a t, for individual te sts , the fluoride am ount excreted  w ith  the 24 hour collect
ed urine can not be replaced by the fluoride/creatinine ratio. On the other hand, 
the close linear correlation (r =  0,9720, p <  0.001) observed betw een the  
fluoride concentration o f drinking w ater and the m ean value o f fluoride/creati
nine ratio (Q) o f children from different parts o f  H ungary, confirm  th a t the  
fluoride/creatinine ratio (Q) on group level, is an adequate m ethod for m onitor
ing the fluoride in take, due to the h igh ly  sign ificant correlation betw een the  
fluoride concentration o f drinking w ater and urinary fluoride excretion [litera
ture cited in  Ref. 8].

The observation, whereby the sam e fluoride in take results in  a lower uri
nary fluoride output in  females th an  in  m ales [6, 7, 10, 16] seems to  be contra
d ictory w ith  the find ing th at there was no difference betw een the fluoride/crea
tin ine ratio (Q) o f girls and hoys. I t  can be explained and resolved b y  the fact  
th a t m ales excrete higher am ount o f  creatinine than  fem ales, and so the differ
ence in  the urinary fluoride excretion according to  the sexes disappears when  
the fluoride/creatinine ratio is calculated.

Two out o f three children’s hom es where the m ilk fluoridation programme 
was introduced, in hom es “ A ” and “ B ” , the mean values o f the m easured flu o 
ride/creatinine ratios and their relation to  the regression line o f F ig. 2. enabled  
us to  dem onstrate th a t these groups had  n ot consum ed fluoridated m ilk as regu
larly as called for b y  the protocol. I t  was also confirm ed b y  the m anagem ent o f  
the hom es, hut only after the urine analysis had been carried out and evaluated. 
In  hom e “ C” the fluoride/creatinine ratios were higher, corresponding to  the  
expectations.

Our results seem  to indicate th a t the sim ultaneous determ ination o f the  
fluoride/creatinine ratio (Q) and fluoride concentration o f drinking w ater makes 
it  possible to m onitor the fluoride adm inistration w ith in  the frame o f a caries 
preventive field  stu d y  w ith  adequate certainty.
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The in terac tion  between the Ca2+ tran spo rt ATPase and the proteolipid of rabb it 
sarcoplasmic reticu lum  was analyzed by fluorescence energy transfer, using th e  following 
donor : acceptor com binations: Ca2+-ATPase try p to p h an —►IAEDANS-proteolipid;
IAEDANS-ATPase->-IAF-proteolipid; IAEDANS-proteolipid->-IAF-ATPase. The ob
served energy tran sfe r m ay indicate w eak in teraction  betw een the Ca2+-ATPase and 
proteolipid, b u t collision al energy transfer definitely contributes. The energy transfer 
was abolished by  deoxycholate or sodium  dodecylsulfate a t  concentrations sufficient to 
solubilize the m em brane. In  view of the low proteolipid content of sarcoplasmic 
reticulum  and  th e  weak interaction suggested by the energy transfer, a t  best only a 
small fraction of ATPase molecules could exist in the form  of ATPase-proteolipid 
complexes.

Keywords: proteolipid, Ca2+A TPase, fluorescence, energy transfer

In addition to the Ca2+ transport ATPase sarcoplasm ic reticulum  m em 
branes contain a proteolipid with an estim ated m olecular weight o f 12,000 [9, 
10]. The proteolipid copurifies w ith the ATPase, w hich led to speculations about 
its possible involvem ent in the Ca2+ transport [10]. Racker and his coworkers 
suggested that the proteolipid m ay serve as ion channel during the Ca2+ trans
location  [13, 4].

The proteolipid fraction o f sarcoplasm ic reticulum  contains at least four 
distinct com ponents [4, 12]. The major com ponent, which accounts for 65 — 
70%  of the to ta l proteolipid, contains tyrosine as the C-terminal amino acid, 
and its N -term inal sequence is M et-G lx-A rg-Ser-Thr-A rg-G lx-Leu-C ys-Leu- 
-A sp-Phe [12]. The proteolipid is characterized by a relatively  high tyrosine, 
phenylalanine and apolar amino acid content and the absence o f tryptophan.

The purpose o f  the studies presented in this report was to analyze by  
fluorescence energy transfer, w hether interaction exists betw een the Ca2 + 
transport ATPase and the proteolipid in reconstituted sarcoplasm ic reticulum  
vesicles. Several approaches were utilized:
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1. Energy transfer betw een  the tryptophan groups o f the Ca2 +-ATPase 
and dansyl-proteolipid or IA E D A N S-proteolip id  incorporated into the reconsti
tu ted  ATPase vesicles. These experim ents are feasible because the proteolipid  
does n o t contain tryptophan and the em ission spectrum  of tryptophan overlaps 
w ith  th e  absorption band o f  the dansyl or IA E D A N S chromophores which serve 
as energy acceptors.

2. Energy transfer betw een  IA E D A N S-A T Pase and IA F-proteolipid.
3. Energy transfer betw een  IA E D A N S-proteolip id  and IA F-A TPase.
E nergy transfer w as m easured b y  analyzing the ratio of donor and accep

tor fluorescence in tensities and b y  measuring the lifetim e o f donor fluorescence 
in  th e  presence or absence o f  acceptor.

The observations ind icate fluorescence energy transfer betw een the Ca2+- 
A T Pase and the proteolipid under conditions w hen the proteolipid concentra
tion  in  the membrane w as relatively  high. W hile these observations are consis
ten t w ith  close proxim ity betw een  the ATPase and proteolipid m olecules in the  
m em brane, collision is lik e ly  to contribute to  the energy transfer. There is no 
clear indication that sto ichiom etric Ca2+-ATPase -proteolipid com plexes ex ist 
in th e  membrane under th e  conditions o f these experim ents.

M aterials and  m ethods

R ab b it microsomes isolated as described earlier [11] were used for the preparation  of 
Ca-ATPase and proteolipid. Ca-ATPase was prepared according to  M acLennan [9].The reconsti
tu ted  preparations had ATPase and Ca tran sp o rt activ ity  comparable to  those reported  in the 
lite ra tu re  [3]. Proteolipid was isolated by  a com bination of two methods (10, 15), and further 
purified  by  the procedure of Ohnoki and M artonosi [12].

Phosphatidylcholine vesicle were prepared as follows: 20 mg phosphatidylcholine in e th a 
nol so lu tion  was dried onto the  wall of a small P o tter homogenizer under vacuum . Two ml buffer 
were added  and the suspension was dispersed by homogenization. Sonication was carried ou t 
under N 2 atm osphere a t 0°C using a H ea t System, U ltrasonics, Inc., Model W 185E (Plainview,
N. Y .) sonicator, for 10 tim es 10 seconds, w ith 5 second in terruptions, to allow the tem perature  
to  equilib rate . The preparation  was stored a t  4 °C and used w ithin five hours. M easurem ent of 
A TPase ac tiv ity  was carried o u t as described earlier [12]. For labelling w ith  dansyl-Cl, the pro
teolip id  was dissolved in a m edium  containing n-butanol, 2.5 mM N aH C 03, 2.5%  w ater and di- 
m ethylam inonaphthalenesulfonylchloride (2.4 to 48 mole/mole proteolipid). The final concen
tra tio n  of proteolipid was 2.1 x 10~5M (249 /<g/ml). A fter reaction for 2 — 5 h  a t  37 °C, the reac
tion  m ix tu re  was diluted w ith  50 volum es of 5 mM N aH C 03 and dialyzed against several changes 
of 500 volum es of 5 mM N aH C 0 3 and finally  against w ater. The labelled proteolipid was lyophi- 
lized and  dissolved in n-butanol. The concentration of bound dye was evaluated from  the fluo
rescence spectra. The absence of free dye was tested by th in-layer chrom atography on silica gel 
G using a solvent system  of chloroform :m ethanol:N H 4OH =  65:35:5 (v/v), or chloroform:me- 
th a n o h l M HC1 =  66:33:1 (v/v).

F o r labelling w ith IÁ ED A N S th e  proteolipid was dissolved in n-butanol (440 /ig/nil) and 
incuba ted  for 2 h a t 37 °C u nder nitrogen in the presence of 10-fold molar excess d ith io threito l 
in a 4 %  w ater, 94% butanol m ix ture . Solid IAEDANS was added in 100-fold m olar excess and 
th e  incubation  continued for 5 hours under continuous stirring. The sample was dried under a 
s tream  of nitrogen, dispersed in  0.1 M KC1,10 m M Tris, pH  7.0; w ith vigorous stirring and dia
lyzed against several changes of 0.1 M KC1, 10 mM Tris-HCl, pH  7.6, followed by dialysis 
again w ater. The sample was lyophilized, and dissolved in n-butanol. Free IA EDA NS was 
rem oved by  chrom atography on Sephadex LH-20 colum n (40 X 0.8 cm) equilibrated w ith 
n -bu tanol.
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For labelling th e  proteolipid w ith IA F , th e  proteolipid (355 /(g/m l) was reacted w ith 
100-fold m olar excess of IA F  in a medium containing 98%  n-butanol, 2%  w ater and 2 mM 
N H 4H C 03. A fter centrifugation a t 2,000 g for a few m inutes, the solution was loaded onto a 
Sephadex LH-20 column equilibrated w ith n-butanol. A liquots of the proteolipid fractions were 
evaporated to dryness under vacuum , dissolved in  0.1%  SDS and the p ro tein  content was deter
mined according to Lowry e t al. [8]. The peak fractions were pooled, d ried  under vacuum  and 
dissolved in n-butanol.

The labelling of purified ATPase (10 mg protein /m l) was carried ou t essentially as descri
bed earlier [17] in a m edium  of 1 M KC1, 250 mM sucrose, 50 mM Tris-HCl, and 10 mM imidazole, 
ph  8.0. IA EDA NS or IA F  were added to 4.4 to  44-fold m olar excess over ATPase and the labelling 
continued w ith  stirring a t  5 °C overnight. The free dye was rem oved by chrom atography on 
Sephadex G-50 column (70 X 1 cm) equilibrated w ith  1 M KC1, 250 mM sucrose, 50 mM Tris-Cl 
and 10 mM imidazole, pH  8.0 and  0.02% Na-azide. The tu rb id  fluorescent fractions containing 
th e  labelled ATPase were clearly separated from  the free dye. The A TPase was collected by  
centrifugation a t  65,000 g for 1 h  and the pellet was resuspended in buffer of appropriate com
position as described in  Legends. The ATPase ac tiv ity  of the labelled preparations was only 
slightly lower th an  th a t  of the control. The am oun t of protein-bound label was calculated from  
absorption  and fluorescence date  corrected for ligh t scattering, in com parison w ith  know n 
concentration of free dye m easured under similar conditions.

For the incorporation into ATPase vesicles the required am ount of proteolipid dissolved 
in  n -butanol was evaporated in  a small glass tube  under nitrogen. The appropriate  buffer solu
tion  containing purified Ca2+-ATPase vesicles a t  a final concentration  of 0.1 —0.9 m g/m l was 
added and the m ixture was vigorously stirred for 1 h  a t 25 °C and continued w ith  gentle stirring  
a t 5 °C for 12 — 24 h.

For fluorescence quenching studies to  labelled ATPase preparations (55 //g/m l) suspended 
in  0.1 M NaCl and 10 mM Tris, pH  7.6, N al or iodobenzene were added in  increasing am ounts 
up  to final concentrations of 1.9 M and 5 mM, respectively. Stock solutions of N al were dissolved 
in the same buffer as the ATPase w ith 0.2 mM N a-thiosulfate added while iodobenzene was 
dissolved in ethanol. Corresponding volumes of buffer or ethanol were added to control samples 
to correct for optical and dilution effects. The relationship  of fluorescence to  the concentration 
of quencher was evaluated according to  the Stern-Y olm er (16) equation:

F 0 1 I 1
zlF K QCQg(a) "r  g(a)

where g(a) describes the accessibility of the fluorophore to  the quencher K q is th e  quenching 
:onstant, Cq the  concentration of quencher, F 0 th e  fluorescence in tensity  in  th e  absence of 
quencher, and AF  is the change in fluorescence due to  quenching after correction for absorption 
of the fluorescence by th e  quencher. K q was calculated  by least square fitting  and g(a) b y  
ite ra tive  com puter analysis of a linear form of th e  Stern-Yolmer equation.

A bsorption spectra were recorded on an Aminco DW-2 spectrophotom eter. Fluorescence 
m easurem ents were carried ou t on an Aminco-Bowman spectrophotofluorom eter equipped w ith  
a therm ostated  cell holder. For all the m easurem ents l x l  cm quartz  cuvettes were used w ith 
m agnetic stirring a t 20 °C.

N-iodoacetyl-N 1-(5-sulfo-l-naphthyl) ethylenediam ine (IAEDA NS) and 5 iodoacetam i- 
dofluorescein (IA F) were obtained from Molecular Probes, Inc., P lano, Texas. Sephadex LH-20, 
d ith io threito l, glycogen, and deoxycholate were purchased from Sigma Chemical Co., St. Louis. 
D eoxycholate was recrystallized twice from ethano l before use. Iodobenzene, acrylam ide, 
N N 1-m ethylene bisacrylam ide and tetram ethy lethy lene diam ine were obtained from  E astm an- 
K odak, Rochester, N.Ÿ., n -butanol from M allinckrodt, St. Louis, Mo., and  phosphatidylcholine 
from  Sylvana Chemical Co., G rand Island, N.Y.

R esu lts

The proteolipid was labelled w ith  d im ethylam inonaphthalene sulfonyl 
chloride (dansyl chloride) and its fluorescence em ission spectrum  was com pared  
w ith  that o f  several dansyl amino acids (F ig. 1). The spectrum  of proteolipid  
contains significant contribution from O -dansyl-l-tyrosine. The number o f  
dansyl groups introduced into proteolipid increases w ith reactant concentration
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b u t even w ith 48 m oles o f  dansyl chloride per mole o f proteolipid in  the reaction  
m ixture only 0.59 m oles of D A N S were covalently  bound per m ole o f proteo li
p id . The fluorescence in ten sity  at 500 nm  increases w ith  the bound D A N S con
te n t  upon excita tion  at 350 nm , and to  a lesser ex ten t, at 280 nm  indicate th a t  
intram olecular energy transfer from tyrosine to bound D A N S residues w ith in  
th e  proteolipid is m inim al. R econstituted  vesicles containing the Ca2+ transport 
A T Pase and D A N S-proteolip id  at a w eight ratio of 100:1 were excited  at 280  
nm , and the fluorescence em ission was m easured at 500 nm . The in ten sity  o f  
fluorescence was sign ificantly  greater in  reconstituted  A TPase-D A N S proteoli
p id  vesicles than  the sum  o f the fluorescence intensities o f the Ca2+-ATPase and  
D A N S-proteolip id  m easured separately. This suggests energy transfer from  
chrom ophores on the Ca2+ transport ATPase to the DA N S-residue bound to the  
proteolipid. The difference fluorescence attributable to  energy transfer is m uch

Fig. 1. Fluorescence emission spectra o f dansyl proteolipid and dansyl derivatives o f various amino 
acids. The emission spectra were recorded a t an excitation  wavelength of 350 nm. All com pounds
w ere dissolved in  n-butanol. A. D ansyl proteolipid (1.17 ^M); B. D ansyl-L-tyrosine (---- , 1.15
^M ); dansyl chloride ( ---------- , 1.0 ^M ); 0-dansyl-L-lysine (. . . ,  1.25 /zM); dansyl-L-m e-

thionine ( ---------, 1.2 /zM).

<.50 500 550 450 500 550 450 500 550

Emission  waweleng th  , nm

F ig. 2. Effect o f deoxycholate on energy transfer between Cai+-ATPase and proteolipid. The fluores
cence emissions of the samples were m easured a t  excitation w avelengths of 280 nm (A) and 350 
nm  (B) a t  the following deoxycholate concentrations: 0 (Alf B ,); 0.5 mg deoxycholate per mg 
p ro te in  (A2, B2); and 1 mg deoxycholate per mg protein  (A3, B3). Line “ a” represents th e  em is
sion spectrum  of proteolipid (Sample 2) a fter correction for b lank (Sam ple 1). Line “ b”  rep re
sents the difference emission spectrum  of the  A TPase-(-proteolipid system  (Sample 4) m inus

the ATPase (Sam ple 3).
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sm aller upon excitation  at 350 nm (Fig. 2B) which is th e  optim um  w avelength  
for direct excitation  o f the dansyl chrom ophore. The deoxycholate (0.375 — 0.75  
mg/m l) solubilized the membranes and greatly reduced th e  fluorescence o f  
D A N S-proteolipid in  system s containg Ca2+ transport A TPase excited  at 280 
nm  (Fig. 2A and Table II , colum n 1 and 3). The deoxycholate had no effect upon  
the fluorescence of D A N S-proteolipid in  the absence o f  ATPase using either 
280 nm  (Fig. 2A, Table II , colum n 2) or 350 nm  for exc ita tion . The fluorescence  
in ten sity  o f D A N S-proteolipid was also unaffected b y  deoxycholate w ith  or 
w ithout ATPase present using light o f 250 nm for exc ita tion  (Fig. 2B, Table II , 
colum n 4). The solubilization of m em branes by deoxycholate decreased the  
absorbance of the suspension at 280 nm . These observations are consistent w ith  
the interpretation th at efficient fluorescence energy transfer requires the proxi-

Table I
Reaction o f proteolipid with dansyl-Cl

Sample
Moles o f dye per mole 

proteolipid in the 
reaction m ixture

Moles of dye 
bound per mole 

proteolipid

Relative fluorescence 
intensity  at 500 nm

excited a t  280 nm  excited a t  350 nm

n-BuOH control — — 0.5 1.1

Proteolipid #  1 - — 2.5 3.0
Proteolipid # 2 2.4 0.17 5.0 6.5

Proteolipid # 3 12.0 0.32 5.5 9.5
Proteolipid # 4 48.0 0.59 5.0 17

The proteolipid was dissolved in n-butanol containing 2.5% H 20  and 2.5 mM N aH C 03 to 
final concentrations of 126—248 pg/m l, and labelled w ith dansyl-chloride (2.4—48 moles per mole 
of proteolipid) for 2 h  a t 37 °C as described under Methods and M aterials. The am ount of bound 
dye was determined from th e  fluorescence emission a t 500 nm using ligh t of 350 nm for excitation.

Table II
Effect o f deoxycholate upon energy transfer between tryptophan residues o f  Ca2+-ATPase and dansyl

proteolipid

Fluorescence intensity  ratio

(2--1)Я.280 (4—3)д280 (4—3)д860 Absorbance 
a t 280 nm  as 
per cent of 

Control(4 — 3)Я.350 (2—1)Лз50 (2--1)^280 (2—1)Л...

Control 1.41 (100% ) 0.7 (100% ) 2.39 (100%) 1.6 (100% ) 100%

0.375 mg DOC/ml 1.35 (95%) 0.8 (114% ) 2.2 (92%) 1.5 (94%) 85%

0.75 mg DOC/ml 0.87 (62%) 0.8 (114%) 1.45 (61%) 1.6 (100% ) 75%

Medium: 0.1 M KC1, 10 mM Tris-HCl, pH  7.4, w ith deoxycholate (DOC) added in the indi
cated final concentrations. The dansyl proteolipid contained 0.74 mole dansyl per 12,000 g of 
protein. The fluorescence intensity  was measured a t  500 nm using ligh t of 280 nm or 350 nm  for 
excitation. The difference fluorescence ratios given in the Table refer to  the following sample 
numbers: 1, protein-free control; 2, dansyl proteolipid (7.6 /ig/rnl); 3, purified ATPase (0.75 mg/ 
ml); 4, dansyl proteolipid (7.6 pg/m l) incorporated into ÀTPase vesicles (0.75 mg/ml).
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m ity  o f Ca2+-ATPase and D A N S-proteolipid molecules in  the membrane; 
solubilization  o f the m em brane w ith deoxycholate increases th e  average d is
ta n ce  between donor (A TPase) and acceptor (D A N S-proteolipid) molecules 
and thereby causes a decrease in  the efficiency o f energy transfer.

As shown in F ig. 3, the fluorescence in tensity  of IA E D A N S-proteolip id  
ex c ited  at 290 nm is m uch greater in the presence (Fig. 3B) th an  in  the absence 
(F ig . ЗА) of the Ca2 +-A T Pase, indicating th a t the excitation  o f tryptophan resi-

F ig. 3. Energy transfer from  tryptophan groups o f unlabelled ATPase to IA E D A N S-proteolip id . 
T he IAEDANS-proteolipid w as prepared as described under M aterials and  methods and in 
L egend in Table 3. The m edium  contained 100 mM KC1, and 10 mM Tris-H Cl, pH  7.4. Sample 1 
served as control. Sample 2 contained IA EDA NS-proteolipid (9.6 ^g/m l); Sample 3 contained 
unlabelled ATPase (950 ^g/m l). Sample 4 was a m ixture of unlabelled A TPase and IAEDANS 
proteolip id  a t final concentrations of 950 /ug/m\ and 9.6 ̂ g /m l, respectively. The ATPase/proteo- 
lip id  m olar ratio was 8.3. The proteolipid contained 1.75 mole dye per 12,000 g protein. Meas
u rem en ts were performed a t  room  tem perature  24 hours after m ixing. A. Difference fluo
rescence of Sample 2 m inus Sam ple 1. B. Difference fluorescence of Sam ple 4 minus Sample 3.

E xcitation w avelengths were 290 nm  (0 — 0) and 340 nm  ( □  — □ )

dues in  the Ca2+-ATPase contributes to the fluorescence em ission  of IA E D A N S  
residues on the proteolip id . This difference fluorescence is m uch reduced in  
th e  presence o f 1 — 2 m g deoxycholate per mg protein (Table I I I , column 1), 
w hich  brings the m em brane into solution. The fluorescence o f  Ca2+-ATPase- 
IA E D A N S-proteolip id  system s excited  at 340 nm  as compared w ith  290 nm  was 
m uch less sensitive to  deoxycholate (Table I I I , column 2). The fluorescence o f  
IA E D A N S-proteolip id  in  the absence of ATPase was essen tia lly  unaffected b y  
deoxycholate at either 290 or 340 nm  excitation  (Table I I I , colum ns 3 and 4). 
T hese observations are con sisten t w ith energy transfer betw een  the tryptophan  
residues of the Ca2+-A T Pase and the IA E D A N S-proteolipid in  reconstituted  
A T Pase vesicles; after solubilization  w ith  deoxycholate the energy transfer is 
abolished due to the d ilu tion  o f donor and acceptor fluorophores. The absorp
tio n  spectra of ATPases labelled  w ith  IA E D A N S and IA F  are characterized b y  
absorption maxima at about 340 nm  and 490 nm , respectively  (Fig. 4). The
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Table III

Effect o f deoxycholate upon the difference fluorescence spectra o f systems containing unlabelled ATPase
and I  A E D  A N S  -proteolipid

Difference Fluorescence Emission

Sample # 4 —Sample # 3 Sample J}2--Sample ö l

^290 ^840 ^ 2 9 0 ^ 3 4 0

Control
0.5 mg DOC per mg protein
1 mg DOC per mg protein
2 mg DOC per mg protein

39.5 (100%) 
39 (98%) 
33 (83%) 
29.1 (74%)

59 (100%) 
56.2 (96%) 
54 (92%) 
54 (92%)

6.1 (100% )
5.6 (93%)
5.7 (95%) 
5.9 (96%)

24.5 (100%)
23.5 (96%) 
23.9 (98% ) 
23.7 (97%)

To samples prepared as described in Fig. 6, deoxycholate (DOC) was added to  final con
centrations of 0.5, 1.0 and 2.0 mg per mg protein; the fluorescence emission was m easured a t 470 
nm  using light of 290 or 340 wavelength for excitation. The difference da ta  are given in  term s of the 
following sample num bers: 1, protein-free control; 2, IAEDANS-proteolipid; 3, Ca2+-ATPase; 4, 
Ca2+-ATPase -j- IAEDANS-proteolipid.

am ount o f bound label was 1 .8—4.3 m ole/m ole of IA E D A N S ATPase and 0 .4 — 
1.2 mole/mole o f IA F-A TPase (Table IV). The ATPase activ ity  o f labelled prep
arations was in  th e  range o f 0.9 —1.5 jtnnole Pj/m g/m in, a t 25 °C.

The fluorescence emission spectrum  o f IA E D A N S-proteolip id  overlaps 
w ith  the absorption spectrum o f IA F-A TPase, perm itting energy transfer 
m easurem ents betw een the two proteins. In m ixtures o f  IA E D A N S-proteolip id  
and IA F-A TPase, the fluorescence em ission of IA F  measured at 540 nm  is 
greatly enhanced compared w ith  IA F-A T Pase in the absence o f proteolipid. A t 
the same tim e, th e  fluorescence em ission o f IA E D A N S-proteolip id  is reduced in

Wawelength, nm

Fig. 4. Absorption spectra o f IA E D A N S -A T P a se  and IA F -A T P a se . ATPase was labelled w ith 
IA EDA NS and IA F  as described under M aterials and M ethods. M easurements were carried ou t 
in  a  m edium of 20 mM KC1, 2.5 mM Tris-Cl, pH  8.0 and 5 mM sucrose. A. 1. Free IA EDA NS 
(10 /iM); 2. IA EDANS-ATPase (0.2 mg p ro tein  per ml containing 23.5 nmole dye per mg pro
te in ); 3. Sample 2 a fter correction for th e  absorption of unlabelled ATPase. В. 1. Free IA F  (1 
/tM); 2. IA F-A TPase (0.21 mg protein per m l containing 4.19 nmole IA F  per mg protein).
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Table IV

Labelling o f Ca2+-ATPase with IA E D A N S  and I A F

Label
Moles of dye per mole 

of ATPase 
in reaction medium

Incubation time, 
hours

ATP
Concentration,

mM
Moles of bound dye 
per mole of ATPase

ATPase Activity 
//mole Pj/mg/min

IA EDA NS 4.4 14 2.1 1.3
IA EDA NS 4.4 14 10 1.8 1.3
IA EDA NS 44.3 19 — 4.3 1.0
IA EDA NS 44.3 19 10 3.4 0.9
IA F 4.4 14 — 0.4 1.4
IA F 4.4 14 10 0.5 1.5
IA F 44.4 19 — 1.2 1.3
IA F 44.4 19 10 1.0 1.4

The labelling was carried out as described under M ethods and M aterials in  a medium of 
1 M KC1, 250 mM sucrose, 50 mM Tris-Cl, pH  8.0. The am ount of protein-bound dye was deter
m ined from  the absorption spectrum  of the labelled derivatives using an extinction coefficient of 
5.9 X 103 for IAEDANS (a t 335 nm) and 7.2 XlO4 for A IF  (a t 495 nm). A similar value for the 
num ber of moles of dye bound per mole of protein can also be obtained from th e  fluorescence 
emission measured a t 470 nm  using 360 nm excitation for IAEDANS and a t 525 nm  using excita
tion  a t  460 nm for IAF.

th e  presence of IA F-A T Pase (Fig. 5). This is consistent w ith  energy transfer 
from  IA E D A N S-proteolip id  to IA F-A TPase. The energy transfer is abolished in 
th e  presence of 0.1%  sodium  dodecylsulfate, w hich solubilizes the tw o proteins 
and presum ably increases the distance o f their separation. The ratio o f donor: 
acceptor fluorescence in tensities is only m oderately influenced b y  changing the  
ex c ita tio n  w avelength o f  the IAED A N S-chrom ophore betw een 320 and 340 nm  
(F ig. 5).

In  order to estab lish  the energy transfer betw een ATPase and proteolipid  
w ith  greater certainty, the m easurem ents given in  Fig. 5 were repeated using 
IA E D A N S-A T Pase as energy donor and IA F-proteolipid as energy acceptor 
(F ig. 6). The presence o f  acceptor dim inished the fluorescence in ten sity  of donor 
and the presence of donor increased the fluorescence in tensity  o f the acceptor; 
th is is consistent w ith  energy transfer betw een them  (Fig. 6). The energy trans
fer w as abolished b y  deoxycholate (2 mg/m l) w hich solubilized th e  membranes 
and inhibited the A TPase activ ity . I t  was also reduced by the addition  of unla
belled  proteolipid to  the system  containing IA E D A N S-A T Pase and IA F-proteo
lip id . Unlabelled proteolipid by itse lf had no influence upon the fluorescence 
em ission  of IA E D A N S-A T Pase under conditions similar to F ig. 6 but it did 
w ith  IAF-proteolipid om itted  (not shown). The lifetim e of IA E D A N S-A T Pase  
fluorescence was m easured w ith and w ithout IA F-proteolipid in  a nanosecond  
fluorescence spectrom eter. In the presence o f IA F-proteolipid, the rate o f decay  
o f IA E D A N S fluorescence was slightly  but consisten tly  enhanced supporting 
the occurrence of energy transfer (Fig. 7). The effect was dependent upon the
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Fig. 5. Fluorescence emission spectra o f systems containing IA E D A  N S-proteolipid as energy donor 
and IA F -ATPase as energy acceptor. The m olar ratio  of A TPase/proteolipid was 5.2. The excita
tion  w avelength was 320, 330, and 340 nm  in A, B, and C, respectively. Protein concentrations 
were: IAEDA NS-proteolipid, 40 fig/in\ (Sample 2 and 4); IA F-A TPase, 0.71 mg/ml (in Samples 
3 and 4). Broken lines represent the  algebraic sum  of fluorescence emissions of IA ED A N S-pro
teolipid (Sample 2) and IA F-A TPase (Sample 3); solid lines give th e  emission in tensity  of the 

m ixture of IA EDANS-proteolipid and IAF-ATPase corrected for background (Sam ple 4)

Table V

Effect o f IA  F-proteolipid on the fluorescence lifetime o f  IA E D  A N S - ATPase

IAEDANS-ATP
ase, /Ug/ml

IAF-
proteolipid

iig/ml
T,
T,o

Ts
T..

a2
Mole ratio 

IAEDANS-ATPase
“l +  »2

IAF-proteolipid

100 1.04 1.03 0.73
100 1.2 0.97 0.94 0.7 10
100 2.5 1.05 0.94 0 .69 5
100 4.2 1.05 0.93 0.67 3
100 6.2 0.83 0.84 0.58 2

IAEDANS-ATPase and IA F-proteolipid were prepared as described in Methods and Ma
terials. Samples containing the indicated components were incubated for 4 hours a t  4 °C and 
fluorescence lifetimes measured as described in  the legend of Fig. 11. The decay curves were 
measured, lifetimes and amplitudes were calculated assuming th a t  the decay curve has two 
components, one w ith a shorter (T10) and one w ith a longer lifetim e (T20). After this firs t incuba
tion, all samples gave similar lifetimes, w ith an average of T 10 =  7.5 nsec, and T 20 =  19.3 nsec. 
After measurements were completed, incubation was continued for 4 hours a t 25 °C and for anoth
er 12 hours a t 4 °C. The measurem ent of lifetime was repeated; the two components corresponding 
to the shorter and longer lifetimes are denoted as T, and T 2, respectively, w ith the corresponding 
amplitudes given as a, and a 2. In  the Table, Ti/T10 shows the ratio  of the calculated lifetimes after 
20 and 4 hours of incubation, respectively, for the first component; T 2/T20 has a similar m eaning for 
the longer life component. W ith increasing proteolipid concentration the T2/T20 decreased from 
1.03 to  0.84 indicating a decrease in the lifetime of the longer component. The measurem ent of the 
shorter lifetime component was less reliable, therefore, the results of T j/T ^  are not interpreted. 
The ratio  of amplitudes, a2/(a l-|-a2), indicates th a t the m ajority  of the counted photons corre
spond to the longer component.
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Fig. 6. Energy transfer measurements using I  A E D  A N  S-A TP ase  os energy donor and IAF-proteo- 
lip id  as energy acceptor. Fluorescence emission was m easured using excitation  wavelengths of 
320 nm  (A), and 340 nm  (B), respectively. Sample 1 served as control; Sample 2 contained 7.3 
iUg/ml IA F-proteolipid; Sam ple 3 contained 290 fig/m l IAEDANS-ATPase (290 fig/m l) were 
m ixed  a t  a molar ratio  of 1:5. B uffer composition: 1 M KC1, 10 mM Tris-HCl, pH  7.4. Solid line 
rep resen ts the sum of th e  em ission intensities of Samples 2 and 3. Broken line is the emission 
in ten s ity  of Sample 4 corrected for backgound. Al( B j, control samples; A2, B 2, th e  same samples 
3 hou rs after the addition of deoxycholate to a final concentration  of 0.5 m g/m l; A3, B 3, the same 

samples 4 hours after th e  add ition  of deoxycholate to  a final concentration of 2 mg/ml

concentration  of IA F -proteolip id  added to th e  system  (Table Y) and could be 
abolished  with excess unlabelled  ATPase or unlabelled proteolipid (Table V). 
E g g  lecith in  (5 m g/m g A T Pase) added to d ilute the lipid phase o f the system  
had little  or no effect on th e  energy transfer.

The accessibility o f  IA E D A N S and IA F  covalently  bound to the Ca2+- 
A T P ase was m easured using  a w ater-soluble (N al) and a water-insoluble  
(iodobenzene) quencher. The decrease in fluorescence in tensity  w ith  increasing 
concentration  of quencher w as evaluated according to the nonlinear Stern- 
V olm er equation after correction for dilution and self-absorption. The fact that 
th e  accessibility o f the fluorophore in IA E D A N S-A T Pase is m uch greater to I 
th a n  to  iodobenzene, suggesting  localization in  a relatively hydrophilic region  
o f  th e  membrane (Table V I). The accessibility o f IA F in the IA F -ATPase to I 
and iodobenzene is sim ilar. Therefore, IA F  and IA ED A N S are apparently  
b ound  in a different environm ent in the Ca2+-ATPase.
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A

Fig. 7. Nanosecond decay o f  I  A E D  A N S -A T P a se  fluorescence in  the presence o f IAF-proteolipid. 
The control sample (panel A) contained 0.1 m g/m l IA ED A NS-ATPase (4 mole IA ED A N S per 
mole of ATPase). In  th e  experim ental sam ple (panel B) 0.1 m g/m l IA ED A N S-ATPase was m ixed 
w ith 6.3 Mg/ml IA F-proteolipid. The ATPase/proteolipid molar ra tio  was 2.0. Medium contained 
0.1 M KC1, 10 mM Tris-HCl, pH  7.4. M easurem ents were carried  o u t 21 h after m ixing in  an 
Ortec Model 9200 nanosecond fluorescence spectrom eter equipped w ith  a 6240 В M ultichannel 
A nalyzer using TJV 360 and SS 4700 interference filters to isolate th e  IAEDANS emissions. 
The data  were processed via punched tape  th rough  an H P  9300 calculator and analyzed by 
the m ethod of mom ents. Line 1 represents the  lamp-profile, line 2 the  decay curve of IA ED A N S 
-ATPase fluorescence and line 3 the deviation of experim ental d a ta  from  calculated values. 
The scale bar on the rig h t of the deviation p lo t is 20%. The following lifetimes (T) and am pli
tudes (a) were obtained for the short (Tj and ax) and for the long lifetim e components (T2 and a 2): 
panel A, T j =  7.61 nsec, T 2 =  19.1 nsec, аг =  0.0826, a2 =  0.119. IA F-proteolipid decreased 
the lifetime of the short (T2) as well as th e  long (T2) components, ind icating  energy tran sfe r from

IAEDANS-ATPase to IA F-proteolipid
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Table VI

Quenching o f fluorescence o f IA E D  A N S -ATPase and IA F -A T P ase  by N a l  and iodobenzene

Preparation
N al Iodobenzene

K q g(a) K q g(a)

IAEDANS-ATPase 1.12 .40 445 .18
IAF-ATPase 1.18 .36 780 .36
IAEDANS (free dye) 3.40 > .88 — —

IA F (free dye) 10.10 > .94 — —

К  =
AF

F 0 ■ CQ • g(a) — AF ■ Cq
; g(a) represents accessibility to  quen

cher as defined by th e  equation: g(a) = F 0 Cq • K Q 
A F  ' 1 +  CQ +  K r

Discussion

The purpose o f  these studies was to  analyze the spectral properties of 
fluorescent conjugates o f  the Ca-ATPase and the proteolipid o f  sarcoplasmic 
reticu lum . An attem pt w as made to  establish  energy transfer m easurem ents by  
m eans of fluorescence w hether interaction  occurs between the Ca2+ transport 
A T P ase and the major com ponent o f proteolipid isolated from th e sarcoplasmic 
reticu lum  membranes. The energy transfer w as analyzed by th e  determ ination  
o f  donor :acceptor fluorescence in ten sity  ratios or by fluorescence lifetim e m eas
urem ents.

Indications o f fluorescence energy transfer between fluorophores cova
le n tly  attached to the Ca2+-ATPase and th e  proteolipid have been  obtained in  
th e  follow ing system s:

1. Ca2+-ATPase tryptophan (donor) to  dansyl proteolipid or IA ED A N S- 
proteolipid as acceptors;

2. IA E D A N S-proteolipid (donor) to  IA F-A TPase (acceptor);
3. IA ED A N S-A TPase (donor) to  IA F-proteolip id  (acceptor).
The energy transfer in  all system s w as reduced or abolished in  the presence 

o f  deoxycholate or sodium  dodecylsulfate, parallel w ith the solubilization o f  
th e  membrane. The solubilization  is expected  to increase the average distance 
b etw een  the ATPase and the proteolipid m olecules beyond th e  range where 
e ffic ien t energy transfer is possible. In  addition , both detergents cause confor
m ation a l changes in  the Ca2+-ATPase w ith  eventual loss o f en zym atic  activ ity  
th a t  could contribute to  the loss o f energy transfer.

The energy transfer imjdics close p roxim ity  between Ca2+-ATPase and 
proteolip id  molecules in  the membrane. The actual distance betw een  donor and 
acceptor molecules cannot be determ ined since the position and orientation o f
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the fluorophores on the tw o proteins and their disposition  in the m em brane is 
unknow n, therefore, random collision betw een them  could significantly contri
bute to  the observed energy transfer.

The proteolipid content o f sarcoplasm ic reticulum  is not know n w ith  
certainty . Based on a yield  o f 2 — 3 m g proteolipid per g m icrosomal protein  
(i.e ., about 700 mg Ca2 + transport ATPase) and m olecular weight o f 12,000 for 
th e  proteolipid, the Ca2+-ATPase: proteolipid mole ratio is o f the order of 
28 — 41. Therefore, it  is unlikely th a t in the sarcoplasm ic reticulum  the proteo
lipid and the ATPase would form stoichiom etric com plexes. Low fluorescence  
in ten sity  prevented m easurem ents at these low proteolipid concentrations. 
M ost o f the experim ents reported here were performed at ATPase: proteolipid  
m olar ratios o f 3 — 10. Under these conditions the energy transfer increased  
w ith  increasing proteolipid concentration up to and probably beyond proteo
lipid: ATPase molar ratios of 0.5 and there was no clear evidence for the for
m ation  o f tight stoichiom etric ATPase -proteolipid com plexes. ATPase-proteo- 
lip id interaction is readily disrupted b y  detergents as indicated by the loss of 
energy transfer; extraction  of phospholipids w ith T riton X -100 also readily  
rem oves the proteolipid from Ca2+-A TPase preparations [4, 2].

Proteolipids are generally defined as hydrophobic membrane lipoproteins 
characterized by their solubility in organic solvents [5, 14] are generally used  
for isolation . A lthough Loomis published tw o brief abstracts [6, 7] on an alter
n ative  procedure using detergents and Sephacryl S-100 chrom atography no 
detailed  report is available for this m ethod. Therefore, the possibility cannot be 
excluded th at the proteolipid used in  these experim ents was altered b y  the prep
aration procedure or that the reconstituted  vesicles did not provide adequate  
environm ent for the interaction o f proteolipid w ith the Ca2+ transport ATPase. 
H ow ever, hydrophobic proteins such as the C55 isoprenoid alcohol phosphokina- 
se retain  the activ ity  after isolation in  organic solvents and with sm all hydro- 
phobic proteins such as the proteolipids dénaturation in organic so lvents is 
even  less likely. D evelopm ent of new techniques for th e  isolation o f proteolipid  
and for the assessm ent of its functional integrity w ill be necessary in  order to 
set aside the rem aining doubts about the possible interaction o f proteolipid  
w ith  the Ca2+-ATPase.
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Studies were perform ed to  determ ine the m echanism  by  which the an tihyperten 
sive agent clonidine increased urine flow. The response of th e  k idney has been exam ined 
in  four combinations. The param eters of renal function have been com pared during 
volume expansion by  1.5—2.0% body w eight Ringer solution.

In  the control anim als, volume expansion by 2%  body w eight, resulted  in a slight 
increase in sodium excretion and urine flow.

In  10 anesthetized dogs 1.0 //g kg inin of clonidine infused i.v. during 30 m inutes 
(the to ta l am ount of clonidine infused was 30 /tg/kg) decreased th e  arteria l blood pressure 
from  136^k 13 m m Hg to  127i  12 m m H g and  elevated urine flow from  2 .95^1 .65  m l/m in 
to  4 .34±1.77 ml/m in while the urine osm olality diminished from  399^107  mosm/1 to 
265 Jb 90 mosm/1 and th e  glom erular filtra tion  rem ained constant.

In  5 anim als 0.1 //g kg tnin of clonidine was infused in to  th e  left renal artery  
(this dose is corresponding to  the renal fraction  of the cardiac o u tp u t) w ithout any effects 
in  the left kidney.

1.0 /ig/kg/m in of clonidine infused directly into th e  le ft renal arte ry  produced 
vasoconstriction in the ipsilateral kidney, decreased the glom erular filtra tion  ra te  and the 
urine flow. By con trast in  the righ t k idney the urine flow rose w ithout hem odynam ic 
changes, and the urine osm olality becam e hypoosm otic com pared to the plasm a.

In  ten  dogs 1.0 /«g/kg/min of clonidine and 1 m U /kg/m in of arginine-vasopressin 
were infused intravenously. The vasopressin infusion superim posed on th e  clonidine 
could no t inhibit th e  increase of the  urine excretion, and the  fall of the urine osm olality.

The results suggest th a t  the clonidine increases the renal m edullary blood flow 
possibly via a direct m echanism , decreases the sym pathetic outflow  to th e  k idney and 
via an  indirect pathw ay, m ediated by the renin-angiotensin system . The renal m edullary 
flow increase produces a w ashout of th e  m edullary osmotic g rad ien t, and the w ater 
reabsorption diminishes.

Keywords: clonidine, urine excretion, urine osm olality, vasopressin.

The im idazoline derivative clonidine (2-(2,6-dichlorphenylam ino)-2-im id- 
azoline-hydrochloride) is a sym pathom im etic agent w ith  m arked cardiovas
cular effects. It lowers m ean arterial pressure through inhibition  o f  central 
vasom otor and cardiac center [2, 33]. W hen adm inistered intravenously it 
produces a transient increase in blood pressure, before its more sustained h yp o
ten sive  effects are noted  [16]. I t  also causes renal vasoconstriction  and m ay  
decrease sodium excretion [21]. In anesthetized dogs [12] and rats [19] cloni-
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dine increases urine flow . In  addition to lowering blood pressure, clonidine has a 
v a r ie ty  of endocrine effects. In  dogs, these include, increased growth hormone 
secretion , decreased ACTH secretion, decreased vasopressin  secretion and  
decreased renin secretion [25, 27].

It was found th a t clonidine increased urine flow  and decreased urinary 
osm ola lity  and solute free w ater reabsorbtion w hen given  intravenously  to  
in ta c t hydropénie dogs, b u t it  does not w hen given to acutely  hypophysectom i- 
zed  animals receiving a con stan t infusion o f A D H . These find ings indicate th a t  
clonidine suppresses th e  release o f  vasopressin and thus increases water excre
tio n  [13].

The blood pressure low ering action of clonidine is generally considered to  
be a stim ulation o f central- adrenergic receptors, causing a reduction in  the  
peripheral sym pathetic ou tflow  [14].

Because the activa tion  o f the sym pathetic nervous system  is a stim ulus 
for renin release [36], it  is not surprising th a t som e investigators have tried to  
lin k  increased activ ity  o f  the sym pathetic system  w ith  increased activ ity  o f the  
renin  system  [3]. Clonidine appears to exh ib it inhibitory effects on both these  
m echanism s, for it  supresses sym pathetic outflow  from the central nervous 
sy stem , as well as it  inh ib its the renal release o f renin [25]. A lthough its antire
n in  action may be secondary, at least in part, due to  its reducting effect on  
neural one [36] there is also som e evidence th a t clonidine through its actions 
at renal- adrenergic receptors [24] has a direct suppressive effects on renin  
release.

To determine w hich  o f these effects norm ally predom inates we further 
exam ined  the effects o f  clonidine on the renal function  in  anesthetized  dogs.

M aterials and  m ethods

The experiments were perform ed on mongrel dogs of either sex weighing between 15 and 
27 kg. For 24 hours prior to  the  experim ent the anim als were kep t on w ater only. Anesthesia was 
induced  by intravenous adm in istra tion  of pen tobarb ita l sodium (N em butal, A bott 30 mg/kg 
body  w t.) and m aintained w ith  periodic additional adm inistration. A fter th e  anesthesia each 
an im al received an infusion of R inger solution equal to 1% of the body w eight, containing para- 
am inohippuric acid (PA H ) and  inulin, ensuring a plasm a concentration of 2 mg and 30 mg per 
100 m l respectively, followed by  an intravenous infusion of 0.25 ml/kg of Ringer solution con
ta in in g  154 mmol/1 NaCl, 4 mmol/1 KC1, 1.78 mmol/1 N aH C 03, 2.16 mmol/1 CaCl2 per min for 
th e  re s t of the experiment.

Cannulation of the fem oral arteries and veins of bo th  sides was perform ed in all anim als 
for arteria l blood collections and for giving infusions. Mean arteria l blood pressure was m easured 
by  a S tatham  strain range transducer connected to  a polyethylene ca the te r in the left fem oral 
a r te ry  and recorded on a R A D E L K IS  OH 814/1 recorder.

From a lower midline incision the bladder was exposed and the ureters were catheterized 
supravesically using fine polyethylene cannulas.

A short segment of th e  left renal artery  was exposed by a flank incision and cleared of 
adhering tissue to accom odate positioning of an electrom agnetic flow probe. Mean renal blood 
flow (R B F) was m easured by  connecting the flow probe to a flow m eter (NYCOTRON 375) and 
recorded by relaying the signal to  a R A D ELK IS OH 814/1 recorder.
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A th in  canula was inserted in the left renal a rte ry  and during the experim ent 0.5 ml 
Ringer solution per min was infused by means of a pum p directly in  th e  blood flowing to  the 
left kidney.

A pproxim ately 40 min were allowed to elapse following surgery for equilibration of the 
p reparation .

A bout 60 m inutes a fter starting  the in travenous infusion urine was collected separately  
from  bo th  kidneys in 20 min periods. Blood was taken  a t  the m idpoint of each clearance period. 
A fter centrifugation  the supernatan t plasm a was collected and th e  erythrocytes were reinfused 
in  R inger solution. In  the middle of the periods th e  values of the arteria l blood pressure and the 
renal blood flow were registered. In  all groups th e  d a ta  of the first period served as controls.

The anim als were divided into five groups.

Group I .:  T im e control experiments
A fter the control period (period 1) following a 10 m inute in terval the second 20 min 

period was m ade (period 2). A fter the second period there was a 10 m inute in terval again, fol
lowed by  th e  th ird  20 m in period (period 3), th is was the post infusion control period.

The experim ental protocol was the same in  all th e  five groups except th a t  in th e  o ther 
groups th e  clonidine or clonidine plus vasopressin were infused.

Group I I . :  Effects o f i.v. administration o f clonidine in anesthetized animals
In  ten  anim als following the control period (period 1) 1.0 /tg/kg of clonidine was infused 

in travenously  per m inutes, dissolved in 0.5 m l R inger solution (the volum e of the constan t infu
sion (0.25 m l/kg/m in) did no t change). 10 m in was allowed for th e  equilibration and the  renal 
param eters were exam ined during the second 20 m in period (period 2). A t the end of the  second 
period th e  clonidine infusion was stopped and  again 10 m inutes were allowed for the equilibra
tion. Following the 10 min in terval the post infusion control period was made (period 3).

Group I I I .  : Effects o f 0.1 fig/kg/min o f clonidine infusion into the left renal artery
In  five anim als after the control period (period 1) 0.1 /ig/'kg of clonidine was infused per 

m inute in to  th e  left renal artery , which was dissolved in 0.5 ml Ringer solution (it was given to  
the R inger solution infused in constant infusion in to  the left renal artery).

Following a 10 min equilibration period th e  renal param eters separately in both  kidneys 
were exam ined during 20 m inutes (period 2). A t th e  end of the second period the clonidine in
fusion was stopped and after a 10 m inutes in te rva l the renal param eters were again studied 
during a 20 m in period (period 3).

Group IV . : Effects o f 1.0 (ig/kg/min o f clonidine in fusion  into the left renal artery
In  ten  anim als the experim ents were conducted  under the protocol of the Group I I I .  

B u t in  these experim ents during the second period (period 2) 1.0 /^g/kg iniii of clonidine was 
infused in to  th e  left renal artery .

Group V.: Effects o f  i.v. administration o f clonidine and arginine-vasopressin on the renal param 
eters.

In  ten  anim als after control period (period 1) 1.0 /itg/kg of clonidine and 1 mU /kg arginine- 
vasopressin (SIGMA) together dissolved in 0.5 m l Ringer solution were infused in travenously  
per m inute. A fter a 10 m inutes equilibration tim e th e  renal param eters were exam ined during a 
20 m in period (period 2).

A t th e  end of the second period the clonidine infusion w as stopped while the arginine- 
vasopressin infusion was sustained during th e  10 m inutes in terval and th e  postinfusion 20 m in 
control period (period 3).

PA H  concentration in urine and plasm a w as determ ined by  th e  m ethod of Sm ith e t al. 
[34] th a t  of inulin by  the m ethod of L ittle [20]. U rinary  and plasm a sodium and potassium  
concentration was m easured by flame photom etry . T otal osm olality of urine and plasm a was 
m easured by  the m ethod of freezingpoint depression in a Fiske osm ometer. H em atocrit was 
determ ined by  means of Hawskley m icrohem atocrit centrifuge, plasm a protein  concentration  
by  the b iu re t m ethod [9].

The clearance of РА Н  (Срдн) and the clearance of inulin (Cinuijn) were determ ined by 
th e  usual formules. The da ta  for Срдн, inulin, u rine flow, sodium excretion ( U n 3x  V), potassium  
excretion (U «x  V), free w ater clearance (Ch ,o) and  renal blood flow (R B F ) were referred to  100 
g k idney tissue weight. The to ta l renal vascular resistance (Rkidney/kg) was calculated for 1000 g 
kidney weight. S tatistical evaluation of the d a ta  was m ade by paired  and unpaired analysis 
using S tu d en t’s t  tes t. A p value of less th an  0.05 was considered significant.
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Results

The base-line control values for the renal param eters o f  dogs used in  
th ese experim ents are listed  in Table I —V I.

There were no sign ificant differences in  the left kidney parameters in  the  
f iv e  groups during th e  first period.

In  addition we could not observe any differences betw een the data of the  
le ft  and right kidneys m eaning that the preparation and the cannulation o f the  
le ft  renal artery did n ot disturb the left k idney  function.

The first series o f  studies concerns th e  effects o f Ringer solution infusion  
in  anesthetized dogs. The results o f the group are sum m arized in  Table I.

In our experim ents isosm otic extracellular hypervolaem ia was induced  
b y  the infusion o f R inger solution. During the control period (period 1) th e  
extracellular volum e increased by about 1 — 2%  o f body w eight.

Blood pressure in  the control anim als was 1 2 8 ^ 1 3  m m H g and rem ained  
con stan t during the experim ent. The renal blood flow  (R B F) during the in itia l 
period was 6 1 2 ^ 1 6 5  m l/m in, fell slightly  to  5 1 3 ^ 1 4 7  m l/m in at the end o f the

Table I

The renal parameters o f the left kidney (  x ± S D )  in  the time control experiments (n  =  10) and during 
1.0 pgjkg/min o f clonidine infusion intravenously (n  =  10)

Period 1. Period 2. Period 3.

Blood pressure mmHg control
clonidine

1 2 8 ±  13 
13 6 ±  13

126±  11 
127±  12

124±  10 
116±  12

R enal blood flow (RBF) 
m l/m in/100 g

control
clonidine

612±165
615±165

557±162
524±162

514±147
485±171

R enal vascular resistance 
m m Hg.s.m l-  1.kg~1

control
clonidine

1.25±0.30
1.33±0.41

1.47±0.36
1.65±0.62

1.58±0.54
1.67±0.68

CpAH ml/min/100 g control
clonidine

3 3 1 ±  51 
3 3 6 ±  69

301±  70 
286±  66

280±  57 
267±  63

Cinulin ml/min/100 g control
clonidine

8 7 ±  8 
88±  15

8 2 ±  24 
85 ±  26

8 5 ±  17 
8 2 ±  26

U rine flow ml/min/100 g control
clonidine

2.50±1.47
2.95±1.65

2.83±1.53
4.43±1.77

3.18±1.41
4.71±1.98

Sodium excretion (Ufjax  V) 
/imol/m in/ЮО g

control
clonidine

311±243
352±213

264±234 
342 ± 159

267±177
216±147

Potassium  excretion (Uj^x У) 
/unol/min/lOO g

control
clonidine

88±  40 
9 0 ±  50

9 5 ±  30 
9 6 ±  33

9 0 ±  30 
86±  39

U rine osmolality 
m osm /1

control
clonidine

3 8 3 ±  93 
399±107

357±129 
265±  90

299±114 
183±  62

Ch ,o ml/min/100 g control
clonidine

—0.27±0.90
—0.69±0.81

-0 .1 9 ± 1 .8 0  
+  0.81±1.50

+ 0 .09± 1 .56  
+  2.02±1.56
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experim ent. We observed a sm all decrease o f the CPAH too. D espite the progres
sive decline in  R B F , the glomerular filtration  (G FR) was relatively  stable.

W ith infusion o f Ringer solution  the urine flow  rose, urinary osm olality  
fe ll sligh tly  and there was a sm all increase o f  the free w ater clearance (CHj0). 
The sodium  excretion (U Nax  V) was relatively  high in the first period (3 3 1 ^ 2 4 3 )  
^tmol/min) and did not change during the experim ent. The above described  
changes in urinary osm olality and electrolyte concentrations, occurred w ith  no 
changes in the plasm a osm olality , and sodium  concentration.

In  these experim ents the haem atocrit value rem ained constant, and  
during the infusion o f Ringer solution the plasm a protein concentration de
creased b y  about 0.4 g per 100 ml.

Ten dogs o f the Group II. were prepared as in  Group I. except th at after 
control m easurem ents were taken, clonidine was added to  the intravenous in fu 
sion to  deliver 1.0 ^Mg/kg/min. After 10 m inutes, a 20 m inutes clearance period  
w as obtained, Table I. and Table II . sum m arize the results o f th is group. D uring  
th e  control period (period 1) the renal param eters did not differ from the data  
m easured in  the tim e control anim als.

During the experim ental period the arterial blood pressure decreased  
slig h tly  from 1 3 6 ^ 1 3  m m H g to  127 A 12 m m H g and the glomerular filtration  
did not change significantly in  either kidney; how ever significant elevation  o f

Table П

The renal parameters o f the right kidney (x  ±  SD )  in  the time control experiments (n  =  10) and 
during 1.0 pgjkg/min o f  clonidine infusion intravenously (n  =  10)

Period 1. Period 2. Period 3.

Срдц m l/m in/100 g control
clonidine

342 ±  56 
34 6 ±  72

30 8 ±  69 
29 1 ±  72

288±  60 
264±  58

Cinulin ml/m in/100 g control
clonidine

9 2 ±  7 
8 5 ±  15

9 0 ±  9 
9 0 ±  13

9 5 ±  13 
8 0 ±  15

U rine flow ml/min/100 g control
clonidine

3.11±1.40
3.60±3.07

2.81±1.62
4.98±2.08

3.56±1.44
5.29±2.44

Sodium excretion (U n3x V) 
jUmol/min/100 g

control
clonidine

375±228
410±364

291±237
379±208

292 ± 181  
246 ± 1 9 2

Potassium  excretion (U ^x V) 
/imol/m in/ЮО g

control
clonidine

68±  32 
8 7 ±  55

7 2 ±  28 
100±  38

8 3 ±  24 
8 9 ±  42

Urine osmolality 
mosm/1

control
clonidine

399±119
377±116

385±156 
251±  86

314±126 
177±  60

CHiO ml/min/100 g control
clonidine

-0 .6 2 ± 0 .9 2  
—0.40±1.07

- 0.22± 1.10 
+  1.01±1.51

± 0 .4 1 ± 1 .3 5
± 2 .2 8 ± 1 .5 3

H aem atocrit % control
clonidine

3 9 ±  5 
4 0 ±  5

3 8 ±  5 
4 2 ±  5

3 8 ±  5 
43 ±  5

Plasm a protein cone. 
g/100 ml

control
clonidine

6.03±0.79
5.43±1.07

5.88±0.78
5.10±1.01

5.60±0.75
5.17±0.89
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th e  urine flow  was noted  in both kidneys. During the clonidine infusion period  
urinary volum e, osm ola lity  and sodium  excretion  were sim ilar in the right and 
th e  le ft kidney.

After the in travenous clonidine infusion (period 3) the blood pressure 
decreased further from 1 2 7 ^ 1 2  m m H g to  1 1 6 ^ 1 2  m m H g and the urine vo l
um e w as significantly greater than th a t in  the period 2.

The decrement in  urinary osm olality , and the increase o f the CH 0 during 
clonidine infusion were m arkedly greater than  those observed in  the control 
anim als.

Table III. and tab le  IV. sum m arize the clearance and hem odynam ic m eas
urem ents received in Group III . and Group IV. before and after clonidine 
in fusion  into the left renal artery.

During the control period (period 1) urinary volum e, osm olality  and sodi
um  excretion as well as G FR  and R B F  were similar in both groups.

In  the Group I I I . after the control period 0.1 /tg/kg/m in of clonidine was 
in fused  into the left renal artery. As the data o f the Table III . and IV . show  
G F R , and CPAH, the urine volum e and osm olality  and the sodium  excretion  
were sim ilar in the right and left k idney, and the renal param eters did not

Table III

The renal parameters o f the left kidney ( x  ;>SD ) during 0.1 pg/kg/min o f clonidine infusion (n  — 5), 
and 1.0 fig/kg/min o f clonidine infusion into the left renal artery

Period 1. Period 2. Period 3.

Blood pressure mmHg 0.1 pg
1.0 ,ug

125± 7
125±15

124±12
134±14

127±12
122±16

R enal blood flow (RBF) 
m l/m in/100 g

0.1 fig 
1.0 fig

610± 60
629± 70

512±64
406±64

524 ±75' 
451± 76

R enal vascular resistance 
m m H g.s.m l-  1.kg_ 1

0.1 /ig 
1.0 fig

1.28±0.22
1.32±0.24

1.48±0.25
2.03±0.35

1.49±0.29
1.67±0.35

Сран  m l/m in/100 g 0.1 fig
1-0 fig

340±78
351±71

278±92
256±50

287±103
257±62

Cinulin ml/min/100 g 0.1 fig 
1.0 ^g

102±32
82± 20

94 ± 3 0  
76± 12

93± 29
66± U

U rine flow ml/min/100 g 0.1 fig
1.0 /rg

2.45±0.78
2.27±0.95

2.70±1.08
1.75±1.06

4.09±1.63
4.49±1.77

Sodium excretion ( U n 3x  V) 
jumol/min/lOO g

0.1 fig 
1.0 /tg

286±135
254±154

307±154
106±100

329±140
162±148

Potassium  excretion (U ^x У) 
/miol/min/100 g

0.1 fig 
1-0 pë

76± 25
67± 35

93± 45
50± 29

118±61
66± 34

U rine osmolality 
mosm/1

0.1 pg 
1.0 pg

494± 50
425±105

415±60
366±133

301±66
166±41

ChsO ml/min/100 g 0.1 pg 
1.0 pg

—1.18±0.54
—0.57±0.65

—0.90±0.59 
—0.04±0.64

± 0 .1 6 ± 0 .9 6
± 1 .9 6 ± 1 .0 0
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differ from those observed in the tim e control experim ents.T hese results suggest 
th a t this clonidine dose is w ithout a specific effect on the renal function.

Table III . and Table IV. depict the changes in  renal parameters in both  
kidneys in Group IV. After 1.0 /tg/kg/m in o f clonidine infusion into the left  
renal artery the arterial blood pressure increased from 1254; 15 m m H g to  
1 3 4 ^ 1 4  m m Hg and the R B F decreased sign ificantly  in  the left kidney. As a 
result o f the increase in the renal vascular resistance, the glomerular filtration  
fell slightly  and a decrease in the urine volum e as w ell as in the sodium excretion  
could be observed. In the right k idney the CPAH, Cinulin did not change and the  
urine flow  was sign ificantly  higher than  that in th e  le ft kidney. The decrem ent 
in urine osm olality in the right k idney  was greater th an  that in the left kidney. 
The increm ent in  free water clearance (CHi0) in  th e  right kidney was sign ifi
can tly  higher than  th a t in  the left kidney. The resu lts obtained in the Group IV. 
dem onstrate, th a t the clonidine in  higher dose produces vasoconstriction in  the  
kidney.

The data o f  the table V. and V I. summarize th e  clearance and hem ody
nam ic m easurem ents observed in  th e  Group II. and Group V.

The hem odynam ic param eters, the glom erular filtration  rate, the urine  
flow , sodium excretion  and urine osm olality were sim ilar in the tw o groups

Table IV

The renal parameters o f the right kidney (x  4: SD ) during 0.1 ftg/kg/min o f clonidine infusion 
(n  =  5 ), and 1.0 fig/kg/min o f  clonidine infusion into the left renal artery

Period 1. Period 2. Period 3.

С р д ц  ml/min/100 g 0.1 pg  
1-0 jug

3204:56
3414:51

3104:38
3064:48

2924;50
2794:54

Cinulin ml/min/100 g 0.1 pg  
1-0 /tg

1074:16
854:15

1004:15
904:13

1004:20
804:15

Urine flow ml/min/100 g 0.1 pg 
1.0 pg

2.204:0.83
2.744;1.09

2.954:0.92
4.414:1.60

4.044:0.90
5.974:1.53

Sodium excretion (и ^ ах У) 
/xmol/min/100 g

0.1 pg 
1.0 pg

2734:149
3294:142

3464:161
3104:205

3324:128
2054:154

Potassium  excretion (U ^x  V) 
/imoI/min/100 g

0.1 pg  
1.0 pg

914:39
794;35

1174:49
854;31

1334:66
814:30

Urine osmolality 
mosm/1

0.1 pg 
1.0 pg

5264:64
4014:101

4194:50
2614:91

3034:70
1614:61

CHlo ml/min/100 g 0.1 pg  
1-0 pg

-1 .444 ;0 .84
-0 .594 :0 .64

— 1.144:0.73
— 0.974:1.25

4-0.074:0.93
4-3.144:0.99

H aem atocrit % 0.1 pg 
1.0 pg

404:3
384:5

394:3
404:6

394:3
414;7

Plasm a protein cone. 
g/100 ml

0.1 pg
1.0 pg

5.774:0.85
4.584:1.41

5.724:1.18
4.494;1.37

5.504:1.04
4.524:1.44
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during the control period (period 1). The data received in the Group II . of the 
an im als, were discussed before. I t  was dem onstrated th at 1.0 /tg/kg/m in of 
clon id in e infused in travenously  increased the urine flow , and decreased the 
urine osm olality.

In  the Group Y. fo llow ing the control period 1.0 /tg/kg/m in o f  clonidine 
and 1 .0m U /kg/m in o f arginin-vasopressin were infused together intravenously.

Table V

The renal parameters o f the left kidney (x  +  SD ) during 1.0 figlkgjmin o f clonidine infusion i.v. 
( n  =  1 0 ), and 1.0 fig/kg/min o f  clonidine p lus 1.0 m U/kg/min o f arginine-vasopressin infusion

intravenously (n  =  10)

Period 1. Period 2. Period 3.

Blood pressure mmHg clo.
c lo .+ vas.

136+14 
136 +  12

127+13
142+20

116+13 
133 +  19

R enal blood flow (RBF) 
m l/m in/100 g

clo.
clo.-1- vas.

615+173
618+150

524 +  170 
576+123

485+179
529+135

R enal vascular resistance 
m m H g. s. ml- 1.kg-1

clo.
clo. +  vas.

1.33+0.43
1.32+0.39

1.65+0.65
1.55+0.36

1.67+0.71
1.60+0.39

CpAH ml/min/100 g clo.
c lo .+ vas.

336+73
309+75

286+69
258+39

267+66 
225 +  36

Cinulin ml/m in/100 g clo.
c lo .+ vas.

88+ 27
98+ 25

85+27
102+23

82+27 
96 +  26

U rine flow ml/min/100 g clo.
c lo .+ vas.

2.95+1.74
3.24+1.53

4.43 +  1.87 
5.65+2.97

4.71 +  2.10 
5.56 +  2.22

Sodium  excretion (Uj\|ax V) 
i«mol/min/100 g

clo.
c lo .+ vas.

352+225
374+237

342+168
566+393

216+156
378+240

P o tassium  excretion (U ^x Y) 
^m ol/m in/100 g

clo.
c lo .+ vas.

90+ 52
74+ 27

96+36
108+39

86+42
98+42

U rine osmolality 
m osm /1

clo.
c lo .+ vas.

399 +  113 
340+  63

265+96
279+75

183+65
220+78

CHso m l/m in/100 g clo.
c lo .+ vas.

-0 .6 9 + 0 .8 4
—0.24+0.81

+0.81 +  1.59 
+ 0 .73+ 1 .59

+ 2 .0 2  +  1.63 
+  1.80+1.89

The aim  o f these experim ents has been to dem onstrate whether th e  vasopressin  
in h ib its  the diuretic effect o f  clonidine or not. Comparing the renal parameters 
during th e  experim ental period (period 2) in  the left and in the right kidney, 
in  th e  tw o  groups (the effects o f  the clonidine and the effects o f  th e  clonidine 
superim posed vasopressin) we can see th a t the renal parameters did n ot differ 
sign ifican tly  in either k idney . Those data suggest th at the increase o f  th e  plasma 
vasop ressin  concentration can not decrease the effects o f the clonidine infusion  
on th e  renal function.
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Table VI

The renal parameters o f the right kidney (x  +  SD ) during 1.0 (ig/kg/min o f clonidine infusion i.v. 
(n  =  10), and 1.0 pg/kg/min o f clonidine plus 1.0 m U/kg/m in o f arginine-vasopressin infusion

intravenously (n  — 10)

Period 1. Period 2. Period 3.

C pA H  ml/min/100 g clo.
clo .+ vas.

346 +  72 
297 +  55

291+72
258+38

264+ 58
220+33

Cinulin m l/m in/100 g clo.
clo .+ vas.

85 +  15 
94+21

87+31
106+18

81 +  29 
98+ 21

Urine flow ml/m in/100 g clo.
clo.-(-vas.

3.60+3.07
2.78+1.58

4.98+2.08 
5.91 +  3.37

5 .29+2.44 
5.33 +  1.48

Sodium excretion (U[\jax V) 
^m ol/m in/100 g

clo.
c lo .+ vas.

411+364
318+228

379 +  208 
585+432

246+192
352+249

Potassium excretion (U ^x V) 
jUmol/min/100 g

clo.
clo.+ vas.

89+ 55
69+ 25

100+38
114+42

8 9+ 42
94+ 41

Urine osmolality 
mosm/1

clo.
c lo .+ vas.

377 +  116 
381 +  81

251+86 
292 +  85

177+60
230+88

CH.Oud/udu/lOO g clo.
c lo .+ vas.

—0.40 +  1.07 
—0.38+0.74

+  1.01 +  1.51 
+ 0.68+ 1.66

+  2.28 +  1.53 
+  1 .60+1.80

H aem atocrit % clo.
clo .+ vas.

4 0 + 5  
41 +  3

42 +  5 
4 5 + 3

4 3 + 5
4 5 + 4

Plasma protein cone. 
g/100 ml

clo.
clo .+ vas.

5.43 +  1.07 
4.85 +  1.15

5.10+1.21
4.70+1.12

5.17 +  0.89 
4 .59+1.20

D iscussion

The present studies confirm th at intravenous adm inistration o f clonidine  
increases urine flow  in anesthetized, R inger solution loaded dogs, and in  addi
tion  th ey  show  th a t this rise is associated w ith  a decrease in urine osm ola lity . 
Other investigators reported increased urine volum e after clonidine in jection , 
but did not determ ine the m echanism  responsible for th is effect [12, 18, 25].

In the present studies, the rise in  renal w ater excretion  did not occur as a 
result o f increased arterial blood pressure because in  our experim ents, during  
clonidine infusion, the blood pressure rather dim inished as increased. The 
intravenous clonidine infusion did not alter the glom erular filtration  rate, so 
these factors could not account for the enhanced w ater excretion.

The observation  of Hum phrey and R eid [13] suggested  th at the increased  
water excretion  induced by clonidine was not hem odynam ically m ediated , but  
rather occurred as a result o f central inhibition  o f  A D H  release or through in h i
bition o f the action of antidiuretic hormone on the renal tubule.

It is now  well-established th at num erous non osm otic stim uli in fluence  
the release o f  A D H  [32]. Factors leading to  decreased vasopressin secretion
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include left atrial d istension  [11] and increased activ ity  o f  carotid and aortic 
baroreceptors [31]. H em orrhagic hypotension [8] and dim inished blood volum e  
[30] all increase A D H  release.

The set o f the osm oregulatory sy stem  can also pharm acologically be 
altered. W hen adm inistered to rats in sub-hypotensive doses opiates like m or
phine and butorphanol transiently inhibit vasopressin  secretion by raising the  
set o f  the osm otat [15]. The effect of opiates on the osm oregulation of vasopres
sin  suggest that endogenous peptides m ay h ave a similar effect. This effect can
n ot be accounted for b y  hem odynam ic variab les and appears to  be due to the  
agonist action o f the drugs. However the site  and m echanism  o f the hem ody
nam ic and pharm acologic actions must be d ifferent because, unlike the agonists, 
diprenorphine (an opioid antagonist) does n o t affect the osm oregulation o f  
vasopressin  under norm ovolaem ic, norm otensive conditions. The past decade 
has w itnessed continuing advances in our understanding o f the physiology of 
vasopressin  secretion. D esp ite  some em pirical and theoretical objections, linear  
regression analysis o f  the relationship betw een  plasm a vasopressin and plasm a  
osm ola lity  or sodium  to  provide a simple and useful w ay to  describe the m ajor 
functional properties o f  th e  osm oregulatory system  [26].

I t  is known th a t norepinephrin increases renal water excretion  b y  inhib
itin g  anti-diuretic horm one secretion [28]. I t  was found that clonidine increased  
urine flow  and decreased urinary osm olality and solute free w ater reabsorbtion  
w hen given intravenously to  intact hydropénie dogs, but it did not when given  
to  acutely  hypophysectom ized animals receiv ing  a constant infusion o f A D H . 
These findings indicate th a t clonidine supresses the release o f vasopressin and 
thus increases w ater excretion  by the sam e m echanism  as norepinephrine [13]. 
These studies do not how ever rule out other possible pathw ays. The changes 
o f  th e  glomerular filtra tion  (the rise during norepinephrine infusion or the  
dim inution following hypophysectom ie) m od ify  the vasopressin effects on the  
dista l nephron segm ents.

In  our experim ents the exogenous vasopressin  infusion did not inh ib it 
th e  clonidine induced increases in the urine flow  during extracellular isosm otic  
hypervolaem ia. The results o f the present stud ies do not support the h yp oth e
sis th a t the decrease o f  th e  vasopressin secretion  is the cause o f the clonidine 
induced diuresis and urine hyposm olality.

In spite of the rela tively  high vasopressin  plasm a concentration the cloni
dine infusion elevated  th e  urine flow  and th e  urine becam e hyposm otic as 
com pared to the plasm a.

Previous m icropuncture and m icrocatheterization studies have show n  
th a t during acute saline loading sodium  reabsorption in the juxtam edullary  
nephron is inhibited more than in the superficial nephron, w ith  net addition o f  
sodium  between the superficial late distal tubule and the papillary collecting  
duct [35]. One explanation  for this phenom enon is a fall in  passive sodium -
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transport in the th in  ascending lim b o f Henle due to  the dissipation o f  the  
sodium  gradient w hich norm ally ex ist betw een th is nephron segm ent and  
ascending vasa recta [22]. The decreased osm otic gradient could result from  
m edullary solute w ashout secondary to  augm ented m edullary blood flow  during 
acute saline loading in  normal anim als [5].

It is conceivable that the clonidine infusion increases the renal m edullary  
blood flow , thereby leading to  a greater diuretic response in our experim ent. 
Since inner m edullary blood flow  constitu tes only 1% o f total R BF in anesthe
tized  dogs [23], changes in R B F  m ay not be detected even  through a profound  
alteration in renal m edullary flow  occurs. D issociation  between to ta l R B F  
and m edullary blood flow  has been reported in a variety  o f circum stances [4] 
and these data suggest independent regulation of the cortical and inner m edul
lary circulation. It is w idely recognized th a t angiotensin II  plays a p ivota l role 
in the regulation o f renal hem odynam ics, salt and w ater balance, arterial blood  
pressure [10, 17, 18]. and experim ental data suggest th a t angiotensin regulates 
regional blood flow  in the medulla [6].

The location and nature of the receptors in the brain on which clonidine  
acts to  decrease renin secretion have been investigated  in dogs. The results 
suggest th at the renin-regulating receptors are located  in  the brain stem  in  a 
region different from the receptors m ediating the depressor response, th a t th ey  
are oc2-adrenoceptors, and th at th ey  are postsynaptic in  location [7]. Clonidine 
is generally considered to  be an agonist w ith  a high a ffin ity  for a2-adrenocep- 
tors. According to Schm itt’s hypothesis [29] clonidine is an agonist o f central 
a-adrcnoceptors. The stim ulation o f these receptors induces a decrease in  peri
pheral sym pathetic outflow  and hence, a fall in blood pressure, sim ultaneously  
plasm a cathecolam ines and plasm a renin activ ity  are reduced.

In our experim ents 1.0 pg/kg/m in o f clonidine infused intravenously  
increased the urine flow  while 0.1 pg/kg/m in of clonidine infused into the left 
renal artery was ineffective (the la tter  dose is equal to  the renal cardiac ou tput 
fraction). These data suggest th at clonidine m odifies the renal urine excretion  
b y  a central nervous system  pathw ay.

The results o f  the present studies dem onstrate, that 1.0 pg/kg/m in o f  
clonidine infused directly into the left renal artery produces a fall of renal blood  
flow , glomerular filtration  rate, and urine flow  in the left kidney, while in  the 
right kidney the effects o f the clonidine were the sam e as observed after in tra
venous clonidine infusion.

Clonidine is a potent a-adrenergic agonist, producing cardiovascular  
effects which m im ic in part those o f norepinephrine, and which are pre
vented  by the oc-blocking agent phentolam in [1]. Thus, it is possible th a t h igh 
er clonidine dose (the smaller dose 0.1 pg/kg/m in w as ineffective) b y  the fall 
of the G FR, resulted in  a decrease in renal water excretion. Consistent w ith
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th is  suggestion  is th e  find ing that in the right kidney w ith ou t glomerular 
filtra tio n  changes the urine flow  increased and the urine com pared to the  
plasm a became hypoosm otic.
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The results of this study indicated th a t  when stim ulus intensity , pulse frequency 
and tra in  duration  were varied the basic topography of the cardiovascular responses to  
m edullary stim ulation did no t change, b u t was merely increased or diminished in m agni
tude. Pressor responses were usually obtained  in  conscious cats, and also narcosis p ro
duced reversal effect on rare  occasions. I t  is suggested th a t  th e  reversal in  cardiovascular 
responses is p robably  locus specific, and the  medullary loci yielding reversal effect are 
more lim ited th an  those eliciting consequently pressor responses.

Keywords: anaesthetization , blood pressure, h ea rt ra te , m edulla oblongata, 
respiration  ra te , stim ulus param eters

Electrical stimulation of the medullary autonomic nuclei produces a 
variety of somatomotor and autonomic effects [3, 4, 5, 7, 12]. Because of the 
significance of these medullary nuclei in the central control of circulation, 
the cardiovascular responses have been the subjects of numerous investigations 
[I, 2, 5 - 1 1 ,  13, 14, 16, 17]. However, several conflicting reports have been 
published. For example, electrical stimulation of the areas regarded as de
pressor regions by the earlier investigators mapping the medullary pressor 
and depressor points [2, 7, 8, 14, 17], consistently elicited a rise in blood pres
sure in unrestricted cats [5, 6]. However, anaesthetized or decerebrate cats 
were previously used and also the stimulus parameters were different. It thus 
appears that to determine whether other kinds of changes might be obtained 
with different parameters is a logical step in investigating the cardiovascular 
responses to medullary stimulation both in conscious, behaving, and in anaes
thetized cats.
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Methode

E ight adu lt cats im plan ted  w ith  bipolar electrodes were used. The electrodes were con
stru c ted  of two insulated n ik ro thal wires (0,3 mm in diam eter, hared 0,5 mm a t the tip) having 
tip  separation of 0,5 mm . The tip  resistance varied betw een 0,1 and 0,2 megohm. In  each 
anim al one pair of electrodes was placed into the rostra l region of the nucleus of the trac tu s 
solitarius (NTS) and ano ther pa ir of electrodes into the  region of the param edian nucleus (N R P) 
using th e  coordinates of th e  Snieder and N iem er’s b ra in  atlas [15]. To compare the effects 
ob ta ined  from these loci w ith  those elicited by stim ulation  of a somatic nucleus, a th ird  pair of 
electrodes was im planted into the  cuneate nucleus (NC). A fter seven to  ten  days recovery a 
РУС canula was inserted in to  one of the common carotid  arteries under pentobarbital sodium 
(30 m g/kg, i.v.) anaesthesia for recording arteria l blood pressure. One or two days after th is 
second operation the stim ulation  effects on blood pressure, heart ra te  and respiration ra te  were 
recorded on freely m oving cats. The following stim ulation  param eters were system atically 
varied : stim ulus in tensity , pulse frequency and pulse tra in  duration. The pulse duration  was 
0,3 ms. The in terstim ulation  in te rva l was 20 s or longer. All stim ulations were repeated on three 
consecutive experim ental days. F inally, the cats were anaesthetized either w ith chloralose 
(40 m g/kg, i.v.), or w ith  pen tobarb ita l sodium, and the stim ulation effects were tested under 
anaesthesia. A more detailed description of the stim ulation  and recording techniques is given 
elsewhere [5, 6].

Upon completion of th e  experim ent, all sites of stim ulation  were verified histologically, 
and  th e  points which were localized outside the ta rg e t regions were om itted  from this study. 
F igure 1. shows the localization of the electrode tips in th e  m edullary nuclei from which the 
p resen t results were obtained.

Results

E ffe c ts  o f  s t im u la t io n  p a r a m e te r s .  To obtain an in t e n s i t y  f u n c t io n  at least 
three trials at each of three levels of intensity were administered employing a 
100 cps and 10 s pulse train duration stimulation. The threshold intensity was 
determined at each electrode site as the intensity which produced the first 
observable somatomotor effect. This intensity was between 0,1 and 0,5 mA.

Fig. 1. D iagram  ehowing the electrode tip  localizations in the m edullary nuclei
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The higher the intensity of stimulation the higher the elevation in blood pres
sure was obtained (Fig. 2.). However, both the magnitude and the shape of the 
blood pressure curves were different at the three regions (Fig. 3.). A continuous 
rise in blood pressure was obtained from the region of NRP, maximal responses 
amounting to 50 mm Hg or more. Decrease in blood pressure did not occur. 
Both the heart rate and the respiration rate increased parallel with the blood 
pressure (Fig. 2.). The stimulation of a single locus in the NRP region with 
suprathreshold intensities produced the arrest of respiration.

NTS stimulations elicited a moderate rise in blood pressure, up to about 
30 mm Hg. Some variations in the shape of blood pressure curves might be 
observed. In most cases after an initial raising phase an apparently steady state
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leve l was m aintained during stim ulation . A t tw o out o f  eight loci th e  blood  
pressure increased only  after an initial decrease. This in itia l decreasing phase 
la sted  about 1 s. The heart rate and respiration rate effects were variable: 
both  increase and decrease occurred, but decrease in these functions w as pre
dom inant during stim ulations at threshold in ten sity .

As it  was expected , stim ulation o f th e  cuneate region elicited m oderate  
increase in blood pressure and heart rate on ly  at high level o f in ten sity . Inter-

NTS

Stim ----------------- 1 0.1 mA 1

NRP

J 0.3 mA

NC

■180 mmHg 

■HO

0.6 mA

"100 
1 sec

Fig. 3. R espiratory (Resp), ECG and blood pressure (BP) responses to  stim ulation of the three 
m edullary regions a t the in term ediate  in tensity  and  150 cps
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estin g ly , the respiration rate con sisten tly  increased during stim ulations at su- 
prathreshold intensities.

The frequency function  was ob ta in ed  at the interm ediate in ten sity . The  
frequencies used were: 10, 20, 30, 50 , 100, 150 and 200 cps. Stim ulations at fre
quencies lower th an  50 cps produced no change or slight effects. Stim ulations 
at higher frequencies elicited pressor responses (Figs 4 and 5). A t one o f  the  
seven  N R P  loci h igh frequency stim ulations elicited the arrest o f respiration  
(F ig. 5.). I t occurred only  at one electrode placem ent in the region of NTS th a t  
stim ulations at frequencies lower th a n  50 cps elicited a depressor response, i.e ., 
a fall in  blood pressure and bradycardia, associated w ith  retching and sa liva 
tion . Under stim ulations with higher frequencies the retching did not appear 
and the blood pressure increased after a short in itial decreasing phase. Under  
chloralose anaesthesia, stim ulation o f  the same locus at all frequencies produced  
rise in  blood pressure and no retching occurred.

The pulse train  durations (1, 2 , 3, 5 and 10 s) were tested  at the interm edi
ate in ten sity  and 100 cps. The shortest pulse train duration to obtain a com plete  
response pattern w as from 3 to 5 s. Shorter stim ulations at the NTS and NC 
produced no noticeable effects. Such stim ulations o f  the N R P  region elicited  
pressor responses reaching their peak  am plitude after the term ination o f stim u 
lation . E vidently , th e  m agnitude o f  these effects was sm aller than that obtained  
during longer lastin g  stim ulations.

The effects o f  anaesthesia. In  th e  course o f testin g  these m edullary stim u
lations under anaesthesia a higher threshold  for cardiovascular response w as  
found than  th at w as determined on  conscious, unrestricted anim als. The in 
crease in blood pressure m ight be reversed to depressor response by both  
pentobarbital sodium  and chloralose anasthesia on ly  at a single electrode  
placem ent in the region o f N R P  (F ig . 6.) A t all the other loci the general 
form o f the response patterns ob ta ined  under anaesthesia were sim ilar to  
those observed on freely behaving anim als.

D iscussion

The results o f  th is study show  th a t when stim ulation  parameters were 
varied  the basic topography of the cardiovascular responses did not change, b u t  
w as m erely increased or dim inished in  m agnitude. Also the anaesthetization w as 
effective in producing changes in  stim ulation-induced blood pressure effects  
on ly  at tw o out o f  15 electrode p lacem ents in  the NTS and N R P  regions a lto 
gether. I t  seems log ica l to argue th a t  it  is not possible to  generalize a conclusion  
from  these results, because the effects o f pulse frequencies and pulse train dura
tions were tested  on ly  at the interm ediate intensity , and also because the level 
of anaesthesia was n o t controlled, eg. b y  recording E E G  or EMG. H ow ever,
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the evidences obtained from th is study indicate convincingly th at neither the  
stim ulation  param eters nor the anaesthetization  can offer a sim ple explanation  
for the opposite cardiovascular responses to  m edullary stim ulation  m entioned  
in  the introduction. The present data indicate th at w hatever the experim ental 
conditions are, a pressor point usually  rem ains pressor p o in t, and the depres
sions are only obtained on rare occasions. I t  seem s probable th at the reversal 
effect o f  narcosis is locus specific, and the num ber o f such points is much sm aller 
th an  o f those producing consisten tly  pressor responses.
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Active im m unization of fou r adu lt pigs w ith highly purified porcine luteinizing 
hormone (p L H )—using method of m ultiside intraderm al injections—has been perform ed 
and resulted in  th e  production of specific antibodies. Im m unization caused prolongation 
of estrous cycle to  47—49 days in tw o gilts and to  26 days in  the o ther ones.

O btained anti-pLH  pig serum  was adm inistered intravenously to 40 day p regnan t 
gilt during 5 days (10 ml of serum , tw ice daily). Blood plasm a progesterone (P4) concen
trations decreased significantly from  8 — 13 to  2 —4 ng/m l after two days of infusion and  
remained a t  th is  level for the n ex t 5 days.

A dm inistra tion  of this an ti-pL H  pig serum  to  gilt in  the lu teal phase of the estrous 
cycle caused th e  inhibition P4 to  undetec tab le  amounts.

The d iffe ren t results were found  a fter th e  passive im m unization of 40 day  preg
n an t gilt w ith  ra b b it anti-pLH globulin  preparation  (5 days, equivalent to  3 ml of origi
nal undilu ted  serum , twice daily). A lthough after two days of infusion P4 concentration  
decreased, in  th e  nex t days P 4 level slowly increased to  p re trea tm en t concentrations.

The d a ta  suggest the possibility  of specific anti-pL H  antibody production in  pigs 
by  using active im munization, and  th e  repeated  utilization of such obtained an tiserum  in 
the same species for the inhibition of corpus luteum  (CL) function.

Keywords: antiserum p L H , pigs, luteinizing horm one, im m unization, estrous 
cycle, progesterone

M echanisms controlling P 4 production  b y  the CL o f pregnancy in  th e  p ig  
and in  other CL-dependent species, such as cow and goat, have not been fu lly  
elucidated.

D u Mesnil du Buisson and Leglise [2, 3] have in itiated  studies to  clarify  
the role of LH during estrous cycle and pregnancy in p igs. Spies et al. [7] used  
rabbit LH antiserum  to inhibit ovu la tion  and luteal function  in gilts for th e  
sam e purpose. T he present experim ents were designed to  te st  the possib ility  o f  
raising porcine L H  antiserum b y  active  im m unization and the repeated u tili
zation  o f such antiserum  in the sam e species for the inh ibition  of CL function .
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Materials and m ethods

Highly purified porcine L H  GPZ-1 (potency 0,63x N IH -LH -Sj) obtained in our labola- 
to ry  [13] was used as im m unogen. The following horm ones of the porcine p itu ita ry  fron tal lobe 
w ere used for cross-reactions: porcine follicle-stim ulating hormone (pF S H -B l), porcine prolactin  
(pP K L  В -l)  and porcine grow th hormone (pG H  В - l)  provided by USDA Hormone Program . 
Purified  hum an chorionic gonadotropin (hCG CR-121) was provided by the Center for Popula
tion  Research a t the N IC H H D . Bovine thyro id-stim ulating  hormone (bTSH, No.T-2026) was 
supplied by Sigma.

Four regularly cycling gilts weighting ab o u t 100 — 120 kg were im m unized in traderm ally  
a t  30 — 40 sites behind the  ears according to  V aitukaitis  e t al. [11] w ith certain  m odification — 
one pig received 1 mg of th e  horm one in the firs t in jection  and im m unization was repeated after 
6 and  9, 11, 14 weeks w ith  low er hormone doses (50 and  30% respectively). A dditionally booster 
in jection  was performed in  tw o gilts after 17 weeks. The gilts were checked once daily for behav
ioural estrous by using vasectom ized boar.

The hormone was dissolved in 1 ml saline and  emulsified w ith an equal volume of F reund’s 
com plete adjuvant. The an tibody  tite r was prepared  by  incubating dilutions of the antiserum  
u nder standard  radioim m unoassay conditions [12] and  expressed as th e  final dilution binding 
30%  of 125I pLH. The cross-reactiv ity  of antisera was defined as the percentage of cross-reacting 
m ateria l required to displace 50%  1251 — labelled pL H .

The rabb it pL H  an tiserum  was obtained b y  m ultiside in traderm al m ethod as described 
previously by Ziçcik et al. [12].

To examine the effect o f neutralization of L H  on progesterone production, two gilts a t 
40 day  of gestation were in jec ted  i. v. via jugu lar vein  w ith either 10 m l of pig serum during 5 
days, twice daily or 10 m l solution of rabb it gam m a-globulin [1] p reparation  (5 days, equivalent 
to  3 m l of original und ilu ted  serum , twice daily). A dditionally, the one gilt in  the lu teal phase 
was in jected i.v. w ith 16 m l of pig anti-pLH  serum  during 6 days, twice daily.

Blood samples were collected every two hours from  a canula inserted into th e  vena via 
the  cephalic vein. Progesterone was determ ined following the m ethod described by  Hotchkiss 
e t al. [6].

R esu lts

The length o f  estrous cycles before and after im m unizations and antibody  
titers in  serum from four gilts actively im m unized with pLH  are shown in  F ig. 1.

Fig. 1. The length of estrous cycles before and a fter im m unizations and an tibody titers in serum  
from  four gilts actively im m unized w ith pL H . The small arrows indicate booster injections 

following prim ary im m unization. Num erals in  circles denote the num ber of the pigs
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A ll pigs showed detectable antibody titers 7 weeks after primary im m u
nization . Frequent booster im m unizations were able to  m aintain relatively high  
titers o f antibodies in  tw o anim als. Sera taken from  these pigs have not shown  
differences in  antibody a ffin ity  to  pLH and low  (2 .0—0.1% ) cross-reaction  
w ith  pG H , bTSH  and pF SH . N o cross-reaction w as detected  w ith  pPR L  and 
hCG (Fig. 2a, b).

Fig. 2. Inhibition  curves for pL H , p F S H , pPR L, pG H , hCG and bTSH in system  126I-L H - 
(IW F-2,25 mg X L E R  786-3) and  LH  pig antiserum : a) pig No 1 b) pig No 11
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A dm inistration o f anti-pL H  serum from pig No 1 to  pregnant g ilt A  (Fig. 
3) a t d ay  42 decreased p lasm a P 4 concentrations from 8 — 13 to 2 —4 ng/m l after 
tw o  days of infusion. D ifferent results were found after passive im m unization  
w ith  rabbit anti-pLH  gam m a-globulin  preparation (gilt B , F ig. 3). A fter two 
days o f  infusion P 4 concentration  decreased from 9 — 13 to  4 —8 ng/m l, but in 
th e  n e x t days increased to  similar am ounts as before the infusion o f  rabbit 
antiserum .

A dm inistration o f anti-pL H  obtained from gilt No 1 to  nonpregnant pig C 
in  th e  lu teal phase o f th e  estrous cycle (F ig. 4) caused a change o f th e  course 
cy c le  and inhibited secretion  o f progesterone to undetectable am ounts.

Serum  anti-pLH

pregnane y

Fig. 3. Progesterone levels in  th e  peripheral plasm a of two pigs a t 40 — 48 day  pregnancy passi
vely im m unized w ith porcine (g ilt A) anti-pL H  serum  and rab b it anti-pL H  gamm a-globulin 

preparation  (g ilt B). Arrows indicate antibodies injections

Serum ant i  pLH

Fig. 4. Progesterone level in  th e  peripheral p lasm a of pig C in the lu teal phase of th e  estrous 
cycle passively  im m unized w ith  porcine anti-pL H  serum
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Discussion

A ctively  im m unized g ilts, especially w ith  high titer  o f antibodies, show ed  
prolongation in  the length  o f  the estrous cycles (No 1 and 11, Fig. 1). A fter  
passive im m unization against LH  prolongation o f estrous cycles in the sheep [4] 
and shortening o f the estrous cycles in  the m onkey [5] was observed. Also active  
and passive im m unization w ith  beta-hCG has been used successfully to prevent  
or term inate pregnancy in  prim ates [5, 8, 9, 10]. Treatm ent w ith rabbit an ti
bodies to ovine LH  caused th e  atrophy of CL and com plete loss of em bryos in  
early pregnant gilts [7]; probably as a result o f the serologic problem after  
heterogenous serum. In  our experim ent we were able to  use for the first tim e  
specific  anti-pL H  antibodies w hich were produced b y  p igs. A dm inistration of 
these hom ologues for the sam e species antibodies to  pregnant and nonpregnant 
gilts sign ificantly  decreased P 4 concentrations in blood plasm a (Fig. 3, 4). 
A bortion did not occur in  an y  o f the pregnant pigs and in the next experim ent 
th e  application o f the sam e anti-pLH  pig serum resulted in  com plete loss of 
em bryos on ly  in one o f six  early pregnant gilts (Bozena Szafranska — un p u b 
lished  inform ation).

The data obtained in  our study suggest the possib ility  o f specific anti-pL H  
antibody production in pigs b y  using active im m unization  and the repeated  
utilization  o f such obtained homologous antiserum  in the sam e species for the  
inh ib ition  o f corpora lu tea function  w ithout serologic problem s.
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RECOVERY OF MAO-B ENZYME ACTIVITY AFTER 
(—)DEPRENYL (SELEGILINE) PRETREATMENT, 
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The recovery of MAO-B activ ity  after a single dose of 0.25 m g/kg s.c. ( —)deprenyl 
was m easured in ra t, by following the tim e course of the changes in the PEA  (phenyl- 
ethylam ine)-induced hyperactiv ity . One hour after its adm inistration ( —)deprenyl 
enchanced both  the PEA-induced locomotion and stereotypy, however, its effect on th e  
la t te r  was m ore m arked. A t 24 h and a t  la te r tim e-points only stereo typy  was enhanced. 
The resu lts show th a t a single small dose of ( —)deprenyl which selectively blocks 
MAO-B, causes a long-lasting inhibition of PE A  metabolism , and th e  enzyme ac tiv ity  
needs m ore th a n  one week to  restore completely.

Keywords: —deprenyl, MAO-B enzyme, stereotyped behaviour, n ig rostria ta l 
system.

The enzym e monoamine oxidase ex ists in  tw o forms, typ e MAO-A can  be 
blocked se lectively  b y  clorgyline [9], while ty p e  В MAO b y  (—)deprenyl [14].

( —)D eprenyl is the on ly  selective irreversible M AO-inhibitor iso lated  up  
to now w hich is w idely used in  the therapy o f Parkinson’s disease (for review  
see 1). I t  has also been shown to  exert an antidepressant effect in  the se lective  
dose-range, and it  is a prom ising drug in  depression (18) and its beneficia l 
effect in  A lzheim er’s disease has recently been dem onstrated [25].

(—)D eprenyl and all the propargyl “ suicide“  irreversible inhibitors o f  
MAO in activate  the enzym e by virtue o f their covalent binding to the N-5 o f  th e  
enzym e cofactor FA D  [19, 23]. Thus MAO a ctiv ity  recovers only w hen re
placing the irreversibly inhibited MAO by new ly synthesized  enzym e. The rate  
o f recovery o f  MAO activ ity  after irreversible inhibition has been w idely in v e sti
gated in  d ifferent organs, using different MAO inhibitors and substrates [7, 17, 
22, 24], how ever, all these investigations were carried out under in  v itro  
circum stances.

The m ethod to  follow continuously  the selective inhibition  o f M AO-B  
in vivo was fir st introduced b y  K noll in 1976 [11]. He exposed the n ictita tin g
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m em brane of the cat and measured the PE A -induced  release of noradrenaline in  
a dose-dependent m anner prior to and after a single dose o f 0.25 m g/kg ( —)de- 
prenyl, dem onstrating th ereb y  the se lec tiv ity  o f this drug on MAO-B, as very  
huge am ounts of clorgyline left the effects o f  P E A  unchanged. This is still the  
on ly  rapid and highly reliable m ethod for checking the selectiv ity  of a B -typ e  
MAO inhibitor in v iv o , and it  is the best m ethod for the rapid screening o f the  
effect o f an unknown com pound on В -ty p e  MAO in v ivo . Structure-activ ity  
relationship studies [12, 15] are good exam ples o f the practical value o f  th is  
m ethod.

As the anaesthetized  cat can be used in  a one-day experim ent only, K noll’s 
m ethod cannot be used  for following th e  recovery o f MAO-B activ ity  after a 
single dose of MAO-B inhib itor in v ivo . The aim o f th is paper is to  m eet th is  
need.

I t  has recently been  dem onstrated th a t PE A -induced stereotyped  b eh av
iour is a suitable m eth od  for the follow -up o f  MAO-B activ ity  in rats in  v ivo
[26]. P E A , one of the endogenous trace am ines, induces stereotyped behaviour  
and hyperm otility, sim ilarly  to am phetam ine [2, 3], but its effect is weaker and  
shorter in duration. P E A , a specific substrate for MAO-B (28), is oxidized rapid
ly  b y  th is enzyme in th e  rat brain [5]. A  single 0.25 m g/kg dose o f (—)deprenyl 
p otentiates the effect o f  P E A  and the cessation  of this potentiation  indicates 
th e  recovery of MAO-B a ctiv ity .

This method has n ow  been used for th e  analysis o f the in v ivo  recovery  
o f MAO-B in the brain after single in jection  o f (—)deprenyl.

Materials and m ethods

Experim ents were perform ed in adult CFY (Sparague-Daw ley strain) ra ts  of bo th  sexes, 
weighing 160 — 180 g. T hey w ere housed in groups of 10 a t constant tem perature  (20 — 21 °C) 
under a standard 12 h r —12 h r  light-dark cycle (ligh t on a t  6.00 a.m .). W ater and food were 
available ad libitum. All th e  observations were m ade a t  comparable tim es of the day during the 
ligh t period.

Locomotion, rearing an d  stereotyped head  m ovem ents were m easured sim ultaneously 
b y  th e  “ Animal A ctivity M easurem ent System”  designed and bu ilt by  the Research In s titu te  of 
th e  E lectrical Industry  (B udapest, Hungary). I t  consists of a testing  box (50 X 50 X 30 cm) 
provided w ith a TV cam era, a cen tral un it based upon  an In te l Z 80 microprocessor, and a p rin t
er. The testing box is a black pain ted  open field area, where the anim als are observed individual
ly. I t  is set in  an isolated d a rk  room , illum inated by  a standard  laboratory  lamp.

The movement of th e  an im al is followed b y  th e  TV camera, b y  the aid of a m irror inclined 
in  an  angle of 45°. The cen tra l u n it separates th e  d ifferen t elements of activ ity , such as horizon
ta l ac tiv ity  in any direction (locomotion), vertica l activ ity  (rearing) and stereotyped head 
m ovem ents (STHMV). The tim e  spent on any of these  activities during the  whole observation 
period, the distance of locom otion, the num ber of rearing  and the STHMVs are recorded, the 
resting  tim e is considered to  be the non-activity period.

The animals were p re trea ted  w ith 0.25 m g/kg ( — )deprenyl (Chinoin, B udapest, H ungary) 
1, 24, 48, 96 or 168 hours before 40 mg/kg of P E Á  (Chinoin, B udapest, H ungary), or 1 h  prior to 
d ifferent doses of PEA. E ach  experim ent, carried o u t on the same day and compared to  each 
other, consisted of 3 groups: sa line+ saline; sa lin e + P E A  and ( —)deprenyl-)-PEA ; six ra ts  were 
in  each group. The observation  period started  10 m in after PEA  (w ithout any adapta tion) and
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lasted  for 30 min. B oth  P E A  and ( —)deprenyl were dissolved in  distilled w ater and adm inistered 
subcutaneously,

S tatistical analysis was carried ou t by tw o-tailed S tudent’s t- te s t , a p  value of less th an
0.05 was considered to be significant. The da ta  are presented as m ean values and standard  error 
of the  m ean (x± S .E .M .).

R esu lts

P E A , 40 m g/kg, sign ificantly  decreased the n on -activ ity  period (t =  3.28, 
p <  0.01) and increased the tim e both  o f locom otion and STHMY (t =  2.96, 
p <  0.05; t  =  3.69, p <  0.01 respectively). One hour pretreatm ent w ith  0.25 
m g/kg ( — )deprenyl potentiated  the PEA -induced h yp eractiv ity , the non -activ 
ity  period decreased, the STHMY period and number increased sign ificantly  
com pared to the saline-{-PEA  treated  group (t =  4 .05 , p <  0.01; t  =  7.97, 
p <  0.001, respectively), the locom otion also increased, b u t the difference was 
sign ificant only for the distance and not for the tim e (t =  2.12, p >  0.05; 
t  =  2.22, p <  0.05, respectively), N either PEA , nor (—)deprenyl pretreatm ent 
influenced rearing (Table I).

Table I

Changes in  the behaviour o f P E A  (40 mg/kg)  
and ( —) deprenyl (0.25 mg/kg) +  P E A  (40 mg/kg) treated animals

Salinea
+

saline

Salinea
+

PEA

(—)deprenyla
+

PEA

N on-activity period5 2 6 .6 ± 0 .5 2 1 .5 ± 1 .3 “ 1 3 .3 ± 1 .6 yy

Locomotion period 2 . 6 ± 0 . 4 5 .3 ± 0 .8 * 9 .5 ± 1 .8

Locomotion distance (cm) 3 9 9 ± 6 7 8 5 5 ± 1 8 4 x 2 0 2 3 ± 4 9 2 y

Rearing period 0 . 7 ± 0 . 2 1 .3 ± 0 .5 1 .1  ± 0 . 5

Number of rearings 3 7 .3 ± 1 0 .6 7 3 .2 ± 2 8 .9 6 5 .8 ± 3 2 .6

STHMY period 0 . 6 2 ± 0 .2 2 1 .7 3 ± 0 .2 1 “ 6 . 1 0 ± 0 .5 1 yyy

Number of STHMYs 5 0 ± 1 8 1 4 4 ± 1 7 “ 5 7 7 ± 4 7 yyy

a — pretreatm ent 1 hour prior to  saline or PEA 
b — all periods in minutes
1 p <  0.05; XX p <  0.01 compared to  saline+ saline group
y p <  0.05; y y  p <  0.01; yyy  p <  0.001 compared to  sa line-)-PEA treated  group

(—)D eprenyl pretreatm ent (0.25 m g/kg) facilitated  also the smaller doses 
o f P E A , which otherwise failed to  change the behaviour, however, this poten 
tia tion  could be dem onstrated only for STHMV. The (—)deprenyl pretreated  
anim als after 10 or 5 m g/kg P E A  challenge displayed significantly higher 
STHMV (t =  2.37, t  =  2.58, respectively; p <  0.05 for both). PEA, 2 m g/kg, 
had no effect even in  the (—)deprenyl treated  animals (Table I I ) .
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Table П

Potentiating effect o f ( — )deprenyl (0.25 mg/kg) on different P E A  challenge“

Locomotion 
period (min)

STHMV

period
(min) num ber

Sal+ sal 3 .0+0.6 0.53+0.10 43 +  8
S al+ P E A  (10)» 3.3+0.7 0.50+0.07 41 +  5
( - ) D + P E A  (10) 4.6 +  1.1 2.05+0.65* 169+ 531
S al+ sal 3 .0+0.5 0.44+0.08 3 6 + 7
S al+ P E A  (5) 1 .9+0.5 0.49+0.20 4 0 + 1 6
( - ) D  +  P E A (5) 2 .4+0.7 1.70+0.42* 136+33*
S al+ sal 3 .2+1.2 0.44+0.18 38 +  16
sa l+ P E A  (2) 2 .9+1.2 0.31+0.10 25 +  8
( - ) D + P E A  (2) 4 .3+1.0 0.70+0.19 5 9+ 16

* — pre trea tm en t 1 hour prior to  saline or PEA 
b — the dose of PE A  in mg/kg 
1 p <  0.05 compared to sa l+ sa l group 
Sal—saline, (—)D — ( —)deprenyl

Table II1

Changes in the PEA-potentiating effect at different times after single dose o f  ( —)deprenyl (0.25
mg/kg)

Time between 
(—)D and PEA 

(hours)

STHMV Ratio» of STHMV

period number period number

S a l+ sa l l 0.62+0.22 50 +  18
S a l+ P E A l 1.73+0.21** 144+18**
( —)D + P E A l 6.10+0.51yyy 577±47yyy 3.52 4.0
S a l+ sa l 24 0.59+0.12 48+ 10
S a l+ P E A 24 2.61+0.58** 217+48**
(—)D + P E A 24 6 .9 7 + 1 .57y 670±158y 2.67 3.08
S a l+ s a l 48 0.42+0.09 35 +  8
S a l+ P E A 48 1.81+0.49* 155+60
( — )D  +  PEA 48 4.78+0.867 430 +  797 2.64 2.77
Sal +  sal 96 0.43+0.08 34+ 6
S a l+ P E A 96 1.29+0.28* 109 +  24*
( — )D  +  PEA 96 2.83±0.46y 243+417 2.19 2.23
S a l+ sa l 168 0.43+0.08 36+ 7
S a l+ P E A 168 1.5+0.45* 125 +  37*
( — )D + P E A 168 2.38+0.71* 211+62* 1.58 1.68

" ratio of the means of STHMV param eters in  —— - trea ted  animalssa l-{-“ .LA
x p <  0.05 “  p <  0.01 compared to sa l+ sa l group 
y p <  0.05 yyy p <  0.001 compared to sal +  PEA  treated group 
sal—saline, (—)D —(—)deprenyl
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In  order to  follow  the cessation  o f the MAO inhibition caused by single  
( —)deprenyl (0.25 m g/kg), the facilitation  o f P E A ‘s effect (40 m g/kg) was m eas
ured at different tim e intervals after ( —)deprenyl. Tw enty-four hr after its  
adm inistration ( — )deprenyl had no effect on the locom otion any more, while  
it  sign ificantly  increased both the tim e and the number o f STHMV (t =  2.81 
and 2.72; p <  0.05). Similar results were obtained 48 h and 96 h after (—)depre- 
n y l and even  1 w eek  later the tim e and th e  number of STHMV were higher than  
in  the saline-treated  animals, how ever, the difference was not significant 
sta tistica lly  (Table III).

To estim ate the potentiation  caused b y  (—)deprenyl we calculated the  
ratio o f the m eans o f  both the tim e and the number o f STHMVs displayed b y  
the anim als in  th e  ( —)deprenyl and in  the saline treated  groups. This ratio  
proved to be about 3.5 — 4 follow ing one hour pretreatm ent, 2.5 — 3 in the case 
o f tw enty-four hr or forty-eight hr pretreatm ent, and only  in the anim als 
pretreated 1 w eek  earlier did it  decrease to  values less than  2 (Table III).

D iscussion

Single sm all doses of (—)deprenyl potentiated  the hyperactivity-inducing  
effects o f  higher doses of PEA  and induced hyperactiv ity  after smaller, per se 
ineffective, P E A  challenge. P E A  is supposed to act as an indirect dopamine 
(DA) stim ulant (16, 21). It is w ell know n th a t the stim ulation o f D A  receptors 
b y  various D A  agonists m ay induce both  stereotyped behaviour and hyper
m otility . Stereotyped  behaviour is connected  m ainly to the D A  neurons o f the  
nigrostriatal sy stem , whereas h yp erm otility  is related to  the mesolim bic 
DA-ergic system  [4, 10].

R ecently  we have dem onstrated th a t single doses o f (—)deprenyl in flu 
ence the am phetam ine-induced stereo typ y , while having a very weak effect on  
locom otion [27]. The present results w ith  P E A  agree w ith  these data. W hile the  
STHM V-inducing effect o f PEA  was enhanced even 1 week after single (—)depre- 
nyl treatm ent locom otion was enhanced only  when ( —)deprenyl was given 1 h  
before P E A . ( — )D eprenyl seems to  have on ly  a weak and transient influence  
on the effect o f  P E A  in the m esolim bic system , and a marked and long lasting  
influence in  the nigro-striatum . Zsilla and K noll reported on increased D A  
turnover in  the striatum , but not in  other parts o f the telencephalon following  
repeated adm inistration  of (—)deprenyl [29]. On the other hand, (—)deprenyl 
has been dem onstrated  to cause a higher increase o f endogenous P E A  in  the  
striatum  than  in  the hypothalam us (8). A ll these results tend  to  support K noll’s 
conclusion th a t ( —)deprenyl, w hen adm inistered in  sm all daily doses, facilitates  
the nigrostriatal DA-ergic system  w ith  u tm ost selectiv ity  [13].
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The applied dose o f  ( —)deprenyl (0.25 m g/kg s.c.) blocks selectively  typ e  
В МАО w ithout in fluencing  the typ e A  enzym e (6, 11). The equivalent o f  this 
dose (5 — 10 m g/day) is generally used in  the clinical practice. The strongest 
poten tia tion  of P E A ’s effect could be seen one hour after (—)deprenyl, tw en ty-  
four hr and fourty-eight hr later the potentiation  was equal, then it decreased 
gradually, hut even 168 h after the adm inistration it  proved to  be higher, al
th ou gh  the difference w as not sign ificant statistica lly . ( — )Deprenyl was re
ported  to  inhibit the D A  uptake 1 h after a single dose o f 0.25 m g/kg but failed  
to  do th is tw enty-four hr later [30]. This m ay explain the more marked effect 
o f ( —) deprenyl on P E A  one hour after its  adm inistration, w hen the D A  uptake  
in h ib ition  may indicate an additional effect to the P E A  accum ulation caused  
b y  M AO-B block. Concerning the other tim e intervals, the effect o f a single  
sm all dose of (—)deprenyl on PE A  m ight he considered as the consequence o f  
M AO-B inhibition on ly .

The half-life o f  recovery o f MAO enzym e a ctiv ity  to  P E A  was published  
to  be 8.5 days both after 10 mg/kg s.c. (—)deprenyl [17] or 20 mg/kg tranylcy
prom ine [7], as m easured in  the rat brain in vitro. W hen m -iodobenzylam ine 
w as used as substrate i t  w as found to  be 9.1 days after 10 m g/kg i.p. pargyline  
(22). A ll the m entioned doses were very high, nevertheless, our results prove  
th a t th e  single se lective 0.25 m g/kg dose o f (—)deprenyl, which inhibits the  
P E A  deam ination b y  about 70% [20], has a long-lasting effect as well.

R ecently hum an p la telet MAO a ctiv ity  to P E A  was measured after a 
single 10 mg dose o f  ( — )deprenyl, and the inhibition  was found to  be 81.8%  
at tw enty-four hr, 27.9%  on day 5, and 13% on day 16 (24). The MAO a ctiv ity , 
m easured by us as th e  m agnitude o f  influencing the P E A ’s effect shows a good  
correlation with the tim e course o f  enzym e inhibition caused by (—)deprenyl 
in  hum an platelets.

Earlier we reported th at repeated (—)deprenyl (0.25 m g/kg s.c. daily for 
8 w eeks) adm inistration facilitates th e  P E A ’s effect for more than two weeks 
[26]. This paper shows th a t by using our m ethod the recovery o f MAO-B in v ivo  
after a single dose o f  a selective MAO-B inhibitor can be follow ed in a reliable 
m anner.
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Forebrain ischemia was induced in  Mongolian gerbils by  bilateral occlusion of the 
common carotid arteries for 30 m inutes. These animals do n o t have a complete circulus 
arteriosus Willisii. M itochondria were prepared from the fo rebrain  tissue a t th e  end of the 
30 m inutes occlusion period as well as a t  different tim e po in ts after the release of the 
occlusion. Tissue blood flow in the forebrain was also determ ined by measuring th e  brain  
tissue accum ulation of 14C-iodoantipyrine. Tissue blood flow  in the forebrain decreased 
from a control level of 1 .43±0.03 m l/m in/gr to  0.13±0.03 m l/m in/gr by the 30th m inute  
of ischemia, increased to  1. i 2 ; ; 0.25 m l/m in/gr after 5 m inu tes of reflow, b u t decreased 
again to  0.41 ± 0 .0 7  m l/m in/gr after 1 ' / 2 hours of reflow. Oxygen consum ption ra te  of 
m itochondria prepared from the forebrain (g lu tam ate+ m ala te  as substrates in  the  pres
ence of A DP) was 98 ± 1 3  nmoles 0 2/m in/m g protein in  contro l animals, decreased to  
6 1 ± 9  nmoles 0 2/m in/m g protein after 30 minutes of occlusion, recovered to  1 0 6 ± 9  
nmoles 0 2/m in/m g protein  during the firs t 30 m inutes of reperfusion. During extended  
reperfusion, m itochondrial respiratory ac tiv ity  declined reaching 20 ± 5  nmoles 0 2/m in/ 
mg protein  after 5 1/2 hours of reperfusion. Respiratory contro l ratio  of the m itochondria 
(relative increase of respiration upon addition  of ADP) w as 9 .2 ± 1 .3  in control anim als, 
7 .0± 1 .5  after 30 m inutes of carotid occlusion, 9 .0± 1 .2  a fte r  30 minutes of reperfusion, 
and 5 .8 ± 0 .8  after 5 1/2 hours of reperfusion. Superoxide dism utase activity  of th e  fore
brain m itochondria was 5 .10± 0.7  I.U ./m g protein in contro l anim als, decreased to  3 .3 ±  
1.6 I.U ./m g protein  a fter 30 m inutes of occlusion and rem ained a t this level th roughou t 
the reperfusion period. These data  confirm earlier reports th a t  deterioration of m itochon
drial function m ay contribu te  to the developm ent of ischemic and post-ischemic brain  
tissue damage. I t  also appears possible th a t  postischem ic damage of m itochondrial 
function develops secondary to  postischem ic deterioration of tissue blood flow.

Keywords: b ra in  ischemia, gerbil, m itochondria, cerebral blood flow

Several investigators have dem onstrated th a t m itochondrial fu nction  
deteriorates w hen brain tissue is subjected to ischem ia [2, 10, 11, 13, 17, 18, 
19, 23, 24, 28, 30, 31, 37, 38, 44, 47, 50, 57, 58, 59, 62, 63, 66, 67]. W hether  
m itochondrial function  returns to  norm al after the cessation  of ischem ia, how 
ever, has been questioned. Incidence o f  m itochondrial functional recovery to
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near normal levels [17, 23 , 24, 25, 35, 45, 51, 52, 54, 55, 58, 59, 62, 63], lim ited  
recovery or no recovery at all [13, 15, 23, 44 , 59, 67] after brain ischem ia have  
been  described in  different m odels, w ith  different durations o f  the ischem ic  
episode as well as w ith  d ifferent tim es o f reperfusion. In m any cases after brain  
ischem ia, a post-ischem ic m icroeirculatory deficit has been observed [“ no
reflow ” , 1, 3, 4, 5, 16, 26 , 27, 29, 32, 33, 42 , 43 , 48, 53, 54, 56, 68]. The current 
in vestigation  was undertaken to  exam ine th e  effect of 30 m in o f  to ta l forebrain  
ischem ia and the fo llow ing recirculation on cerebral tissue b lood  flow  and m i
tochondrial function in  parallel m easurem ents, using the gerbil bilateral carotid  
occlusion model [6, 7, 20 , 34, 35, 39, 40, 49 , 53, 74], which can  be applied to  
unanesthetized  anim als follow ing preparation o f the experim ental animals under 
ligh t short-term  anesthesia .

M ethods

A nim al preparation and bilateral carotid occlusion: All experim ents w ere carried ou t on 
m ale Mongolian gerbils (M eriones unguiculatus) weighing 60 — 100 gr (Tum blebrook Farm s
N. J .) . The experim ents w ere done in 38 anim als, from  which the m itochondrial preparation 
and  measurem ents were successful in  24 cases. The anim als were anesthetized  w ith ketam ine 
(K eta la r, Park  Davis, 50 m g/kg  i.p.) and w ith 20%  О» and 80% N20 . Supplem ental doses of 
ketam ine (25 mg/kg i.p .) w ere occasionally adm inistered. The left fem oral vein and the ta il 
a r te ry  were catheterized. B o th  carotid arteries were carefully separated and  elastic threads 
w ere placed around them . T he two ends of the elastic th read  were funneled through a plastic 
tu b e . The tubing was su tu red  to  the skin of the neck and  the ends of the  elastic threads fixed 
in  loose position. All skin incisions were sutured, th e  anesthesia disconnected, and the anim als 
w ere taped  onto a plastic ho lder w hich allowed some m ovem ent for them . T he animals quickly 
recovered from anesthesia and  were alert before th e  carotic occlusion was in itiated . B ilateral 
caro tid  occlusion was induced by  pulling the elastic th reads and fixing th em  in tigh t position. 
Previous studies in our labo ra to ry  proved th a t , in accordance w ith the lite ra tu re , the connection 
betw een the carotid and v e rteb ra l arterial system s is absen t in these anim als [6, 7, 20, 34, 35, 
39, 40, 49, 53, 74]. Blood flow  to  large areas of th e  forebrain  essentially ceases during bilateral 
occlusion of the common caro tid  arteries. After 30 m inutes of occlusion, th e  elastic threads were 
loosened. The reestablishm ent of circulation in the caro tids could be im m ediately  checked as the 
pupils which were wide and para ly tic  during occlusion narrowed a t the beginning of the recir
culation . Despite im provem ent in  some reflexes, how ever, the animals never regained their 
original alert state.

Forebrain tissue blood flow : Before the scheduled tim e of decapitation, a slow intravenous 
infusion of 10 — 20 /tCi 14C-iodoantipyrine was given using a SAGE continuous flow pum p. 
D uring the infusion arteria l blood samples (10 ,nl) were collected for the a rte ria l concentration 
curve of the isotope. Forebra in  isotope concentrations were computed from  th e  measured 14C 
activ ities of the tissue hom ogenate used for m itochondrial isolation (see below). The isotope 
concentration  m easurem ents were done on a T ricarb  (Packard) liquid scintillation counter. 
T issue blood flow was com uted as described by R eivich e t al. and Sakurada e t  al. [60, 61].

Mitochondrial preparations : A fter decapitation, th e  forebrain of th e  anim als was quickly 
rem oved and placed in ice cold isolation medium. M itochondria from the  forebrain were pre
p ared  using the technique described by  Clark and N icklas [8] and modified b y  из [17, 59]. The 
iso lation  medium contained 0.225 M m annitol, 0.075 M sucrose and 1 mM EGTA . The forebrain 
w as m inced quickly and w ashed w ith ice cold isolation medium several tim es. Then Nagarse 
(0.5 mg/ml) and bovine serum  album in (2.5 mg/ml), dissolved in 10 ml of iso lation  medium were 
added. Following gentle hom ogenization in a hand operated  Dounce hom ogenizator, the homo
genized tissue was incubated  for 60 seconds w ith th e  proteinase solution. The homogenate 
w as centrifuged a t 4 °C a t 2200xg for 3 min. The su p ern a tan t containing th e  m itochondria was 
resuspended, and recentrifuged, th e  two supernatan ts pooled and centrifuged a t  12,100xg for 
8 m in. The pellet was rehom ogenized w ith a glass rod  and suspended in  3%  Ficoll solution. 
The 3%  Ficoll solution contain ing the m itochondrial fraction was layered over a 6%  Ficoll 
solution and centrifuged a t  10,400xg for 30 m inutes. The m itochondrial pellet was resuspended
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in isolation medium and spun for 10 m in t a t  12,100xg to w ash th e  m itochondria. The pellet 
containing the m itochondria was resuspended in 0.2 ml of isolation medium. All solutions were 
k ep t on ice, and all procedures were perform ed a t 0 —4 °C.

Mitochondrial function: The reaction  medium contained 0.225 M m annitol, 0.075 M 
sucrose, 100 fiM EGTA, 0.01 M H 3P 0 4, 0.01 M HC1, neutralized to  pH  7.40 w ith tris (hydroxy
m ethyl am inom ethane). U sually 25 fi 1 of th e  m itochondrial suspension was added to 0.625 m l of 
reaction  m edium in a stirred  chamber. The oxygen consum ption of th e  m itochondria was m eas
ured w ith  an oxygen electrode. The experim ents were perform ed a t  room  tem perature  (23 °C). 
S tate  4 respiratory ac tiv ity  (w ithout A D P, b u t substrates added) was m easured in the  presence 
of 7.5 mM glutam ate and 7.5 mM m alate. S ta te  3 respiratory ac tiv ity  (both substrates and A DP 
present) was m easured in  the repesence of 7.5 mM glutam ate plus 7.5 mM m alate and 460 ̂ iM 
A D P in the incubation medium. Superoxide dismutase ac tiv ity  of forebrain m itochondria was 
m easured according to  the  m ethod of E ls tn e r and Heupel [14]. This assay of superoxide dis
m utase enzyme activ ity  is based on the enzym e’s ability to in h ib it th e  form ation ofn itra tes from  
hydroxylam ine originating from a hypoxanthine-xanthine oxidase superoxide anion generating 
system .

Results

Physiological parameters o f  th e  animals during 30 m inutes o f bilateral 
carotid  occlusion and varying periods o f recirculation w ill he discussed in detail 
in  a separate publication from our laboratories [53]. B lood pressure o f the ani
m als increased during the first m inutes o f bilateral carotid occlusion but quickly  
returned to near normal values. R eopening of the carotid  arteries induced a drop 
in  m ean arterial pressure which w as corrected by an I. У. infusion o f M acrodex. 
M etabolic acidosis was corrected b y  bicarbonate given  I. У. Blood gas param e
ters thus were norm al at all points o f  tim e during the study. There was a tim e  
dependent decrease in  the survival rate of the anim als, about one third o f them  
surviving 120 m inutes after release o f  the bilateral com m on carotid occlusion  
o f 30 m inutes. Forebrain tissue blood flow: Changes in  tissue blood flow  o f the  
forebrain as com puted from the 14C-iodoantipyrine curves as well as from the  
isotope concentration o f the brain tissue hom ogenate, are in good agreem ent 
w ith  autoradiographic tissue b lood flow  values m easured in a separate set o f  
sim ilar experim ents [53]. Forebrain tissue blood flow  values measured parallel 
w ith  m itochondrial function m easurem ents are show n in Fig. 1. Tissue blood  
flow  in  the forebrain decreased from  a control leve l o f  1 .4 3 ^ 0 .2 2  m l/m in/gr 
to 0 .1 3 ^ 0 .0 3  m l/m in/gr during th e  30 minutes ischem ic period. This rem aining  
blood flow  possibly is a virtual one, labelled iodoantipyrine diffuses into the  
cerebrospinal flu id , as well as som e diencephalic tissue w ith good blood flow  
from  the vertebral system  is included  into the preparátum  [53]. Tissue blood  
flow  increased to  1 .1 2 ^ 0 .2 5  m l/m in/gr after 5 m inutes o f reflow, but decreased  
again to  0 .4 1 ± 0 .0 7  ml/m in/gr after l 1/ 2 hrs of reflow. Further blood flow  m eas
urem ents are not available since th e  deteriorating circulatory state o f  the ani
m als made the 14C-iodoantipyrine tissue blood flow  m easurem ents quantita
t iv e ly  unreliable. M itochondrial fu n c tio n : O xygen consum ption rate o f m ito 
chondria prepared from the forebrain (glutam ate plus m alate as substrate, A D P  
added) was 9 8 ^ 1 3  nm oles 0 2/m in/m g m itochondrial protein in control anim als 
w hich decreased to  61 ± 9  nm oles 0 2/m in/m g protein after 30 m inutes o f occlu-
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sion . A fter 30 minutes o f  reperfusion the oxygen  consum ption rate recovered to 
1 0 6 ± 9  nm oles/m in/m g protein . A secondary decline occurred and the oxygen  
consum ption  rate dropped to  2 0 ^ 5  nm oles 0 2/m in/m g protein after 5 ^  hours 
o f  reperfusion (Fig. 2.). R esp iratory control ratio o f the m itochondria (relative 
increase in respiratory rate  upon addition o f A D P ), was 9 .2 ;£1 .3  in control

Fig. 1. Forebrain tissue blood flow m easured by the 14C-iodoantipyrine m ethod in  Mongolian 
gerbils, during 30 minutes of b ila te ra l carotid occlusion and a t different points o f tim e of recir
cu la tion . Means ±  standard erro r. Significance level of unpaired t  tes t (* <  0.05, ** <  0.01,

*** <  0.005)

State 3 respiration

nmol Oj/min/mg prot. ( glutamate* malate)

Fig. 2. S ta te  3 respiration (g lu tam ate-|-m ala te  as substrates, A DP added) of mitochondria 
p rep a red  from  the forebrain of Mongolian gerbils during 30 m inutes of b ila teral caro tid  occlusion 
and  a t  different time points o f recirculation. Means ±  one standard  deviation. S tatistical signif
icance levels are indicated in  th e  Figure (Analysis of variance, * <  0.05, ** <  0.01,

*** <  0.005, **** <  0.001)
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anim als, 7 .0-^1.2  after 30 m inutes o f occlusion, 9 .0 ^ 1 .2  after 30 m in of 
reperfusion and 5 .8 ^ 0 .8  after 5 1/2 hours o f reperfusion (Fig. 3.). Superoxide  
dism utase a ctiv ity  o f the forebrain m itochondria w as 5 .1 ^ 0 .7  international 
units/m g m itochondrial protein in control anim als w hich decreased to  3 .3 ^ 1 .6  
I.U ./m g protein during the 30 m inutes occlusion period. Superoxide dism utase  
activ ity  rem ained at th is low  level throughout the reperfusion phase (F ig. 4 .).

Respiratory control ratio

Fig. 3. R espiratory  control ra tio  (ratio of oxygen consum ption w ith  A DP and w ithout it, gluta- 
m a te+ m a la te  as substrates) of mitochondria, prepared from  th e  forebrain of Mongolian gerbils 
during 30 m inutes of b ilateral carotid occlusion and a t d ifferent points of time of recirculation. 
Means i t  one standard  deviation. Significance levels are ind icated  in the Figure (Analysis of 

variance, * <  0.05, ** <  0.01, *** <  0.005)

Superoxyde dismutase

I . U . / m g  prot

Fig. 4. Superoxide dism utase ac tiv ity  of m itochondria, p repared  from  the forebrain of Mongo
lian gerbils during 30 m inutes of bilateral carotid occlusion and a t  different points of tim e of 
recirculation. Means —one standard  deviation. Significance levels are indicated in th e  Figure

(Analysis of variance, * <  0.05)
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Discussion

Comparison o f  th e  tim e course o f forebrain tissue blood flo w  (Fig. 1.) 
w ith  th e  m itochondrial sta te  3 respiration (F ig. 2.) and respiratory control ratio 
(F ig . 3 .), reveals som e parallelism  betw een  these parameters. M itochondrial 
respiration  is reduced in  preparations iso lated  from the forebrain a t th e  end of 
th e  30 minute period o f  ischem ia. D uring the first m inutes o f reflow , forebrain 
tissu e  blood flow returns to values close to control levels (Fig. 1.). I t  should be 
n o ted , however, th a t th e  recovery o f  tissue blood flow  is not hom ogenous. R e
gions o f  deficit rem ain  as dem onstrated b y  autoradiographic m eans [53]. 
The restored tissue circulation allows a characteristic im provem ent in  m ito
chondrial function. B o th  state 3 respiration and respiratory control ratios 
(F igs 2. and 3.) reach preischem ic control levels after 30 m inutes o f  reper
fu sion . These findings suggest th a t the deterioration o f m itochondrial function  
induced  by 30 m inutes o f to ta l ischem ia is not an irreversible phenom enon. 
The tim e course o f th e  forebrain tissue blood flow  (Fig. L ), how ever, shows a 
secondary deterioration o f flow  follow ing the tem porary im provem ent o f this 
param eter. A large decline in blood flow , to 28%  of the control, occurs after 
100 m in of reperfusion. A t this point o f  tim e m itochondrial oxygen  consum ption  
is s t ill 60% of control (F ig . 2.). A more rapid decline of m itochondrial respira
to ry  function occurs after 150 m in o f reperfusion. A low level o f  m itochondrial 
a c tiv ity , 20% of the control, is reached after 5 1 /2  hours o f reperfusion. These 
correlations, and the find ing th a t m itochondrial functional recovery during 
early  reperfusion phase is more substantia l than  the recovery o f  blood flow , 
su ggest that the deterioration o f m itochondrial function during reperfusion  
m igh t occur secondary to  the deficit in  brain tissue perfusion.

The key elem ent in  irreversible ischem ic-postischem ic brain dam age — if  
such  k ey  element really  exists is still obscure. Current theories em phasize the  
sign ificance of im paired tissue reperfusion [“ no-reflow ” , 1, 3, 4, 5, 16, 27, 29, 
32, 33 , 42, 43, 53, 54, 56, 68], irreversible dam age o f m itochondrial function  
[13, 15, 23, 44, 59, 67], irreversible shifts in  intracellular/extracellular N a + and 
К  + [7, 9, 37, 44, 49, 64, 70, for review  see 44], irreversible decrease in  intracellu
lar p H  due to tissue lactic  acidosis, and im paired ion pump m echanism s [6, 22, 
23, 36 , 44, 55, for review  see 36], flooding o f the intracellular space b y  Ca2+ ions 
[10, 13, 15, 18, 19, 28, 65 , for review  see 65], irreversible damage to  blood brain 
barrier with ensuing edem a [3, 29], mem brane damage due to  free radicals 
[12, 21 , 44, 47, 69, 71, 72, 73], irreversible loss o f  such organic com pounds as 
p yru vate  and other citric acid cycle interm ediates, adenine, N A D , mem brane 
phospholipids [11, 41, 44 , 46], and accum ulation  o f free fa tty  acids [38, 44, 71, 
72, for review see 44].

The temporary im provem ents o f  forebrain tissue blood flow  and m ito
chondrial function after 30 m inutes o f  to ta l ischem ia dem onstrated in  th is study
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are significant. I t  is im portant to note, how ever, th at the neurological status  
o f the animals (e.g. alertness, direction dependent m ovem ents, com plex reflexes) 
did not return to  normal. Autoradiographic m easurem ents o f regional cerebral 
blood flow  in the same brain ischem ia m odel [53] dem onstrated serious 
deficits in tissue blood flow  w ith  inhom ogenous colum ns and patches o f under
perfused areas in  the forebrain, during the first 30 m inutes o f reflow. These 
deficits result in  serious local and general neurologic sym ptom s. Such local 
circulatory and m etabolic deficits could not be measured by the global param e
ters o f tissue blood flow  com puted for the whole forebrain or function o f m i
tochondria, prepared from the whole forebrain.

Ischem ic dam age to superoxide dism utase activ ity  o f m itochondria (Fig.
4.) and the in ab ility  o f the brain rapidly resynthesize the enzym e m ay contri
bute to  membrane damage caused b y  generation o f free radicals.

In sum m ary, we found a decrease o f m itochondrial functional ab ility  
associated w ith  30 m inutes o f  forebrain ischem ia. During reperfusion only a 
tem porary im provem ent in  tissue blood flow  and m itochondrial function was 
observed. W ith increasing tim e o f reperfusion a parallel im pairm ent o f both  
tissue blood flow  and m itochondrial functional ab ility  was observed.
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The effects of in traarte ria l adm inistration  of som atostatin  upon intestinal blood 
flow, intestinal capillary surface area, oxygen consum ption and intestinal m otor ac tiv ity  
were measured in  anesthetized dogs. Blood flow to th e  segm ent of distal ileum was 
m easured with an  electrom agnetic blood flow m eter, and arteriovenous oxygen difference 
(A Y 02) was determ ined spectrophotom etrically. In testina l oxygen consum ption was 
calculated as the p roduc t of A V 02 and to ta l blood flow. The clearance of 86Rb was m eas
ured  to  estim ate th e  density  of the perfused intestinal capillaries. Changes in blood flow 
distribution  were estim ated  from th e  d istribution of radiolabelled microspheres. In te s
tin a l m otor activ ity  was m onitored from  changes in in tralum inal pressure.

Som atostatin  induced a dose-related decrease in in testina l blood flow, capillary 
surface area and in testinal oxygen consum ption. A significant increase in in testinal 
m otor activ ity  was also observed. The da ta  of this study indicate th a t  som atostatin  acts 
on sm ooth muscle of bo th  arterioles and precapillary sphincters and results in a po ten t 
vasoconstriction in  the in testinal microcirculation.

Keywords: som atostatin , in testinal circulation, oxygen consum ption.

Som atostatin  (SS) has been show n to suppress th e  release of m any h yp o
physeal and extra hypophyseal horm ones including gastrointestinal horm ones 
[3, 7 ,1 3 , 20]. The peptide was found to  affect all basic functions o f the d igestive  
system  such as secretion, absorption, m otility  and gastrointestinal circulation. 
SS is a p otent inhibitor o f  gastric acid secretion [4, 13, 15, 17, 24] and pan
creatic exocrine secretion [1 ,1 1 ,1 2 ] . In  addition to suppressing gastric and p an
creatic secretion, the peptide depresses gastric em ptying [6] and gall bladder  
contractions [8]. It w as also found to  stim ulate spontaneous gut m otility  [30].

SS adm inistered system ically  and locally  in re latively  low doses w as 
found to  affect gastrointestinal blood flow . The peptide has been used in  clinical 
practice to  treat upper gastrointestinal hemorrhage [9, 10, 16, 18, 25]. The  
m echanism  o f this therapeutic action  o f SS is not fu lly  understood. To som e  
exten t these beneficial effects are brought about b y  vasocontrictive a c tiv ity  
of SS in  th e  splanchnic circulation. I t  has been shown th a t SS reduces the to ta l  
and m ucosal blood flow  in  the stom ach [5 ,1 7 , 21] and in  the pancreas [14].
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W e have p reviously  reported [14, 22] th a t in dogs intraarterial adm inis
tra tio n  of SS con sisten tly  decreases the sm all in testinal blood flow  in a dose-de- 
p en d en t manner. The finding th at SS constricted  the in testinal vessels points to  
th e  possib ility  th a t th e  peptide does not on ly  decrease to ta l in testinal blood  
flo w  v ia  constriction o f  arterioles but it  constricts the precapillary spincters 
reducing the nutrient portion o f the in testin a l m icrocirculation.

The aim of our stu d y  was to assess the effects of som atostatin  on canine 
sm all intestinal b lood flow , intram ural b lood flow  distribution , intestinal 
capillary surface area and intestinal oxygen  consum ption. In addition  we have 
in vestigated  the effects o f  the neuropeptide on intestinal m otor activ ity .

Materials and m ethods

Experim ents w ere carried  out on 15 anesthetized  and heparinized dogs. A femoral vein 
w as catheterized for in jec tion  of supplem ental anaesthesia and another ca the te r was inserted 
in to  a femoral artery  for m easurem ent of system ic arteria l blood pressure (A P) w ith a strain  
gauge transducer (S ta tham ). A fter a midline laparotom y, a distal tru n k  of th e  superior mesen
te ric  a rte ry  supplying a segm ent of distal ileum was exposed and a side branch  of the artery  was 
cannu la ted  for infusion of drugs. The ends of th e  in testinal segment supplied by  th is trunk  were 
liga ted  to  block collateral circulation. The average w eight of these segm ents was 120 g. An 
electrom agnetic blood flow transducer of appropriate  in ternal diam eter was positioned around 
th e  m esenteric artery  and  connected w ith a blood flow amplifier (Scalar, H olland, MDL 503). 
A side branch of the m esenteric vein draining th e  in testinal segment and th e  fem oral artery  
w ere cannulated. Following heparin adm in istra tion  a constant flow pum p (U nipan) circulated 
blood a t  7 ml/min from  these vessels through th e  arteria l and venous cuvettes of a photom etric 
arteriovenous oxygen co n ten t difference analyzer (А-УОХ System, San A ntonio, Tex.) [29]. 
A rte ria l and venous effluents from  the appara tus were then  pumped back to  th e  circulation via 
th e  fem oral vein. In te s tin a l oxygen consum ption (V 02) was calculated as th e  product of the 
arteriovenous oxygen difference (A V 02) and the to ta l blood flow of the in testinal segment (BF).

Changes in blood flow distribution w ith in  the intestinal wall were determ ined using the 
radiolabelled microsphere technique [19]. Three different types of radiolabelled microspheres 
(141Ce, 51Cr and “ Sr) of 1 5 ^ 3  fim  (3M Company) were used. Ju s t prior to  injection, the vials 
con tain ing  microspheres in 10%  dextran  were shaken and agitated on a vo rtex  m ixer for 10 min 
to  insure homogenity. W ith  each injection approxim ately  400.000 — 600.000 microspheres label
led w ith  an isotope were in troduced  into the left ventricle. Injection of m icrospheres w ith differ
e n t labels was made during th e  control period and  during adm inistration of th e  drug. A fter each 
experim ent, control and experim ental in testinal segm ents were rem oved, rinsed and weighed. 
Segm ents were opened along the mesenteric border and cut into portions abou t 10 cm long. 
T he mucosal and subm ucosal layers were stripped  from  the muscular layer and  counted in  a 
gam m a spectrometer. F rac tional blood flow to  th e  m uscular com partm ent was calculated as 
th e  p roduct of blood flow and  the percentage of microsphere d istribution to  the muscle and 
expressed in ml/min-100 g.

A dditional series of experim ents were perform ed to  evaluate the effects of som atostatin 
on th e  clearance of 86RbCl m easured by  the m ethod of Renkin and Rosell [26] and adapted to 
free flow  preparation [22]. From  the 86RbCl clearance we calculated the PS product, which is an 
in d ex  o f the effective cap illary  surface area and  reflects the density of the perfused capillaries.

The intralum inal pressure of in testinal segm ent was measured w ith an  open-tip catheter 
in serted  into the lum en and  connected w ith a pressure transducer (S tatham ). The mean m otility 
index  (MMI) was calculated by  dividing the sum  of the heights of all contractions during a 10 
m in period by the num ber of contractions in  th e  same tim e period [32]. A P, B F, A V 02 and 
in tra lum inal pressure were m onitored in  all experim ents on a directw riting recorder (D ynograph 
R ecorder R611, Sensor Medics).

Som atostatin (Peninsula Laboratories, San Carlos CA) was diluted in  0 ,9%  NaCl im me
d ia te ly  prior to use and  w as infused in traarteria lly  (i.a.) into the in testinal vasculature in 
increasing doses; 0.5, 1.0, 2.0 and 4.0 /ig/kg-min. E ach dose was infused for a 10-minutes period.
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The da ta  from all experim ents were evaluated statistically  w ith  S tuden t’s t- te s t for paired 
observations. A lterations from control were expressed as th e  percentage change. The signifi
cance of these changes was assumed a t p  <  0.05.

Results

After surgical preparation o f the gut, 30-m in period was allowed for B F , 
A V 0 2 and pressure in  the lum en to  stabilize. Control values obtained from dogs 
were as follows: B F , 6 3 .0 ^ 6 .7  m l/m in-100 g tissue; A V 0 2 3 .2 ^ 0 .2  ml 0 2/100  
ml blood; V 0 2, 2 .4 ^ 0 .4  ml O 2/m in-100 g, and MMI, 3 .6 ^ 0 .4  m m H g. Intra
m ural distribution o f in testinal blood flow was 7 6 .0 ^ 7 .2 %  for the m ucosal- 
subm ucosal com partm ent and 2 3 .0 ^ 2 .0 %  for th e  m uscular layer. Control 
m uscular fractional blood flow  (FB F) was 2 6 .7 ^ 4 .0  m l/m in-100 g tissue. 
A P ranged betw een 130 —160 m m H g. In seven o f these dogs control PS-product 
w as 2 .7 ± 0 .3 . The w eight o f the intestinal segm ents ranged betw een 75 —150 g.

The response to i.a. infusion o f som atostatin  included a significant dose- 
dependent decreases in  B F , and V 0 2. A V 0 2 and MMI were significantly in 
creased in  all doses o f  som atostatin  (Fig. 2.). A representative tracing illustrating  
these changes at 1.0 jttg/kg-min som atostatin  is show n in F ig. 1. A ll parameters 
reached a peak value at a dose o f  4.0 /tg/kg-min, w hen B F  was decreased b y  
4 0 .0 ^ 4 .5 %  (p <  0.001), V 0 2 decreased by 3 2 .4 ^ 4 .6 %  (p <  0.001), MMI

S y s t e m i c  200 '  
a r t e r i a l  10&. 
p r e s s u r e  

( m m  H g )

M e s e n t e r i c  10°" 
b l o o d  - f l o w  50- 

( m l  / m i n  ) o-

a - v a o 2 , 0 '
( m l -  1 0 0 m l )  5- 

0-

Somatostatin 
l u g  /kg-min.i.a >

I n t e s t i n a l  
o x i g é n  
c o n s u m p t i o n  

( m l  / m i n )

M o t i l i t y  
( m m  Hg  )

6‘
3-

0 -

50-

—o- —О О— о -

10 min
■4

Fig. 1. Results of a single experim ent in  which one dose of som atostatin  was infused into the 
mesenteric artery  for 10 m inutes. Blood flow decreased considerably and arteriovenous oxygen 
difference increased: hence, calculated intestinal oxygen consum ption decreased. In tralum inal 

pressure increased and systemic arterial pressure was unaffected
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increased  by 9 5 .0 ± 1 7 .0 %  (p <  0.005) and A V 0 2 increased b y  1 6 .4 ^ 5 .2 %  
(p <  0.005) (Fig. 2.). S om atostatin  at doses o f 0.5 and 2.0 /xg/kg-min decreased 
PS b y  1 1 .2 ± 0 .5 %  (p <  0.005) and b y  2 1 .8 ± 2 .3 %  (p <  0.001) respectively. 
M icrosphere distribution w as exam ined only  at the end o f the infusion o f doses
1.0 and  4.0 /xg/kg-min and showed a sign ificant decrease in  F B F  b y  2 5 .6 ^ 4 .0 %  
(p <  0.005) and by 5 5 .6 ^ 7 .0 %  (p <  0.001) respectively (Table I).

S o m a t o s t a t i n  ( j j g / k g * - m i n )  i . a .

Fig. 2. E ffects of in traarte ria l (i.a.) infusion of som atostatin  on in testinal blood flow (BF), 
A V 0 2, in testinal oxygen consum ption (V 02), in testinal m otility (MMI), and system ic arterial 
p ressure (AP). Each point represents a m ean value in percentage of c o n tro l^  SEM. Asterisks

denote sta tistical significance

D iscussion

The wide distribution o f som atostatin-producing (d) cells and the presence 
o f som atostatin-like im m unoreactiv ity  in  the enteric neurons in the w all o f the 
gastrointestinal tract, suggest th at th is neuropeptide m ay exert its action  both
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Table I

Effects o f somatostatin on the systemic arterial pressure (A P ) , intestinal blood flow  ( B F )  the 
arteriovenous oxygen difference ( A  VO„),the intestinal oxygen consumption (VO„),the mean motility 

index (M M I)  and the muscular fractional blood flo w  (  F B F )

Control Dose of som atostatin

0.5
^g /k g —m in

1.0 2.0 4.0

A P 
mm Hg 145±15 148± 9 152±11 155± 10 159±14

B F
ml-min/100 g 63.0±6.7 53.6±2.6* 47.4±2.5* 42.9±2.2* 37.8±2.8*

a v o 2
ml/100 ml 3.2±0 .2 3.4 ± 0 .1 3.5±0.1* 3 .6±0.2* 3 .7±0.2*

V0 2
ml-m in/100 g 2 .4 ± 0 .l 2.0 ± 0.1* 1.9±0.1* 1.8± 0.1* 1.6± 0.1*

MMI
m m  H g/m in 3.6±0 .4 6.2±0.5* 6.5±0.5* 6 .7±0.6* 7 .0± 0 .7*

FB F
ml/m in/100 g 26.7±4.0 NT 19.8±2.0* NT 11.9±3.0*

NT =  no tested, * p  <  0.05

as a hormone and a neurotransm itter. Som atostatin  m ay  be released in to  the  
surrounding in terstitia l space, thereby acting locally  on  sm ooth m uscle cells 
in  th e  in testinal vessels.

In the present study we found th at som atostatin  is a potent vasoconstric
tor o f  the canine in testinal circulation. Furtherm ore, there is a direct relation
ship betw een the dose o f  the neuropeptide adm inistered intraarterially and the  
subsequent decrease in blood flow . The som atostatin  induced reduction in  blood  
flow  through the sm all in testinal circulation observed in  the current stu d y  
corresponds to  our previous reports showing th at this agent when infused in tra
arterially consistently  dim inished the gastric and in testin a l blood flow  [11, 
13, 14].

We also found th at som atostatin  evoked sign ificant decrease in in testinal 
oxygen  consum ption. This reduction in V 0 2 com bined w ith  decreasing B F  could  
he due to  either a direct m etabolic effect o f  som atostatin , or a decrease in  blood  
flow . The m icrocirculatory structure w hich regulates tissu e perfusion is th e  
precapillary sphincter. Closure o f  a large proportion o f th ese sphincters in  the  
gut b y  any means decreases the transport o f  oxygen  from  blood into the tissu e  
[23, 27, 31]. The finding th a t som atostatin  reduced the PS product indicates 
th a t the neuropeptide induced reduction in  the in testin a l oxygen consum ption  
b y  a microvascular m echanism . Besides decreasing to ta l in testinal blood flow ,
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Som atostatin induced a redistribution o f blood flow  into the m uscular com part
m en t by a higher percent o f decrease in  the intestinal m ucosal blood flow  than  
in  the total in testinal blood flow . This m ay be due to the stim ulation  o f the  
in testin a l sm ooth m uscle. This agrees in part w ith earlier reports in which  
som atostatin  has been described to reduce splanchic blood flow  estim ated by  
133X e  clearance and microsphere distribution techniques [25]. The knowledge  
about the m echanism  b y  w hich som atostatin  decreases in testin a l blood flow  is 
uncertain. The neuropeptide is secreted in to  the interstitial space of the in tes
tin a l wall, from w hich it  enters the m icrocirculation. This close contact to  the  
m icrocirculatory structures m ight im ply a direct action on th e  vasculature. 
Som atostatin  supressing the release o f  gastrointestinal horm ones such as 
gastrin , cholccystokinin and vasoactive in testinal polypeptide and counter
actin g  the vasodilatory action  o f local m etabolites may also contribute to the  
contraction  o f arteriolar and precapillary phincters.

The observed vasoconstrictory action  o f som atostatin  w ould  also explain  
th e  favourable effect o f  the neuropeptide in  the treatm ent o f  severe gastro
in testin a l haemorrhages.
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EFFECT OF HEMATOPORPHYRIN 

(A spin trapping study)**
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D irect evidence was given concerning the free rad ica l production of hem atopor- 
phyrin (H P) and  its  derivative, during illum ination, by E S R  spectroscopy. A spin tra p 
ping m easurem ent was carried o u t using PB N  spin tr a p  for determ ination  o f this 
radical(s). T hree d ifferent spin-adducts were found. Two of them  are likely to  be 
connected to  th e  reactive free radical production of H P .

Keywords: H P , He-Ne laser, E SR , spin-trapping, PB N

Photosensitizers lead to severe damage o f liv in g  cells after illum ination. 
H em atoporphyrin (H P ) and hem atoporphyrin-derivative (H PD ) are com m on
ly  used as photosensitizers in experim ents and for phototherapy of tum ours [2.].

Two different typ es of reaction m echanisms o f photosensitization  have  
been published so far [1,3]. The first step o f both is the activation  of the sensitizer  
to  its triplet state  [7]. During the ty p e  I reaction the m ost reactive com pounds 
are the free radical form  o f the sensitizer, the superoxide anion (0^~) and the  
hydroxyl radical (OH') [7], while during the typ e I I  reaction it  is the singlet 
oxygen  (Ю 2) [8]. A ll these com pounds can damage cells by oxidation  o f m em 
brane proteins or b y  lipid peroxidation.

It seem ed reasonable to try  to  detect the above-m entioned free radicals by  
E S R  spectroscopy. U nfortunately, th e  steady-state concentrations o f  these  
very  reactive com pounds are too low  for the direct detection . To overcom e this 
problem  we used tw o  indirect m ethods for the detection  o f free radicals. One of 
the numerous ‘classica l’ reactions described in  the literature [4] is the radical 
— radical com bination  using stable radicals as spin traps. The second is the spin  
trapping m ethod. The first reaction does not provide inform ation about the  
trapped radical. The decreasing am ount o f the stab le free radical shows the
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production  of the trapped radical. B y  the second m ethod one can detect differ
en t spectra — depending on the spin trap used and the trapped radical. B ut 
generally  the identification  o f the trapped radical is not easy.

M aterials an d  m ethods

— H em atoporphyrin  dihydrochlorid (H P ) obtained from  SIGMA and hem atoporphyrin de
riv a tiv e  (H PD , prepared according to  Lipson a t al [6]) were used as photosensitizers.
— E gg lecithin was prepared and tested  by  TLC in our laboratory.
— S tab le  free radicals: the  lipid soluble 4-(2-n-undecyl-3-oxyl-4,4-dimethyloxazolidin-2-yl) 
b u ty ric  acid (HO-185) and the w ater soluble N -(l-oxyl-2,2,6,6-tetram ethyl-4-piperidinyl)-m a- 
leim id (HO-16) were kindly provided by Prof. K. Hideg.
— T he spin trap  N -t-butyl-a-phenyl-nitrone (PB N ) was from  SIGMA.
— Liposom es were prepared by  the m icro-m ethod of K insky e t al [5]. B riefly, 5 mg of egg 
lec ith in  w ith  or w ithout 200 fig of HO-185 and H P  a t d ifferent concentrations (5 — 200 fig) were 
dissolved in 0.5 ml of chloroform and evaporated  in  a round  flask under N 2-gas stream . The 
film  w as m ixed w ith 1 ml Tris-HCl buffer of pH  7.4 containing 0.9% NaCl b y  a V ortex device 
for 3 m inutes a t room tem perature .
— Spin  trapping m easurem ents were perform ed in a solution of 150 mM PB N  in 70% ethanol- 
w ate r w ith  different concentrations of H P . The H P  was added and the sam ple was taken  into a 
cu v e tte  in dark. Illum ination was carried out by a 1 m l  Н е-Ne laser (Л =  632.8 nm)
— C onventional ESR  spectra were tak en  by an E R S 220 (ZWG, GDR) spectrom eter.

R esu lts an d  discussion

— Evidence for free radical production.
T he decreasing am ount o f the stable free radical reflects the production o f  

reactive  radicals. The results show th a t the effect depends on the concentration  
o f th e  sensitizer (H P or H P D ) and the tim e o f illum ination. (F ig. 1). The H PD  
w as less effective than  th e  H P  itself. N o such effect has been observed in  the  
absence o f the sensitizer or the ligh t.

— Spin adducts using P B N  spin trap.
Spectra of three spin adducts have been detected  (Fig. 2). Two o f them  

(labelled  as 1. and 2.) are double trip lets, w hile the 3. is a single trip let. The 
hyp erfin e splitting constants are given in Table 1.

Table I

The hyperfine splitting constants o f the three spin adducts using P B N  spin trap

axj(mT) ■“ (mT)

1. 1.401 1.297
2. 1.545 0.176
3. 1.642 —

the accuracy of da ta  is: 0.003 mT
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B y com paring our data to those of the literature [4] w e could not id en tify  
the spin adducts. H owever, it  is likely  th a t the 3. adduct is a stable n itroxide  
radical while the 2. one arises b y  hyd roxy l radical trapping. W e have not been  
able to  id en tify  the 1. adduct so far.

I
7.

Fig. 1. In tensity  changes of the stable free radical during illum ination in the case of H P  (solid 
lines) and H PD  (dashed lines) in liposomes. The H P  and H PD  concentrations are given a t  th e

curves in  fig/ml

The F igs 2/b show the tim e-k inetics o f the spectra after the beginning o f  
illum ination: The 2/b-, spectrum  illustrates th at the 1. adduct arises first (illu
m ination tim e <  1 min) and is im m ediately  followed b y  th e  appearance o f  the  
2. adduct (2 /b 2.). The quantity  o f both  is increasing w ith  th e  illum ination tim e, 
hut depends on the concentration o f H P  inversely (F ig. 3 .). After a few  hours 
of illum ination the 3. adduct arrises in  a comparable am ount to 1. and 2. 
(2/b3.). A fter h a lf a day o f illum ination  the 3. adduct becom es dom inant.
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Fig. 2. a: The spectra of th e  three (1 — 3) spin adducts using PBN  spin tra p  in  70%  ethanol-w ater 
solution. 4: This p a rt of th e  spectrum i s shown in th e  2 /b j—b4 figures. b 4— b 4: The spectra of the 

adducts after 1 min, half an hour, 2 — 3 hours, half a day, respectively

The biological effects are observed after seconds or m inutes o f  illum ination, so 
th e  3. adduct does not seem  to have m uch significance at th e  m om ent.

The Fig. 4. shows the changes in the am ounts of the 1. and 2. adduct after 
a few  cycles of turning on /off the light. A possible explanation for the unexpected  
behaviour of the 2. adduct (Fig. 3. and F ig. 4.) can be as follow s:

a, the production o f the 1. adduct depends on the concentration  of the H P  
and the illum ination tim e; parallel to th is there is a spontaneous decom position  
o f  th is  adduct on the scale o f m inutes;

b, the production o f the 2. adduct depends on the concentration  o f the 1. 
adduct; parallel to  th is there is a light-induced decay depending on the con
centration  o f the H P ; fin a lly  there is a spontaneous decom position  o f the 2. 
adduct that has a characteristic tim e constant in range o f 10 m inutes.

Further exten sive experim ental work is needed to clarify these h ypotheti
cal processes.

— The role o f  the water.

Acta Physiologica Hungarica 74, 1989



Free  radical producing effect of hem atoporphyrin 289

Fig. 3. R elative intensities of the 1. (Ij, dashed lines) and 2. ( I2, solid lines) ad d u c t’s spectra a t 
different concentration of H P  th a t is labelled a t  each curve in /ig/ml. s: the  m easured intensities 
are w ith in  th is region a t  each curve; the detection was carried out a t each 1 —1.5 m inutes; 

the  tim e was measured from  the beginning of illumination

I
mm

Fig. 4. R elative in tensities of the 1. (dashed line) and 2. (solid line) adduct’s spectra  during 
some cycles of tu rn in g  on (on) — switching off (off) the  light, s: the same as in  Fig. 3
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The amount o f  th e  1. adduct (at the sam e illum ination  tim e) depends on  
the w ater-content o f  th e  ethanol-w ater solution: In  2 , 5 ,1 5 , 33% w ater-ethanol 
so lu tion  we got the re la tiv e  intensities o f the 1. ad d u ct’s spectra <  10, 1 3 ^ 3 ,  
2 1 ^ 5  and 100-k l0  resp ectively . W e assume th a t in  the case o f the 1. adduct 
there is no connection w ith  superoxide ion or singlet oxygen because the d is
so lved  О 2 content does n o t change sign ificantly  i f  the w ater concentration is 
changing in  the solution .
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The effect of MTDQ, a dihydroquinoline type free radical scavenger was studied 
in  biological m em branes, and m odel systems. Using spin-labelling and sp in-trapping 
m ethods, it was th a t  MTDQ induced a decrease of the m obility  of spin labels a ttached  
to  the thiol sites of m em brane proteins, and it was a strong free radical scavenger in 
hydroxyl and superoxide anion free radical generating system s. The experim ental results 
suggest th a t  th e  presence of MTDQ in the cell mem branes m ay improve the p ro tection  of 
m em brane com ponents against free radical attacks.

Keywords: mem brane proteins, oxygen free radicals, spin-trapping, freejrad ical 
scavengers

The form ation o f free radicals, especially oxygen  free radicals in b iological 
system s is a consequence of aerobic life. The interest in this process rapidly  
increased because it  has been established that peroxidative damage o f biom em 
branes m ay p lay  an im portant role in a number of diseases; the superoxide and  
hydroxyl free radicals m ay especially  act as etio logical factors in  b iological 
phenom ena under pathological conditions [1, 2].

The p oten tia lly  tox ic  products o f  oxygen m etabolism  are norm ally rem o
ved by ubiquitous endogenous scavengers. H ow ever, the imbalance betw een  
oxidative reactions and protective m echanism s indicates the basis o f a num ber 
of diseases, this th e  use of natural and/or artificial antioxidants could help in  
the prevention o f cell and mem brane damages [3].

The aim o f present work was to  study the effect o f recently developed  
dihydro quinoline ty p e  radical scavenger MTDQ in biological m em branes and  
m odel system s using  the spin-trapping technique in  order to characterize its  
activ ity  on the m olecular level.
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Methods

1. Preparation and spin-labelling o f nerve membranes The nerves were isolated from frogs 
(R an a  esculenta) and spin-labelled w ith  N -(l-oxyl-2,2,6,6-tetram ethylpiperidinyl)-m aleim ide 
as rep o rted  earlier [4].

2. Spin-trapping The prepara tion  and the m aintenance of the reagents in hydroxyl and 
superoxide free radical genera ting  system  were essentially th e  same as described by Floyd and 
Lewis (5), and M arkiund (6). T he samples were prepared  in  therm ostat w a te r b a th  a t 37 °C 
and  an  aliquot was placed in to  th e  fla t cell of Zeiss (G D R ) and the spectrum  recording was 
s ta r te d  w ithin two m inutes using an ER S 220 X -band  spectrom eter.

Results and discussion

1. Characterization o f  the nerve membrane in  the presence o f  M T D Q -D A . 
The conventional and saturation  transfer E P R  spectra o f the frog nerve indi
ca ted  th a t the labels w ere attached alm ost exclu sively  to strongly im m obilizing  
sites  (apparent rotational correlation tim e w as 62 ns).

MTDQ-DA induced the increase o f  the distance betw een th e  outerm ost 
h yp erfin e extrema evidencing  the im m obilizing effect o f  the drug upon the  
p rotein  domain th at holds the label. The distance 5 .8 2 9 ^ 0 .0 2 3  mT changed 
rap id ly  w ith increasing concentration o f M TDQ -DA, and attained to  a constant 
le v e l a t about 50 mM concentration . Above 50 mM only insign ificant variations 
in  th e  hyperfine sp littin g  were observed. In the case o f fully im m obilized labels 
th e  hyperfine sp litting con stan t was calculated to  be 6 .0 1 3 ^ 0 .0 2 5  m T, therefore 
th e  change in the rota tion a l correlation tim e after incubation w ith  50 mM 
M TD Q -D A  corresponds to  a 100% increase.

2. The effect o f  M T D Q -D A  on the hydroxyl free radical adduct o f  D M P O  or 
P B N .  In  hydroxyl free radical generating system  the E P R  spectrum  at low  
concentrations of M T D Q -D A  consists of a 1:2:2:1 quartet w ith  hyperfine split
t in g  constants of aN =  a H =  1.48 mT, w hich w as identified as th e  DMPO-OH  
rad ica l adduct [7]. The presence o f M TDQ-DA in the reaction m ixture decreased 
th e  am ount of DM PO -O H  adduct dem onstrating the hydroxyl free radical 
scavenger properties o f  M TDQ-DA. The free radical concentration of the  
DM PO -O H  adduct at zero concentration o f M TDQ-DA was about 10 — 20 fiM. 
K eep in g  the amount o f  DM PO and H 20 2 con stan t in  the reaction m ixture, the  
rela tiv e  intensity o f th e  E P R  spectrum  decreased w ith  increasing concentration  
o f  M TDQ-DA in a non-linear manner (Fig. 1). Similar results w ere obtained  
u sin g  P B N  as sp in-trapping agent. A t higher concentrations o f  MTDQ-DA  
rela tiv e  to DMPO or P B N , another free radical signal could also be observed in  
th e  spectrum  (Fig. 2). T he triplet showed th a t the diam agnetic com pound was 

Abbreviations:
M TDQ =  6.6,-m ethylene-bis-2.2.4-trim ethyl-1.2-dihydroqum olm e;
M TDQ-DA =  6,6’-m ethylene-bis-2,2,4-dim ethyI-4-m ethane sulfonic acid sodium-1,2-dihydro- 

quinoline ;
D M PO  =  5,5’-dim ethyl-l-pyroline-N -oxide;
E P R  =  electron param agnetic  resonance
P B N  =  phenyltertiarybuty ln itrone
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Fig. 1. The relative in ten sity  of the E P R  spectrum  (second line) o f DMPO-OH adduct vs. the 
concentration of M TDQ-DA in the reaction m ixture. Spectra w ere recorded under identical 
conditions, only the concentration  of MTDQ-DA was varied. I0 is th e  in tensity  of th e  second 
line in  th e  absence of MTDQ-DA. The inset shows the structu ral form ula of MTDQ-DA. OH 

free radicals were generated in  Fe2+-ATP and H 20 2 system

Fig. 2. E P R  spectra of MTDQ-DA and PBM -OH adduct dem onstrate the  hydroxyl free radical 
scavenger property  of MTDQ-DA. In  the  experim ent the concentration  of MTDQ-DA was 
50 mM, whereas th e  final concentration of P B N  was 15 m il in  th e  sample. B ottom : E P R  
spectrum  of MTDQ-DA in  superoxide free rad ical generating system  (100 mM MTDQ-DA, 15 
mM K 0 2 in 12 mM N a2ED TA -N a2C 03 buffer, p H  10.2). The Ê P R  spectra were taken  w ith in  

two m inutes after the addition of the  la s t com ponent to th e  reaction  m ixture
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converted into a free radical, the MTDQ free radical. Using the same reaction 
mixture and the sequence of the addition of the components without DMPO or 
PBN, a large EPR signal could be detected consisting of a triplet with a well-re
solved superhyperfine structure. The free radical has the same structure as the 
one observed in superoxide free radical generating system.

It can be supposed that the amine group in MTDQ-DA was oxydized to a 
nitroxyl group [8], and the interaction of the unpaired electron with the ring 
protons gave rise to the observed pattern.

C onclusions

Under pathological conditions the increase in free radical activ ity  repre
sents an im portant factor in the injury o f  cells and m em branes. Therefore, 
th e  idea of a therapy w ith  artificial an tiox id an t agents seem s to  be a logical 
step  to  substitute for the im balanced scavenger states [9].

According to  our studies w ith  E P R , we can conclude th a t
(i) M TDQ-DA decreases the m obility  o f  the m aleim ide spin label a t

tached  to the th io l sites o f the membrane proteins in the sciatic nerve prepared  
from  frogs. A t higher concentrations o f the drug MTDQ-DA the im m obilizing  
effect attained a saturated  level.

(ii) The experim ental results in h ydroxyl free radical generating system  
proved that M TDQ -DA was a strong OH free radical scavenger, and the reac
tio n  rate constant o f  the form ation o f M TDQ -DA radicals was com parable w ith  
th a t o f the DM PO-OH adduct.

(iii) E vidence w as obtained in  superoxide free radical generating system  
th a t MTDQ-DA participated  in the free radical reactions. I t  can he assum ed  
th a t the presence o f  MTDQ in the cell m em branes m ay im prove the protection  
o f  membrane com ponents against free radical attacks.
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1. The role of exogenous parathyroid  hormone (PT H ) and stim ulation or inhibition  
of endogenous horm one release, on the parotid  gland of norm al and thyroparathyroidec- 
tom ized (t.x .p .t.x .) goats was studied.

2. The in travenous infusion of PTH  and EDTA produced a transito ry  rise in 
saliva flow ra te  in in tac t anim als. In  t.x .p .t.x . goats the  flow  of saliva decreased tran s i
en tly  th roughout th e  infusion.

3. The calcium levels in  parotid  saliva was unchanged th roughout the infusion of 
PT H , EDTA, calcium gluconate bo th  alone or w ith propranolol, in either in ta c t or 
t.x .p .t.x . animals.

4. The para thyro id  horm one infusion caused an increase in salivary phosphate  
concentration in  bo th  in tac t and operated goats. The effects of PTH  upon the  salivary  
flow and concentration of P  are discussed.

Keywords! goat, PT H , calcium gluconate, EDTA, paro tid  gland

I t  is -well known th a t the regulation o f saliva secretion in  m am m als is 
em inently nervous, how ever in  rum inants certain horm onal control seem s 
possible. The reabsorption o f phosphate by the renal tubu les and the absorption  
of phosphate from the gut are known to  be affected b y  PT H  (parathyroid hor
mone) [1]. On the contrary rum inants usually  excrete litt le  phosphorus in  their  
urine (3, 18, 24, 26, 29) and th ey  secrete large am ounts o f  phosphate b y  saliva  
into their gastrointestinal tract [10, 11, 16]. The phosphate plays an im portant 
role because m icrobial ferm entation  in  the rumen has a high phosphorus requi
rem ent b oth  for buffering and to  satisfy  m icrobial needs [6].

For som e tim e phosphorus balance was thought to  be regulated b y  in tes
tinal absorption (8, 27); how ever some recent studies have led to the suggestion  
th at the salivary glands m ay represent the major side o f  control (21, 22, 25) and

Correspondence should be addressed to  
A. V a l v e r d e
D epartm en t of Physiology, Farm acological Faculty , U niversity  of G ranada 
18071 G ranada, Spain

7 Acta Physiologica Hungarica 74, 1989
Akadémiai Kiadó, Budapest



296 M. D. Isac  e t  al.

th a t  the variation in faecal phosphorus excretion  is achieved through an in
crease or decrease in  th e  am ount o f phosphorus secreted in to  th e  gut via the  
sa liva  (22). Since th e  parotid  glands secrete large quantities o f  phosphorus and 
since the secretion o f phosphorus to  the gut appears to play a m ajor role in the  
regulation  of phosphorus hom eostasis in rum inants because th ese animals are 
m ore dependent on the d igestive tract th an  on the kidneys as a pathw ay for 
phosphorus excretion [3, 23, 24], it  seem s plausible that P T H  m ay exert an 
action  on this secretion. The inform ation presently  available on the effects of 
P T H  on parotid sa livary  secretion in  rum inants is inconsistent. Some authors 
h a v e  found that P T H  increase phosphate concentration in saliva  [4, 23, 28] but 
othershave not [1 4 ,1 9 ]. T hew ork described below  was carried ou t in  anattem pt 
to  resolve this discrepancy b y  investigating  th e  effect that the adm inistration of 
exogenous PTH or the endogenous release o f  th is hormone exerts on various 
plasm a and salivary param eters in  norm al and t .x .p .t .x . goats.

M aterials an d  m ethods

Seven adult G ranadinas goat weighing 35—40 kg were used in th is study . D uring the 
experim ents the anim als were housed in cages and fed 1 kg per day a lucerne and broad bean 
d ie t, having free access to  w ate r and to  a m ineral salt lick. Any uneaten  food was rem oved 3 
hours before the experim ent w as begun.

Collection of saliva: E ach  anim al was fitted  w ith  an unilateral p aro tid  duct catheter 
according to  the m ethod described by  Coats e t al. (5). Saliva was led down a polyvinyl tube to  a 
collecting bottle a ttached  to  a collar around the neck of th e  animal. I t  was usual to  catheterize 
th e  jugu lar veins w ith a polyvinyl ca the ter, one for infusion and the others for th e  w ithdraw al 
o f blood samples. The ca th e te r was k ep t filled w ith  0.14 M sodium chloride containing 50 units 
o f heparine per ml.

Thyroparathyroidectom y (t.x .p .t.x .): This operation  was perform ed under halo thane 
anaesthesia according to  the  m ethod  described by  Care e t al. [2]. Supplem entation w ith  5 mg 
sodium  L-tyrosine was given weekly by  subcutaneus in jection  to  establish an  euthyroid  state. 
I t  w as necessary to rem ove b o th  thy ro id  lobes because of the  presence of an in terio r parathyroid  
g land in each lobe.

Intravenous PT H  (Eli-Lilley) infusion: A prim ing dose of 100 U SP of P T H  was injected 
in travenously  following th e  30 min. control periods. This priming dose was followed by an 
in travenous infusion of P T H  a t  a ra te  of 200 U SP/h for 2 h.

Infusion of EDTA : A fter two 30 min. control periods, EDTA was infused a t a ra te  of 
6 g /h  for 1 h. This te s t was only carried ou t obviously in  norm al goats.

Calcium infusion te s t: Calcium gluconate (15 mg Ca/Kg) was diluted in  216 ml of norm al 
saline and infused a t th e  of 1.8 m l/m in. for 2 h.

Combined calcium and  propranolol (Sumial, I.C .I. PHARMA) infusion tes t: A fter two 
30 m in. control periods calcium  gluconate was infused by  th e  same protocol as outlined above. 
A t 1 h  propranolol infusion (8.3 /ig/K g/m in.) was superim posed so th a t  th e  anim al received 
calcium  alone during th e  f irs t  hour and then  calcium plus propranolol during th e  second hour.

In  all the experim ents, sam ples of saliva and  blood were collected tow ards the end of 
each 30 min. period, un til tw o h  after the respective infusion was finished.

A nalytical m ethods: Salivary  flow ra te  was m easured gravim etrically. Inorganic phos
p h a te  in  saliva was m easured by  th e  m ethod of Fiske-Subbarow  [7]. Inorganic phosphate in 
p lasm a was measured using a phosphate tes t of F . H offm an-La Roche and  со. L td . (Switzer
land). T otal calcium in saliva and  plasm a was determ ined by  atomic absorption  spectrophoto
m etry  (Pye Unican SP 90 A).

S tatistical procedures: Assays were expressed as means (SEM). S ta tis tica l significance 
w as evaluated by S tuden t’s “ t ”  test.
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R esults

PT H  infusion: PTH  infusion given to  in tact anim als led to a sign ificant 
transitory increase (p <  0.01) in  the flow  o f  saliva during the first h a lf an hour 
o f infusion, w hen the horm one w as also adm inistered v ia  i.v . injection  (100  
U SP ). W hen given to t .x .p .t .x . animals how ever, PT H  tem porarily reduced  
the secretion o f saliva. Calcium levels in  parotid saliva were unchanged follow 
ing infusion in both in tact and operated anim als. D uring infusion, a slight 
increase w as noted in salivary phosphate levels in  both  in tact and t .x .p .t .x .  
subjects (F ig. 1). No change was observed in  plasm a calcium  or phosphate  
levels throughout the period o f PT H  infusion.

ED T A  infusion: The infusion o f E D T A  in  in tact goats produced results 
sim ilar to those recorded w ith  PT H  in term s o f secretion rate and calcium  
concentration  in  parotid saliva. N o change was noted in  salivary phosphate  
levels follow ing the adm inistration o f ED T A  (Fig. 2).

Calcium gluconate infusion: Calcium gluconate, w hen given to  both  
in tact and t .x .p .t .x . anim als, failed to m odify parotid salivary secretion rates 
(F ig. 3). Jo in t adm inistration o f calcium  gluconate plus propranolol to  in tact  
anim als likew ise had no effect on salivary flo w ra te  (Fig. 4). Under the present 
experim ental conditions no changes were seen in  either salivary phosphate or 
calcium  concentrations during calcium  gluconate or propranolol adm inistration. 
H ow ever the infusion o f the former in in tact anim als w as follow ed by a rise in  
salivary cation  levels (Fig. 3), parallelled b y  a significant increase in  calcem ia  
(p <  0.01) (Table I).

Table I

Concentrations o f  calcium and inorganic phosphate in plasma from  normal and t.x.p.t.x. goat before 
and during infusion o f P T H  (n  =  3 n — 3 ), E D T A  (n  — 11), calcium gluconate (n  =  5 n =  8) 

and calcium gluconate plus propranolol (n  — 4)

Norm al T .x .p .t.x .

Inorganic
T otal calcium Phosphate 

И / 1) (mM/1)

Inorganic
T otal calcium Phosphate 

(“ МД) (mM/l)

Infusion of PT H Basal 2.60±0.08 1.33±0.14 1.23±0.22 2.38±0.30
During infusion 2.66±0.04 l.I5 ± 0 .0 3 1.06±0.06 2.04±0.05

Infusion of EDTA Basal
During infusion —

1.88±0.15
1.51±0.07 —

—

Infusion of calcium Basal 2.49±0.12 2.42±0.17 1.81±0.08 1.45±0.22
After lh  infusion 3.64±0.10 2.60±0.07 3.24±0.10 1.25 ± 0 .0 8

gluconate After 2h infusion 4.01±0.06 2.60±0.10 3.38±0.09 1.27±0.08

Basal 2.71±0.27 2.71±0.05 — —

Infusion of calcium Infusion of calcium
gluconate plus 
propanolol

gluconate 
Infusion of propa-

3.84±0.06 2.36±0.08

2.25±0.05nolol 4.32±0.06 — —

(Mean values±S.E .M .)
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Q. —
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Fig. 2. Effects of E D T A  on the salivary flow ra te  and th e  concentrations of calcium and 
inorganic phosphate. The m ean values are exp ressed iS .E .M .

Discussion

Salivary flow  rate: As Figures 1 and 2 show, both exogenous (infused) 
and endogenous (released following the adm inistration o f EDTA) PTH  pro
duced a transitory rise in  parotid salivary secretion in  in tact anim als, sim ilar 
to  the effect described b y  Clark and al. [4] in conscious sheep. Paradoxically, 
the same dose o f P T H  in t .x .p .t .x . goats had the opposite effect o f tem porally  
reducing the flow  o f  saliva. W e can offer no clear explanation  for this finding, 
although the drop seen in  experim ental anim als m ay be a consequence o f th is  
param eter’s characteristic variab ility  in  rum inants [17, 20], rather than  a strict
ly  hormonal effect. A  further p ossib ility  is th at PT H  m ay increase blood flow  
to the parotid g land, as suggested b y  W right et al. (29). Such an effect would go 
unnoticed in t .x .p .t .x . anim als, in  w hich lower plasm a levels o f PT H  are 
reached.

In support o f  the above-m entioned concept, the adm inistration of a cal- 
cem ia enhancing dose o f calcium  gluconate (Table 1) which w ould theoretically
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infusion 15mgCa*‘/kg i n f u s i o n  p r o p r a n o l o l  ( 8. 3 u g  /  k g  / mi n  )

■Л

e гU

% Z 0.10 -
°  -8
-  e 0.05-
°  6

H------------- 1--------------1--------------1------------- 1
0  1 2  3 4

t i me  ( h )

Fig. 3. Effects of calcium  ou the salivary flow  ra te  and the concentrations of calcium and
inorganic phosphate  in  norm al ( ф --------- ф )  and t.x .p .t.x . (O --------- O ) goat.

T he mean values are expressed —S.Ë.M.

in h ib it, at least partly , th e  release o f  endogenous PT H , produces no change in  
the rate o f salivary flo w  (Fig. 3). Furtherm ore the jo in t adm inistration' of 
calcium  gluconate plus propranolol (a beta-adrenergic blocker), w hich w ould be 
exp ected  to drastically inhibit P T H  release [12], also failed to  influence  
sa livary  secretion.

These findings lead  us to believe th a t PT H  “ per se” , under norm al condi
tion s, has not effect on th e  flow  o f sa liva . The rise in  secretion recorded in  the  
present study during P T H  infusion or follow ing ED TA -induced endogenous 
release are likely to  he traceable to  high circulating levels o f  the hormone.

Composition o f  th e  saliva secreted: In  view  o f the im portance o f  PTH  in  
regulating the m etabolism  of phosphorus and calcium , the infusion o f this  
horm one, or a lternatively  a change in  plasm a levels, m ight be expected  to  
m od ify  the mineral com position  o f parotid  saliva, at least as regards calcium  
and phosphate content. N evertheless P T H , EDTA, and calcium  gluconate both
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alone and w ith propranolol all failed to  influence calcium  levels in  saliva 
throughout the infusion in  either in tact or t .x .p .t .x . goats (Figs 1, 4). In  con
trast, after 1 h of calcium  gluconate infusion a sm all but steady rise appeared in  
sa livary  calcium concentration  (Fig. 3). This was considered a logical observa
tio n  as the continuous in fusion  provoked a significant rise (p <  0.01) in  calcemia 
(Table 1) which in turn m ay  have led to an increase in ion filtration  at the level 
o f  the acini, thus raising calcium  levels in the saliva. This effect was n ot observed 
in  anim als lacking th yro id  and parathyroid glands (Fig. 3), owing m ost likely to  
th e  fact that the calcium  gluconate infusion led to lower levels o f  calcemia in 
such anim als. Given th a t  salivary calcium  concentration is dependent on reab
sorption  processes w ith in  the ductal system  (13), the sm aller rise in plasma 
calcium  levels in operated animals w ould be insufficient to cause a clear increase 
in  salivary cation levels .

The notew orthy phenom ena w hich should be m entioned w ith  regard to  
sa livary  calcium secretion: 1) The changes noted in this param eters following 
the infusion of PTH  in  in ta ct or t .x .p .t .x . goats followed the sam e pattern as 
sa livary  secretion rates, and 2) calcium  gluconate led to salivary calcium  levels 
w hich reflected the changes in  concentration described above in  both  groups o f  
anim als.

Considering the relative insignificance of salivary calcium  secretion in 
rum inants both in q u an tita tive  terms and in light of its role in  d igestion, it is 
not surprising that h ard ly  any hormonal effect on cation m ovem ent through the 
various glandular com ponents should have been detected (14, 23).

The rise in salivary phosphate concentration following the adm inistration  
o f P T H  (Fig. 1) in t .x .p .t .x . anim als, could be attributed to  the concom itant 
horm one-induced fall in  salivary flow , as previous studies (9) have described 
a n egative correlation betw een  salivary secretion and phosphate levels in  the 
sam e. W hen salivary phosphate levels are expressed as the percentage o f total 
saliva  in  the form o f phosphate, the effects o f  PTH  becom e obvious: phosphate 
levels rise in intact goats through the entire period of infusion returning tobasal 
values when adm inistration ceases. H ence exogenous PTH  clearly influences 
sa livary  phosphate concentration, in  agreem ent w ith  previous findings in  
conscious (4) and anesthetized  sheep (23, 28). The present results also support 
the hypothesis developed b y  W right et al. (29) according to w hich the PTH-in- 
duced rise of salivary phosphate levels is th ou gh t to be a consequence of a higher 
degree o f  phosphate secretion  by the acini, as under normal conditions the paro
tid  ducts in the sheep gland are known not to  reabsorb phosphates (29). Moreo
ver the previously described effects on salivary flow  are necessary conditions 
for the PTH -induced rise in  salivary phosphate concentration.

The effects o f P T H  on salivary phosphate levels in norm al anim als were 
n ot seen in t .x .p .t .x . anim als. Several different factors m ay serve to  account for 
th is finding: 1) Under th e  present experim ental condition the t .x .p .t .x . animals
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received supplem entary thyroxine b u t not calcito nin, and as Clark [4] and Mat- 
sui et al. [15] have pointed  out, th e  latter horm one m ay  play a k ey  role in  
phosphate secretion b y  the rum inant salivary gland. A lternatively , 2) as it  
was m entioned earlier w ith  regard to  th e  changing levels  o f salivary flow , it  
cannot be ruled out th at the lack o f PTH  effects on salivary phosphate in 
t .x .p .t .x . anim als m ight be due to  excess levels o f circulating P T H .
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CAERULEIN-INDUCED DESENSITIZATION OF ENZYME 
SECRETION FAILS IN NEONATAL RAT PANCREAS1
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Pancreatic  segments of 1-, 3-, 5-, 10-day-old and adu lt female OFA (Sprague- 
Dowley stra in ) ra ts  were superfusedw ith graded concentrations of caerulein (10 ~12—10—7 
M) to  establish concentration-response relation  of amylase release. Furtherm ore, pan c re 
atic segm ents of 3-, 5-, 10-day-old and ad u lt ra ts  were superfused w ith  10 ~10 or 10 ~8 M 
caerulein and  th en  superfusion was repeated  w ith 10~10 M concentration  of caerulein to  
show w hether th e  phenomenon of desensitization of amylase release can be induced in  
the postna ta l period. The 1-day-old pancreas was found practically  insensitive to  caeru 
lein. The 3- and  5-day-old gland was by one order of m agnitude less sensitive (E D max =  
10~8 M) th a n  th e  adu lt pancreas (E D max =  10-9 M). R epeated superfusion of the  3- and  
5-day-old pancreas w ith 10-10 M caerulein after the first 10_s M caerulein superfusion 
failed to  cause desensitization, while th e  same (10 ~ 10 M) repeated  superfusion of th e  
10-day-old a d u lt pancreatic segm ents after th e  firs t 10-8 M caerulein superfusion 
evoked desensitization of enzyme release.

The au thors suggest th a t  th e  failure of desensitization of enzyme secretion for 
caerulein m ay  be due to  the m atu ra tion  process of newborn r a t  pancreatic acinar cells a t  
receptorial and postreceptorial level.

Keywords: caerulein — desensitization — enzyme release — neonatal p a n 
creas — ra t

Incubation  o f in tact pancreatic acini prepared from  m ouse, rat [12] or 
guinea pig pancreas [1, 2] w ith supram axim al concentration o f carbachol [12] or 
CCK (cholecystokinin) and its analogues [1, 2, 12] results in a subm axim al 
am ylase release. Prior incubation o f acini w ith  supram axim al concentration  o f  
carbachol [12] or CCK-OP [1, 2] abolished the subsequent stim ulation  o f am y 
lase discharge induced by other secretagogues, the stim ulatory action o f w hich  
is m ediated b y  m obilization o f intracellular calcium  (CCK, caerulein, carbachol 
e .t.c .). The phenom enon is term ed as “ desensitization” , [12] or “restricted  
stim ulation” [2].
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In  previous studies i t  was found th a t the newborn rat pancreas was less 
sensitive to  caerulein in  vivo  [9] and in  vitro  [4, 8, 11] th an  the pancreas o f  
adult rats. Starting from  th is point we exam ined  w hether desensitization of 
enzym e release can be induced in  the new born rat pancreas in  vitro  subsequent 
upon such a dose o f caerulein which is supram axim al in adult rats.

Materials and m ethods

Studies were perform ed on isolated segm ents from  1 — 10 days old suckling ra ts  and adu lt 
ra ts  (180—220 g) [10]. The day  of b irth  was called D ay  1. Female OFA (Sprague-Dowley strain) 
ra ts  were killed by a blow to the  head and the pancreas was quickly rem oved and placed in  a 
modified K rebs —Henseleit solution of the following composition: NaCl 103 mM, KC1 4.7 m l ,  
CaCI, 2.56 mM, MgCl2 1.13 mM, N aH C 03 25 mM, N aH 2P 0 4 1.15 mM, D-glucose 2.8 mM, Na 
p y ruva te  4.9 mM, Na fum arate  2.7 mM, Na g lu tam ate  4.9 mM, pH  7.4. The solution was m ain
ta ined  a t 37 °C and gassed w ith  5%  C 02 in 0 2.

The pancreas was cu t in to  small segments (3 — 5 mg). A to ta l w eight of about 150 mg was 
placed in a tissue flow cham ber of 1 ml capacity, and superfused a t  a steady  ra te  of 1.4 m l/m in 
w ith  K rebs — Henseleit solution. The first 30 m in effluent was discarded. Subsequently, 3-min 
fractions were examined.

The amylase concentration  in the effluent fractions was m easured by a spectrophotom e- 
tr ic  m ethod [3]. The stim ulus-evoked amylase release (i.e. the above basal amylase ou tpu t) was 
rou tinely  expressed in term s of th e  peak response in U/min/100 mg tissue. Caerulein (Takus^, 
B atch  TF/23326, Farm italia , Carlo E rba, Milano) was added directly  to  the superfusion solu
tion  in  known concentrations. E ach  concentration was given for 6 min.

In  th e  firs t study  pancreatic  slices of 1-, 3-, 5-, and 10-day-old suckling and adu lt ra ts  
were used to construct concentration-response curves fo r  caerulein in a dose range of 10-12—10 ~7 
M. Amylase release was expressed in percentage of th e  m axim al peak response, except in th e  
stu d y  w ith newborn ra ts  younger than  24 hrs. In  th a t  case changes in  peak amylase ou tpu t 
were given in per cent of basal secretion prior to stim ulation .

In  the second study  caerulein-induced desensitization was investigated. Pancreatic seg
m ents from  3-, 5-, and 10-day-old suckling ra ts  and  from  adult ra ts  were used. The slices were 
firs t superfused either w ith 10-10 or w ith 10 _8 M caerulein for 6 min. Then the segments were 
washed w ith K rebs—H enseleit solution for 21 m in. T hereafter, they  were superfused by 10-10 
M caerulein. Peak amylase response was m easured a fter the first and th e  second stim ulation 
period, and expressed in  U /m in/100 mg pancreas (m ean =  S.E.M.). S tatistical differences were 
calculated, after analysis of variance using D u n n ett contrasts [6].

Results

C o n c e n t r a t io n - r e s p o n s e  r e l a t i o n  to  c a e r u l e in

No m axim um  of am ylase release w as found for caerulein in  newborn  
(1-day-old) rat pancreas. Therefore, at th is  age group, the peak am ylase res
ponse was expressed in  per cent o f  basal am ylase release. No stim ulation was 
observed at 10~ 12—10 -9 M caerulein. P eak  am ylase response increased dose- 
dependently for 10 ~8 M, 10“ 7 M, and 10 ~e M concentrations o f the peptide  
(9 .7 ^ 5 .9 % , 1 5 .9 ^ 1 1 .5 % , 3 3 .4 ^ 8 .1 % , respectively) (Fig. 1). The m axim um  o f  
am ylase secretion was found at 10 _8 M caerulein concentration at the postnatal 
3rd and 5th days, while it  was measured betw een 10-8 and 10~ 9 M concentra
tions in the 10-day-old rat pancreas. In  adult rat pancreas the m axim um  of  
am ylase release was observed at 10~9 M caerulein (Fig. 2).
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Caerulein-induced desensitization

The first superfusion w ith  either 1 0 ~ 10 M or 10~8 M caerulein induced a 
substantial increase in  am ylase ou tp u t from pancreatic segm ents both  in  suck
ling  and adult rats. The caerulein-induced am ylase response was about fiv e  tim es  
higher in the adult pancreas th an  in the glands o f 3 —10 day-old suckling rats 
corresponding to  the higher am ylase content o f  the adult pancreas [4]. The

■7.

Fig. 1. Concentration-response curve (m ean± S .E .M . of per cent of basal release) of amylase 
elease from pancreatic segments to  g rad ed  concentrations of caerulein in  new born (1-day-old) 
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of amylase relea se from  pancreatic segm ents to  graded concentrations of caerulein in  suckling 
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Acta Physiologica Hungarica 74, 1989



308 M. Papp et al.

3-days- 5 -d ay s - 10-days- adu lt ra t*  
old old old

Fig. 3. Amylase release of pancreatic  segments (m e a n iS .E .M . of U/min/100 mg pancreas) to 
the f irs t  superfusion w ith  10 ~10 (1) or w ith 10 ~8 (2) M caerulein and release to th e  repeated 
superfusion w ith 10_I° M caerulein  after the f irs t 10 ~10 (3) or 10-8 (4) M caerulein (each column 
represents 4 — 6 experim ents). * p  <  0.05 vs th ird  colum n of the same age group (i.e. significant 
difference in  amylase response for 10-10 M caerulein depending on the previous subm axim al or 

supram axim al stim ulation) (num bers in b rackets m ean those of columns)

second superfusion w ith  th e  10-10 caerulein concentration  did not reduce the  
am ylase release in any in vestigated  age group if  the pancreas was superfused  
prior b y  1 0 ~ 10 M caerulein . In contrast, w hen the pancreas was first superfused  
b y  10 ~8 M caerulein, th e  second superfusion w ith  the 10 ~ 10 M dose reduced the  
am ylase release (caused desensitization) in  the pancreas of the 10-days-old  
and ad u lt rats, while i t  d id  not cause desensitization  in  the pancreas o f  3- and 
5-day-old  rats (Fig. 3).

Discussion

In  the present s tu d y  we have confirm ed the earlier observations th a t the  
pancreas is insensitive to  caerulein at age younger th an  24 h [4, 11], and th at  
the gland is less sen sitive  in  vivo [9] and in vitro  [4, 8, 11] to  the peptide in  the
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early postnata l period th an  the pancreas o f  adult rats. A fter a previous supra
m axim al caerulein stim ulation  o f enzym e release we elic ited  desensitization  of 
enzym e discharge w ith  subsequent subm axim al stim u lation  of the adult rat 
pancreas w ith  a CCK analogue as it  was published earlier [1, 2].

The new point o f  our study is th a t pancreatic segm ents o f 3- and 5-days- 
old suckling rats previously superfused w ith  a dose o f  caerulein which is supra
m axim al in  adults do not respond w ith  desensitization — a decreased discharge 
o f am ylase — to  the subsequent subm axim al concentration  o f caerulein.

In  adult rats com bination o f subm axim al concentrations o f agonist 
stim ulants (e.g. carbachol-)-caerulein) acting through intraacinar Ca2+ m obili
zation  has an additive effect on am ylase release, com bination  o f their supra
m axim al or m axim al and subm axim al concentrations has no additive effect 
on am ylase discharge [12]. The previous application o f  a supram axim al caeru
lein  concentration inhib its the effect o f  a subsequent agonist (carbachol) or the  
response to  Ca2+ ionophore. Thus, th e  inhibition is due to a postreceptor  
phenom enon distal to the receptor [12].

In  contrast to th e  adult pancreas, the neonatal pancreas at age younger  
than  24 hrs is practically insensitive to  CCK-OP in vitro  but gives secretory  
response to  Ca2+ ionophore [7, 11]. The newborn pancreas at age older th an  24 
hrs is still less sensitive to  the CCK analogue caerulein in  vivo  and in vitro  than  
the adult rat pancreas [4, 8, 9, 11]. The am ylase release and the specific binding  
o f  labelled CCK-OP to  acinar cell receptors increase w ith  age from 2-day-old  
pups to 14-day-old rats. The latter reaches a plateau betw een  3 and 14 p ostna
ta l days succeeded b y  a higher plateau in  weanling and adult rats [11]. The 
responsiveness to  cholinom im etics is also acquired b y  th e  newborn pancreas 
during a m aturational process postnatally  [5].

In  the present stu d y  we observed th a t 10~8 M caerulein dose induced  
m axim al am ylase discharge in  3- and 5-days-old rat pancreas, while th is caeru
lein  concentration w as supram axim al in  10-day-old or in  adult rats. Conse
quently , th is 10 ~8 M caerulein induced desensitization  in  the pancreas o f  rats 
older than  10 days, b u t not in  the 3- and 5-day-old rat pancreas, show ing th at  
acinar cell desensitization is a direct consequence o f  supram axim al caerulein  
stim ulation . W e suggest th a t the fading desensitization  in  the early p ostnata l 
period m ay he due to  th e  m aturation process o f acinar cells at receptorial and 
postreceptorial (e.g. m aturation  of intraacinar transduction  events) [4] levels. 
The low  sen sitiv ity  o f  the newborn pancreas to excessive stim uli m ight be 
regarded as a “ self-defense” m echanism  against an accidental nutritional 
supram axim al stim ulus in  the early postn ata l period.
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The rate  of lipid la tera l diffusion has been investigated by com puter sim ulation of 
electron spin resonance (ESR ) spectra of spin-labelled dim yristoyl phosphatidylcholine 
(DMPC) vesicles. An optim ization m ethod has been developed to  f it the experim ental 
spectra to the theoretical ones calculated from  the modified Bloch-equations in order to 
determ ine frequencies of probe-probe collisions and the lipid la teral diffusion coefficients. 
The main results of this study  are: (i) Due to the sensitivity of our m ethod to  the ex ten t 
of the overlapping of hyperfine spectral lines it  is possible to  determ ine the spin exchange 
contribution  to  linebroadening, (ii) I t  is obvious from these com puter analyses th a t  over 
a wide range of tem peratures well above th e  phase transition  bo th  static dipolar in te r
action and dynam ic spin exchange make significant contributions to  the linebroadening, 
(iii) Lipid la teral diffusion coefficient in  DMPC bilayers a t  36 °C was (2 .3± 0 .2 ) X 10~11

Keywords! lipid la tera l diffusion, spin-labelling, E SR

D ue to  its  u n iq u e  tim e  scale, sp in -lab e l E S R  spec tro scopy  has o p tim a l 
se n s itiv ity  fo r s tu d y in g  lip id  dynam ics in  m odel and  bio logical m em branes [4]. 
B u lk  lip ids an d  th e ir  sp in -labelled  analogues undergo ra p id  acy l ch a in  isom eri
za tio n  an d  la te ra l d iffusion  in  flu id  b ilay e rs  [8]. T h e ir m o tio n a lly  av e rag ed  
E S R  sp ec tra  can  read ily  be reso lved  from  th e  pow der p a t te rn  o f so lv a tio n  lip ids 
im m obilized  by  in te g ra l m em b ran e  p ro te in s  [3]. In te ra c tio n  of lip ids w ith  peri- 
p h e ria l m em brane  p ro te in s  is m ore d ifficu lt to  in v es tig a te  because th e  sh o rt 
in tra m e m b ra n e  p o ly p ep tid e  loops re su lt in  less effective acy l chain  im m o b ili
za tio n , p a rtic u la r ly  close to  th e  m e th y l te rm in a ls  [5]. E le c tro s ta tic  a d so rp tio n  
o f p e rip h eria l m em brane p ro te in s  on m em b ran e  surfaces shou ld , how ever, re su lt 
in  a red u ced  ra te  of lip id  la te ra l  d iffusion. As a firs t  s tep  to  p rove  th is  h y p o th esis  
we h av e  generalized  th e  S ack m an n -T rau b le  a lgo rithm  [7] to  include m o tio n a lly  
av e rag ed  an iso trop ic  lineshapes in  o rd er to  s tu d y  lip id  la te ra l  d iffusion. H ere  we 
re p o rt o u r f irs t  resu lts  in  con ju n c tio n  w ith  an  o p tim iza tio n  m eth o d  o f co m p u 
te r-a ss is te d  lineshape analyses o f E S R  sp e c tra  of sp in -labelled  DM PC vesicles.
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M ateria ls an d  m ethods

Materials. l,2-dim yristoyl-sn-glycero-3-phosphorylcholine (DMPC) was obtained from  
F lu k a  (Buchs, Switzerland). T he lipid gave single spot by  th in  layer chrom atography (solvent 
system : C6H 14/CH3O H /33%  N H 3, 65/30/3, and m olybdenium  staining followed by sulfuric acid 
charring) and was used w ith o u t fu r th e r purification. C-16 positional isomer of spin-labelled 
stearic  acid (16-SASL) was obtained  from  Aldrich Chemical Co. (Beerse, Belgium).

Preparation o f lip id  vesicles. L ipid and spin probe a t  different ra tio s were m ixed in  
chloroform /m ethanol, evapora ted  to  dryness by  N2 gas stream , and evacuated  for several hours 
to  rem ove solvent traces. L ipid vesicles were prepared from  these dry  lipid films by dispersion 
in  2 mM Hepes, 1 mM ED TA  (pH  7.4) buffer solution a t  a final concentration of 10 mg/ml.

E S R  spectroscopy. E S R  spectra were recorded w ith  a JE O L  X -band E SR  spectrom eter 
(JE S -P E -1X , Japan) using 100 kH z m odulation technique. Typical instrum ental setting: 
m icrow ave power, 8 m W ; scan range, 10 mT; m odulation am plitude, 1.6 Gp_ p; gain, 103. 
T he ± 1 0 0  mV analog o u tp u t o f the spectrom eter was digitized by a 12 +  1 b it A/D converter 
and  stored as 1 kword datafiles in  a P D P  11/40 com puter (C entral Research In s titu te  of Physics, 
B udapest) using softwares w ritten  by  Dr. J . Czégé (th is Institu te). Spectra recorded a t  low 
label/lipid ratios were sm oothed according to  a polynom ial algorithm ; baseline drifts were 
corrected  by  adjusting vanishing firs t integrals and overlapping aqueous peaks were dig itally  
sub trac ted  using our E SR  softw are package w ritten  in F ortran .

Theoretical lineshape analyses. A t low label/lipid ratios (0.1 — 2 m ol% ) the observed 
linew idth  is the sum of th e  in trinsic linew idth and the exchange effects of th e  unresolved proton 
and  nitrogen hyperfine structures. Sachse e t al. [6] explored several m ethods for the m easure
m en t of the translational diffusion based on different term s; molecular collision rates were 
determ ined from exchange narrow ing of the unresolved proton hyperfine structure and from  
exchange/dipol broadening of the nitrogen hyperfine structure. The two contributions, spin 
exchange and dipole-dipole in teraction , were separated by  their different tem perature depend
ences. In  the range of in term ed ia te  label/lipid ratios (2 — 8 mol% ) the contribution of th e  ex
change averaged proton hyperfine structu re  to  linew idth can be neglected [6]. Sackm ann and  
T räub le  [7] derived a lineshape form ula from the steady sta te  Bloch-equations [1]:

(T2, eff +  3j>ex)u m vex Aum, +  (cum — co)vm =  0 (1)

(T S7eff +  3i’ex)vm — vexAVm, +  (ft>m — cu)um =  — y H , Mm (2)

w here the subscripts m  and  m ' refer to  the nitrogen nuclear quantum  num ber (mj =  + 1, 0, 
— 1), u  and V are the x  and  y  com ponents of the transverse m agnetization, T , eff is the effective 
spin-spin relaxation tim e, and  vex is th e  spin exchange frequency. (F u rth e r notations: com is 
th e  angular resonance frequency, y  is the girom agnetic ra tio , H 4 is th e  microwave m agnetic 
field , and Mm is the value of the steady-state  m agnetization  in the direction of the applied 
m agnetic field.) I t  should be noted  th a t  no explicit reference is made to dipole-dipole in teraction  
in  eqs (1) and (2); its line-broadening effect is absorbed in  T2, eff

T rèft =  ТГ1 +  T ^ dd (3)

The im aginary p a rt of th e  m agnetization, v  =  Xvm, is proportional to  th e  intensity  of th e  
E S R  absorption.

B est fitting sim ulated lineshapes were adjusted  by  least square optim ization; th e  v a ri
ance a  defined as

o =  X(Yexp- Y sim)VrSr2exp (4)

w as minimized by fittin g  T 2 to  lineshapes recorded a t  low label/lipid ra tio  and then  varying 
T 2,dd and pex. (Yexp are Ysjm are the experim ental and sim ulated spectra.)

R esu lts and  discussion

According to  E qs (1) and (2) the exchange contribution to  the linew idth  
can  be determined as

^ ’’ex/C^Xeif "Ь 3 f ex)- (5)
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The fittin g  error (tr) betw een theoretical and experim ental spectra was found to  
he strongly dependent on the exchange contribution even  at constant to ta l  
line-broadening ( T ^ ff - f  3vex =  const.). This was observed at m agnetically  
nondilute spin-label m ole fractions (2 — 8 m ol% ) as the nitroxide hyperfine  
structure began to  merge into a broad sin g let due to  sp in  exhange (exhange  
narrowing). As illustrated in  Fig. 1 a unique m inim um  p oin t could be found for 
the relative contributions o f  vex and T;fdd to  th e  observed line-broadening and  
lineshape changes. The spin-label collision frequency can be determ ined from  
vex, found at the optim al fittin g  error, using the simple relation  [7] vcoll =  3 vex. 
Our least square optim ization  is, therefore, a rapid w ay to  fo llow  changes in  th e  
rate o f lip id lateral diffusion w ith  no need for collection a set o f spectra as a 
function  o f tem perature.

E SR  spectra o f 16-SASL in DMPC bilayers using various label/lipid m ole  
fractions are shown in  F ig . 2. These spectra were recorded at 36 °C in  the liqu id  
crystalline phase o f  DMPC and so m otion a lly  averaged 3-line spectra w ere 
observed. On increasing the label/lipid m ole fraction  a Lorentzian line-broaden
ing was first detected (spectra A and B) and th en  the spectral effects o f  sp in  
exchange were dom inating as expected for interm ediate label/lipid mole frac
tions (spectra C-E). The experim ental spectra are shown together w ith best  
fittin g  sim ulated spectra in  order to  illu strate the quality  o f the sim ulations. 
B est fittin g  sim ulations for interm ediate label/lip id  mole fractions were ob ta in 
ed w ith  approxim ately equal contributions from  the spin exchange and th e  
dipole-dipole term s to the line-broadening as the nitrogéné hyperfine structure  
began to  collapse into an exchange averaged lineshape. M onomolecular lip id  
lateral diffusion coefficien t (D dif{) o f ( 2 .3 ^ 0 .2 ) х 1 0 -11 m 2 s—1 at 36 °C w as  
calculated using a hexagonal lattice m odel o f  tw o dim ensional diffusion from

Fig. 1. R elative fitting  error defined by Eqn. (4) as a function of spin exchange contribution  
defined by E qn. (5). Spectral simulations of the experim ental spectrum  of Fig. 2D were done a t

constant to ta l line broadening
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Fig. 2. Sim ulation of the spin-spin broadened E S R  spectra of 16-SASL spin label in d im yristoyl 
phosphatidylglycerol (DMPC) bilayers a t various label concentrations. D otted lines are ex
perim en ta l spectra and full lines are the sim ulations according to Eqs. (1) and (2). Spectrum  
A is for 0.020 mole fraction  and  vex =  4.8 106 s -1 ; spectra  B, C, D and E  are for mole fractions 
o f 0.038, 0.074, 0 .107 'and 0.137 and exchange ra tes  of 8.0 106 в“ 1, 14.0 106 s _1, 22.7 10® s -1 ,

and 28.8 106s -1 , respectively

th e  dependence o f  label-label collision frequency on mole fraction o f sp in-label 
(C) w ith  the E instein-form ula [2]:

D d i « = d 4 0ll/(12C), (6)

w here d is the lip id-lip id  spacing in  the hexagonal la ttice , w hich was choosen  
to  he 0.93 nm [9].
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A dult Swiss male mice were in jected  intraperitoneally  w ith 2-am inoethylisothiou- 
ronium  brom ide hydrobrom ide (AET) or cysteamine hydrochloride (MEA) in  a  dose of 
400 m g/kg body weight. In  the th irtie th , sixtieth  or n ine tie th  m inute after th e  injection, 
the  anim als were killed and the deoxyribonuclein acid co n ten t in 100 mg of fresh  tissue 
of testes, spleen and liver, was m easured. DNA was ex trac ted  from the organs by  
means of B urton’s m ethod, which is based on the estim ation of deoxiribose co n ten t in  the 
colour reaction w ith  diphenylam ine.

The injection of AET and M EA did no t d istinctly  influence the DNA co n ten t in 
the organs of mice. Statistically  significant differences am ong the groups of m ice were 
no t observed com pared to the controls, in mice treated  w ith  the compound, a decreasing 
tendency in the q u an tity  of the DNA in the organs was found  only.

I t  is now well accepted that D N A  is the m ost im portant hiom olecular site  
regarding the effects o f ionizing radiation  in  cells or in  living organism s [25, 
37, 41]. Thus major part of the literature is focused on tw o principal aspects: 
the estim ation o f radiation damage in  physical and chem ical w ays [2 —4, 7, 
10 — 16, 18, 22, 23, 27, 3 0 —32, 35, 39, 40] and the research of strong radiopro
tectors w hich are able to  reduce th e  harm ful effects o f  ionizing radiation [6, 9, 
17, 19, 20, 24, 26, 28, 38]. The adm inistration o f a radioprotector to th e  anim als 
leads to  radiosensitive reactions connected  w ith  the radiation b iochem istry o f  
nucleic acids. The protectors som ehow  normalize D N A  m etabolism  after irra
diation [6 ,1 7 , 26].

It has been dem onstrated th a t D N A  synthesis was inhibited in  tissues  
w hen rats were in jected  w ith an effic ien t radioprotector 5-hydroxytryptam ine  
(5-HT) (36). For purposes of com parison the radioprotectors AET and M EA  
were used. The aim o f the present stu d y  was to determ ine DNA content in  the  
organs o f adult mice after AET or M EA  treatm ent.
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M aterials an d  m eth o d s

Experim ents were carried  ou t on adu lt Swiss m ale mice. All were k e p t under constant 
conditions, fed on standard  granu la ted  chow and given drinking w ater ad lib itum .

The males were in jec ted  intraperitoneally  w ith  A ET (2-am inoethylisothiouronium  bro
m ide hydrobrom ide, Sigm a, USA), or MEA (cysteam ine hydrochloride, In te rna tiona l Enzymes 
L im ited , England), in a dose of 400 mg/kg body w eight, in  0.2 ml aqua pro injectione (Polfa, 
Poland). The control mice w ere trea ted  in traperitoneally  w ith  0.2 ml of aq u a  pro injectione 
alone.

The animals were killed by  cervical dislocation in  the  th irtie th , six tie th , or ninetieth  
m inu te  after the injection. The body weight and th e  fresh  weight of testes, spleen and liver, 
was m easured, the deoxyribonucleic acid content in  100 m g of fresh tissue was determ ined.

DNA content in  th e  organs of males was determ ined  according to  B u rto n ’s m ethod [5], 
m odified by Giles and M yers [8], Abraham  e t al. [1] and  Setaro and M orley [33, 34]. This 
m ethod  is based on th e  estim ation  of deoxyribose co n ten t in  the colour reaction  w ith diphenyl- 
am ine. Pure deoxyribonucleic acid from  calf thym us (D epartm en t of B iochem istry, U niversity 
o f Lodz, Poland) was used as a standard. The determ inations were made w ith  a Zeiss Specol 
photocolorim eter a t 595 nm.

S tatistical evaluations w ere made by the S tu d en t’s t-test.

R esults

The results o f  the present study are g iven  in  Table I. Am ong the groups o f  
m ice, statistically  sign ifican t differences in  th e  values analysed were not 
observed.

Discussion

A dm inistration o f chem ical radioprotectors into animal organism  causes 
biochem ical and structural alterations, and affects the cellular m etabolism  
[2 1 ,2 9 ] .

The results o f th e  present study indicate th a t after AET and MEA treat
m en t o f  male mice w ith  a radioprotective dose o f  400 mg/kg b od y  w eight, a de
creasing tendency in  th e  q u an tity  of D N A  in  th e  testes, spleen and liver exists. 
Compared w ith the controls, and among all th e  groups of m ice, how ever, statis
t ic a lly  significant differences in  the values w ere n o t found.

After the injection  o f  5-HT alone, w ith ou t irradiation, a short period o f  
depressed D N A  synthesis was observed. H ow ever, one hour later the rate of 
D N A  synthesis was norm al again [36].

Cellular to x ic ity  and the decrease in  D N A  synthesis in  m am m als appears 
to  be reponsible for the protective action. So th e  radioprotectors inhibit D N A  
syn th esis w ithout irradiation , and this effect is certainly connected  w ith  the  
protection  of the recovery processes. Perhaps th e  delay in cell d ivision  and the  
prolongation  of the cell cycle gives the cell m ore tim e to repair th e  radiation  
dam age before n ext d iv ision  [21, 36]. B u t th e  mechanism o f b o th  the tox ic  
effect o f  sulphydryl com pounds to D N A  and their  radioprotection of D N A  is 
n ot w ell known [19, 24].
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Table I

Body weight o f males, weight o f their organs and D N A  content in 100 mg o f fresh tissue in  the partic
ular groups o f Siviss mice
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W eight of

organs DNA content (fig) 
in  100 mg o f tissue 

m ean± S Dbody (g) 
m ean± S D positive (mg) 

m ean ± S D

re
la

tiv
e

T 9 2 2 .5 0 ± 2 .5 9 1 5 4 .2 2 ± 1 3 .1 5 0 .0 0 6 8 6 5 2 .7 9  Jr 2 5 .7 9
3 0 s 9 2 2 .6 7 J r 2 .4 1 1 0 5 .6 1 J r l5 .4 4 0 .0 0 4 6 3 0 7 5 .8 7  J ; 2 5 9 .6 2

L 11 2 2 .4 5 ± 2 .4 1 1 1 8 4 .3 0  J r l6 7 .5 0 0 .0 5 2 7 3 9 2 .4 8  J r 4 5 .8 7

"~o T 7 2 3 .9 3 ± 2 .7 4 1 6 1 .5 7  J r 9 .45 0 .0 0 6 7 6 5 1 .1 2 J r 5 4 .2 7
4-> 6 0 s 10 2 4 .4 0 ± 3 .4 8 1 1 8 .8 0 r h 2 7 . l l 0 .0 0 4 9 2 9 5 6 .4 2 J r l9 1 .2 7
ОО L 10 2 3 .7 0 ± 3 .6 0 1 2 7 8 .7 1 J r 2 1 2 .9 7 0 .0 5 4 4 3 9 0 .3 7  J r 3 1 .7 9

T 8 2 4 .0 0 ± 3 .2 4 1 5 3 .0 6  J ;2 5 .4 1 0 .0 0 6 4 6 4 6 .3 6  J r 2 8 .7 4
9 0 s 9 2 4 .2 2 ± 3 .9 5 1 2 0 .8 9 J r l4 .7 5 0 .0 0 5 0 3 0 0 5 .6 8  J ; 1 9 8 .39

L 12 2 4 .0 0 ± 3 .6 6 1 2 7 0 .6 5 J r 2 2 0 .0 7 0 .0 5 2 9 4 0 0 .4 5  J r 3 3 .3 6

T 9 2 2 .7 8 ± 2 .2 6 1 6 0 .2 2 J r l5 .6 7 0 .0 0 7 0 6 3 2 .0 2  J t4 4 .9 3
3 0 s 11 2 2 .5 9 ih 2 .0 9 1 0 6 .1 4 J r 2 3 .8 6 0 .0 0 4 7 3 0 5 8 .1 1 J r  2 4 1 .1 6

L 12 2 2 .8 3 ± 2 .0 7 1 2 9 2 .0 0  J ;1 5 2 .7 0 0 .0 5 6 6 3 8 7 .6 7  J r 4 7 .1 6

T 10 2 4 .4 0 ± 2 .1 4 1 5 6 .8 5 J r 9 .7 5 0 .0 0 6 4 6 3 6 .3 7  J r 4 2 .53
A E T 60 s 10 2 4 .4 5 ± 2 .1 5 1 1 4 .2 5 J r W .7 2 0 .0 0 4 7 2 9 5 3 .5 7 r h 2 2 1 .0 9

L 12 2 4 .3 3 J r l .9 9 1 3 4 9 .5 7 J r 2 2 4 .8 0 0 .0 5 5 5 3 8 3 .7 6 J r  3 4 .8 8

T 9 2 3 .6 7 ± 2 .3 8 1 5 5 .3 9  J r9 .6 4 0 .0 0 6 6 6 5 0 .6 9 J r 2 7 .7 6
90 s 13 2 3 .6 1 ± 2 .4 8 1 1 7 .2 7 J r 2 1 .5 3 0 .0 0 5 0 3 0 4 5 .4 8 J r 2 2 1 .4 7

L 10 2 3 .9 0 ± 2 .4 8 1 3 2 6 .2 3 J r l7 2 .6 0 0 .0 5 5 5 4 0 6 .8 7  J r 4 2 .3 1

©4-» T 9 2 4 .4 4 ± 2 .2 6 1 5 8 .4 4  J r l9 .9 8 0 .0 0 6 5 6 3 5 .4 8 J r 2 1 .3 5
© 30 s 12 2 3 .6 7 ± 2 .4 7 1 1 7 .7 1  J r 3 5 .04 0 .0 0 5 0 3 0 3 8 .8 6 J r  2 9 4 .6 5
+-> L 13 2 3 .5 8 ± 2 .3 9 1 2 6 8 .0 6 J r l9 2 .0 0 0 .0 5 3 8 3 8 7 .7 9 J r 3 1 .6 9

T 11 2 4 .6 8 ± 2 .6 2 1 5 8 .0 4 J r l7 .5 5 0 .0 0 6 4 6 3 7 .5 0 J r 3 7 .4 4
M E A 60 s 10 2 4 .0 5 r h 2 .8 4 1 1 2 .2 5  J r 2 2 .36 0 .0 0 4 7 2 9 8 1 .4 9 J r  2 4 9 .1 6

L 12 2 4 .3 7 ± 2 .7 1 1 2 7 6 .6 0 J -1 9 8 .1 0 0 .0 5 2 4 3 9 6 .2 7  J r 4 1 .4 2

T 11 2 3 .7 3 J r l .8 2 1 6 0 .9 1  J r l2 .7 5 0 .0 0 6 8 6 4 2 .1 0 J r 4 1 .2 9
90 s 13 2 3 .1 5 J r 2 .1 7 1 1 4 .3 1  J r l9 .0 3 0 .0 0 4 9 3 0 1 5 .7 7 J r l9 2 .6 1

L 14 2 3 .2 1 r h 2 .1 0 1 2 4 0 .2 8  J r l3 5 .6 9 0 .0 5 3 4 3 9 5 .6 8 J r 2 7 .8 9

T-testes, S-spleen, L-liver
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In  countries where osteoporosis in  the ageing process tends to be a m ajor problem , 
th is phenom enon is of particu lar in terest. The consequences of the osteoporosis in  an 
ageing population, especially in th e  coming decades could create serious problem s for 
th e  health  authorities. I t  would be very  interesting to  see th a t  in  an early stage i.e. a t  
menopause i t  could be influenced by  prophylactic trea tm en ts

In  a few countries the prophylactic approach of th e  m enopausal osteoporosis has 
been already introduced. B ut it will tak e  a long tim e before prophylaxis of postm enopau
sal osteoporosis could he considered as a standard  and rou tine  procedure.

Keywords: postm enopausal osteoporosis, prophylactic approach, estrogen-proges
tagen  trea tm en t.

Bone loss w ith  ageing is largely a fem ale problem  resulting from a loss o f  
gonadal function during the clim acteric period. There is a rapid escalation o f  
th is process few years after the m enopause. H owever, A lbright [2] drew already  
our atten tion  to  th e  postm enopausal osteoporosis as long ago as 1941. I t  is on ly  
in the last decade th a t this growing problem  attracted  th e  proper interest o f  
m any investigators [6, 8, 9, 12, 13, 14]. As a gynaecologist m y aim is to  draw  
attention  to  the prevention of the postm enopausal osteoporosis.

W e have to  m ake difference betw een  the osteoporosis after the m enopause 
and the osteoporosis in  ageing process. There is how ever, a third group, called  
“ risk group” w hich is not related to  age. Osteoporosis is characterised b y  de
creased bone m ass and resulting increased su scep tib ility  to  fractures. The 
process usually  starts in  wom en earlier than  in  m en. The exact cause o f  the  
dem ineralisation o f the bones is not y e t  clear but horm ones especially the sex  
hormones p lay here a major role [5, 10].

Osteoporosis has tw o main aspects: a. m aterial and b. non-m aterial one. 
In  the Netherlands we carried out an epidem iological survey of this problem  
[9]. The consequences o f osteoporosis could be seen at th e  age of 65 in w om en  
and th is phenom enon shows a sign ificant increase in  th e  la st 10 years.
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F ig. 1. a) Femoral neck frac tu res adm itted  in D utch  hospitals, b) diagnosis osteoporosis in 
D utch hospitals according to  the Medical R egistration In s titu te  (S.M .R.)

In  1984 there w ere 8100 fem oral neck fractures adm itted  to  the D utch  
h osp ita ls  and 2200 fractures of the vertebral colum n. The m edical costs o f these  
tw o  fractures came nearly  to 200 m illion guilders; on revalidation  and other 
m ed ica l costs the H ea lth  Authorities spent more than  250 m illion guilders. 
I f  th is  tendency w ill be continued in the follow ing 25 years, th e  costs w ill be 
ra ised  three-fold and th e  m aterial aspects o f  osteoporosis w ill am ount to more 
th a n  800 million guilders.

The non-m aterial aspects in m any cases cause no com plaints. Very often, 
h ow ever, the patients are suffering from  acute and chronic bone and muscle 
p a in . A  reflective m uscle pain already occurs b y  small spontaneous fractures o f  
th e  vertebral colum n. The age-related problem s of osteoporosis are m ostly  
sym ptom atic . 27%  o f the patients w ith  fracture o f the fem oral neck will die in  
th e  fir st year of the com plications. The average m ortality around th e  72nd year  
is otherw ise still at 9 per cent. Only 30 per cent o f these patien ts w ill, after a long  
revalidation  reach their fu ll health and a c tiv ity  which th ey  had  before the acci
d en t.
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E specially  in  the countries where the ageing process is a serious problem  
to  the general health, the osteoporosis and its  risks require more a tten tion , our 
interest is not only a theoretical one in the prevention o f osteoporosis.

I f  we are convinced th a t osteoporosis is a major public health problem , 
as well it  rises some questions. F irstly , w hat is the present attitude o f  m edical 
profession and, secondly, w hat is the susceptib ility  o f peri- and postm enopausal 
wom en to  th is problem. Table 1 shows [21] the prim ary care p hysicians’ 
attitude in  th e  U .S.A . according to W allach.

Strategies have to be developed to change the negative attitudes o f  doc
tors w ell as a wom en. In the Netherlands 57 years was the average age in  the 
first tw o decades of this century, and tod ay  the life expectancy o f w om en has 
risen to  80 years. This “third period” o f life which starts at m enopause, needs 
more atten tion  than before [4].

Table I I  shows the risk factors for osteoporosis and table III  the candida
tes for osteoporosis.

In  v iew  o f strategy for diagnosing o f  osteopenia/osteoporosis T able IV  
details the m edical evaluation to be accom plished on osteoporosis candidates  
as th ey  present for routine periodic m edical care. It is anticipated th a t th e  base
line evaluation  will be preceded b y  carefully collected m edical h istory, physical 
exam ination and laboratory studies in order to  exclude other pathology.

Table I

Prim ary care physicians' attitudes concerning osteoporosis (Wallach, 21 )

1. ‘Bad backs’ are common and are alm ost always due to  functional problems
2. I t  is norm al for old people to lose skeletal mass, become kyphotic, lose height, and break bones.
3. I t  is difficult, expensive and unrewarding to diagnose and tre a t metabolic bone diseases.
4. The scientists take too much tim e try ing to explain their area of expertise and are th en  obscure 

and indecisive in their recommendations.
5. No two experts agree on a practical approach to the problem and the advocated procedures and 

treatm ents m ust therefore have questionable effectiveness.
6. This subject is too complicated for prim ary care physicians who m ust trea t scores of patients 

each day to  survive.

Table II

R isk  factors for osteopenia/osteoporosis

1. Postmenopausal status, regardless of age.
2. Advanced age (over age 60).
3. H istory of prolonged immobilization.
4. Medical conditions predisposing to  osteopenia; hypogonadism, hyperthyroidism , hyperpara

thyroidism, Cushing’s disease and syndrome, m alabsorption, idiopathic hypercalciuria, chronic 
renal failure, chronic hepatic insufficiency, rheum atoid arthritis.

5. Lack of physical conditioning.
6. Dietary avoidance of daily products.
7. Alcohol abuse.
8. Corticosteroid or heparin therapy, regardless of dose.
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Table i l l

Candidates for osteopenia/osteoporosis 
(listed by W allach, 21)

1. Postm enopausal women, regardless of age.
2. M en age 60 and above.
3. P a tien ts  w ith one or more additional risk factors (see Table II.).
4. P a tien ts  w ith a prolonged h is to ry  of in term ittent or chronic back pain and disability; a history 

of hip or Colles fractures.

Table IV

Evaluation schedule for osteopenia or postmenopausal osteoporosis and follow-up during treatment

1. Baseline evaluation
a) carefully collected medical h istory;
b) general physical exam ination including vertebral colum n
c) laboratory  tests: horm onal evaluation for menopausal sta tus; thyroid function test; renal- 

and  liver function tests; calcium and phosphor serum  levels; albumin and globulin serum 
evaluation; serum lipoproteins; routine blood tests as sedimentation ra te , hémoglobine etc. 
U rine tests: 24 hours excretion of calcium or fasting two hours morning urine for calcium- 
and hydroxyproline/creatinine ratio ;

d) for bones: X -ray exam inations and measurement of bone mass w ith non-invasive techniques.
2. A nnual follow-up evaluations

a) a, b , c, as above annually or sooner if indicated
b) annual measurements of non-invasive techniques.

Besides the physical exam ination we use laboratory tests and biochem ical 
param eters in the detection  o f  osteopenia/osteoporosis. We determ ine horm ones 
as: F S H , LH , E 2, E x and androstenedione; we perform  thyroid function  te st  as 
T 4, T 3 uptake and FT I; biochem ical tests: as serum creatinine and ureum, 
calcium  and phosphor, album in and globulin; liver tests: as gam m aGT, alkaline  
phosphatase, ALAT, ASAT; serum lipoproteins: H D L , LD H  to ta l and fractions 
as w ell as H D L -cholesterol, tryglicerides. T ests for further routine blood tests: 
are sedim entation  rate, haem oglobine, haem atocrit, red- and w hite blood cell 
analysis, serum glucose. T ests for urine analysis are: albumin, reduction, sedi
m entation; as specific te sts: fasting two hours urine for calcium /creatinine and 
hydroxyproline/creatinine ratio. Tests for bones are: X -ray exam ination  o f the  
vertebral column, especially  for anatom ical purposes.

To measure bone density: dual photon absorption m ethod was applied. 
There are different kinds o f  m ethods, the so-called  “non-invasive” techniques 
for th e  m easurem ent o f bone mass and bone loss.

a) The radiogram m etry is a simple m easurem ent of the thickness o f bone 
cortex  as measured on X -ray  film  that has been exposed according to  the pre
scribed standards; the classical approach has been to measure m etacarpal or 
radial cortical thickness. H ow ever, this stu d y  can be done in  any departm ent 
of radiology, but it requires the use of a fine-grain film  and a carefully standard-
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ized tube-to-film  distance in  order to avoid  problems w ith  variable enlargem ent; 
the film  should be exam ined w ith  a 10-power loupe. This m ethod does not give  
a picture o f  w hat is going on in the trabecular bones. I t  m ust be rem em bered, 
though, th at trabecular bone loss m ay constitute th e  m ajor part o f hone loss, 
particularly in  the years im m ediately after m enopause. Also ordinary X -ray  
have been used for m any years to m ake the diagnosis, b u t th ey  are n ot very  
accurate in  helping to  recognize w hen an individual has less hone th an  it  is 
expected  for her age.

b) The single photon absorptiom etry w ith the Norland-Cameron device  
belongs to the non-invasive techniques. I t  is more accurate than the radio- 
gram m etry. In  this technique the photon  beam originates, usually from  io
dine125. One can detect osteopenia (decreased hone m ass), up to a large degree, 
i t  determines cortical bone, because using distal forearm  m easurem ents, it  is 
possible to  get about 20%  input from th e trabecular bone too .

c) In our research we use the dual photon approach, where single isotope, 
com m only G adolinium 153 is used, th at em its at two different energy levels and 
tw o different gamma rays. This m ethod has the advantage o f a very radiation  
exposure and we can study the trabecular structures m easuring L -l and L-2. 
Trabecular bone appears to  be h ighly responsive to  changes at the tim e of 
m enopause. The rate o f loss o f trabecular bone is several tim e higher th a n  th at  
o f cortical bone, perhaps in the order of 8%  per year, w hile overall bone loss is in  
order o f 3% per year. E xcept the vertebral body we alw ays measure both  sides 
o f the femoral neck, and the mineral content o f the fem ur. Physicians as w ell as 
wom en m ust apply measures th at retard or halt the progress of osteoporosis 
before irreversible structural defects occur. Todays a ttitu d e to postm enopausal 
osteoporosis m ust be changed and prophylactic m easurem ents as well as follow 
up m ust be accepted for m any years. W e are disposing on ly  m otivated  w om en. 
There are three basic rules: a) control o f diet; b) stim ulation  for doing exercises; 
c) estrogen-progestagen replacem ent therapy
ad a) all wom en attending our out-patient clinic have to  consult the d ietist for 
a food analysis. The necessary calcium  intake m ust be 1400 mg daily w ith  a 
ratio 1:1 to phosphorus. I f  the calcium  intake is too low , th e  wom an takes extra  
calcium  w ith  vitam ine D 3. In  cases of m ilk product intolerance and m alabsorp
tion , supplem ent is very  im portant [17].
ad b) In activ ity  leads to  bone loss. There are recent studies suggesting that 
w eight-bearing exercises reduce bone loss [17, 18]. Our advice is body exercise 
in  wom en’s clubs w ith  a trained supervisor. In m any cases physiotherapy  
proves to  be successful especially in  w om en who already have some vertebral 
problems.
ad c) Estrogen replacem ent therapy is h igh ly  effective for preventing osteoporo
sis in  wom en. Estrogens reduce bone resorption and retard postm enopausal 
hone loss. In  the literature one can find  m any case control studies w ith  ben efi
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cial effects showing a su bstantia l reduction in hip and wrist fractures in wom en  
w h ose estrogen replacem ent therapy was begun w ithin the fir st years o f m eno
pause [6, 7, 8]. Studies also suggest that estrogens reduce the rate o f  vertebral 
fractures. In a prospective stu d y  o f 5 years Gambrell [12] show ed the advantage 
o f  com bined estrogen-progesterone treatm ent. In  the epidem iologic part o f  his 
s tu d y  he found an incidence o f  endom etrial cancer in postm enopausal wom en o f  
158:100 000 wom en per year. The low est incidence o f endom etrial cancer, 
70-8 :100  000 wom an, w as observed in the largest group, the estrogen-progesta
gen  users. The highest incidence was found in  wom en using estrogens alone 
(434:100 000). The difference in  the incidences betw een th e  estrogen-proges
ta g en  users and those w ho use on ly  estrogenes a statistica lly  h igh ly  significant 
(p <  0 .0001). The second h ighest incidence o f  endom etrial adenocarcinom a was 
observed  in the untreated  group, an incidence o f  242:100 000 w om en per year. 
The estrogen-progestogen users not only had a sign ificantly low er incidence o f  
endom etrial cancer th an  th ose using estrogens on ly, but the incidence was also 
sign ifican tly  lower than  th a t o f those who use no hormones (p <  0.05). Concern
in g  the breast cancer in  th is study of 5563 postm enopausal w om en followed  
for 24.599 patient-years w ere found to have a breast m alignancy, which m eans 
an overall incidence o f  174:100 000 wom en per years. The exp ected  incidence 
for th is age group, according to  the Third N ational Cancer Survey for ages 55 
to  59, is 188:100 000 w om en, since the m ean age in this stu d y  w as 57.5 years. 
The difference in incidence betw een both the estrogen users and the estrogen- 
progestogen group w as sign ifican tly  lower (p <  0.01) than th a t observed in the  
untreated  women; again an incidence of 95.6:100 000 in the estrogen-progesta
gen group versus 500:100 000 incidence in the untreated group. Gambrell [12] 
clearly  showed the advantage o f the com bined estrogen-progestagen replacem ent 
th erap y  in the postm enopausal wom en. Also he paid a tten tion  to  the beneficial 
effects o f estrogen in  postm enopausal osteoporosis, the in fluence on cardiovas
cular disease and the lipid m etabolism . Still there are wom en at whom  hormon  
su b stitu tion  forms a contraindication o f replacem ent therapy.

One problem o f the cyclical estrogen-progestagen treatm en t has not y e t  
been  m entioned. A 55 year old postm enopausal wom en probably can not accept 
th e  consequences o f regular or irregular m onthly  blood loos for another 6 to  8 
years. The m otivation  and continuation o f a hormon replacem ent therapy, 
notw ithstanding the b en efits, is losing its goal. The future research has to  con
centrate on hormon replacem ent therapy, w ithout uterine b lood loss. During  
th e  la test few years an estrogen-progestagen com bination w ithout causing  
blood  loss was being developed which inducing an atrophic endom etrium  pre
v en ts  not only the clim acteric extragenital com plaints, but also the postm eno
pausal bone loss. A t the Fourth International Congress on the Menopause a 
paper was presented [3] on the “ Long-term  placebo controlled efficacy and  
sa fe ty  study of Org. OD 14” , now registrated in the U .K . as TiboloneR tab lets
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of 2.5 mg [1]. T iboloneR is a synthetic steroid; which has been shown in anim als 
to have a com bination o f weak estrogenic, progestogenic and androgenic (anabo
le) activ ities. In p a tie n t trial no androgenic effect was found. Since lipoprotein  
levels have been d irectly  related to the incidence of coronary heart diseases, as it 
has been shown in a 5 year study [11] OD 14 does not cause significant changes 
in  lipoprotein profiles and m ay be beneficial regarding coronary heart disease  
risk. The beneficial effect on the postm enopausal bone loss also has been show n  
[15]. This com pound showed a sign ificantly  better effect th an  placebo on hot  
flushes and sw eting. A  sim ilar beneficial effect was seen on other extragenital 
sym ptom s listed  b y  the B la tt M enopausal Index , albeit in  lesser extent. In  th is  
respect T iboloneR (Org OD 14) is a com pound w ith considering as an alterna
tiv e  to  conventional estrogen replacem ent therapy causing an atrophic en d o
m etrium , even  after provocating the endom etrium  w ith  lynestrol 5 m g as 
progestagen agent.

There is another new  compound K liogestR which consist o f 17-beta-estra- 
diol, estriol and as progestagen norethisteronacetate [20] w ith  the same effects  
as TiboloneR.

Another com bination w ith  Prem arinR and as progestan, norethisteron  
registrated as Prem pakR [16] has been used for treatm ent o f  postm enopausal 
com plaints; one succeded in to  get am enorrhea and endom etrial atrophy, but 
the investigators have to  get more experience to confirm their  findings.

Future horm one replacem ent therapy in the postm enopause requires a 
treatm ent w ith  high estrogen in com bination w ith  a low  progestagen effect to  
avoid osteoporosis w ith  no growth effect upon the endom etrium  and w ith  a 
favourable lipoprotéine profile.

Research on th is subject is still going on.
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In  th is review an a ttem p t has been m ade to sum marize our current knowledge 
on the involvem ent of various endocrine system s in the adap ta tion  of the neonate to  
extrauterine life.

Clinical and experim ental evidence has been provided to  indicate the role of 
catecholamines, glucocorticoids, prostaglandins, vasopressin, endorphines and the renin- 
angiotensin-aldosterone system  in the cardiovascular and resp iratory  adaptation.

Furtherm ore, th e  contribution  of prolactin , vasopressin and the renin-angiotensin 
system  to th e  redistribu tion  of the body flu id  com partm ents after b irth  and to  the 
regulation of neonatal salt and w ater m etabolism  has been dem onstrated.

I t  has been concluded th a t  the endocrine reactions induced by  b irth  process and 
perinatal pathological events are im portan t regulators of successful transition.

K eyw ords: neonatal adapta tion , endocrine system , catecholamines, glucocorti
coids, prostaglandins, vasopressin, endorphines, renin-angiotensin-aldosterone system

Transition to  extrauterine life is a com plex process encom passing changes 
in  the function  o f organ system s and reorganization o f m etabolic processes to  
achieve postnatal hom eostasis. S im ultaneously, pronounced endocrine reactions 
occur w hich are not only accom panying the process of adaptation , but have a 
definite regulatory role. The perinatal endocrine reactions, therefore, should he 
regarded as an im portant prerequisite o f  the adaptation to  extrauterine life . 
W hen pathological events or therapeutic interventions do not allow to develop  
these reactions the success o f adaptation  is endangered and higher rate o f  peri
natal m orbidity and m ortality  can be anticipated.

Some o f the factors influencing perinatal endocrine reaction are as follow s:
1. G estational age
W ith advancing gestational age increasing fetal horm one levels have been  

observed and the endocrine reactions to  stress have been found to be attenuated  
in preterm  when com pared w ith  full-term  infants. The im portance of gestational 
age is further substantiated  b y  the observation that the endocrine responses in  
sm all-for-date and appropriate-for-date newborn infants wdth the same gesta 
tional age are quite similar.
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In  this regard it  is to  be noted th a t com paring sym pathoadrenal activ ity  
in  preterm  and fu ll-term  sheep fetuses Padbury et al. reported substantia lly  
greater increase in plasm a catecholam ines in  preterm than  in  full-term  fetuses, 
the catecholam ine-related cardiovascular and m etabolic responses, how ever, 
were m arkedly a ttenuated  in preterm anim als [54]. It is reasonable to  assum e, 
therefore, th at in addition  to the state o f  m aturity, the responsiveness o f the  
target tissues to horm ones are also im portant determ inants o f fetal-neonatal 
endocrine reactions.

2. Stress o f delivery
Cord plasm a horm one levels are lower after elective caesarean section  

than  after spontaneous delivery, in particular, after instrum ental delivery and 
as the labour progresses significant elevation  takes place in  fetal hormone level 
[38].

3. Severity o f stress im posed by perinatal asphyxia
The more severe h ypoxic insult com plicates the neonatal transition the  

more elevated  hormone levels can be expected . Close correlations have been  
dem onstrated betw een feta l hormone levels and Agpar score, the degree of 
acidosis and hypoxem ia [44]. I t  is o f im portance, how ever, th a t not only the  
sever ity  but the duration o f asphyxia should also be considered. Prolonged  
asphyxia  residts in a gradually dim inished endocrine response and depletion of 
horm one reserves, particularly in  low birth-w eight premature infants [3].

N early all endocrine system s studied are involved in the process of neona
ta l adaptation . This review , however, deals only w ith those which are believed  
to be o f  major clinical significance w ith  respect to the successful transition.

Sympathoadrenal system

Clinical studies on  th e  activ ity  o f  sym pathoadrenal system  during the  
perinatal period proved to  be o f particular im portance because the major fu n c
tion  o f  th is system  to  susta in  hom eostasis during perinatal stress. On the other  
hand, beta-m im etic to co ly tic  therapy is w idely  used in obstetric practice to  
prevent preterm delivery and catecholam ine adm inistration becam e also a 
powerful therapeutic m easure in the neonatal intensive care.

The fetal sym pathoadrenal system  becom es increasingly activated  during  
labour and delivery, in  particular, during instrum ental delivery and w hen it  is 
com plicated by perinatal asphyxia [44]. This activation  m ay be o f particular  
value for the neonatal transition  im m ediately  after birth for several reasons: 
1) catecholam ines stim ulate cardiac perform ance through positive inotropic and  
chronotropic effects and redistribute blood flow  towards the m ost v ita l organs 
th a t is p lacenta, brain, m ycardium  and adrenals [7]. — 2) T hey have been found  
to stim ulate surfactant synthesis and release and to increase the absorption o f
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interstitia l and alveolar flu id  from  the fetal lung. [47, 77]. — 3) M etabolic 
changes occurring after birth are also thought to  be due to increased sym patho
adrenal activ ity . N am ely, glucogenolysis and lipolysis w ith  increased blood  
glucose, free fa tty  acid and glycerol levels are assum ed to be accounted for b y  a 
direct action o f catecholam ine surge, although suppressed insulin and enhanced  
glucagon secretion is also to be considered [30, 39]. The role o f catecholam ines as 
activators of non-shivering therm ogenesis is also to  be m entioned since th ey  
serve as the m ost im portant chem ical mediators o f  m etabolic heat production in  
the neonate [52]. — 4) Circulating catecholam ines have been dem onstrated to  
stim ulate central nervous system  function [23], to  contribute to  the arousal 
reaction of the neonate [23], to increase muscular tone [23], and to  enhance the  
developm ent o f chemoreceptor a c tiv ity  [61].

The im portance o f the h igh ly  activated  sym patoadrenal system  in the  
im m ediate neonatal period is further substantiated  b y  the observation th a t the  
failure o f the neonate to activate th is endocrine system  was found to be associ
ated  w ith  severe disturbances o f  th e  adaptation such as neonatal hypoglycaem ia  
[69] and idiopathic apnoe of prem aturity [40].

Dopam ine, an endogenous catecholam ine has been used increasingly in  
premature infants to  treat low  cardiac output and hypotension associated w ith  
hyaline membrane disease, septicaem ia, perinatal asphyxia and persistent fetal 
circulation. D opam ine adm inistration has also been suggested to  prevent the  
hypotensive side effect of tolazoline given to reduce the increased pulm onary  
vascular resistance and to blunt the renal tubular side effects o f indom ethacin  
given to close p a ten t ductus arteriosus [65, 66, 74].

The pharm acological effects o f  dopamine are dose-dependent. In  low  dose 
increased renal blood flow and im proved renal function, “ a dopam inergic 
effect” was observed and w ith  increasing the dose m yocardial performance 
im proved (“betaadrenergic effect” ) and at an even  higher dose “ alpha- 
adrenergic effect”  w ith increased peripheral resistance and reduced renal 
blood-flow  could be seen [29].

G lucocorticoids

Much clinical and experim ental evidence has accum ulated to support the  
concept that glucocorticoids are effective in accelerating fetal lung m aturation  
and preventing hyaline membrane disease. E xogenous steroids influence fetal 
lung developm ent during the critical period o f gestation  and require delayed  
parturition for 48 hours for m axim al therapeutic effectiveness [48].

Although risk associated w ith  this type o f  prophylactic therapy seem s to  
be low and possible long-term  adverse side-effects rem ain hypothetical (immun- 
suppression, perinatal infection, comprom ised grow th and developm ent), it  has 
been suggested th a t fetal adrenal function is affected  by m aternal glucocorti
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coid adm inistration. W ith  th is suggestion in line decreased fetal plasm a cortisol 
levels, delayed occurrence o f  the daily rhythm  o f fetal cortisol production and 
atten u ated  stress-reaction have been reported [26].

The incidence o f  clin ically  detectable patent ductus arteriosus com pli
cating respiratory d istress syndrom e decreased sign ificantly  in low  birth- 
w eight premature in fan ts exposed to antenatal glucocorticoids [10]. This 
find ing  is consistent w ith  the hypothesis th a t glucocorticoids appear to de
crease the effectiveness o f  PG -m ediated inhibition  o f  ductus construction.

This influence o f  glucocorticoids m ay result from decreased synthesis of 
loca lly  produced PG or dim inished vascular PG sen sitiv ity  [76]. G lucocorticoids 
are know n to inhibit PG  synthesis by inhibiting arachidonic acid release from  
phospholipids [33]. On the other hand, prenatal dexam ethasone treatm ent was 
found to  enhance the ab ility  o f fetal lung hom ogenate to convert arachidonic 
acid to  prostacyclin [74]. I t  seems likely, therefore, th at not a decrease in  vaso
d ilatator PG production but rather the decrease in sen sitiv ity  o f  th e  ductus 
arteriosus to PG m ay account for the lower incidence o f patent ductus arteriosus 
after prenatal exposure to  glucocorticoids.

P rostag land ins

There is considerable experim ental and clinical evidence to suggest a 
physiological and pathophysiological role for PG in the neonatal adaptation. 
R enew ed interest for PG  research in the perinatal period has em erged when it 
was observed that indom ethacin , a PG synthesis inhibitor adm inistered to preg
nant w om en could be successful to prevent preterm  delivery. In newborn infants 
born to  mothers getting such treatm ent, how ever, severe disturbances o f  cardio
pulm onary adaptation had been dem onstrated. Moreover, it has been shown  
th at indom ethacin can induce com plete and perm anent closure o f p atent duc
tus arteriosus in prem ature infants providing an alternative treatm ent to  surgi
cal ligation .

Studies on the perinatal characteristics o f  PG m etabolism  have revealed  
th a t the fetal and neon ata l tissues have high capacity  to  produce PG-s [50], 
there is a marked dom inance o f the dilatator PG-s in  the fetal circulation [73], 
w ith  advancing labour th e  maternal and feta l plasm a PG levels increase pro
gressively [79] and the reduced fetal pulm onary PG catabolism  also accounts 
for the high plasma PG  lev e l [68].

The m ost in ten sive studies were perform ed on the involvem ent o f  PG-s 
in  the cardiovascular and respiratory adaptation . I t  has been show n th a t the 
feta l patency  o f the ductus arteriosus is actively  m aintained by intram ural 
PG-s and the oxygen-triggered constriction th a t occurs after birth is also medi
ated b y  PG-s. The decreased activ ity  o f vasodilatator PG-s both locally  and in
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the circulation and the postnatal increase o f  the vasoconstrictor PG synthesis  
m ay equally be responsible for the oxygen-induced ductal closure [9, 24]. In  
addition, a great body of evidence indicates th a t PG-s m ay contribute to  the  
m aintenance o f  low  system ic and pulm onary vascular resistance and to the con
striction of um bilical vessels [51]. PG-s are also thought to  counterbalance the  
vascular effect o f  pressor horm ones i.e. angiotensin II ., vasopressin  and cate
cholam ines [35].

As to the role o f PG-s in  the respiratory adaptation  it  has been dem on
strated that th e  feta l and neonatal lung produces vasodilatator PG-s, m ainly  
prostacyclin upon ventilation  and th is process proved to  be o f  prime im por
tance in  the reduction of pulm onary vascular resistance and in the respective  
increase in pulm onary blood flow  seen after the first breath [47]. PG-s have  
also been claim ed to  enhance feta l lung m aturation  either acting directly on  
pulm onary surfactant production [11] or ind irectly  through increasing adrenal 
steroid synthesis [34]. Furtherm ore, w ith  progressing labour fetal breathing  
m ovem ents were found to dim inish or cease w hich has been attributed to  the  
rise in  fetal plasm a PGE and to  its direct action  on the fe ta l m edulla [7].

More recently , it  has been suggested th a t pulm onary hypertension in the  
perinatal aspiration syndrome can be prevented b y  the selective inhibition o f  
throm boxane production lending support to  the v iew  th a t the rise in pulm onary  
resistance in perinatal asphyxia m ay be m ediated  by throm boxane release [6].

The im portance of PG-s in the cardiopulm onary adaptation  is further 
stressed by the observations th a t m aternal ingestion  o f drugs known to inh ib it 
PG synthesis m ay cause intrauterine closure o f ductus arteriosus, pulm onary  
hypertension and presistent feta l circulation syndrom e. Our group was the first  
to  recognize th a t the disturbed respiratory adaptation  seen after m aternal 
treatm ent w ith  indom ethacin and after elective caesarean section  has a com m on  
pathom echanism , i.e . decreased PG production w ith  subsequent persistent feta l 
circulation [13].

Prolactin

H ighly elevated  plasm a prolactin  (PR L ) level has been dem onstrated  
during the perinatal period. I t  has been found to  rise w ith  advancing gestational 
age (2) and the neonatal hyperprolactinaem ia has been proved to  be long-lasting  
and more pronounced in preterm  than  in full-term  neonates [58]. The reason  
for the elevated  plasm a PR L  levels during the late fetal and early neonatal 
period is m ultifactorial including high rate o f  P R L  release due to increased  
sensitiv ity  to  T R H  and estrogens [1, 42], the relative insen sitiv ity  o f  the  
pituitary to  dopam inergic inh ibition  [42] and the low rate o f  P R L  degradation  
b y  the im m ature kidney. It  is w ell established th a t the renal PR L  elim ination
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is proportional to the glom erular filtra tion  rate [19] and in  newborn infants  
the glom erular filtration  rate is characteristically low.

The im portance o f  increased estrogen stim ulation is supported b y  the  
observations that in  pathological conditions w ith im paired placental estrogen  
production  (intrauterine growth retardation, maternal diabetes) the physiolog
ical increase in  PRL secretion  does not occur and sign ificantly  lower plasm a  
P R L  levels have been reported [28, 63].

The clinical significance of the perinatal hyperprolactinaem ia is still ill-de
fin ed . I t  has been dem onstrated, how ever, to  participate in  the acceleration of 
feta l lung m aturation as shown b y  th e  depressed plasm a P R L  in newborn 
in fants suffering from hyaline m em brane disease [31].

Moreover, in a series o f recent studies on tissue hydration o f newborn  
rabbits Goulter provided pieces o f evidence that the m obilization  o f neonatal 
tissue w ater stores is inversely  proportional to the flu id  intake and P R L  is 
in tim a te ly  involved in  th e  regulation o f th is process. N am ely , it  has been ob
served th a t newborn rabbits treated w ith  P R L  or fluphenazine, a stim ulant of  
endogenous PRL secretion retained more w ater while the brom ocriptine-treated  
anim als retained less w ater than did the untreated or saline-treated controls 
[12].

The involvem ent o f  P R L  in  the control of the volum e and com position  
o f b od y  flu id  com partm ents in hum an neonates has also been suggested  by  
dem onstrating sign ificantly  higher P R L  levels in full-term  newborn infants 
w ith  id iopathic edem a th an  in infants w ith ou t clinically m anifest edem a [21.]. 
Furtherm ore, there was a clear association o f sodium depletion  due to  renal salt 
w astin g  w ith  high P R L  lev e l and the restoration of sodium  balance w ith  m ark
ed ly  reduced PR L level in  low  birth-w eight premature in fants indicating th at  
P R L , as a salt-retaining hormone m ay contribute to the re-establishm ent of  
p ositive sodium  balance [20].

P R L  has also been shown to participate in the control o f breast milk  
com position . Rreast m ilk from  mothers o f  preterm infants contained less PR L  
and m ore sodium than  th a t  from m others o f  term infants [70] and significant 
p ositive correlation has been  observed betw een breast m ilk P R L  level and its 
to ta l protein  and lactalbum in  concentration [32].

I t  is o f  interest th a t PR L  has been reported to p otentiate  the ACTH- 
stim ulated  adrenal steroid  secretion: aldosterone proved to  be the m ost sensi
tive  to  P R L  followed b y  corticosterone, androstendione and progesterone [18]. 
It is reasonable to assum e, therefore, th a t the influence o f  P R L  on feta l lung  
m aturation  and on neonatal salt- and -water m etabolism  is the result o f  this 
indirect mechanism.
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V asopressin

Clinical studies and animal experim ents have show n that the fetus and 
the neonate responds to  specific (volum e depletion, increased osm olality) and 
aspecific (delivery stress, hypoxia, acidosis, hypotension) stim uli w ith  increased  
vasopressin release and variations in  plasm a vasopressin level are norm ally  
concerned w ith  m aintenance of w ater balance and plasm a volum e.

As a result o f the aspecific stim ulation  plasm a vasopressin is higher in  
infants born vag in ally  than in those delivered by e lective cesarean section  [55, 
60] and it  is further augm ented w hen the adaptation is com plicated b y  sign ifi
cant pathology [14]. Moreover, increasing number o f patients presenting inap
propriate antidiuretic hormone secretion  w ith  w ater retention and hyponatr- 
aem ia has been reported am ong newborn infants adm itted for neonatal 
in tensive care [53].

E levated  plasm a vasopressin in  the im m ediate neonatal period m ay be of 
im portance in th e  successful perinatal transition. Increased pressor responsive
ness to  exogenous vasopressin has been observed in undistressed fetal lam b [62] 
and vasopressin has been suggested to  contribute to the m aintenance o f  arterial 
blood pressure and to  the redistribution of cardiac ou tp u t toward m yocardial 
and cerebral circulation in lamb fetus subjected to hypoxem ia and haem orrhage 
[36, 41, 62]. Further studies have ind icated  th at vasopressin  in  utero m ay have  
a role to  increase placento-fetal sodium  and transepiderm al w ater-transport 
[49, 56] to prom ote lung liquid reabsorption [57] and to m ediate the classical 
clinical signs o f  feta l distress i.e. bradycardia and m econium  passage in to  the 
am niotic sac [25].

R en in -ang io tensin -a ldosterone  system

It is w ell established th at th e  a ctiv ity  of the renin-angiotensin-aldo
sterone system  (R A A S) is highly e levated  in the neonatal period. The reasons 
for the increased activ ity , however, are not quite clear. Perinatal stress im 
posed b y  labour and delivery, low  system ic blood preassure, reduced renal 
perfusion, negative salt balance, end-organ unresponsiveness to angiotensin II  
and aldosterone as w ell as the low m etabolic clearance rate o f renin, angiotensin  
and aldosterone had all been im plicated  as possible factors [4, 16, 24].

The role o f  adrenergic nervous system  and increased PG production  in 
renin release during birth has also been suggested [43, 71].

The physiological and clinical significance o f  the increased a c tiv ity  of 
RAAS is not com pletely  understood. H ow ever, a dependence of blood pressure 
on RAAS a ctiv ity  has been dem onstrated and the correlation betw een  blood  
pressure and plasm a angiotensin I I  levels has been reported in  newborn infants  
[4, 67]. A dm inistration of Captopril, an angiotensin converting enzym e
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in h ib ito r  during p re g n a n c y  re su lted  in  a m a rk e d ly  increased  p e r in a ta l  m o rb id 
i ty  a n d  m o rta lity  due  to  th e  red u c tio n  in  p la c e n ta l u te rin e  b lo o d  flow , sy s
te m ic  hypo tension  a n d  severe  o lig u ria /an u ria . [5, 59].

U nder physio log ica l cond itions card iac  o u tp u t  an d  its  d is tr ib u tio n  is n o t 
in flu e n c e d  by  RA A S. A fte r  h y p o x ia  and  h em o rrh ag e , how ever, th e  increased  
a c t iv i ty  o f RAAS m e d ia te s  th e  rise in  blood p re ssu re , h e a r t r a te , s tro k e  vo lum e 
a n d  th e  overall ca rd iac  o u tp u t .  A t th e  sam e tim e  i t  co n trib u tes  to  th e  p ro fo u n d  
a lte ra tio n s  in  o rgan  b lo o d  flow  b y  increasing  b lo o d  flow  to  th e  b ra in , m y o car
d iu m  an d  adrenals a t  th e  expense o f p lacen ta l, um bilica l, g a s tro in te s tin a l an d  
re n a l  c ircu la tion . T h e re  is also a rise in  p u lm o n a ry  b lood flow , p re su m ab ly  as a 
r e s u lt  o f  angio tensin  in d u c e d  p u lm o n ary  P G  E  p ro d u c tio n  [37].

In  add ition  to  i ts  ro le in  th e  re g u la tio n  o f  ca rd io v ascu la r a d a p ta tio n , 
R A A S  p roved  to  be a n  im p o r ta n t  reg u la to r o f  n e o n a ta l e lec tro ly te  hom eostasis. 
O u r g roup  has d e m o n s tra te d  th a t  in  low b ir th -w e ig h t p re m a tu re  in fan ts  th e  
re n a l  s a lt  w asting , th e  su b se q u e n t n egative  so d iu m  balance an d  th e  fall in  p las
m a  sod ium  c o n c e n tra tio n  resu lts  in  an  ex tre m e  e leva tion  o f th e  a c tiv ity  o f 
R A A S . The highly  a c t iv a te d  RAAS enhances d is ta l tu b u la r  sod iu m  reab so rp 
t io n  a n d  co n trib u tes  to  th e  spon taneous co rrec tio n  o f sodium  d ep le tio n  an d  th e  
so -ca lled  la te  h y p o n a tra e m ia  [72].

E ndorphins

R ecen t stud ies su g g est th a t  endorph ins also p a rtic ip a te  in  th e  a d a p ta tio n  
o f  th e  new born  to  th e  e x tra u te r in e  life. P la sm a  an d  cereb rosp ina l flu id  b e ta - 
e n d o rp h in  level is e le v a te d  in  th e  p e rin a ta l p e rio d  [22, 78] an d  i t  w as found  to  
b e  fu r th e r  au g m en ted  w h en  patho log ica l e v e n ts  such  as p e r in a ta l  asp h y x ia , 
id io p a th ic  apnoe o f  p re m a tu r i ty ,  severe h y a lin e  m em brane d isease, h y p o x ia , 
isch aem ic  e n c ep h a lo p a th y  an d  shock su p erv en ed  [45, 64].

T he m ore severe th e  hypox ic  depression  o f  th e  cen tra l n erv o u s system  is 
th e  m ore  p ronounced  in c rease  in  b e ta -e n d o rp h in  level can  be a n tic ip a te d  [45]. 
I t  h a s  been  assum ed th a t  th e  decreased  re sp ira to ry  response to  h ypxem ic  stress 
is m e d ia te d , a t  le a s t in  p a r t ,  b y  en d orph in  accu m u la tio n . W ith  th is  suggestion  
in  lin e  th e  h y p o x em ia-in d u ced  re sp ira to ry  dep ression  o f th e  n e o a n a te  could  be 
a t te n u a te d  by  th e  a d m in is tra tio n  o f na loxone, a n  o p ia te  a n ta g o n is t [8, 15].
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On the basis of literary  d a ta  and of own experience the au thor deals w ith pro to
cols concerning hyperstim ulation  in  the in v itro  fertilization and em bryonic transfer 
cases as well as w ith  the endocrine m onitoring of superovulatory cycles. The IV F and ET 
program s widen our knowledge m ost spectacularly in  the fields of follicle m aturation , 
cycle endocrinology, and early processes of reproduction. W hen discussing the theoretical 
and practical aspects of various superovulatory trea tm en ts , the principal differences 
between the n a tu ra l and hyperstim ulatory  sexual cycles are emphasized.

Because of these differences and of the n a tu re  of the IV F-ET procedure, the 
im portance of th e  trad itional cycle diagnostics is necessarily lim ited. More im portan t 
diagnostic possibilities are the daily  quick horm one m easurem ents by R IA  m ethods, 
the hem agglutination tests, E L ISA , and ultrasound exam inations.

Keywords: in vitro fertilization, natural and superovulatory cycles, cycle moni
toring, stim ulation protocols.

T he com m encem ent o f in  v itro  fe rtiliz a tio n  a n d  em bryo  rep lacem en t p ro 
g ram s re su lted  in  a b road en in g  o f  know ledge a n d  h igher accu racy  in  m an y  
fie ld s  o f  m edicine. To il lu s tra te  th is , th e  new  d a ta  can  be m en tio n ed  w hich 
re fe r to  th e  ea rlie s t phase o f  th e  rep ro d u c tiv e  p rocess, th e  e a rly  m etabo lic  
ch a rac te ris tic s  o f  em bryon ic  d ev e lo p m en t (p y ru v a te , pu re  a lb u m in  u tiliza tio n ) 
o r to  th e  early  d e tec tab le  a l te ra tio n  in  th e  im m u n e  s ta tu s  t h a t  develops in  
response  to  th e  p resence o f th e  em b ry o  a lread y  befo re  its  im p la n ta tio n  [4, 16].

T he freezing o f th e  h u m a n  em bryo  has b ro u g h t ab o u t new  know ledge on  
th e  c ry o p ro tec tiv e  su b stan ces a n d  cryobiology (17). T he experience o b ta in ed  
w ith  sperm  h an d lin g  an d  w ith  th e  in cu b a tio n  m ed ia  have  h ig h ly  im proved  
th e  re su lts  o f hom ologous o r he tero logous a r tif ic ia l in sem in a tio n s. The daily  
u ltra so u n d  fo llicu lom etry  w as a he lp  in  e lab o ra tin g  m ore re fin ed  u ltra so u n d
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List o f  abbreviations
LH  — Luteinising H orm one
FSH  — Follicle S tim ulating  Hormone
G nR H  — Gonadotropin Releasing Hormone
HCG — H um an Chrionic G onadotropin
GH — Gonadotropic H orm one
E 2 — Estradiol-17 be ta
HMG — H um an M enopausal Gonadotropin
SP1 — Pregnancy specific beta-l-g lycoprotein
E P F  — E arly  pregnancy fac to r
R IA  — Radioim m unoassay
E L ISA  — Enzym  linked im m unosorbent assay
P A P P A  — Pregnancy associated plasma protein  A
cAMP — cyclic Adenosine Mono Phosphate
IgG — Im mune globulin G
IgA  — Im mune globulin A
IY F — In  vitro fertilization
E T  — Embryo transfer

te c h n iq u e s . Am ong th e  m o s t im p o r ta n t fie lds o f th is  d eve lopm en t a re  s till th e  
cycle d iagnostics an d  e a r ly  g es ta tio n a l endocrino logy  a n d  im m uno logy  m ain ly  
b ecau se  b y  these th e  e a r ly  rep ro d u c tiv e  processes h a v e  becom e p ra c tic a lly  in  
d iffe re n t m om ents, th e y  cou ld  be p h o to g rap h ed , film ed  an d  e x a c tly  dete rm in ed  
in  tim e .

A im  process and methods o f  superovulation treatment

F o r  n a tu ra l c o n cep tio n  or a rtif ic ia l in sem in a tio n  in  cases o f  induced  
o v u la tio n , th e  goal is to  o b ta in  m in im ally  one egg (b u t n o t too  m a n y  o f th em ) 
a n d  to  reach  ovu la tio n . F o r  in  v itro  fe rtiliz a tio n  th e  goal is to  o b ta in  m ore 
a n tr a l  follicle in o rder to  h av e  th ree  or possib ly  m ore p re o v u la to ry  follicles a t 
th e  t im e  o f h arv estin g  o f  th e  eggs.

W h en  dealing w ith  n a tu ra l  o r su p e ro v u la to ry  cycles, th e  e x a c t d e te rm i
n a tio n  o f  th e  m a tu r i ty  o f  th e  follicle a n d  th e  ovum  is o f  u tm o s t im p o rtan ce . 
T he m a tu ra tio n  process, p r io r  to  h a rv e s tin g  th e  ovum , can  he ex am in ed  only 
in d ire c tly , by  its endocrino log ical ch a rac te ris tic s . The m o st im p o r ta n t indices o f 
th e  m a tu ra tio n  process a re  th e  follow ing: 

g ro w th  of the  ov u m  
th ick en in g  of th e  g ran u lo sa  lay e r 
fo rm a tio n  of a th e c a  cell coat 
rise  in  th e  a ro m a ta se  a c tiv ity  o f  g ranu losa  cells 
increase  in  enzym e b iosyn theses in  th e  g ranulosa cells 
inc lud ing  th e  c a p a c ity  to  produce  progesterone 
liq u ifica tio n  of th e  g ran u lo sa  m ass 
clearing  up of th e  a n tru m
developm ent o f F S H -in d u ced  L H -re c e p tiv ity  [7, 8, 12, 13, 14, 27].

In  th e  n a tu ra l  cycle, p re a n tra l  follicles a re  co n tinuously  p ro d u ced  from  p rim ary  
follicles du ring  th e  lu te a l ph ase  b u t, in  th is  case, no fu r th e r  d ev e lo p m en t takes 
p lace  because  of th e  low  levels o f G H  (18, 28). M any follicles s ta r t  developing,
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hovew er, due to  th e  increasing  levels o f  G H  (p a r tic u la r ly  F S H ) in  th e  course of 
lu te a l regression a n d  during  m e n s tru a tio n . T he follicle be ing  in  o p tim a l c ir
cu m stances o b ta in s  a develo p m en ta l a d v a n ta g e  o v er th e  o th e rs  w h ich , in  tu rn , 
a tresize  [3, 11, 12]. T his is because th e  a ro m atase  a c tiv ity  a n d  estro g en  p ro 
d u c tio n  of th e  d o m in a n t follicle is h ig h  enough to  reduce  th e  F S H -lev e l, an d  th e  
low  F SH -level, b e ing  in su ffic ien t to  th e  less developed  follicles, m akes th em  
atresize . This e a r ly  fo llicu lar a tre s ia  is over b y  a b o u t th e  5 th  to  6 th  d ay  of th e  
cycle. In  c o n tra s t, th e  d o m in an t follicle con tinues th e  m a tu ra tio n  process de
scribed  above, i t  becom es su itab le  fo r o v u la tio n  an d  lu te in iz a tio n . T he aim  of 
th e  various su p e ro v u la tio n  t r e a tm e n t  p ro tocols is to  overcom e th is  n a tu ra l 
se lection  and  b y  th is  to  secure t h a t  m ore follicles reach  th e  p re o v u la to ry  stage. 
F o r  th is , th e re  are  severa l th e o re tic a l possib ilities:

1. P re v e n tin g  th e  decrease o f  th e  endogenous F S H -leve l co n seq u en t to  th e  
n eg a tiv e  feedback  effect o f th e  e s tro g en

— an tib o d ies  to  estrogen
— co m p etitiv e  an tagon ism
— G n R H  tre a tm e n t  (in pulses)
2. S u b s titu tin g  th e  decreased  andogenous F S H  b y  an  exogenous one
— H H G  tre a tm e n t
— HM G tre a tm e n t
— tre a tm e n t w ith  p u rified  F S H
3. C om bination  o f th e  tw o m e th o d s  in  o rd er to  u tilize  th e  b e n e fits  o f b o th . 

H av in g  a lready  ab an d o n ed  th e  m an ip u la tio n s  w ith  th e  n a tu ra l  cycle , th e  super
o v u la tio n  t re a tm e n t pro tocols used  now adays in  th e  in  v itro  fe rtiliz a tio n  p ra c 
tic e , are as follows:

— C lom iphen alone (W ood-T rounson) [15, 24]
— C lom iphen plus HM G (W ood-T rounson) [25]
— HM G alone [9 ,22 ]
— F S H  alone
— G nR H  (on ra re  occasions)
All these  a re  accom pan ied  b y  a sp o n tan eo u s L H  surge o r th e y  are m ore 

fre q u e n tly  com bined  w ith  H C G -te rm in a tio n  (i.e. in d u ced  o v u la tio n  b y  giving 
H CG ). HCG in d u ced  o v u la tio n  ap p e a rs  to  be m ore p o p u la r, because  onset of 
spon tan eo u s L H -su rg e  is ra th e r  u n p re d ic ta b le  an d  on  th e  o th e r  h a n d  sp o n tan e 
ous L H -surge m a y  be freq u en tly  accom pan ied  w ith  la te  fo llicu la r a tre s ia  [26].

B y  th e  d a ily  m on ito rin g  a n d  th e  co rrespond ing  t r e a tm e n t one has to  he 
care fu l to  observe th e  following p o in ts  in  th e  course o f su p e ro v u la tio n  cycles:

— N o t too  m an y  follicles should  s ta r t  developing
— N o a tresia  sh o u ld  develop (o ften  cy stic  form s)
— Follicles shou ld  n o t be lost d u rin g  la te  a tre s ia
— A p p ro p ria te  tim in g  of th e  follicle p u n c tu re
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T o  fullfill all th ese  re q u ire m e n ts  an d  to  p red ic t th e  tim e  o f th e  expected  
o v u la tio n  th e  m ain role is p la y e d  b y  th e  daily  or even  m ore freq u en t d e te rm in a 
tio n s  o f  E 2 and  L H  levels as w ell as b y  u ltra so u n d  ex am in a tio n s . T he m ost 
co m m o n  m ethods used in  cycle  m o n ito rin g  are show n in  T ab le  I . U n fo rtu n a te ly , 
th e  m o re  sim ple co n v en tio n a l m e th o d s  are  n o t in fo rm a tiv e  enough , th e y  have 
sm a lle r  p red ic tive  v alue  [1].

M a in  differences between natural and superovulatory cycles

T h ere  are basic d ifferences in  th e  ch a ra c te ris tic  endocrino logical an d  
m orp h o lo g ica l fea tu res o f th e  n a tu ra l  an d  th e  su p e ro v u la to ry  cycles a n d  these  
d iffe ren ces m ust be ta k e n  in to  acco u n t in  th e  course o f  m o n ito rin g  th e  m a tu ra 
t io n  o f  th e  follicles. A p a r t  fro m  th e se  th e  su p e ro v u la to ry  cycles also ex h ib it 
in d iv id u a l charac teristics d ep en d in g  on th e  various p ro toco ls ap p lied  to  evoke

Table I

Methods fo r  detecting ovulation and following egg maturation

Basal body temperature m easurem ent (Van de Velde 1904)
Cervix score (Insler)

grade of congestion (hyperaemia) in  cervix 
softness of cervix 
opening of the cervical os 

Characteristics of cervical mucus dependent on E ,
q u an tity t, purity, (clarity)t viscosity!, spinnbarkeitt, presence of cellular elements!, arborisa- 
tiont, enzyme changes (lysozyme!, peroxidase!, amylaset) 
p ro te in  content changes (falls in album in, globulin, IgG, IgA)

V aginal smear
D etection  of cycle dependent changes in th e  tem perature of certain skin areas 
E j m easurem ent: in serum (rapid by  R IA , daily) 

in mine (chemical method)
L uteal hormone: in serum (rapid RIA )

in mine (rapid haem agglutination test or ELISA)
U ltrasound: number and diam eter of follicles 

detection of ovulation
Laparoscopy: size, clarity and vascularization of follicles (not for diagnostic pmposes) 
C harateristics of follicle fluid: quan tity t, pm ity t

prostaglandin contentt
E 2/androstendionet
E 2/progesterone!
transferrint
o^-anti trypsine
PA PP-At
cAMPl

Cumulus corona radiata complex microscopic study (CCCs) 
size o f granulosa cells 
expanded state of granulosa cells 
d ispersity  of granulosa cells 
sp innbarkeit of cumulus mass 
m a tu rity  of corona radiata

Microscopic examination of the egg — effective m atm ity  
breakdow n of germinal vesicle 
presence or protrusion of first polar body
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th e m  [5]. Some ch a rac te ris tic  d ifferences are  show n in  T ab le  I I . ,  F ig. 2. a n d  3. 
B esides th e  g enera l ch a rac te ris tic s  th e  tim e  course o f  each  v a riab le  an d  th e ir  
re la tio n sh ip  to  each  o th e r are also im p o r ta n t  from  th e  p o in t o f  v iew  o f p ra c tic a l 
w ork . T im ing is d ifficu lt because a  p la n n e d  follicule p u n c tu re  tim e  m u st be 
decided  5 0 —72 hou rs  befo reh an d . S im u ltan eo u sly  w ith  th is  decision HM G 
tre a tm e n t  m u s t be stopped  from  t h a t  on  i t  is necessary  to  w a it w ith  o v u la tio n  
in d u c tio n  u n til  th e  p roper d e v e lo p m en t o f  L H -re c e p tiv ity  o f  th e  g ranu losa  
tissu e . O n th e  o th e r  han d , a lo n g er w a itin g  increases th e  d an g e r o f la te  a tre s ia  
o r, a lte rn a tiv e ly , a n  early  L H -su rge  m a y  occur.

Table II

Some differences between superovulation and natural cycles

Induced ovulation or superovulation N atu ra l cycle

Usually several follicles develop
The follicular developm ent rate (1,6 m m /day)
is different for each follicle
The preovulatory follicle is slightly smaller
(1 — 2 mm), the size of the mature follicle varies
in  a wide range (16 — 30 mm)
Preovulatory atresia is relatively frequent 
The E j level is proportional to the to ta l vol
um e of follicles hu t it  is not to  their diam eter 
The E 2 peak levels are extremely high, the ra te  
of increase is exponential on days —5 to 0 
The diagnostic value of ultrasound is m ode
ra te , not sufficing in  itself

U ltrasound and the measurements of E 2 and 
L H  levels are m inim ally required for moni
toring

Usually 1. follicle develops
The follicular developm ent ra te  is linear until 
—5 to 0 days (1.2)
The increase in E 2 level is linear until the days 
— 5 to 0
Follicle m aturation and growth are parallel 
The size of the m ature follicle is in a small range 
(2 0 -2 4 )
Ultrasound alone can be informative

Ultrasound and the parallel measurement of E 8 
and LH are satisfactory  fo r monitoring 
The absolute values and dynamics of sexual ste
roids and gonadotropic hormones are different 
from those in  superovulatory cycles

D ifficu lties concerning monitoring o f  superovulatory cycles

In  th e  id ea l case, on th e  d a y  a f te r  HCG  a d m in is tra tio n  th e  E 2 values s till 
increase  or level o u t an d  th e  H CG  ap p lic a tio n  does n o t coincide w ith  th e  ea rly  
p h ase  o f th e  sp o n tan eo u s L H -su rge  (6). O therw ise, th e  f in a l m a tu ra tio n  p rocess 
m ig h t becom e u n p red ic tab le , th e re b y  th e  h a rv es tin g  w o u ld  be  less successful 
th a n  in  an y  o th e r  s itu a tio n .

In  th e  p rac tice  th is  d ifficu lty  is t r ie d  to  be o v e rtak en  b y  tw o  w ays :
1. Solely on  th e  basis o f  E 2 levels an d  fo llicu lom etry  som e colleagues 

in d u ce  o v u la tio n  b y  HCG acco rd ing  to  th e  o b se rv a tio n  t h a t  spon tan eo u s L H - 
su rge  ra re ly  follow s H M G -stim u la tion  a n d  th e  developing  follicles are “ re la tiv e 
ly  less m a tu re ” . Som e even d isca rd  th e  re su lts  o f u lra so u n d  ex am in a tio n s [20].

10* Acta Physiologica Hungarica 74, 1989



A
cta 

Physiologica H
un gar ica 

74, 
1989

104
pMol

1 0 i

10 2

N

Fig. 1. E 2 values in superovulatory cycles (dots). The solid line refers to  the average values of
natu ra l cycles

B
ognár



E ndocrine  a sp ec ts  o f su p e ro v u la to ry  cycles 347

Progesterone
nMol/l

Acta Physiologica Hungarica 74, 1989

Fig. 2. Progesterone values in  superovulatory  cycles (dots). The solid line refers to  th e  average
values of na tu ra l cycles



348 Z. Bognár

2. The other approach is to  apply a to ta lly  individual treatm ent. The tim e  
o f th e  HCG adm inistration is decided according to  the serum or urine LH  levels 
m easured at 3 to 6 hrs in tervals. This m ethod is more com plicated but it  is 
generally  accepted th a t th e  best results can be obtained in cases w hen the fo lli
cle puncture is perform ed after the occurrence o f  the spontaneous LH- 
surge [26].

Problem s o f controlling corpus luteum subsequent to the replacement o f  the embryo

N o reliable difference betw een conceptual and non-conceptual cycles in 
their E 2, progesterone and G H  levels appear to  be, at least not until the period 
w hen early pregnancy becom es detectable b y  other m ethods. In  conceptual 
cycles the luteinization o f  th e  punctured follicles is usually more satisfactory  
and th e  progesterone leve l is slightly  higher than  in non-conceptual cycles [10]. 
A ccording to several d ata , th e  length o f the lu tea l phase can be reasonably well 
predicted  from the peak va lu es o f E 2 [19]. The rem aining d ifficulty is th a t luteal 
in ad eq u acy  can he present despite progesterone levels much exceeding those  
seen in  the natural cycle. R egarding the possib ility  o f a HCG or natural proges
terone support to the lu tea l phase, the opinions are not consistent.

T he detection o f early  pregnancy or biochem ical pregnancy is possible 
about 1 week after th e  replacem ent, on the basis o f dem onstrating the beta  
su b -u n it o f HCG or the pregnancy specific beta^glycoprotein  (SP1). The detec
tio n  o f  the early pregnancy factor (E PF) m ay be possible already about 24 hrs 
fo llow ing the replacem ent, — it dem onstrates the extrem ely rapid alteration  of 
the im m une system  y e t , its  presence can not be regarded as a sign o f real preg
n an cy  because its appearance preceeds the im plantation . A lthough its contin
uous increase seems to  th e  v ita lity  o f the em bryo, for practical reasons the 
continuous m easurem ent seem s to be rather d ifficult (rosetta inhibiting test). 
The im m unological alterations concom ittant w ith  the early reproduction  
processes and the behaviour o f  proteins present in  early pregnancy has already 
brought about data o f  great interest, their biological im portance and clinical 
va lu e have, however, n ot y e t  been clarified [2].
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