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Intravenous injection of serotonin  (2 mg/kg)  caused a biphasic response  in unanesthetized rabbits .  
The f i r s t  phase was cha rac t e r i zed  by strengthening of pa rasympathe t i c  influences on the hear t  and by an in-  
c r e a se  in exci tabi l i ty  of the an t e r i o r  port ions of the hypothalamus,  and the second phase with strengthening 
of sympathet ic  influences on the hea r t  and lowering of the exci tabi l i ty  of the an te r io r  hypothalamus and also 
by  an increase  in exci tabi l i ty  of the p o s t e r i o r  hypothgtamus.  

The hea r t  0f animals  and man is known to be highlY sensi t ive to serotonin.  The mechanism of the ef -  
fects  of serotonin  on the hea r t  is complex.  Some authors  a t t r ibu te  the effect  of serotonin on the hear t  to its 
d i rec t  action on the myocard ium and its conducting sys tem [13, 14, 18, 21, 22, 24]. Other  authors  descr ibe  
findings indicating ref lex  mechanisms  in the ca rd iovascu la r  effects  of serotonin  [1, 5, 7, 12, 20, 27]. 

Litt le at tention has been paid to the study of changes in the cent ra l  reg-aiation of the hear t  under the 
influence of serotonin.  F o r  this reason,  in the presen t  i n v e s t i ~ t i o n  at tention was concentrated on the ne r -  
vous mechanisms of the changes in ca rd iac  act iv i ty  a r i s ing  under  the influence of serotonin.  

E X P E R I M E N T A L  M E T H O D  

Exper iments  were  ca r r i ed  out on 20 male rabbits  weighing 2.5-3 kg with e lec t rodes  implanted into the 
brain,  the local iza t ion of the e l ec t rodes  being ver i f ied  h i s to lo~ca l Iy  a f t e r  the end of the exper iments .  In 
chronic  exper iments  on unanesthet ized animals  the effect  of serotonin  was studied on cardiac act ivi ty and 
compared  with its ef fect  on the functional s ta te  of the different  par t s  of the hypothalamus. This state was 
a s se s sed  on the basis  of its e l ec t r i ca l  act ivi ty  and changes in the exci tabi l i ty  of the h}pothalamic s t ruc tu res  
in response  to d i rec t  e lec t r i ca l  s t imulat ion (90 / see ,  1 msec ,  1-4 V), producing changes inthe EEG and in 
the hea r t  ra te .  Simultaneous reeordir~gs of the respi ra t ion ,  the EEG in three s ~ n d a r d  and two chest  leads,  
and the cor t ica l  and hypothalamic e lec t r i ca l  ac t iv i ty  were made during the e ~ e r i m e n t s  on a "Gal i leo"  P01y: 
physiograph.  These  indices were r eco rded  continuously t h r o u ~ o u t  the exper iment  (which began 1-:1.5 h be -  
fore  injection of serotonin and e~ded 2-3 h a f t e r  injection), The e l ec t ro d es  w e r e  implanted in the var ious 
hypothalamic nuclei by means of a s t e reo tax ic  technique 5-7 days before  the beginning of the exper iment  
with injection of serotonin.  At the same t ime cor t ica l  e lec t rodes  were implanted epidural ly  in+~o the bones 

o f  the skull above the visual and s enso r imo to r  a r eas  of the cor tex.  Serotonin in doses of between 60 p g / k g  
and 2 mg /kg ,  dissolved in ph~siological sal ine in a concentra t ion of 1 m g / m l ,  was injected intravenously.  
To determine  the mechanism of action of serotonin  on the hea r t  exper iments  were  ca r r i ed  out in which the 
drug ~ s  injected against  the background 0~ the action of a t ropine (1.5 mg/kg)  and a f te r  division of the 
vagus nerves .  

E X P E R I M E N T A L  R E S U L T S  

Intravenous inject ion of smal l  doses  of serotonin (60-150 #g /kg)  caused no significant changes in 
ca rd iac  act iv i ty  in the exper imenta l  rabbi ts .  The animals developed only a s l i ~ t  increase  in the r e s p i r a -  
tion rate and an increase  in h}Tpo,.ha~amlc e l ec t r i ca l  activity.  In jec t ion  of large doses of serotonin (1-2 
mg/kg)  led to bipbmsic changes in the hear t  ra te  and in hypothalamic function. The f i r s t  phase of the e f -  
fect  of  serotonin on cardiac  act ivi ty ,  which las}ed for  severa l  seconds,  was marked  by the appearance of 
brad)~arrhythmia, leading in most  exper iments  to t ~ s l e n t  asys to te ,  and by increased  exci~bil i~y of the 
anterior portions of the h~?othalam~s (the a~t.erolate~l, lateral, and medial preoptie region). No signifi- 
cant chang~es took place in the exci tabi l i ty  of the pos te r io r  h~pothalamus. The second p h ~ e  of action of 
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Fig.  1. changes in the card iac  rhythm 
and r e sp i r a t i on  of a rabbi t  foIlowing 
in t ravenous  injection of sero tonin  (1 
m g / k g ) .  A) Beginning Of injection 
(marked  by ar row);  B) a sys to l e s  at  
end of injection (end o f  injection m a r k e d  
by arrow}; B and C) continuation of A. 
F r o m  top to bottom: r e sp i r a t ion ,  ECG 
s tandard  load II and chest  lead P4, t ime  
m a r k e r  (1 see) .  

se ro tonin ,  which was m o r e  prolonged,  was  marked  by a g r a d u -  
al  i nc rea se  in the hea r t  r a t e  accompanied  by a d e c r e a s e  in 
exci tabi l i ty  of the a n t e r i o r  h ~ o t h a i a m i c  s t r u c t u r e s  ment ioned 
above.  Both phases  of changes  in ca rd ia  c ac t iv i ty  caused by 
se ro ton in  were  accompan ied  by  a sha rp  i nc rea se  in the r e s p i -  
ra t ion  ra te .  The slowing of the hea r t  r a t e  in the f i r s t  phase  
of  act ion of se ro ton in  began 1.5-5 see  a f t e r  the beginning of 
inject ion of the d rug  and reached  its  m a x i m u m  a s  a ru le  a f t e r  
10-20 sec .  The R- -R  in terva l  was g rea t ly  l en~hened ,  the v o l t -  
age of the P waves  was reduced ,  and in addit ion,  in s e v e r a l  
e x p e r i m e n t s  changes  were  obse rved  in the waves  of the v e n -  
t r i c u l a r  complex  of the ECG (Fig. 1A and B). These  changes  
took the fo rm of an  i n c r e a s e  in the ampl i tude of the R wave 
and,  in some  e x p e r i m e n t s ,  a d e c r e a s e  in ampl i tude of the S 
wave.  Changes in the T wave were  va r i ab l e .  In some  c a s e s  
the T wave was  va r i ab l e .  I n  some  c a s e s  the T wave was ea l a r~ed  
whi le  in o thers  it b ecame  b iphas ic  o r  negat ive.  The changes in the 
.ECG d e s c r i b e d a b o v e ,  c h a r a c t e r i s t i c  of s t r e n ~ h e n e d  vagu s e f -  
fect  on t h e  hea r t ,  coincided in t ime  with inc reased  exc i tab i l i ty  of 
of the a n t e r i o r  hypotha lamus .  This  i nc rea se  in h:~pothal~mic e x -  
c i tabi l i ty  was shown by the fac t  that  sub threshold  local  e l e c t r i c a l  
s t imula t ion  (1.5-2 V) of the hypotha lamus ,  producing no changes 
in ca rd iac  ac t iv i ty  o r  the EEG before  inject ion of se ro ton in ,  be ~- 
came  threshold  in magni tude a f t e r  inject ion of se ro tonin  and 
caused  slowing of the ca rd i ac  cont rac t ions  and an EEG ac t iva t ion  
reac t ion  (Fig. 2Aand B). The second phase  of ac t ion  of Serotonin 
began a few seconds  a f t e r  the end of i ts  inject ion and took the fo rm 
e r a  gradual  i n c r e a s e  in the hea r t  r a t e .  The appea rance  of ec topic  
v e n t r i c u l a r  cont rac t ions  s e p a r a t e d  f rom preced ing  nomotopic  

cont rac t ions  of the hea r t  by shor tened  in t e rva l s ,  indicating that  they were  e x t r a s y s t o l e s ,  was o b s e r v e d  under  
these  c i r c u m s t a n c e s .  These  were  s ingle  or  grouped in c h a r a c t e r  and were  obse rved  fo r  a per iod of 1-1.5 
rain (Fig. 1C). 

The changes in ca rd iac  ac t iv i ty  dur ing the second phase  of act ion of se ro ton in  desc r ibed  above were  
accompan ied  by a dec r ea s e  in exc i tab i l i ty  of the s t r u c t u r e s  of the a n t e r i o r  h}~othalamus ment ioned.  This  
was shown by the fact  that threshold  e l ec t r i c a l  s t imula t ion  of the hypotha lamus ,  caus ing changes in the 
ca rd i ac  rhythm and EEG before  inject ion of se ro tonin ,  was no longer  accompan ied  by these  changes .  To 
p roduce  the p rev ious  effect ,  a much  h igher  voltage of th e s t imula t ing  c u r r e n t  was r equ i red  (from 4 to 6.5 V). 

Agains t  the background of pha rmaco log ica l  blocking of p a r a s y m p a t h e t i c  e f fec t s  on the h e a r t  (a t r0pi"  
nization) o r  a f t e r  vago tomy ,  sero tonin  did not cause  b r a d y a r r h y t h m i a .  This  sugges ts  that the initial ef fect  
of the ac t ion  of sero tonin  on the h e a r t  is connected with s t r e n ~ e n i n g  of the vagus nerve  influence. 

The coincidence in t ime  between s t rengthening of vag~m influences on the h e a r t  in the f i r s t  phase  o f  
act ion of se ro toa in  and inc reased  exc i tab i l i ty  of the a n t e r i o r  h~poth~Iamus (where the cen te r s  of the p a r a -  
sympa the t i c  i rmervation of the h e a r t  a r e  located) sugges ts  that the ef fec t  of se ro tonin  on the ca rd iac  rh~Ghm 
m a y  be media ted  Lhrough these cen t e r s .  The second phase  of se ro ton in  act.ion was mani fes ted  by a ~oTaduat 
i nc r ea se  in t h e h e a r t  r a te .  This  could be dtm e i the r  to weakening of the paras~-mpathet ic  o r  s t rengthening  
of the sympathe t i c  influences on the hea r t .  Evidence of s t rengthening  of sympa the t i c  ir~'luences on the 
h e a r t  during the second phase  of se:rotonin act ion v,~s given by  the appea rance  of v e n t r i c u l a r  e.x~trasystoles 
aga ins t  the background of commencing  inc rea se  in h e a r t  r a t e ,  accompan ied  by a d e c r e a s e  in exc i tab i l i ty  of 
the a n t e r i o r  hypothalamus.  

The  conclusion t I~ t  ad rene rg ic  e f fec t s  on the hea r t  a r e  s t r e ~ h e n e d  under  the influence of se ro tonin  
is  con f i rmed  p a r t i c u l a r l y  c l ea r ly  by the r e su l t s  of our  expe r imen t s  in which sero tonin  was in jected Into 
rabbi t s  wihh an id ioven t r icu la r  ca rd iac  rhythm caused by s e v e r e  diphther i t ic  myoca rd i t i c s .  The idioven-  
t r i c u l a r  ca rd iac  rhythm is insensi t ive to vagus ef fec ts  but highly sens i t ive  to sympathe t i c  ne rvous  influences 
[ 8 ] .  Agains t  the background of an id iovent r icu la r  rhythm,  ser0 tonin  i n c r e a s e d  the ac t iv i ty  of the v e n t r i c a ! a r  
rhythm of the hear t .  In addition, inc reased  au toma t i sm of the s inus node was obse rved .  These  resu l t s  a r e  
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Fig. 2. Chan~es in the ECG, EEG, and resPiration of a rabbit 
during stimulation of the lateral preoptic r e , o n  of the h~po- 
thalamus (2 V, 90/see ,  1 msec) in phase I of the action of sero-  
tonin injected intravenously (2 mg/kg). A) Before injection; 
B) immediately after  injection. From top to bottom: time 
marker  (1 see), EEG of right occipital and motor cortex, left 
occipital and motor cortex, respiration, ECG (standard lead 
1I and chest lead P4), marker of stimulation (elevation of bot- 
tom line). In B, standard lead III of the ECG is shown below 
the time marker .  

described fully elsewhere [2, 4]. The possibility cannot be ruled out that functional changes in the autono- 
mic  centers in the second phase were the result of the direct action of serotonin on the hypothalamus~ where 
the blood-brain barr ier  is more permeable to biogenic amines [28]~ 

A direct action of serotonin on the heart cannot be ruled out, as has been conclusively demonstrated 
on isolated organs by several workers [18, 18, 23.25, 26]. HOwever, in our experiments biphaste changes 
in cardiac activity veere fouhd under the influence of ser0tonin, accompanied by changes in the thresholds 
of electrical stimulation of the hyp0thaLamus in relation not only to its descending effects (on the heart), 
but also its ascending effects (on the cerebral cortex): This suggests that the effect of serotenin on the 
hear t  is mediated through its hypothulamic regulatory centers, and possibly also through the autonomic 
nuclei and the dorsaI nucleu.s of the ,~agus nerve in the medulla, which are directly connected with the hypo- 
tbalam[c structures by the bu~Ale of Schutz [8, 9]. Experiments in  which serotonin was injected into ~ago- 
tomized animals, in which the characterist ic changes tn cardiac acti,Aty produced by serotoain, i.e., brady- 
arrhythmia, were absent strengthen the conclusion that the effect o~ serotonin on the heart is mediated 
through the central levels of card/ovascu/ar regulation. Endogeneous serotenin may evidently participate 
in the regulation of cardlae a~t~v~,ty. Comparison of the results now obtained w2~h published dat~ concerning 
the formation of endogeneoas sero~onin and its high concentration in the hypothalamus [I0, I1, 13, 16] sug- 
gests ~.at the intensity of its biosynLhe~is and m e ~ o l i s m  tn this part of the brain may be one of the mecha- 
nisms of the central reg~da~ion of cardiac activity. 
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