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The beginning of h ibernat ion in Sousliks (Citellus m a j o r  erythrogenys)  is accompanied  
by  an i nc rea se  in the serotonin level  in the hind bra in  and hippocampus.  During h ibe r -  
nation the sero tonin  concentra t ion r e m a i n s  high in the hippocampus.  Awakening f rom 
h ~ e r n a t i o n  is cha r ac t e r i z ed  by  a d e c r e a s e  in the serotonin level  in the h ippocampus  
and in the rhombencephaion,  diencephalon, and mesencephalon.  

Serotonin has  a t t rac ted  the at tention of r e s e a r c h  w o r k e r s  as a poss ib le  f ac to r  in the m e c h a n i s m s  of 
s leep  product ion [1, 6, 7, 11]. It is  t h e r e f o r e  in te res t ing  to study this biogenic amine in a natural  model  of 
prolonged,  deep s leep  such as a r i s e s  per iod ica l ly  in hibernat ing animals .  Data in the l i t e r a t u r e  on changes 
in the sero tonin  concentra t ion during hibernat ion re la te  only to i ts  mean  level  in the b r a in  of the hedgehog 
[10] and Amer ican  sousl ik  [9]. However,  the act ivi ty of the bra in  is known to v a r y  in i ts  dif ferent  pa r t s  
during hibernat ion [3, 4], so that the i r  ro le  in the development  of h ibernat ion m u s t  undoubtedly vary .  

The object  of the invest igat ion desc r ibed  below was t he re fo re  to study the dis t r ibut ion of serotonin  in 
the b ra in  of the r ed -checked  souslik,  one of the m o s t  convenient objects  in which to study hibernat ion.  

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

The expe r imen t s  were  c a r r i e d  out on ma le  sousl iks  (Citellus m a j o r  e ry th rogenys  Brandt), oaught in 
Novos ib i r sk  Region. Each animal was kept in a s epa ra t e  cage in the l a b o r a t o r y  and was given food and 
wa te r  ad lib. In the fall the sousl iks  were  t r a n s f e r r e d  to a specia l  r oom with a constant  t e m p e r a t u r e  of 
3-4~ in whioh the an imals  fell  into hibernat ion.  The serotonin  concentra t ion was studied in seven pa r t s  
of the b r a i n  - the h e m i s p h e r e s ,  h ippoeampus,  hypothalamus,  diencephalon (without hypothalamus) ,  m e s e n -  
cephalon, and rhombencephalon - in the waking animals ,  during the onset of hibernat ion,  and during deep 
hibernat ion.  Changes in the serotonin level  in these  s ame  pa r t s  of  the bra in  were  a lso  studied during the 
f i r s t  few hours  and days of awakening of the sousl iks  and the i r  emergenoe  f rom hibernat ion.  The animals  
were  decapi tated under the s a m e  conditions as they were  kept. The b ra in  was quickly r e m o v e d  and divided 
into its pa r t s ,  which were  weighed and placed in polyethylene tubes chilled in ice. The serotonin  concent ra -  
t ion was de te rmined  by  a f l uo r ime t r i c  method [8] in the modif icat ion descr ibed  in [2]. 

EXPERIMENTAL RESULTS 

T he serotonin level estimated in summer in actively waking sousliks lies between the same limits as 

are characteristic of other mammals [5], and its distribution in the different parts of the brain follows the 

same general pattern. The highest serotonin concentrations were found in the hypothalamus and the lowest 

in the cerebellum. 

The sero tonin  concentrat ion in m o s t  p a r t s  of the an imals '  b ra in  during hibernat ion showed no s ignif i -  
cant d i f fe rence  f r o m  i ts  level  in the waking sousl iks .  However,  the p r o c e s s  of fal l ing as leep  into hibernat ion 
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TABLE 1. Serotonin Level in Different Par t s  of the Brain  of the Red- 
Cheeked Souslik in a Waking State, When Falling into Hibernation, and 
during Hibernation (M • m) 

part of brain 

Hippocampus . . . .  
P&bmbencephalon 
Hlrpothalamus 
Dmncephalon 

(without hypo- 
thalamus) . . . .  

Mesencephalon 
Cerebellum . . . . .  
Cerebral hemis- 

p h e r e , . , . . . .  

waking (n = 18) 

0,430~0,029 
0,736-+0,036 
0,7512---0,093 

0,499~-0,022 
0,710-+0,028 
0,209-+0,024 
0,429-+0,029 

Serotonin (in ~g/g) 

failing asleep 
(n = 4) 

0,738-+-0,072 * 
1,229--+0;157* 
1,250+0,225 

0~647m0,085 
0,957--+0,126 
0,268-+0,057 
0,333+0,069 

hibernation 
(n = lo) 

0,605~0,037" 
0,766~0,055 
0,889-----0,067 

0,569~-0,040 
0,724-+0,056 
0,179-0,017 
0,483-0,040 

* P < 0.05 compared  with values for  waking animals 
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Fig. 1. Changes in serotonin concen-  
t ra t ion  in the brain  of red-cheeked  
sousliks during awakening f rom hiber -  
nation. Initial level of serotonin con-  
centrat ion taken to be that during deep 
hibernation in November to January  
(shaded part). 1) Hypothalamus; 2) 
hippocampus; 3) diencephalon; 4) m e -  
sencephalon; 5) rhombencephalon. 

and reawakening f rom it was aocompanied by definite 
changes in the serotonin level in certain par t s  of the brain.  

To begin with, considerable changes in its concent ra-  
tion were  found in October, when the sousliks were s tar t ing 
to hibernate.  The animals were  sacr i f iced when their  body 
tempera tu re  had fallen to 15-16~ but their  sleep was still 
not v e r y  deep. Comparison of these animals with sousliks 
in an active s tate  in the same period showed that the onset 
of hibernation is cha rac te r i zed  by elevation of the serotonin 
level in the hippocampus and medulla, while a tendency for  
its level to r i se  was observed in the hypothalamus, mesen-  
cephalon, and diencephalon {Table 1). Considerable indi- 
vidual variat ions in the serotonin level in the hypothaiamus 
were oharac te r i s t i c  of the animals falling into hibernation. 
These differences may be connected with differences in the 
depth of the developing sleep, although the body tempera tu re  
was the same in all sousliks of this group. Meanwhile the 
onset of sleep had no significant effect on the serotonin 
level in the cerebra l  hemispheres  and cerebellum. 

With the onset of deep sleep the serotonin level fell 
slightly in near ly  all par ts  of the brain, and remained defi- 
nitely above the level in the waking state only in the hippo- 
campus. 

CharaQterist ic changes, but now in the opposite d i r ec -  
tion, were  observed when the animals awoke f rom hiberna-  

tion in April. Comparison of the serotonin aoncentration in the different par ts  of the brain  before awakening 
and 2.5 h after  its beginning showed a sharp dec rease  in its concentrat ion in the hippocampus, rhombencepha-  
lon, hypothalamus, and diencephalon during awakening of the animals (Fig. 1). On the day after awakening 
the serotonin concentrat ion in these par t s  rose  sharply, but on the 2nd-5th day it again was considerably 
lowered. The decrease  in the serotonin concentrat ion compared with that in the hibernating animals was 
significant in the hippocampus, diencephalon, and mesencephalon.  The change in the serotonin level in the 
ce rebra l  hemispheres  and cerebel lum was not significant. 

The "pendulum" effect observed 24 h after awakening, when the sharp initial decrease  in the serotonin 
concentrat ion in the hippocampus, hypothalamus, rhombencephalon, and diencephalon was followed by a m a r -  
ked increase  (which disappeared the following day),is evidently attributable to a compensa tory  increase  in 
serotonin formation as a react ion to the preceding sharp  dec rease  in its level. 

The dynamics of the serotonin level in the mesencephalon was somewhat uncharacter is t ic .  The sharp  
decline in the serotonin level on awakening did not take place as it did in the hippocampus, hypothalamus, 
diencephalon, and rhombencephafon. The subsequent sharp  r i se  in the serotonin concentrat ion likewise was 
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not obse rved  in the mesencephalon .  Never the less ,  during the f i r s t  days a f te r  awakening the sero tonin  con- 
cent ra t ion  in the mesencepha lon  fell  gradually,  so  that af ter  3-5 days it was s ignif icant ly lower  than during 
hibernat ion.  

The c l ea r  changes in the serotonin  concentra t ion in the hippocarnpus at all s tages  of h ibernat ion - at 
i ts  beginning, during deep sleep,  and on awakening - a re  noteworthy.  Together  with informat ion  on the p r e -  
se rva t ion  of the e lec t rophys io logica l  act ivi ty  of hippocampai  neurons during deep h ibernat ion  [4], these r e -  
sul ts  suggest  a poss ib le  ro le  of serotonin  in the m e c h a n i s m s  of onset  and main tenance  of hibernat ion.  

The rapid  i nc rea se  in the serotonin level  in the h ippocampus and rhombencephaion in animals  fai l ing 
into h ibernat ion in October  com pa red  with sousl iks  remain ing  in an active s ta te  at the s a m e  pe r iod  is ev i -  
dence that these  a re  not m e r e l y  seasonal  changes but cha r ac t e r i s t i c  mani fes ta t ions  of hibernat ion.  This  is 
fu r ther  shown by the sha rp  d e c r e a s e  in the sero tonin  concentrat ion taking p lace  dur ing the 2.5 h af ter  the 
beginning of awakening in the hippocampus,  hypothalamus,  rhombencephalon,  and diencephalon in the spring.  
On the other  hand, the fact  that the serotonin  level  did not undergo identical changes in all the organs  studied 
as the an imals  fell  into h ibernat ion  sugges ts  that  the changes observed  a r e  not only the r e su l t  of the lowered 
m e t a b o l i s m  in hibernat ion,  but also a re f lec t ion  of d i f fe rences  in the functional act ivi ty  of the var ious  p a r t s  
of the b r a in  and also,  perhaps ,  d i f fe rences  in the i r  ro le  in the product ion of hibernat ion and in reawakening 
f r o m  it. 

The m a r k e d  inc rea se  in the serotonin  level  observed  in cer ta in  p a r t s  of the b ra in  of sous l iks  fall ing 
into h ibernat ion and its c h a r a c t e r i s t i c  dynamics  during awakening are  in full ag reemen t  with the data  for  
sousl iks  awakening f r o m  hibernat ion a f te r  blocking of serotonin synthes is  by  parachlorophenyla lan ine  or 
when its level  is lowered  af ter  des t ruc t ion  of the nuclei of the raphe  in the mesencepha lon  [9]. Serotonin 
can be p r e s u m e d  to play an essent ia l  ro le  in the mechan i sms  of onset of hibernat ion,  but the c h a r a c t e r  of 
this  ro le  r equ i r e s  fu r ther  elucidation. 
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