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POPOVA, N. K. AND N. N. VOITENKO. Brain serotonin metabolism in hibernation. PHARMAC. BIOCHEM. BE- 
HAV. 14(6)773-777, 1981.--It has been shown that notwithstanding 2-fold decreased monoamine oxidase (MAO) activity 
in brain of hibernating ground squirrels (Citellus erythrogenys major, Brandt), serotonin (5-HT) and 5-hydroxyindoleacetic 
acid (5-HIAA) levels in most of the brain areas studied were not significantly different from the ones in active ground 
squirrels. However, marked changes were revealed in 5-HT and 5-HIAA brain level in entering hibernation (body tempera- 
ture 11-9°C) and arousing (body temperature 22°C) animals. In entry into hibernation an increase in brain 5-HT, decrease in 
5-HIAA level and lowered MAO activity was found. In arousal from hibernation 5-HT was decreased, 5-HIAA was 
increased and MAO activity was found to be increased to the level of the active ground squirrels. 
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IT IS now generally accepted that in spite of being unique, 
natural hibernation is accomplished by physiological mech- 
anisms which also function in non-hibernators [7]. 

There is some evidence suggesting an involvement of 
serotonin (5-HT) in the control of hibernation [5, 6, 9, 10, 14, 
16]. However, the literature on brain 5-HT in hibernation is 
contradictory. Some investigators reported increased [6, 8, 
16], decreased [14], or unchanged [17], brain 5-HT during 
hibernation, although the latter authors found an increase of 
tryptophan hydroxylase activity, the rate-limiting enzyme 
for 5-HT synthesis, in brainstem of hibernating woodchuck. 

The discrepancy may be due to differences in the brain 
areas and in the phases of hibernation studied. It has been 
previously shown that the changes were significant only in 
some brain areas [6] and they were especially pronounced at 
critical time points such as entry into hibernation and arousal 
from hibernation [11]. 

The present study was undertaken to evaluate brain 5-HT 
metabolism in hibernation. For this purpose 5-HT, 5-hydroxy- 
indoleacetic acid (5-HIAA) levels and monoamine oxidase 
(MAO) activity were determined. Special attention was paid 
to the entry into hibernation and arousal marked by drastic 
changes in behaviour and the state of physiological systems. 

METHODS 

Animals 

Males of red-cheeked ground squirrels (Cittelus eryth- 
rogenys major, Brandt) weighing 250-300 g were used. 
These animals, widespread in West Siberia, are the typical 
representatives of seasonal hibernators. Their hibernation 
period lasts up to 7 months, during which ground squirrels 
neither eat nor drink. 

The captured animals were individually caged and, in 

autumn, they entered into natural hibernation in a special 
chamber with constant temperature (2-3°C) and housing 
conditions similar to natural ones. The body temperature 
during the entry into hibernation gradually lowered and in 
hibernating animals the "core"  temperature was near 4°C. 
While hibernating, the ground squirrel took a typical hiber- 
nating posture with tail and feet curled around the head. The 
cardiac and breathing rates were very slow. 

The experiments were performed in active ground squir- 
rels with body temperature of about 37°C; in animals enter- 
ing hibernation (body temperature 11-9°C), in hibernating 
ground squirrels (body temperature 4-5°C); and in animals in 
a state of partial arousal (body temperature 22°C). The 
arousal was provoked by transferring the animals to a room 
with an ambient temperature of 21-22 ° . The animals were 
decapitated when their body temperature increased to 22 ° . 
At this time restoration of the orthostatic reflex was noted, 
they turned over, paws down, but their eyes remained 
closed. 

Procedure 

After a quick decapitation the brain of ground squirrel 
was immediately removed. The hippocampus, hypothala- 
mus, hindbrain and midbrain were rapidly excised, weighed 
and placed into test-tubes on ice. 5-HT and 5-HIAA were 
determined fluorometrically [12] using a "Hitachi" spectro- 
fluorometer. For the determination of 5-HT catabolism by 
MAO [1], brain regions studied were homogenized in 9 vol- 
umes of Krebs-Ringer phosphate solution with pH 7.4. The 
preincubation of homogenates was made for 30 min at the 
temperature adjusted to body temperature of the animal. The 
experiments were performed with the amount of homogenate 
corresponding to 100 mg of brain tissue, to which 4 ~g of 
5-HT were added. The incubation was carried out at 7 °, 22 ° 
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T A B L E  l 

EFFECT OF TEMPERATURE ON MAO ACTIVITY IN DIFFERENT PHYSIOLOGICAL STATES 
OF GROUND SQUIRRELS 

MAO activity in/zg of deaminated 5-HT 
per 100 mg of brain tissue wet weight 

State of for 15 min (Mean ± SE) 
animals and body Incubation Number of 
temperature, C ° temperature C ° experiments Midbrain Hypothalamus Hippocampus 

Active 37 °* 5 3.12 + 0.10 3.23 ± 0.09 2.87 + 0.06 
state, 22 ° 5 2.39 ± 0.24 2.62 ± 0.12 2.41 ± 0.17 
36.5-37 ° 7 ° 5 1.96 + 0.15 2.07 ± 0.06 2.01 ± 0.09 

Entrance into 37 ° 5 3.11 ± 0.10 3.46 ± 0.02~- 3.05 ± 0.02t 
hibernation, 22 ° 5 2.41 + 0.06 2.80 ± 0.05 2.18 + 0.01 
11-9 ° 7 °* 5 2.48 + 0.07+ 2.77 ± 0.07"~ 2.28 + 0.01~; 

Hibernation, 37 ° 8 3.47 ± 0. I0+ 3.69 ± 0.08+ 3.65 ± 0.07+ 
3-4 ° 22 ° 8 2.81 ± 0.08+ 3.22 ± 0.07+ 2.77 ± 0.09 

7 °* 8 1.70 ± 0.16 1.54 + 0.12¢ 1.58 ± 0.09+ 

Arousal, 37 ° 4 3.71 + 0.03? 3.79 ± 0.03+ 3.68 + 0.02+ 
22 ° 22 °* 4 2.57 ± 0.21 3.07 ± 0.10+ 2.74 ± 0.31 

7 ° 4 1.56 _+ 0.07+ 1.59 + 0.25~ 1.38 ± 0.30 

*"Real"  MAO activity corresponding to the body temperature in this phase of hibernation. 
+p<0.05 vs correspondent incubation temperature in active state. 

and  37°C wi th  shak ing  in a W a r b u r g  a p p a r a t u s  for  15 min.  
The  reac t ion  was  s topped  by  addi t ion  o f  1 N perch lor ic  acid.  
M A O  act iv i ty  was eva lua ted  by the  quan t i ty  of  5 -HT 
me tabo l i zed  and  e x p r e s s e d  in p~g of  me tabo l i zed  5-HT pe r  
100 mg of  wet  t i ssue  weight  for  15 min.  The  S t uden t  t - tes t  
was  appl ied to tes t  the  s ignif icance of  the  d i f ference  b e t w e e n  
m e a n  va lues  o f  d i f ferent  groups .  

RESULTS 

It was found  tha t  5 -HT and  5 - H I A A  levels  in e x a m i n e d  
regions  of  the  bra in  in a w a k e  ac t ive  g round  squi r re l s  were  
s imilar  to those  in the  n o n h i b e r n a t o r s '  bra in .  5 -HT to 
5 - H I A A  rat io  was c lose  to 1, wh ich  c o r r e s p o n d s  to va lues  
found  in ra ts  [3]. 

S tudies  on  the en t ry  to h i be r na t i on  revea led  m a r k e d  
changes  in 5 -HT level and  ca tabol i sm.  The  beg inn ing  o f  the  
h ibe rna t i on  was cha rac t e r i zed  by  an  inc rease  in b ra in  5-HT 
level ,  and  by s ignif icant  dec rea se  of  5 - H I A A  c o n t e n t  in all 
regions  of  the  b ra in  s tudied  (Fig. 1). The  mos t  p r o n o u n c e d  
changes  were  found  in the  h i p p o c a m p u s .  5 - H T / 5 - H I A A  rat io 
in h i p p o c a m p u s  was e l eva ted  by  6 t imes  (0.7 in ac t ive  g round  
squi r re l s  and  4.3 rat io  in an imal s  en te r ing  h iberna t ion) .  In the  
res t  o f  the areas  of  the bra in  s tudied  there  were  s imilar  
changes ,  a l though  less p r o n o u n c e d  as c o m p a r e d  to hip- 
pocampus .  

M A O  act iv i ty  in g round  squirre ls  en te r ing  h ibe rna t ion  
was  lowered  in c o m p a r i s o n  wi th  tha t  in a w a k e  animals .  The  
M A O  act iv i ty  at  7°C, i .e. ,  c lose to the body  t e m p e r a t u r e  of  
g round  squirre ls  en te r ing  h i be r na t i on ,  d e c r e a s e d  by  21% in 
the  midb ra in  and  h i p p o c a m p u s  and  by  15% in the  hypo tha l -  
amus  (Table  1). Potent ia l  ac t iv i ty  of  this  enzym e ,  i .e. ,  the  

ac t iv i ty  m e a s u r e d  at 37°C, in h i p p o c a m p u s  and  hypotha la -  
mus  of  g round  squirre ls  en te r ing  h ibe rna t ion  was h igher  than  
tha t  in ac t ive  ones .  At  the same  t ime at  the  t e m p e r a t u r e  of  
b ra in  h o m o g e n a t e s  incuba t ion  of  22°C M A O  act ivi ty  was not  
d i f ferent  f rom the  " r e a l "  one  (at  7°C) in all b ra in  regions  
u n d e r  s tudy.  T h e r e f o r e  a m a r k e d  dec rea se  in t e m p e r a t u r e  
d e p e n d e n c e  of  5 -HT oxida t ive  deamina t i on  in the  g round  
squ i r re l ' s  b ra in  was found  to be  within the  l imits of  low 
t e m p e r a t u r e s  (22-7°C) dur ing  en t ry  into h ibe rna t ion .  

In a deep  h ibe rna t ion ,  5 -HT and  5 - H I A A  bra in  concen-  
t ra t ions  were  not  s ignif icant ly  di f ferent  f rom the  values  ob- 
ta ined  in ac t ive  eu the rmic  g round  squirre ls ,  a l though  in the 
h y p o t h a l a m u s  of  h ibe rna t ing  an imals  5 -HT level  was  slightly 
inc reased  (0.71_+0.04 /xg/g in ac t ive  s ta te  and  0.88_+0.05 
/xg/g, p < 0 . 0 5 ,  in h ibe rna t ing  g round  squirrels) .  H o w e v e r ,  in 
the  s tudy  of  5 -HT m e t a b o l i s m  in h ibe rna t ing  an imal  bra in  
h o m o g e n a t e s  it was  found  tha t  the  " r e a l "  M A O  act iv i ty  
( t empera tu re  of  i ncuba t ion  7°C) was lowered .  T h e s e  va lues  
of  M A O  act iv i ty  were  twice  as low as the  " r e a l "  e n z y m e  
act iv i ty  in ac t ive  g round  squirre ls .  Potent ia l  M A O  act iv i ty  in 
h ibe rna t ing  g round  squirre ls  ( t empe ra tu r e  of  i ncuba t ion  of  
b ra in  h o m o g e n a t e s  22 ° or  37°C) exceeded  the  - r e a l "  one  and 
also was found  to be  s ignif icant ly  h igher  than  tha t  in ac t ive  
an imals  at co r r e spond ing  t e m p e r a t u r e s  (Table  1). 

In a rousa l  f rom h ibe rna t ion  changes  in 5-HT and  5 - H I A A  
con t en t  qui te  oppos i te  to those  which  took  place  in en t ry  to 
h ibe rna t ion  were  revea led .  It was  found  tha t  5 -HT was de- 
c r eased  and  5 - H I A A  c o n c e n t r a t i o n  in b ra in  inc reased  (Fig. 
2). Espec ia l ly  s ignif icant  changes  of  5-HT metabo l i t e  were  
found  in the  hypo tha l amus .  The  " r e a l "  level  of  M A O  act iv-  
ity (at 22°C) in arousal  was  inc reased  and  was  found  to be 
s imilar  to the  ac t ive  g round  squ i r re l ' s  " r e a l "  (at 37°C) level 
of  e n z y m e  act ivi ty  (Table  1). 
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FIG. 1. Changes  in brain serotonin,  5-hydroxyindoleacet ic  acid (5- 
HIAA)  levels and monoamine  oxidase (MAO) activity in enter ing 
hibernat ion ground squirrels.  Groups  of  7 ground squirrels were 
decapitated in active state in s u m m e r  (Mean body t ° 37°C) and in 
October  when  during entry to hibernat ion their body t ° lowered to 
11-9 °. MAO activity was evaluated in /~g of  deaminated  serotonin 
per 100 g of  brain t issue weight after incubation for 15 min (at 37 ° for 
active animals  and at 7 ° for enter ing hibernation).  
© - - h y p o t h a l a m u s ,  ~ - - m i d b r a i n ,  A - - h i p p o c a m p u s ,  A- -h indbra in .  
*p<0.05 vs active state (body t ° 37°). 
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FIG. 2. Changes  in brain serotonin,  5-hydroxyindoleacet ic  acid (5- 
HIAA) levels and monoamine  oxidase (MAO) activity during 
arousal  from hibernation.  Groups  of  5 ground squirrels were decapi- 
tated in April in hibernat ion (body t ° 4°C) and after t ransferring them 
into the warm room (t ° 21-22°C) when  their body temperature  had 
increased to 22 ° and 35°C. MAO activity was determined after incu- 
bation o f  brain o f  hibernating animals  at 7°C and arousing (body t ° 
22 °) at 22°C. (3---hypothalamus,  @~midb ra in ,  A - - h i p p o c a m p u s .  
*p<O.05 vs previous body temperature .  
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DISCUSSION 

Therefore, it has been found, that the entry into hiberna- 
tion, the hibernation itself, and the arousal are considerably 
different with respect to 5-HT brain metabolism. The entry 
to hibernation is associated with 5-HT storage in some areas 
of brain. The increase of 5-HT content in hippocampus and 
hindbrain has been previously shown [6] in ground squirrels 
with the body temperature lowered to 16-15°C. In a deeper 
hypothermia with body temperature of 11-9°C, as it was in 
the present study, the elevation of brain 5-HT was more 
pronounced and some significant changes also appeared in 
the midbrain and hypothalamus. 

The increase in 5-HT level was combined with the low- 
ered brain MAO activity and decreased 5-HIAA concentra- 
tion. Taking into consideration that MAO-induced oxidative 
deamination of 5-HT, with 5-HIAA as the end breakdown 
product, is the main pathway of 5-HT catabolism [15], it is 
reasonable to conclude that the elevation of brain 5-HT is 
due, at least partially, to the decline of 5-HT degradation. 

Thus, the beginning of the hibernation is characterized by 
5-HT storage in some areas of the brain depending, to a 
certain extent, on decreased MAO-induced oxidative deami- 
nation of 5-HT. The increase of 5-HT may be due, along with 
the fall of MAO activity, to some other factors, such as 
intensified 5-HT uptake and binding or synthesis of this 
amine. 

The relatively temperature-independent MAO activity in 
ground squirrels entering hibernation was found within the 
low temperatures (22°-7°C). This phenomenon of tempera- 
ture compensation of metabolism has been described in 
poikilothermic vertebrates [4] and possibly reflects the adap- 
tation of metabolism to dramatically changed temperatures. 

The changes in 5-HT metabolism evidently are not a sim- 
ple result of the lowered body temperature. First, as it was 
previously shown [6], the increase in 5-HT level in animals 
entering hibernation is consederable only in some regions of 
the brain. Moreover the 5-HT and 5-HIAA changes found 
were of different intensity in different regions. The most 
marked changes were seen in hippocampus where 5- 
HT/5-HIAA ratio increased 6-fold. In other areas of the brain 
stem the changes were less pronounced, but nevertheless 
distinct enough. In the hypothalamus 5-HT/5-HIAA ratio in- 
creased 3.6-fold, and in the midbrain and hindbrain 2- 
2.5-fold. It is probable that dissimilar 5-HT metabolism 
changes in various regions reflect dissimilar functional ac- 
tivity of these brain areas and their different role in the con- 

trol of natural hibernation and arousal. Attention is drawn to 
the data [13] demonstrating that the hippocampus belongs to 
regions with neuronal activity maintained even in deep 
hibernation. 

While hibernation deepened and body temperature fell to 
4-3°C, the changes in 5-HT and 5-HIAA content were not 
intensified but stabilized. Although MAO activity decreased, 
5-HT and its metabolite levels in the brain were not so differ- 
ent from the respective values in awake ground squirrels. 
Thus, hibernation evidently has been characterized by well 
balanced 5-HT metabolism notwithstanding 2-fold decreased 
MAO activity. 

Our findings of lowered MAO activity are not in agree- 
ment with the data presented previously [8]. These authors 
reported that in golden hamsters the MAO activity during 
hibernation was similar to that in awake animals. This state- 
ment needs a certain correction, since in these experiments 
MAO activity was determined in brains incubated at 37°C, 
which was at the temperature non-conformable to the body 
temperature of hibernating animals. Therefore, these data 
are evidently indicative of a potential enzyme activity rather 
than of real activity in hibernation. As it was shown in Table 
1 potential brain MAO activity in hibernating ground squir- 
rels is even higher than that in awake ones. At the same time 
the "real"  activity of the enzyme under these conditions is 
lowered. 

The arousal is associated with an increase in MAO activ- 
ity, a drop in 5-HT level and rise of its metabolite concentra- 
tion. However, it seems that this activation of 5-HT metabo- 
lism is not a result of functional activation of the serotonin- 
ergic system. It has been shown that exogenously adminis- 
tered 5-HT or its precursor 5-hydroxytryptophan inhibited 
the process of arousal [9,10]. On the contrary, the decrease 
of forebrain 5-HT level as a result of midbrain raphe nuclei 
lesions or pretreatment with p-chlorophenylalanine evoked 
the arousal from hibernation [14]. Therefore, it may be con- 
cluded from these and present results that the increase of 
brain serotonin level is the condition necessary for the entry 
into hibernation while its decrease is necessary for arousal. 

In this connection, attention is attracted to the supposi- 
tion [2] that it is not only functionally active, but also func- 
tionally inactive 5-HT that could be metabolized to 5-HIAA. 
It may be supposed that the decrease of 5-HT level and 
increase of 5-HIAA level during arousal is due to intra- 
neuronal metabolism of non-functional brain 5-HT, thus 
leading to the deficiency of 5-HT and diminished functional 
activity of 5-HT dependent neurons. 
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