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A correlation is shown between the duodenal content of serotonin in the red-checked 
souslik and the period of hibernation, The serotonin concentration in the tissue is ma- 
ximal at the beginning of the hypothermia period and minimal at the end of this 
period. During spontaneous awakening (winter normothermia) the necessary amount of 
amine is produced. 
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Serotonin, a biogenic amine characterized by dif- 
ferent physiological effects in the animal organism, 
appears to be the most interesting of the endog- 
enous regulators of hibernation. Serotonin is a 
product of secretion of cellular elements of brain 
structures and of enterochromaffin (EC) ceils of the 
peripheral organs. Previous studies have revealed 
different effects of "central" and "peripheral" se- 
rotonin in hibernating animals. The former is con- 
ducive to a smooth transition from a somnolent 
state to hibernation [4,9], while the latter is in- 
volved in thermoregulation and is needed for the 
development and maintenance of hypothermia 
[2,3,10]. Hence, there are good grounds for stat- 
ing that serotonin helps set the hibernation mecha- 
nisms in motion. 

Ninety percent of total serotonin is produced 
by elements of the enterochromaffm system of the 
gastrointestinal tract EC ceUs [12]. Previously 
serotonin concentrations were measured in various 
portions of the stomach in the periods of deep 
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torpor, summer activity, and spring awakening of 
red-checked sousliks [3,5]. In the present study we 
investigated the time course of serotonin and its 
principal metabolite 5-hydroxyindoleacetic acid (5- 
HIAA) in the duodenum under various seasonal 
conditions, including the hibernation cycle. 

MATERIALS AND METHODS 

Red-checked sousliks (Citellus erythrogenys Brandt) 
caught in the steppes of the Novosibirsk Region 
were used in this work. These obligate hibernators 
hibernate 7 to 8 months a year, and their hiber- 
nation consists of cycles including periods of tor- 
por (12-14 days) and short-term spontaneous awak- 
enings (20 to 28 h). The animals were examined 
while in the state of summer activity, during win- 
ter hibernation, and after spring awakening. The 
hibemation cycle was studied in detail, and mate- 
rial for investigation was collected on days 1, 5-6, 
and 12 of hypothermia and during spontaneous 
awakening (winter normothermia).  In spring the 
animals were examined on clays 5-6 of hypother- 
mia (March or beginning of April) and on days 
1, 4, and 14 after spring awakening from winter 
hibernation (end of April - May). The concentra- 
tion of serotonin and its metabolite 5-HIAA was 
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measured by a previously described technique [3] 
based on methods presented elsewhere [8,11,14]. 
The measurements were carried out using a Hitachi 
spectrofluorometer. 

A total of 175 tissue samples from 46 animals 
were examined. Digital data were statistically proces- 
sed using the Mann-Whitney nonparametric U test. 

RESULTS 

The highest serotonin concentrations are observed 
in the duodenum of "summer" animals (Table 1). 
The level of serotonin is reliably lowered during 
the period of deep torpor (days 5-6 of hiberna- 
tion). The content of the amine changes in the 
course of the hibernation cycle. Its maximal value 
was observed at the beginning of the cycle on the 
first day of torpor after spontaneous awakening. 
The serotonin level drops as hypothermia progres- 
ses, and by day 12 of torpor it is reliably lower 
than on days 5-6 of  hibernat ion.  Spontaneous  
awakening is marked by an increase of the amine 
level, and when a new hibernation cycle begins, 
the serotonin concentrat ion in the tissue is reli- 
ably higher than at the end of the period of hy- 
pothermia. 

A very different picture is observed in spring. 
A reliable increase of amine concentrat ion in the 
tissue was observed on days 5-6 of  hibernation in 
April, compared to a similar period in the winter 
months. The serotonin level continues to rise af- 
ter the sousliks awaken in spring, reaching 17.78 
gg/g by day 14 of activity, which is close to its 
summer values. 

The changes in the level of the main seroto- 
nin metabolite, 5-HIAA, are of a different type. Its 
maximal concentrat ion is observed in the middle 
of torpor, and it drops perceptibly during sponta- 
neous awakening. By the beginning of a new cycle 
of torpor the metaboli te content  is reduced in 
comparison with all periods of winter hypothermia. 

The content of 5-HIAA is reduced in sleeping 
"April" animals, reliably differing from that in 
deep winter torpor. A certain tendency for this 
metabolite level to rise is observed on day 4 of 
activity in animals awakening from hibernation, 
but by day 14 its level drops. In "summer" active 
animals the levels of 5-HIAA are minimal. 

A study of serotonin metabol ism in the small 
intestine of hibernating animals over a year re- 
vealed the following regularity: the content of se- 
rotonin and its metabolite changes in accordance 
with the function of serotonin-producing cells (EC). 
Previously we presented the data of an electron- 
microscopic study of duodenal  EC cells in hiber- 
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Fig.  1. Seasonal  changes  in the ut i l izat ion index  ( 5 -  H I A A /  
s e ro ton in )  in t he  d u o d e n u m  of  red -- c h e e k e d  sous l i k s .  I) 
s u m m e r  activity;  2) day  1 oI torpor;  3) days  5 - 6  of  torpor;  
4) d a y  t2 of torpor;  5} spon taneous  awakening;  6) days  5 - 6  
of spr ing  torpor;  7) day  1 af ter  spr ing awakening ;  8) day  4 
after  spring awakening ;  9) d a y  14 al ter  spr ing awakening .  

nating animals and of morphometr ic  analysis of 
their organelles in different seasons [7]. In  the 
"summer" cells the synthetic processes and secre- 
t ion accumulation in the form of  basally disposed 
electron-dense polymorphic secretory granules pre- 
dominate.  In summer  the "utilization" index (ra- 
tio of 5-HIAA to serotonin levels) of the duode-  
n u m  is only 0.21 (Fig. 1). This may be because 
serotonin is being stored up in order to ensure its 
participation in the hypothermic reactions of the 
organism in the period of lowered body tempera-  
ture. In "winter" animals in a state of torpor,  
active disintegration of secretory granules is ob- 
served, and the amine is not produced by the cells. 
This iindicates that it is mobilized from the cells. 
Red-cheeked sousliks do not  eat during the entire 
winter  season. Hence, the amine cannot be in- 
volved in regulating digestion in winter, because 
the gastrointestinal tract is completely shut down. 
The withdrawal of EC cell secretion against the 
background of  a slowed course of all physiological 
processes indicates the contribution of serotonin to 
maintenance of the normal  course of hibernation. 

A study of  the time course of  serotonin con- 
centrations in winter helps trace a clear-cut rela- 
tionship between its levels in the intestine and the 
functional  status of the animal. Comparison of 
morphological  and biochemical data showed that 
spontaneously awakening animals produce serotonm 



1210 Bulletin of Experimental Biology and Medfciile, N o- 11, 1994 EXPERIMENTAL BIOLOGY 

TABLE 1. Changes in the Content of Serotonin and Its Metabolite in the Duodenal Tissue 

N o t e .  The number of animals examined is given in parentheses. 

in the required amounts,  this raising its level in 
the intestinal tissue during winter normothermia  
and during the ftrst day of the new hibernation 
cycle. Along with other endogenous factors, a re- 
duction of the amine concentration by the end of 
torpor  evidently alters the body temperature and 
activates many physiological processes, as a result 
of which the animal awakens. Metabolites are with- 
drawn during the periodic awakenings and the re- 
serve of bioactive substances needed for the nor-  
mal course of hibernation is replenished. The ac- 
cumulation of 5-HIAA resulting from the depressed 
function of its withdrawal occurring in sousliks [6] 
probably contributes to the switch of  the "torpor- 
activity'' phases and stimulates awakening. 

The serotonin "utilization" index is demon-  
strative for this period (Fig. 1). It is high in the 
tissues of  a spontaneously awakened animal (3.14) 
and continues to rise in the course of  the period 
of torpor, its value by day 12 of hypothermia be- 
Lug as high as 5.15. This is indicative of continu- 
ous and active catabolism of serotonin during tor- 
por, thus proving that this biogenic amine per- 
forms an important  function in winter  by main- 
taining hypothermia. 

The rise of the serotonin level in animals after 
spring awakening from winter hibernation may be 
due to regeneration of the epithelial lining and the 
resumption of digestion in the gastrointestinal tract. 
In parallel with stabilization of the duodenual func- 
tion, a gradual deposition of an appreciable portion 
of the synthesized serotonin for the next hiberna- 
tion season occurs in EC cells. Serotonin utiliTcd in 
summer goes for the requirements of the intensively 
working gastrointestinal tract and for maintenance of 
the necessary basal level of the amine which influ- 
ences cell proliferation and the development of be- 

havioral, cardiovascular, and other physiological re- 
actions in the summer period [1,4,13]. 

Hence,  the data on the seasonal dynamics of 
serotonin levels indicate an important  role of this 
duodenal  amine in the development  and mainte-  
nance of hypothermia in hibernating animals. 

The authors are grateful to Dr. A. L. Markel' 
for giving us the opportunity to work with the 
Hitachi spectrofluorometer. 
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