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Abstract—The influence of hypothermia—hypoxia—hypercapnia on ornithine decarboxylase (ODC, EC 4.1.1.17) activities
in rat organs and tissues and also on the thymocyte distribution throughout the cell cycle stages was studied. The state of
artificial hypobiosis in rats on decrease in the body temperature to 14.4-18.0°C during 3.0-3.5 h was accompanied by drops
in the ODC activities in the neocortex and liver by 50-60% and in rapidly proliferating tissues (thymus, spleen, and small
intestine mucosa) by 80% of the control value. In kidneys the ODC activity raised to 200% of the control level. Twenty-
four hours after termination of the cooling and replacing the rats under the standard conditions, the ODC activities in the
neocortex, liver, kidneys, spleen, and intestinal mucosa returned to the control values, but remained decreased in the thy-
mus. Forty-eight hours later the ODC activities in the thymus and spleen exceeded the normal level. The distribution of thy-
mocytes throughout the cell cycle stages did not change in rats in the state of hypothermia (hypobiosis); 24 and 48 h after
termination of the cooling the fraction of thymocytes in the S stage was decreased and the fraction of the cells in the G,+G;,
stage was increased. The normal distribution of thymocytes throughout the cell cycle stages recovered in 72 h. Thus, in the
thymus the diminution of the ODC activity preceded the suppression of the cell proliferation rate. The tissue-specific
changes in the ODC activity are suggested to reflect adaptive changes in the functional and proliferative activities of organs

and tissues during the development of hypobiosis under conditions of hypothermia—hypoxia—hypercapnia.
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Studies on biochemical and physiological mecha-
nisms of artificial hypobiosis in non-hibernating mam-
mals are interesting for biology and medicine. Under
conditions of hypoxia—hypercapnia, rats can be cooled to
14-15°C and retain the ability for returning without assis-
tance to normothermia in the normal gas medium [1, 2].
The resistance of animals to chemical and physical fac-
tors, including ionizing radiation, increases in the state of
artificial hypothermia (cold anesthesia, hypobiosis) [1-4].
Notwithstanding a certain similarity, the artificial hypo-
biosis of non-hibernating mammals is different from
hibernation [5]. Stress reactions can contribute to the
response of the organism of non-hibernating mammals to
low environmental temperatures.

Abbreviations: DTT, dithiothreitol; ODC, ornithine decarboxy-
lase.
* To whom correspondence should be addressed.

Changes in the lymphoid organs and in the gastroin-
testinal tract mucosa are characteristic features of the
organism’s nonspecific reaction to environmental factors
(stress reaction according to the definition by Selye) [6,
7]. Changes in the level of tissue metabolism and in the
rate of cell proliferation are important components of
adaptive reactions of the organism [8-10]. The metabolic
and proliferative activities of cells and tissues can be
assessed by intensity of the metabolism of polyamines that
are involved in syntheses of DNA, RNA, and proteins, in
membrane and cytoskeleton stabilization, in membrane
permeability, etc. [11-13]. The intensity of polyamine
metabolism can be adequately characterized by determi-
nation of activity of ornithine decarboxylase (ODC, EC
4.1.1.17), which is the first enzyme in the chain of syn-
thesis of polyamines (putrescine, spermidine, and sper-
mine) and limits the rate of their generation; ODC is reg-
ulated by many signaling pathways. The activity of ODC
sharply increases in response to action of mitogenic stim-
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uli and growth factors. This enzyme is a marker of cell
activation and proliferation [11, 14]. The hormonal regu-
lation of physiological functions of different organs is
associated with changes in the ODC activity in them [15-
17]. Thus, activities of ODC in organs and tissues are sen-
sitive to central neuroendocrine and also to paracrine
influences and can serve a functional biochemical test in
studies on the organism’s adaptation to external influ-
ences. The involvement of ODC in adaptation of mam-
mals to low environmental temperatures and in transition
to the hypobiosis state was discussed in [18].

Cultivation of mammalian cells at low temperatures
is associated with growth delay and accumulation of cells
inthe G, or G, phase [19, 20]. It is interesting to study the
proliferative activity of organ and tissue cells of mammals
after hypothermia.

The purpose of the present work was to determine
the influence of rat hypothermia on the ODC activity in
the neocortex, liver, kidneys, thymus, spleen, and small
intestine mucosa and also on the proliferative activity in
the thymus assessed by the distribution of thymocytes
throughout its cell cycle stages.

MATERIALS AND METHODS

Labeled L-[1-'*Clornithine from Amersham
International (USA), dithiothreitol (DTT), L-ornithine,
and Tris from Sigma (USA), pyridoxal-5'-phosphate
from Ferak (Germany), and Na,-EDTA from Acros
(Belgium) were used. Other reagents were of domestic
production with at least chemical purity qualification.

All procedures with the animals were performed in
accordance with requirements of the Institute’s
Commission on Ethics and of the European Convention
for Protection of Vertebrates used for experimental and
other scientific purposes (1986/609/EEC).

The animals were maintained under standard labora-
tory conditions (20-21°C, 12-h day—night cycle, 65%
humidity) on food and water ad libitum. The standard diet
was balanced in proteins, vitamins, minerals, etc. The
body weight of the animals was 180-220 g. The hypother-
mia state of rats was obtained using a closed vessel
method that allowed us to reach a deep and reversible
cold anesthesia without premedication [2]. The rats were
kept in a 5-dm? hermetic chamber at the temperature of
1-2°C for 3-3.5 h that under conditions of hypoxia—
hypercapnia increasing with respiration resulted in the
state of cold anesthesia with body temperature lowering
to 14.4-18.0°C. Upon replacing under standard condi-
tions, the rats recovered themselves to normothermia
within 3-4 h and later manifested no changes in behavior.
After the cooling and taking the rats from the chamber,
their body temperature and heart rate (HR) were deter-
mined. The body temperature was measured rectally at
the accuracy of 0.2°C with a TEMP-60 electrothermome-
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ter sensor placed into the colon at the depth of 6 cm; the
HR was recorded with an EEG-4-02 electroencephalo-
graph, with lead ECG needle electrodes placed subcuta-
neously on the animal’s left front leg and above the left
scapula. The body temperature of the animals taken from
the chamber was on average 16.2 £ 0.2°C (from 14.4 to
18.0°C) compared to the normal 38°C; HR was 60 *
3 bpm (from 36 to 100 bpm) compared to the normal rate
340-360 bpm. The animals in the state of normothermia
were decapitated at the same time of day (between 12 a.m.
and 1 p.m.), the animals subjected to hypothermia were
decapitated immediately after being taken from the cham-
ber and 24, 48, and 72 h after termination of the cooling.
All further procedures were performed on ice. The neo-
cortex, liver, left kidney, thymus, spleen, and a scrape of
the small intestine mucosa were frozen in liquid nitrogen
and stored for no longer than three weeks.

To determine the ODC activity, the tissues were
weighed, minced, and homogenized in a glass homoge-
nizer with a fluoroplastic pestle for 1 min at 2°C in two-
four volumes of 0.1 M Tris-HCI buffer (pH 7.5) supple-
mented with 5 mM DTT, 0.5 mM Na,-EDTA, and 40 uM
of previously neutralized pyridoxal-5'-phosphate. The
homogenate was centrifuged at 20,000g for 30 min at 2°C.
The activity of ODC was determined in the supernatant
by the release of *CO, from labeled L-[1-'*C]ornithine
using a published method [21] with some modifications
[22]. The reaction was performed in the volume of 0.5 ml,
which contained 0.1 M Tris-HCI buffer (pH 7.2), 5 mM
DTT, 0.3 mM EDTA, 0.2 mM pyridoxal-5'-phosphate,
0.16 mM L-ornithine, 1.85 kBq (0.05 uCi) L-[1-
4CJornithine with the specific radioactivity of 2 GBg/
mmol, and 3-15 mg of the sample protein. To absorb the
released “CO,, filter paper strips saturated with 50 pl of
0.4 M Ba(OH), in 20% NaOH were used. The incubation
was performed for 1 h at 37°C, and the reaction was
stopped by addition of 0.5 ml of 40% TCA. The reaction
was performed twice for each specimen. The radioactivi-
ty of the filters was determined with a SL-30 scintillation
liquid counter (Intertechnique, France). The enzyme
activity was determined against a null sample supple-
mented with an aliquot of the homogenization medium
instead of the supernatant. The results were expressed
in pmol CO,/h per mg protein. Four to eleven animals
were used for every experimental point, with a correspon-
ding control for each. The results are presented as the
mean * standard error. The significance of differences
was assessed by Student’s z-test.

The protein content was determined by the Lowry
method [23] with BSA as a standard.

The intensity of thymocyte proliferation was assessed
by flow cytofluorimetry, which allowed us to characterize
the cell distribution throughout the cell cycle stages. The
thymocyte suspension was prepared by rubbing the thy-
mus through a nylon fabric in calcium-free Hanks” medi-
um. The cells in the suspension were fixed by addition of
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cold 96% ethanol, stored at —20°C for at least 24 h, and
stained with a DNA-specific fluorescent dye Hoechst-
33258 (1 pg/mlin 0.1 M Tris-HCI buffer, pH 7.4, supple-
mented with 0.1 M NaCl) for 30 min at 37°C. The analy-
sis was performed with a LAKS-1 apparatus produced at
the Institute of Cell Biology, Russian Academy of
Sciences [24].

RESULTS

Under conditions of normothermia the ODC activi-
ties in rat tissues and organs were as follows: 13.7 £ 0.9 in
the neocortex (n =9, n is the number of animals), 20.4 +
2.3 in the liver (n = 16), 234.4 + 28.4 in the kidney (n =
18), 156.0 = 31.1 in the intestinal mucosa (n = 10),
48.8 + 7.1 in the spleen (n = 20), and 312.8 * 22.0 pmol
CO,/h per mg protein (n = 19) in the thymus. Cooling of
the rat body to 14.4-18.0°C under conditions of hypo-
xia—hypercapnia was accompanied by a decrease in the
ODC activity in the neocortex to 53%, in the liver to
46%, in the intestinal mucosa to 18%, in the spleen to
24%, and in the thymus to 20% of the corresponding con-
trol (figure). In the kidneys the ODC activity increased to
203% of the control (figure, panel (b)). Twenty-
four hours after termination of the cooling and replacing
the animals under standard conditions, the enzyme activ-
ities were recovered in the neocortex, liver, kidneys, intes-
tinal mucosa, and spleen, but in the thymus the ODC
activity remained decreased (figure). Forty-eight hours
after termination of the cooling the ODC activities in the
thymus and spleen became higher than in the control
(figure, panel (c)). Twenty-four and forty-eight hours
after termination of the cooling the fraction of thymo-
cytes in stage G,+G, was increased and the fraction of
cells in stage S of the cell cycle was decreased. The initial
level was recovered 72 h after termination of the cooling
(Table 1). Hypothermia under conditions of hypoxia—
hypercapnia caused no significant change in the thymus
weight, the weight of spleen slightly decreased, and the
weight of kidneys significantly increased (Table 2).
Twenty-four hours after termination of the hypother-
mia—hypoxia—hypercapnia weights of the spleen and kid-
neys returned to the control values.

DISCUSSION

On the organismal level agents of certain intensity
induce in mammals activation of the sympathoadrenal
system and of the hypothalamus—hypophysis—adrenals
axis with a development of a systemic nonspecific adaptive
reaction of the organism, or stress [6]. Hormones of the
adrenals, catecholamines and glucocorticoids, released
into blood during the first hour of the animal’s exposition
to close to zero temperatures in normal gas medium [1,
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times after termination of cooling of rats. N, norm; 0, 24, and
48 h, time after termination of cooling. *, ** ***_ differences
from control are significant at p < 0.05, p < 0.005, and p < 0.001,
respectively

25, 26] influence the ODC activity in different organs.
Glucocorticoids and their synthetic analogs in active nor-
mothermal animals decrease the ODC activities in the
thymus and spleen and increase them in the brain, liver,
kidneys [15-17, 27-29], and in the intestinal mucosa [30].
Noradrenaline increases the ODC activity in the liver
[31], and B-adrenoreceptor agonists increase it in the
heart [32]. This reflects the strategy of the organism’s
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adaptive reaction represented by a glucocorticoid-
dependent involution of the thymico—lymphatic system
[6] and mobilization of vitally important organs.

Damage of the gastrointestinal mucosa under stress
conditions is not caused by the action of adrenocortical
hormones [6]. On the contrary, glucocorticoids promote
the recovery of these damages by a mechanism including
activation of polyamine synthesis [33]. The decrease in
the ODC activity in the lymphoid organs (figure, panel
(c)) and its increase in the kidneys (figure, panel (b))
observed in hypobiosis correlated with changes in the
ODC activities in these organs caused by glucocorticoids
[15, 16, 28] and by immobilization, which is a classical
model of stress [27, 34]. Immobilization also induces an
increase in the ODC activity in the neocortex [27], liver
[27, 34], and intestinal mucosa [33].

In the stress situation caused by 2-h exposure to the
environmental temperature of 4°C in the normal gas
medium without development in the animals of the hypo-
biosis state, the ODC activities also increased in the liver
and kidneys [34]. The hypobiosis state in rats under con-
ditions of hypoxia—hypercapnia and the decrease in the

body temperature to 14.4-18.0°C was accompanied by a
decrease in the ODC activity in the neocortex, liver, and
in the small intestine mucosa (figure, panels (a) and (b)),
as differentiated from its increase in response to gluco-
corticoids and in the above-considered models of stress.
An exception is presented by maternal deprivation of
infant rats, which is accompanied by a decrease in the
ODC activity in the brain, heart, and liver [34, 35]. Other
stress agents (including their combining with the depriva-
tion), such as immobilization or low environmental tem-
perature, induced in infant rats a typical stress reaction
with an increase in ODC activities in the above-men-
tioned organs [34]. The deprivation effects were reversible
with a certain tactile stimulation of the infant rats.

The works [34, 35] present a brilliant example of
inducing two types of an organism’s adaptive reactions
depending on the external agent. It seems reasonable to
suppose a similarity between adaptation of animal infants
to the maternal deprivation and hypobiosis.

A phenomenon of cold diuresis under low environ-
mental temperatures is specific for mammals as a result of
a decrease in water reabsorption in kidney channels asso-

Table 1. Distribution of thymocytes throughout cell cycle stages at different times after termination of cooling of rats

Time after termination n Thymocytes, % of total cell number
of cooling, h

G, + G, S G,+M

Control 33 88.4+0.3 6.710.2 49+0.2

0 9 88.1+0.4 7.2+0.2 47+0.2

24 8 90.9 + 0.6* 4.8 + 0.4* 43+0.3

48 10 90.0 £ 0.5** 5.3+0.3* 4.7+0.4

72 5 88.2+0.4 72+0.3 46+0.2

* Difference from control is significant at p < 0.001.
** Difference from control is significant at p < 0.005.

Table 2. Weights of kidney, thymus, and spleen at different times after termination of cooling of rats

Time after termination Weight, g
of cooling, h
kidney n thymus n spleen n
Control 0.786 £ 0.018 17 0.584 + 0.019 49 1.358 £ 0.067 46
0 0.976 + 0.034* 9 0.554 = 0.022 19 1.118 = 0.069** 18
24 0.779 £ 0.017 10 0.560 + 0.020 19 1.228 + 0.104 22
48 — 0.550 £ 0.026 21 1.592 + 0.155 16

* Difference from control is significant at p < 0.001.
** Difference from control is significant at p < 0.05.
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ciated with a decrease in secretion of the antidiuretic hor-
mone vasopressin [36]. The cold diuresis is also observed
in rats under artificial hypothermia at the decrease in
body temperature to 28°C [37]. The increase in kidney
weight by 24% observed by us in the state of hypothermia
seems to be associated with this phenomenon. On the
contrary, a sharp decrease in kidney blood flow, the
glomerular filtration, and in uropoiesis are characteristic
for hibernating animals in the torpor state [38]. The loss
of water by the organism must be considered as a factor
limiting the duration of artificial hypothermia of non-
hibernating mammals.

Regulatory pathways of ODC activity are various and
depend on the type of cells, tissues, and influence. The
enzyme quantity is regulated on the level of transcription,
degradation of mRNA, translation of mRNA, and the
degradation of the enzyme [39]. The lifetime of ODC in
mammalian tissues is 10-30 min [11], and high absolute
values of ODC activity in kidneys under conditions of
hypothermia (figure, panel (b)) can be maintained on
supporting the balance between enzyme synthesis and
degradation. Under conditions of hypothermia the rate of
transcription and translation is decreased, and the most
sensitive is cap-dependent translation initiation, which in
hibernating animals is terminated at temperatures below
18°C [38]. However, under hypothermia mRNA in the
cells is stabilized [19] and the rate of protein degradation
is sharply decreased [40]. Under conditions of cellular
cold stress mainly mRNAs are translated with internal
ribosome entry sites (IRES) on the 5'-terminus, and these
sequences are responsible for the cap-independent trans-
lation [19]. The presence of IRES-sequences in mRNA of
ornithine decarboxylase has been shown [39]. In organs
and tissues some ODC molecules are inactive because
they form a complex with a specific ODC-inhibiting pro-
tein, antizyme, the production of which is regulated by
polyamines on the level of translation [39]. In the thymus
about one third of the total amount of ODC is in the inac-
tive complex with the antizyme [15]. Inhibition of ODC
activity in the thymus by dexamethasone is associated
with an induction of the antizyme through a polyamine-
independent mechanism. The induction of the antizyme
results in an increase in the relative amount of the
ODC-—antizyme complex and in a decrease in the total
amount of ODC, because the inactive complex undergoes
accelerated proteolytic degradation [15, 39]. The decrease
in ODC activity in the lymphoid organs observed by us on
cooling can also be associated with the induction of the
antizyme by glucocorticoids. Note that the rate of ODC in
vitro interaction with the antizyme increases with a
decrease in the temperature [11].

Hypothermia—hypoxia—hypercapnia induced more
prolonged decrease in ODC activity in the thymus than in
the spleen (figure, panel (c)). The thymus is a primary
lymphoid organ where T-lymphocytes are produced from
bone marrow precursors [41]. Possibly, the proliferation
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and differentiation of thymocytes and rearrangement of
the genes of T-receptors need the greater rate of
polyamine metabolism and recovery of these processes
takes more time.

The sharp decrease in ODC activities in actively pro-
liferating tissues of thymus, spleen, and small intestine
mucosa (figure, panels (b) and (c)) can be associated with
adaptive reactions on the level of cells and tissues. Studies
on mammalian cell cultures show that a decrease in the
cultivation temperature (cold stress, or cold shock) cause
growth delay with a prevalent accumulation of cells in the
G, phase, a decrease in the level of metabolism, modifica-
tion of transcription and translation, disassembling of the
cytoskeleton, and synthesis of specific cold-shock proteins
[19]. The cell responses to cold shock can also be caused by
a decrease in the contents and metabolism of polyamines,
which are involved in the cell entrance and passing the cell
cycle [14], stabilization of the cytoskeleton [13], and regu-
lation of transcription and translation [11, 14].

The thymocyte distribution throughout the cell cycle
stages suggests a decrease in the proliferative activity and
accumulation of cells in the G, phase of the cell cycle
(Table 1). The decrease in the proliferation associated
with accumulation of cells in the G, phase was observed
in cell cultures subjected to deep hypothermia after
returning to the optimal temperature [20] and also on a
decrease in the intracellular pool of polyamines caused by
a long-term inhibition of ODC activity [42]. The
decrease and recovery of the fraction of thymocytes in S
phase of the cell cycle are 24 h delayed compared to the
corresponding changes in ODC activity (figure, panel (c)
and Table 1). This is in agreement with the data that the
duration of the cell cycle of thymocytes is ~24 h.

An acute stress leads to decrease in cell number and
involution of lymphoid organs due to apoptosis of gluco-
corticoid-sensitive lymphoid cells and cell migration
from the lymphoid organs [43]. In our experiments
hypothermia under conditions of hypoxia—hypercapnia
did not cause significant changes in the thymus weight. A
decrease in ODC activity and in the intracellular pool of
polyamines caused growth delay but not always led to
apoptosis [42]. The spleen weight in the state of hypobio-
sis was slightly decreased (Table 1). A decrease in spleen
weight manifested soon after the action of stress factor
could be caused by a reduction of its capsule caused by
adrenalin [43]. Thus, hypothermia, hypoxia, and hyper-
capnia did not lead to involution of lymphoid organs —
thymus and spleen.

A decrease in the intracellular pool of polyamines
along with inhibition of ODC was earlier shown [44-46]
to cause, along with cell growth delay, induction of anti-
apoptotic factors and protect cells against apoptosis
under damaging influences.

The development of hypobiosis in rats under condi-
tions of hypothermia—hypoxia—hypercapnia is accompa-
nied by changes in ODC activities in all organs and tissues
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under study. These changes are different from those
observed in experimental models of acute stress. The
decrease in ODC activity in the thymus correlates with
suppression of thymocyte proliferation. The decrease in
ODC activities in the animal’s organs and tissues under
conditions of hypothermia is likely to be associated with
systemic adaptive reactions to cooling and
hypoxia—hypercapnia developed on the cell and organis-
mal levels and directed to coordinated decrease in metab-
olism with saving of viability.

This work was supported by the Russian Foundation
for Basic Research (project No. 09-04-00993a).
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