
ISSN 1608-4101 (Print) Медицинский академический журнал 
 Medical Academic Journal

Том Выпуск 
Volume 19 Issue 4 2019

ОРИГИНАЛЬНЫЕ ИССЛЕДОВАНИЯ  

ORIGINAL RESEARCHES

УДК 612.821 
https://doi.org/10.17816/MAJ19075

ANTIDEPRESSANT-LIKE ACTION OF HYPOXIC POSTCONDITIONING IS ACCOMPANIED 
BY THE UP-REGULATION OF HIPPOCAMPAL HIF-1α AND ERYTHROPOIETIN
M.Yu. Zenko, E.A. Rybnikova
Pavlov Institute of Physiology RAS, Saint Petersburg, Russia

For citation: Zenko MYu, Rybnikova EA. Antidepressant-like action of hypoxic postconditioning is accompanied by the up-regulation of 
hippocampal HIF-1α and erythropoietin. Medical Academic Journal. 2019;19(4):41-46. https://doi.org/10.17816/MAJ19075

Received: October 31, 2019 Revised: November 14, 2019 Accepted: November 27, 2019

Objective. The aim of the study was to reveal the role of HIF-1α in the effects of hypoxic postconditioning in 
the rat experimental model of depression “learned helplessness”.

Materials and methods. The studies were performed in the “learned helplessness” paradigm which represents 
a reliable experimental model of depression in rats. The development of the pathology was evaluated in the behavioral 
open field test and by the baseline level of plasma corticosterone. Correction of behavioral deficit was performed 
by three episodes of hypoxic postconditioning (360  mmHg, 2 h). Changes in the immunopositivity of HIF-1α and 
erythropoietin in the hippocampus of rats were evaluated. An inhibitor of HIF-1α subunit translation topotecan 
(1  mg/kg, i.p., Santa Cruz, USA) was used on the 4th day after the footshock stress. On the 9th day, animals were 
tested in the open field test to assess the level of depressive-like behavior.

Results. It was shown that postconditioning by three episodes of mild hypobaric hypoxia resulted in the correction 
of behavioral deficit produced by the “learned helplessness” aversive stress, and the levels of corticosterone did not 
differ from the baseline in these animals. These behavioral and hormonal effects were accompanied by the increased 
level of immunopositive HIF-1α and its transcriptional downstream target erythropoietin in the dorsal and ventral 
hippocampus. Using of HIF-1 inhibitor topotecan dramatically worsen the severity of the depressive-like symptoms.

Conclusion. The findings suggest that HIF-1 appears to have the antidepressant-like activities and that hypoxic 
postconditioning-induced stimulation of HIF-1α and erythropoietin level might contribute to the endogenous 
mechanisms which compensate for the pathogenic effects of stressors, particularly for the development of stress-
induced depression.

Keywords: depression; hypoxic postconditioning; stress-protective effect; learned helplessness; HIF-1α; erythro-
poietin.
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Цель исследования  — оценить роль HIF-1α в антидепрессивных эффектах гипоксического постконди-
ционирования в экспериментальной модели депрессии «выученная беспомощность» у крыс.

Материалы и методы. Исследования проведены в модели депрессивноподобного расстройства «выучен-
ная беспомощность» на крысах. Развитие патологии оценивали в поведенческом тесте «открытое поле», а также 
по базальному уровню кортикостерона в плазме крови крыс. Поведенческие нарушения корректировали путем 
применения трехкратного гипоксического посткондиционирования (360 мм рт. ст., 2 ч). Изме нение иммуно-
позитивности HIF-1α и эритропоэтина в гиппокампе крыс исследовали количественным иммуногистохимиче-
ским методом. Ингибитор трансляции HIF-1α топотекан (1 мг/кг, внутрибрюшинно, Santa Cruz, США) вводи-
ли на 4-й день после стресса, депрессивноподобное поведение крыс оценивали на 9-й постстрессорный день. 

List of abbreviations
AKT/PKB  — protein kinase B; BDNF  — brain-derived neurotrophic factor; CRH  — corticotropin-releasing hormone; DG  — dentate 
gyrus; EPO  — erythropoietin; GLUT1  — glucose transporter-1; HIF-1α  — hypoxia-inducible factor 1-alpha; HPA  — hypothalamic-
pituitary-adrenal axis; HPostС  — hypobaric hypoxic postconditioning; LH  — learned helplessness; MAPK  — mitogen-activated protein 
kinase; PI3K  — phosphoinositide 3-kinases; VEGF  — vascular endothelial growth factor.
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Результаты. Показано, что посткондиционирование, осуществленное за три сеанса умеренной гипо-
барической гипоксии, приводило к коррекции поведенческого дефицита и уровня кортикостерона в  крови 
у  крыс в данной модели, что сопровождалось повышением количества HIF-1α и эритропоэтина в дорзаль-
ном и вентральном гиппокампе. Введение ингибитора HIF-1α крысам усиливало поведенческие проявления 
«выученной беспомощности» в тесте «открытое поле». 

Заключение. Представлены экспериментальные данные, свидетельствующие о вероятном вовлечении 
HIF-1 и эритропоэтина в эндогенные процессы компенсации патогенного действия стрессоров психоэмо-
циональной природы и антидепрессивные эффекты гипоксического посткондиционирования.

Ключевые слова: депрессия; гипоксическое посткондиционирование; стресс-протективное действие; 
выучен ная беспомощность; HIF-1α; эритропоэтин.

Introduction

In the early 2000s, the original technique of hy-
poxic preconditioning has been elaborated in our 
laboratory. It was found that the preconditioning 
by using three episodes of mild hypobaric hypoxia 
produced in barochamber remarkably increased re-
sistance of the brain and body to injurious expo-
sures, such as severe hypoxia or psychoemotional 
stresses [1]. Afterwards, the same exposition was 
successfully applied not as a preventive strategy 
but as a corrective tool in rats survived severe in-
jurious event, either of hypoxic or stress nature. 
This no vel original method was termed hypobaric 
hypoxic postconditioning (HPostC) [2]. The appli-
cations of HPostC considerably improved recov-
ery from the severe hypoxic insult and attenuated 
posthypoxic neuronal injury, reducing pyknosis, 
hyperchromatosis, and interstitial brain edema, 
as well as the rates of neuronal loss in vulnerable 
brain regions  [3]. In  addition, HPostC exerted 
a  potent anxiolytic effect in stress-related models. 
Our Polish colleagues also reported that HPostC 
reduced brain damage and improved antioxidative 
defense in the rat model of birth asphyxia  [4]. 
HPostC had a beneficial effect on the functioning 
of the hypothalamic-pituitary-adrenal axis  (HPA), 
modifying its baseline tone and reactivity to 
 stressors [3]. The apoptosis-related processes and 
neurotrophins (BDNF) have been identified as the 
endogenous mechanistic targets for the compensa-
tory effects of HPostC in the post-hypoxic patho-
logy [5], but the key roles have been ascribed to 
the hypoxia-inducible factor HIF-1. In particular, 
HPostC enhanced the expression of HIF-1α and its 
main transcriptional target erythro poietin  (EPO) 
in the hippocampal CA1 neurons of rats survived 
severe hypoxia [6]. Our recent data suggest that 
an important neuroprotective mechanism enabled 
by HPostC involves stabilization of the antioxi-
dant system via HIF-1-dependent regulation of 
the pentose phosphate pathway [7]. The  fact was 
discovered in the model of hypoxic injury and the 
question whether HIF-1 plays the same role in the 
non-hypoxic models remains open. Although the 
antioxidant defenses are not crucially important 
for the protection from psychoemotional stress, 
we hypothesize that HIF-1 might also significantly 

contribute to the beneficial effects of HPostC in 
the models of post-stress pathologies, in particu-
lar in stress-induced depression. Main argument 
for such suggestion relies upon the facts indica-
ting tight functional interaction between HIF-1 
and important components of stress response, 
such as glucocorticoid receptors  [8]. The  main 
HIF-1 target EPO also has a  broad spectrum of 
protective actions in the brain [9–11]. In addi-
tion to direct neuroprotective properties, EPO is 
able to inhibit basal and stimulated corticotropin-
releasing hormone (CRH) release from the rat 
hypothalamus  [12]. It is probable that in certain 
pathological conditions EPO may control the HPA 
axis function, preventing possible detrimental ef-
fects of HPA overactivation. Taken together, these 
evidences indicate a possible close interaction of 
specific factors mediating an adaptation to hypoxia 
and the neuroendocrine mechanisms of stress reac-
tions. From a practical point of view, this opens up 
new prospects for the treatment of stress-induced 
depressions, but the issue requires detailed study.

To further examine the hypothesis, present 
study has been aimed in the analysis of HPostC 
effects, level of HIF-1α, and its target EPO in the 
rat model  of stress-induced depression. The expres-
sion of HIF-α and EPO is examined in the hippo-
campus which has a central position in the neuro-
endocrine circuits of HPA feedback regulation. 

Materials and methods

The experiments were carried out on the Wistar 
rats from the resources of the SF “Pavlov Institute 
Biocollection Centre”. Rats with a body weight of 
200–250 g were divided into equal groups (n = 12) 
and, except control group, were subjected to the 
footshock stress in the paradigm of the “learned 
helplessness” (LH), leading to the development 
of a depressive-like state [13]. Animals received 
a series of uncontrollable footshocks (1 mA, 1 Hz, 
15  s) using a conductive cage floor; intervals of 
different duration were applied between the supply 
of current so that each rat received 60 stimulations 
within an hour. Footshock stress led to the for-
mation of delayed persistent depressive-like state, 
which was previously confirmed by classical behav-
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ioral methods and functional tests for hypothalam-
ic-pituitary-adrenal axis reactivity [14]. In order to 
correct pathology in animals of the second group, 
HPostC was used according to the original scheme, 
which had previously proven its effectiveness in the 
model of post-traumatic stress disorder in rats  [3]. 
HPostC was performed using a three-time exposure 
to moderate hypobaric hypoxia (360 mm Hg, 2 h) 
in the barochamber with a 24-hour interval, in the 
first three days after the footshock stress. The ani-
mals of the third group were intact control.

The development of depressive-like state, as 
well as the antidepressant effect of HPostC, was 
evaluated on the 5th day by the open field behav-
ioral test [15]. On the 6th day after footshock stress 
all animals were decapitated, brain was quickly 
removed, hippocampal areas were isolated. Blood 
samples were centrifuged at +4 °C for 10 minutes 
at 1000  g, the plasma was stored at –20 °C until 
the determination of corticosterone level by the 
ELISA rats kit (Chema, Russia). Brain tissue sam-
ples were fixed with 4% paraformaldehyde solution, 
and then were subjected to standard procedures of 
washing, dehydration in alcohols, clarification in 
xylene and filling in paraffin blocks. Then, a series 
of alterna ting brain sections in the frontal plane 
with a  thickness of 7 microns was made with the 
microtome. Changes in the HIF-1α and erythro-
poietin immunopositivity in the dorsal (CA1) and 
ventral (dentate gyrus, DG) hippocampus were in-
vestigated by quantitative immunohistochemistry in 
brain sections. For this purpose, after the proce-
dures of dewaxing, rehydration and demasking of 
the antigen, the slices were incubated during the 
night at +4 °C with primary polyclonal rabbit anti-
bodies to HIF-1α (Santa Cruz, USA, dil. 1 : 100) 
and erythropoietin (Santa Cruz, USA, dil. 1 : 100), 
followed by avidine-biotin detection system (Vector 
Laboratories, Inc., UK) and diaminobenzidine 
visualization. Quantitative analysis of neuronal 
immunopositivity was carried out using a micro-
image analysis system consisting of the microscope 
Olympus CX31RBSF (Optical systems, Germany), 
the digital camera ProgResCT1 (Jenoptik, Ger-
many) and the VideoTest Morphology 5.2 soft-
ware (VideoTest, St. Petersburg). The number of 
immunopositive cells in the CA1 field of the hip-
pocampus and the DG (400 microns long) was 
calculated at –2.80 mm from the bregma. Based 
on the assessment of optical density, immunoposi-
tive cells were divided into two classes: the total 
number of immunopositive cells (N) and the num-
ber of intensively immunopositive cells (Ni) were 
determined. 

In order to substantiate possible antidepressant-
like role of HIF-1, an inhibitor of HIF-1α subunit 
translation topotecan (1 mg/kg, i.p., Santa Cruz, 
USA), was used on the 4th day after the footshock 

stress. On the 9th day, animals were tested in an 
open field test to assess the level of depressive-like 
behavior.

Statistical analysis was performed using Mann-
Whitney U-test (Statistica 10.0, Stat-Soft Inc.). 
Differences between samples were considered sta-
tistically significant at p ≤ 0.05.

Results

The exposure of rats to inescapable and uncon-
trollable footshock in the “learned helplessness” 
paradigm induced development of the persistent 
depressive-like state appeared as drastically re-
duced locomotor activity (Fig. 1, a) and increased 
anxiety level and freezing time. The animals also 
had significant, more than two-fold elevation of 
the plasma corticosterone levels indicating se-
vere HPA hyperactivity specific for such patho logy 
as the depression (Fig.  1, b) Application of the 
HPostC to stressed rats abolished development of 
post-stress depressive-like state, compensating for 
the all pathologic symptoms. No side-effects for 
the HPostC were detected.

The antidepressant-like action of the HPostC 
appeared in parallel with considerable up-regula-
tion of the HIF-1α and EPO levels in the hippo-
campus. Remarkable increase in HIF-1α and EPO 
levels was seen both in the dorsal (CA1 field) and 
ventral (dentate gyrus, DG) hippocampus of the 
HPostC rats. A quantitative analysis revealed that 
the amount of intensely labeled HIF-1α-positive 
cells (Ni) increased up to 2500 ± 816% of control 
in the DG, whereas in СА1 their increase amoun-
ted only to 608 ± 248% (Fig.  2, a, b).
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Fig. 1. Behavioral and hormonal effects of the hypoxic post-
conditioning in the rat model of depression: a — horizontal 
locomotor activity in the open field test; b  — blood corti-
costerone level of different rat groups. Data are presented 
as a percentage of control values. White bars  — control 
group,  100% (n = 12), black bars  — learned helplessness 
group (n = 12), gray bars — learned helplessness + HPostC 
group (n = 12). * statistically significant difference, p ≤ 0.05, 
Mann-Whitney U-test
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Changes in the total number of the HIF-1α-
immunopositive cells (N) were comparatively less 
notable. In general, the data indicate that the up-
regulation of HIF-1α was more than four times 
stronger in the dorsal hippocampus compared to 
the ventral one. Regarding EPO, both the total 
number  (N) and amount of intensely labeled (Ni) 
EPO-immunopositive cells were increased remark-
ably (Fig. 2, c, d). In the LH group, the immunoposi-
tivity both to HIF-1α and EPO was at the control le-
vel, no changes were detected (see Fig. 2, black bars).

To future examine possible antidepressant-like 
action of HIF-1 we performed the experiment 
with administration of HIF-1 inhibitor topotecan. 
The injection of topotecan to LH group acceler-
ated the depressive-like behavioral symptoms in the 
open field test. In particular, the time of freezing 
was increased significantly, compared to all other 
experimental groups (Fig.  3). In the LH animals 
received topotecan injection, the freezing reactions 
lasted more than 4-fold longer than in LH group 
without additional treatments. 
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Fig. 2. Changes in the hippocampal level of HIF-1α and EPO. Total number (N) and intensely labeled (Ni) immunopositive 
cells to HIF-1α (a, b) and erythropoietin (c, d) in the CA1 and DG regions of the different experimental group rat 
hippocampus, % of the values in the control group. White bars  — control group, 100% (n = 12), black bars  — learned 
helplessness group (n = 12), gray bars — learned helplessness + HPostC group (n = 12). * statistically significant difference, 
p ≤ 0.05, Mann-Whitney U-test
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Fig. 3. The effect of topotecan (T) on the depressive-like 
behavior of rats in the open field (duration of freezing 
reactions, sec). The first bar  — control group, (n = 6), 
black bar — learned helplessness group (n = 6), gray bar — 
learned helplessness + topotecan group (n = 6), the fourth 
bar  — topotecan group, (n = 6), * statistically significant 
difference, p ≤ 0.05, Mann-Whitney U-test
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Discussion

HIF-1 is a transcriptional factor, a heterodi-
mer formed by HIF-1α и HIF-1β subunits. Being 
a regulatory subunit, HIF-1α is stabilized in condi-
tions of low oxygen, e.g. hypoxia. For this reason, 
HIF-1α is considered as an intracellular oxygen 
sensor [16]. Oxygen-independent mechanisms of 
HIF-1α induction have been described, as well [17]. 
In contrast to HIF-1α, HIF-1β is constitutively 
expressed independently of conditions [18]. In nor-
moxia, HIF-1α is hydroxylated by prolyl-hydroxy-
lases and then degraded by a  cascade of modi-
fications [19]. Prolyl-hydroxylases require oxygen  
for their activity and therefore are inactivated in 
hypoxia. As a result, HIF1α is stabilized, dimerized 
with HIF-1β that leads to functional activation of 
HIF-1 which is translocated to the nucleus and 
binds to HRE (Hypoxia Response Elements) in tar-
get genes. Among main targets of HIF-1 is vascular 
endothelial growth factor (VEGF), glucose trans-
porter-1 (GLUT1), enzymes of pentose phosphate 
pathway, and erythropoietin [20]. Although EPO 
is a factor responsible for erythropoiesis, its high 
expression has been also found in brain, where it is 
supposed to exert broad spectrum of neuroprotective 
effects independent of the erythropoiesis [9–11]. It 
has been well documented that administration of 
exoge nous EPO increased neuroprotection in the 
experimental mo dels of hypoxia/ischemia [21]. Due 
to this reason, in the present study we examined 
both HIF-1α and EPO expression, trying to dis-
sect possible involvement of HIF-1 and its down-
stream EPO-driven neuro protective mechanisms 
in the antidepressant-like action of HPostC. Since 
HPostC includes hypoxic exposures and we believe 
that hypoxia is the primary conditioning factor, one 
could expect induction of HIF-1α by the HPostC 
and, indeed, it has been reported in our previous 
studies in the hypoxic models [7]. In our recent study 
induction of HIF-1 was for the first time obser-
ved in non-hypoxic paradigm  — an experimental 
model of posttraumatic stress disorder, representing 
one of most common stress-related anxiety disorder 
[22, 23]. It is important for understanding of these 
findings that HIF-1 can be activated or influenced 
through oxygen-independent mechanisms, e.g. via 
growth factors, deregulated oncogenes, kinase cas-
cades [17]. This question is still poorly studied but 
the role of PI3K, AKT/PKB and MAPK pathways 
has already been demonstrated. The profile of post-
stress expression of HIF-1α was drastically modified 
by the hypoxic pre- and interconditioning, indica-
ting its appa rent involvement in the stress-protective 
action of mild hypoxic exposures applied before 
and between stresses [23].

In the present study, we report new results  obtained 
in the experimental model of depression. The findings 

are in strong agreement with previous data reported 
for other models and indicate that HIF-1 appears to 
be involved in the realization of the protective HPostC 
effects in the model of depression, as well. Obviously, 
the enabled down-stream mechanism involves EPO. 

The experiments with HIF-1 inhibitor fur-
ther supported hypothesis on the interfering of 
HIF-dependent mechanisms with the pathogenetic 
mechanisms of depression. The fact that inhibi-
ting of HIF-1 below the control levels worsen the 
state and increased severity of depression notably 
contributes to the understanding of apparent anti-
depressant-like actions of HIF-1.

According to the current theory, a key step of 
the pathogenetic process in depression is an impair-
ment of glucocorticoid feedback. In this regard, 
important to note that HIF-1 tightly interacts with 
brain glucocorticoid receptors at multiple levels, 
staring from regulation of gene expression of each 
other, and up to direct protein-protein interactions 
in the cytosol. The functional synergy between glu-
cocorticoid receptors and EPO has also been re-
ported in some physiological processes [24]. Citing 
of these facts herein outlines possible directions for 
future studies aimed at investigation of HIF-1 roles 
in stress-protective processes that can open new 
avenues for therapeutic approaches in depression, 
both pharmaceutical and medicinal free.

In summary, the data obtained indicate that 
HIF-1 and its downstream target EPO appear to be 
involved in the protective anti-depressive mecha-
nisms, including those activated by hypobaric hy-
poxic postconditioning.
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