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ABSTRACT 

Chronic exposure to hypobaric hypoxia (HH) causes memory impairment and prolonged state of mental confusion. 
However, effect of high altitude exposure on mood state and its underlying mechanisms have been poorly studied.  
Present study was undertaken to investigate the mood state alteration following chronic exposure to HH. Male Sprague 
Dawley rats were divided into five groups and exposed to hypoxia for 3, 7, 14 and 21 days in an animal decompression 
chamber at an altitude of 25,000ft. Anxiety- and depression-like behaviors were assessed by using various mazes along 
with changes in serotonin and glutamate level. Our study revealed a decrease in exploratory, grooming and rearing be-
havior in open field test following initial exposure to HH for 7 days without affecting the locomotory behavior. Initial 
exposure to HH-decreased time spent in open arm of elevated plus maze indicating induction of anxiety-like behavior 
which normalized on prolonged hypoxic exposure for 21 days. Hypoxic exposure for 7 days induced anhedonia and 
increased despair behavior in rat while there was steady improvement in these behaviors when exposed for 21 days. 
Decrease in serotonin level was noted in hippocampus along with elevated corticosterone and glutamate level which 
gradually decreased on prolonged exposure to HH. These findings suggest that initial exposure to HH increases tran-
sient anxiety-like behavior in rats followed by gradual improvement in mood state on prolonged exposure. Further, the 
study also indicates the involvement of serotonergic system in mood state alteration at high altitude following chronic 
exposure and reoxygenation. 
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1. Introduction 

A significant portion of the world population resides at 
high altitude regions. Apart from natives, natural beauty 
of the snow-clad peaks attracts a huge population of 
tourists every year to explore the high altitude. High alti-
tude regions are also important for its strategic locations, 
for sojourners, mountaineers and defense personnel. All 
of them face extreme climatic conditions like severe cold, 
high wind velocity, UV irradiation and most importantly, 
hypobaric hypoxia due to reduced partial pressure of 
oxygen. Exposure to HH is known to cause adaptive 
physiological changes that enable the organisms to cope 
up with severity of this environmental stress. However, 
mal-acclimatisation to extreme altitudes results in many 
pathological manifestations like High Altitude Pulmonary 

Edema (HAPE), High Altitude Cerebral Edema (HACE) 
and Acute Mountain Sickness (AMS) [1,2]. The stress 
has also reportedly been associated with sensory motor 
dysfunction [3] and loss of memory function on pro-
longed exposure [4,5]. Nausea, vomiting, hypophagia [6], 
dizziness and insomnia are the other problems encoun-
tered at high altitude. However, mental dysfunctions like 
the induction of prolonged state of confusion [7] and 
cognitive deficit on exposure to extreme altitude compel 
human to compromise with their performance that de-
mands higher order mental functioning.  

The mechanisms underlying cognitive dysfunctions at 
high altitude have been attributed to alteration in neuro-
transmitters synthesis, secretion and metabolism, induc-
tion of glutamate excitotoxicity and/or calcium over-
loading leading to neuronal death [8,9]. Recent works in 
our laboratory show alterations of monoaminergic sys-*Corresponding author. 
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tem in brain regions like striatum, pre frontal cortex and 
hippocampus following chronic exposure to HH (Unpub-
lished data). While depletion in the level of serotonin, 
norepinephrine and/or dopamine in hippocampus have 
been known to be associated with induction of depressive 
symptoms [10,11], antidepressant elevates these neuro-
transmitters in the brain alleviate mood states [10,12]. 

In addition to dopaminergic alteration, HPA axis dys-
regulation plays a major role in the pathophysiology of 
anxiety and depression. Hypothalamic corticosteroid 
releasing factor overexpression contributes to HPA axis 
hyperactivity in psychiatric patients [13]. Persistent ele-
vation in corticosterone level following prolonged expo-
sure to HH leads to augmented neurodegeneration and 
memory impairment [14,15]. Apart from HPA axis hy-
peractivity, altered glutamatergic neurotransmission has 
been a major pathological factor in depression and glu-
tamatergic agents have demonstrated rapid and robust 
antidepressant activity in humans. Because of intrinsic 
connection of glutamate receptors to neuronal efficiency 
and inefficiency cascades, glutamatergic dysfunctions 
lead to alterations of multiple signal transduction path-
ways crucial for neuronal survivability [16]. Chronic 
exposure to HH has been reported to cause neurodegen-
eration in hippocampal region through elevated gluta-
mate excitotoxicity [17]. 

Since chronic exposure to HH is known to cause neu-
ronal death in a duration dependent manner and conse-
quently leads to impairment in the consolidation as well 
as retrieval of memory, it may also influence the mood 
state as evident from the increased occurrence of mental 
confusion and headache. HH-induced loss of memory 
could further aggravate the behavioral alteration and pre-
cipitate occurrence of anxiety-like behavior. In the pre-
sent study, we evaluated the behavioral alteration in rats 
following chronic exposure to HH. Temporal alteration 
in serotonin and glutamate level following exposure to 
HH are also evaluated to find out the correlation between 
modulated neurotransmitters level in central nervous 
system and ensuing behavioral alteration following hy-
poxic exposure. 

2. Materials and Methods 

2.1. Chemicals and Reagents 

All the chemicals and reagents were procured from Sig-
ma-Aldrich (USA) if otherwise mentioned. HPLC stan-
dards for glutamate and serotonin were purchased from 
Sigma-Aldrich chemicals (Sigma-Aldrich chemicals, 
USA). Kits for estimation of serotonin was procured 
from GenWay Biotech Inc. (USA). 

2.2. Animals 

All the experimental protocols followed were approved 

by the ethical committee of the institute following the 
guidelines of “Committee for the Purpose of Control and 
Supervision of Experiments on Animals,” Govt. of India. 
Adult male Sprague Dawley rats weighing 220 - 230 g (3 
month old) were taken and maintained at 12 hour light 
and dark cycle in animal house of the institute. Food pel-
lets (Lipton Pvt Ltd, India) and water was given ad libi-
tum. The temperature and humidity of the animal house 
was maintained at 28˚C ± 2˚C and 55% - 60% respec-
tively. All animal handling was performed between a 
time windows of 10.00 h to 12.30 h to avoid experimen-
tal discrepancy arising due to diurnal variations in corti-
costerone concentration. 

2.3. Experimental Design 

Rats (n = 60) were handled everyday by the same person 
for 5 min each to habituate properly for 15 days prior to 
behavioral tests. Rats (n = 12/group) were randomly di-
vided into five groups and exposed to simulated hypo-
baric hypoxia in a decompression chamber for stipulated 
period of time. While group I served as normoxic group, 
rest four groups of rats were designated as 3 days hy-
poxic, 7 days hypoxic, 14 days hypoxic and 21 days hy-
poxic group. Behavioral tests were performed immedi-
ately after the hypoxic exposure. 

2.4. Exposure to Simulated HH 

Animals to be exposed to HH were inducted to a simu-
lated altitude of 7600 m (25,000 ft, 282 mm Hg) in a 
specially designed animal decompression chamber where 
altitude could be maintained by reducing the ambient 
barometric pressure. Fresh air was continuously flushed 
at a rate of 8 L/min to prevent accumulation of carbon 
dioxide within the chamber. The temperature and humid-
ity in the chamber were maintained precisely at 27˚C ± 
2˚C and 63% ± 2% respectively. The rate of ascent and 
descent to hypobaric conditions was maintained at 300 
m/min. The hypobaric hypoxic exposure was continuous 
for the stipulated period excepting for a 15 - 20 min in-
terval each day for replenishment of food and water and 
changing the cages housing the animals. 

2.5. Sample Preparation and Analysis 

After scheduled period of exposure to HH in a simulated 
decompression chamber, behavioural assessment was 
performed. The sampling of the plasma and hippocampus 
was done between 9:30 AM - 10:30 AM for normoxic 
and all other hypoxia exposed group immediately after 
completion of behavioral test to avoid the circadian 
rhythm mediated variation in corticosterone level .The 
rats were then sacrificed by cervical dislocation and brain 
was isolated at 4˚C immediately. The hippocampi were 
isolated and snap freezed to prevent degradation of neu-
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rotransmitters and other unstable compounds. The sam-
ples were then stored at −80˚C till the time of analysis. 
The samples were homogenised with the help of polytron 
homogeniser in respective buffer or solution as per 
manufacturer protocol provided in the kits. 

2.6. Behavioral Assessment 

2.6.1. Elevated Plus Maze 
The test setting consisted of a plus-shaped apparatus with 
two open and two enclosed arms, each with an open roof, 
elevated 40 - 70 cm from the floor. Rats were placed at 
the junction of the open and closed arms, facing the open 
arm opposite to the experimenter. The video-tracking 
system automatically recorded the number of entries and 
time spent by the rat in the open and closed arms using 
the ANY maze software (Stoelting Co). At the end of 
5-min test, rats were removed from the plus maze and 
placed in a transport cage. Elevated plus maze was 
cleaned with alcohol and dried with paper towels before 
testing with another rat. Reduction in anxiety level was 
indicated by an increase in the proportion of time spent 
in the open arms (time in open arms/total time in open or 
closed arms), and an increase in the proportion of entries 
into the open arms (entries into open arms/total entries 
into open or closed arms). Total number of arm entries 
and number of closed-arm entries are usually employed 
as measures of general activity. 

2.6.2. Open Field Test 
Open field test was used to assess the locomotory as well 
as the exploratory behavior of rats. The open field maze 
was divided into two zones, central and peripheral zone, 
using the square drawn on the maze. The apparatus con-
sisted of a rectangular area of 81 × 81 cm surrounded by 
a 28 cm high wall. The area was divided into 16 squares 
of 20 × 20 cm by painted white lines. The field was 
lighted with a 40W bulb fixed 50 cm above the field. 
Light was focused on the center of the field with the pe-
riphery remaining dark. The rat was placed in one corner 
of the open field and its activity during the subsequent 5 
min was assessed. Horizontal locomotion (number of 
times crossings of the white lines), frequency of rearing 
or leaning (sometimes termed vertical activity), fre-
quency of grooming (protracted washing of the coat), 
defecation (number of fecal pellets) and time spent in 
peripheral and central zone were observed and recorded 
using ANY Maze software (Stoelting Co). 

2.6.3. Rota Rod Test 
The rotating rod apparatus was used to assess motor per-
formance and measure the ability of rat to improve motor 
skill performance with training. Rats were placed on the 
elevated accelerating rod (rota rod, 3 cm in diameter) 
beginning at 5 rpm/min for four trials per day for three 

consecutive days. Each trial lasted a maximum of 10 min, 
during which time the rotating rod underwent a linear 
acceleration from 4 to 40 rpm over the first 5 min of the 
trial and then remained at maximum speed for the re-
maining 5 min. Animals were scored for their latency (in 
seconds) to fall (height 20 cm) for each trial. Animals 
rested a minimum of 10 min between trials to avoid fa-
tigue. 

2.6.4. Sucrose Preference Test 
Rats were trained to take water/water containing sucrose 
from two bottles [18]. The consumption of water was 
assessed for 2 days before the test. After a 12 h period 
(between 10 and 12 h of the light phase) of water depri-
vation, the sucrose preference test was performed  fol-
lowing exposure to different duration of HH till 21 days, 
with a free choice between two droppers of 15 ml placed 
in each cage, one containing sucrose (2% in water) and 
the other containing water. To eliminate potential side 
preferences, the position of the droppers was switched 
after 2 days. The consumption of water and sucrose solu-
tion was assessed daily. The preference for sucrose was 
calculated as the volume of sucrose solution consumed 
relative to the total volume of liquid consumed and ex-
pressed in percentage change taking control value as 
100%.  

2.6.5. Forced Swim Test 
The forced swim test (FST), a standardized test of de-
pression-like behavior in which depression is inferred 
from increased duration of immobility, was conducted as 
described previously [19]. The duration of immobility 
was determined during the test using the mobility func-
tion of ANY maze (Stoelting Co). Briefly, rats were 
plunged individually into a vertical Plexiglas cylinder (25 
cm high; 10 cm in diameter) filled with 9-cm-deep water 
(21˚C - 23˚C). After the 6-min period of the test, they 
were removed and allowed to dry. Immobility (i.e., mak-
ing only minimal movements to keep the head above 
water or floating) was measured for two 3-min periods 
by an observer blind to the condition of the rats. Swim-
ming time and struggling was also scored to know the 
active coping style in rats. 

2.7. Assessment of Stress Marker and  
Neurotransmitters 

2.7.1. Estimation of Corticosterone by HPLC 
Levels of corticosterone was estimated both in plasma 
and hippocampal tissue using high performance liquid 
chromatography (Waters, Milford, MS, USA). The ex-
traction of corticosterone from plasma and hippocampal 
tissue was done with methylene chloride and diethyl 
ether respectively [20,21]. The ether and methylene chlo-
ride evaporated tissue and plasma samples were recon-
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stituted with 250 µl of methanol. 10 µl of the reconsti-
tuted sample was injected with the help of an auto sam-
pler (Waters) to the HPLC system and resolved using C18 
RP column with acetonitrile:Water:Glacial acetic acid 
(35:65:05 v/v) as solvent phase in isocratic condition. 
The flow rate of the mobile phase was maintained at 1 
ml/min and detection of corticosterone fraction was done 
at 254 nm with a UV detector. The pressure in the col-
umn was maintained at 1800 psi and the samples were 
run for 30 minutes. A standard plot was prepared using 
the endogenous steroid free plasma and methanol for 
plasma and hippocampal tissue sample respectively in 
the range of 10 - 1000 ng/ml by serial dilution. The stan-
dards were tested individually at different concentrations 
to record detection limit, retention time and peak area. 
Concentration of corticosterone was calculated from a 
standard plot of peak area of corticosterone versus con-
centration of corticosterone. 

2.7.2. Serotonin Level in Hippocampus 
The level of serotonin was estimated using Serotonin 
Elisa kit from tissue homogenate immediately after isola-
tion of the hippocampal region as per manufacturer pro-
tocol. Briefly, standard, acylated control and acylated 
sample was pipetted into the respective wells of the mi-
crotiter plate. Serotonin biotin was added to each well 
followed by addition of serotonin antiserum. After 90 
min of incubation at room temperature on an orbital 
shaker, the plate was washed thrice with diluted wash 
buffer followed by addition of freshly prepared enzyme 
conjugate. The plate was then covered and incubated for 
60 min at room temperature followed by washing thrice 
with diluted wash buffer. Freshly prepared PNPP sub-
strate solution was then added into each well and incu-
bated 60 min at room temperature. The reaction was then 
stopped by adding PNPP stop solution into each well.  
Optical density was measured with Elisa plate reader at 
405 nm within 60 min. The concentration of serotonin 
was estimated using standard plot. Final concentration of 
serotonin in the tissue sample was calculated by multi-
plying with dilution factor and expressed in ng/mg tissue. 

2.7.3. Estimation of Glutamate by HPLC 
Reverse phase HPLC was performed taking L-glutamate 
as standard using C18 RP column and fluorescent detector. 
Column was equilibrated with mobile phase (0.05 M 
sodium acetate buffer, pH 7.0, with 26% methanol) at a 
flow rate of 0.5 ml/min and pressure of 10 kg/cm2 for 1 
hr. Derivatisation stock solution was prepared by adding 
2 mg o-phthaldehyde (OPA), 1ml methanol and 0.07 ml 
β-mercaptoethanol which was then diluted ten times to 
be used as working solution. 50 µl hippocampal sample 
was derivatised in derivatisation solution (0.05 M sodium 
acetate, pH 9.0, OPA) for 3 min, filtered with 0.2 µm 

cellulose acetate filters and injected to the column along 
with standard. The flow rate of mobile phase was main-
tained at 1 ml/min and excitation and emission wave-
length was set at 330 nm and 450 nm respectively. Ana- 
lysis and quantification was done using the standard plot 
chromatogram peak area. 

3. Statistical Analysis 

The means and standard deviations of each set of rats i.e. 
normoxia, 3 days, 7 days, 14 days and 21 days HH were 
calculated. Statistical comparison was done between 
control and hypoxic groups. The post hoc analysis was 
done by Newman-Keul’s test in all experimental groups 
wherever appropriate by using one way analysis of vari-
ance (ANOVA). Difference below or equal to the prob-
ability level 0.05 was considered statistically significant. 

4. Results 

4.1. Elevated Plus Maze 

Exposure to HH for 3 and 7 days significantly decreased 
the time spent in open arm with corresponding increase 
in time spent in closed arm compared to normoxic group. 
Prolonged exposure to HH for 21 days, however, sig-
nificantly increased the time spent in open arm and was 
comparable to normoxic group as shown in Figures 1(a) 
and (b). Number of entries to the open arm decreased 
significantly on 3 days and 7 days of hypoxic exposure 
followed by a gradual increase with increase in duration 
of exposure to HH. However, there was no significant 
change in the closed arm entries following exposure to 
HH. Prolonged exposure to HH significantly increased 
the number entries to open arm and was comparable to 
normoxic group as shown in Figures 1(a) and (b). 

4.2. Open Field Test 

There was significant decrease in the grooming, rearing 
and locomotory behavior following exposure to HH for 3 
and 7 days compared to normoxic group. However, fol-
lowing prolonged exposure to HH for 21 days, grooming, 
rearing and locomotory behavior of rats significantly 
increased compared to 3 days and 7 days hypoxic group 
and were comparable to normoxic group as shown in 
Figures 2(b) and (c). Defecation was significantly in-
creased when exposed to hypoxia for 7 days compared to 
normoxic group and gradually decreases on prolonged 
exposure to HH for 21 days (Figure 2(b)). Exposure to 
HH for 3 and 7 days significantly decreased the time 
spent in central zone with with corresponding increase in 
the time spent in the peripheral zone compared to the 
normoxic group. Prolonged exposure to HH, in turn, sig-
nificantly increased the time spent in central zone and 
decreased the time in peripheral zone compared to 7 days 
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Figure 1. (a). Representative track sheets showing duration dependent changes in the time spent and number of entries to the 
open arm and closed arm in Elevated Plus Maze. (b) Changes in time spent in open arm and closed arm in Elevated Plus 
Maze following exposure to HH. (c). Changes in number of entries to open and closed arm following exposure to HH. “a” 
denotes p< 0.05 vs when compared with normoxia, “b” denotes p < 0.05 vs when compared with 3 days hypoxia, “c” denotes 
p < 0.05 Vs when compared to 7 days hypoxia and “d” denotes p < 0.05 Vs when compared with 14 days hypoxia. 
 

 

Figure 2. (a). Representative track sheets showing alteration in locomotion and exploratory behavior in open field test (dis-
tance travelled in central zone vs peripheral zone). (b). Changes in grooming, rearing and defecation behavior of rats follow-
ing exposure to HH. (c). Changes in the locomotory behavior following exposure to HH. (d). Changes in the time spent in 
peripheral and central zone of open field and (e). Changes in the central zone crossing following exposure to HH. “a” denotes 
p < 0.05 vs when compared with normoxia, “b” denotes p < 0.05 vs when compared with 3 days hypoxia, “c” denotes p < 0.05 
vs when compared to 7 days hypoxia and “d” denotes p < 0.05 vs when compared with 14 days hypoxia. 
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hypoxic group as shown in Figure 2(d). There was sig-
nificant decrease in central zone crossing following ex-
posure to HH for 3 and 7 days compared to normoxic 
group which gradually increased significantly on pro-
longed hypoxic exposure (Figure 2(e)). 

4.3. Sucrose Preference Test 

Sucrose preference (Volume of sucrose solution con-
sumed/Total liquid consumed (water + sucrose solution) 
was significantly decreased when exposed to HH for 3 
and 7 days compared to normoxic group. Though there 
was a gradual increase in sucrose intake on prolonged 
exposure for 21 days, it was significantly low compared 
to normoxic group as shown in Figure 3(a). 

4.4. Rota Rod Test 

No significant change in the latency of fall was noted in 
any group exposed to HH for different durations com-
pared to normoxic group (Figure 3(b)). 

4.5. Forced Swim Test 

There was significant increase in the immobility time in 
3 and 7 days of exposure to HH compared to normoxic 
group. Prolonged exposure for 21 days, however, de-
creased the immobility time significantly compared to 3 
and 7 days hypoxic group and was comparable to nor-
moxic group though the value still remain higher then 
normoxic value as shown in Figure 3(c). On the other 
hand, swimming time significantly decreased with cor-
responding increase in struggling time following expo-
sure to HH for 7 days compared to normoxic group fol-
lowed by gradual increase in swimming time and de-
crease in struggling time on prolonged hypoxic exposure 
for 21 days as shown in Figure 3(c).  

4.6. Alteration in Neurotransmitters and Stress 
Marker 

4.6.1. Serotonin Level 
Serotonin level in hippocampus decreased significantly 
on exposure to HH for 3 and 7 days compared to nor-
moxic group. However, on prolonged exposure for 14 
and 21 days, there was no significant difference in sero-
tonin level compared to normoxic group as shown in Fi- 
gure 3(d). 

4.6.2. Changes in the Level of Corticosterone 
The corticosterone level in hippocampus as estimated by 
the HPLC showed significant increase on initial days of 
exposure to HH for a period of 3 and 7 day compared to 
normoxic group. Corticosterone level, however, de-
creases marginally on 14 days of exposure to HH though 
the values were still higher than the normoxic group as 

shown in Figures 4(a) and (b). There was a correspond-
ing progressive increase in the plasma corticosterone 
level following 3 and 7 days of exposure to HH when 
compared to the normoxic group. Chronic exposure for 
14 days, on the other hand, decreased the plasma corti-
costerone level compared to the 7 days hypoxic group. 
Plasma corticosterone levels in the 14 days exposure 
group were significantly above the normoxic and 3 days 
hypoxic group. Exposure to HH for 21 days decreased 
the plasma corticosterone level compared to 3, 7 and 14 
days hypoxic group and was comparable to normoxic 
levels as shown in Figure 4(c). 

4.6.3. Alteration of Glutamate Level 
The glutamate level in hippocampus showed significant 
increase on initial days of exposure to HH for a period of 
3 and 7 days compared to normoxic group. Glutamate 
level, however, decreases on 14 days of exposure to HH 
though the values were still higher than the normoxic 
group as shown in Figures 5(a) and (b). 

5. Discussion 

Stress is one of the most important etiological factors in 
psychiatric disorders, especially in anxiety and depres-
sion. Depressive disorders are marked by chronic de-
pressed mood, inability to experience pleasure, with-
drawal of interest, feelings of worthlessness and suicidal 
tendencies [22,23]. Recent studies shows that stress in-
duced disturbance in cognitive processes, especially im-
pairment of learning and memory functions accelerate 
onset and development of depressive mood state [24,25]. 
However, the underlying mechanisms are not clearly 
understood. Present study reports that chronic exposure 
to HH induces transient anxiety-like behavior in rats. The 
study further indicates the involvement of serotonergic 
neurons in hypoxia induced anxiety-like behavior. 

Behavioral assessment of rats following exposure to 
HH using elevated plus maze, in the present study, 
showed a gradual decrease in time spent as well as dis-
tance covered in open arm indicating induction of anxi-
ety-like behavior in rats. There was no change in the 
number of closed arm entries following exposure to HH 
in elevated plus maze test. However, the reduction in 
number of entries to open arm and distance covered in 
both open and closed arm could be due to immobility of 
rats caused by impaired locomotory activities. Further, 
we performed open field test as well as rota rod test to 
find out if there was any locomotory impairment on hy-
poxic exposure. Open field test showed increased activity 
in the peripheral region whereas the time and distance 
travelled in the central region was significantly decreased 
in hypoxia exposed group compared to normoxic group 
[26]. The open field test through light on the fact that the 
chronic exposure to HH doesnot affect the locomotory  
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Figure 3. (a). Sucrose intake decreases drastically on initial exposure to HH followed by a progressive increase on prolonged 
exposure for 21 days. (b). No significant changes in latency of fall in rota rod test on exposure to HH for different duration. 
(c). Changes in the immobility, swimming and struggling in forced swim test following exposure to HH. (d). Changes in the 
level of serotonin in hippocampal tissue following exposure to different duration of HH. “a” denotes p < 0.05 vs when com-
pared with normoxia, “b” denotes p < 0.05 vs when compared with 3 days hypoxia, “c” denotes p < 0.05 Vs when compared 
to 7 days hypoxia and “d” denotes p < 0.05 Vs when compared with 14 days hypoxia. “a” denotes p < 0.05 vs when compared 
with normoxia, “b” denotes p < 0.05 vs when compared with 3 days hypoxia, “c” denotes p < 0.05 Vs when compared to 7 
days hypoxia and “d” denotes p < 0.05 Vs when compared with 14 days hypoxia. 
 

 

Figure 4. Representative HPLC Chromatograms showing peak for corticosterone. (a) The peak for corticosterone of stan-
dard, normoxic group, 3 day hypoxic group, 7 days hypoxic group, 14 days hypoxic group and 21 days hypoxic group. (b) 
Changes in the level of corticosterone in hippocampus following exposure to HH. (c) Changes in the level of plasma corticos-
terone following exposure to HH. “a” denotes p < 0.05 vs when compared with normoxia, “b” denotes p < 0.05 vs when com-
pared with 3 days hypoxia, “c” denotes p < 0.05 Vs when compared to 7 days hypoxia and “d” denotes p < 0.05 Vs when com-
pared with 14 days hypoxia. 
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Figure 5. Representative HPLC Chromatograms showing the peak for Glutamate. (a) The peak for glutamate of standard, 
normoxic group, 3 days hypoxic group, 7 days hypoxic group, 14 days hypoxic group and 21 days hypoxic group. (b) Changes 
in the level of glutamate in hippocampus following exposure to HH. “a” denotes p < 0.05 vs when compared with normoxia, 
“b” denotes p < 0.05 vs when compared with 3 days hypoxia, “c” denotes p < 0.05 Vs when compared to 7 days hypoxia and 
“d” denotes p < 0.05 Vs when compared with 14 days hypoxia. 
 
activity of rats but drastically reduces the exploratory 
behavior. However, this effect tends to normalize on 
prolonged exposure to HH for 21 days indicating the 
effect to be transient in nature. 

In addition, rota rod test showed no significant change 
in the latency of fall following exposure to HH. The rota 
rod test results confirm the observations seen in open 
field test and elevated plus maze that the chronic expo-
sure to HH doesnot affects the locomotory activity in the 
rats. Chronic exposures for 21 days, however, showed no 
symptoms of anxiety in rats. The improvement in mood 
state on prolonged exposure may be a result of onset of 
acclimatization to hypobaric hypoxic condition. Support- 
ing the present findings, there are several studies show-
ing similar acclimatization to mild stress on exposure for 
prolonged period which depend on type, intensities and 
duration of stress exposure. However, studies in other 
acute stress model such as restraint and chronic unpre-
dictable mild stress (CUMS) induces anxiety-like behav-
iors which leads to depressive mood state on prolonged 
exposure [27-29]. Unpredictable chronic mild stress re-
sults in depression like behavior in rats and has been 

used as a well accepted model to study molecular mech-
anisms underlying depressive disorders [25]. 

Exposure to stress can induce loss of interest in novel 
tasks which reveals the anhedonic behavior in rats. An-
hedonia is a hallmark symptom found in depressed pa-
tients and frequently used as a behavioral marker for de-
pressive disorders [30]. In the present study, drastic re-
duction in sucrose solution intake was noted on initial 
exposure to HH which persists for 14th day followed by a 
gradual increase on prolonged exposure. The reduced 
solution intake could be because of induction of anhedo-
nia in rats following exposure to hypoxia. Alternative 
explanation to the reduced sucrose solution intake could 
be induction of hypophagia following exposure to HH 
[6]. Thus, anhedonia could be a cause of hypophagia 
which in turn can induce loss of food intake and conse-
quent decrease in body weight. Decrease in serotonin 
level on initial exposure to HH further indicates the pos-
sibility of anhedonia in rats [31]. However, the gradual 
increase in sucrose solution intake following 14th day of 
hypoxic exposure indicates the onset of acclimatization 
process which reduced anhedonic behavior in rats. 
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Does prolonged exposure to HH induce depression in 
rats? There are several reports that chronic exposure to 
restraint stress for 15 days (2 hrs daily) leads to the in-
duction of depressive symptoms in rat [32,33]. Chronic 
injection of corticosterone at an elevated dose has been 
used in development of stress induced depression model 
in number of anti depressant studies [34]. Previous stud-
ies in hypoxic models also have reported the induction of 
anxiety-like behaviors in humans [35,36]. Chronic anxi-
ety may in turn leads to the induction of depression in 
human as well as many animal models [37]. In the pre-
sent studies, we assess the depressive symptom in rats 
using forced swim test following exposure to different 
duration of HH. Though forced swim test as well as the 
tail suspension test was initially developed as behavioral 
screening tools for anti-depressant drug efficacy, these 
two tests are increasingly being used to measure a spe-
cific depression like behavior, behavioral despair, inde-
pendent of any anti-depressant treatment [38-40]. The 
initial increase in immobility time in forced swim test 
indicates altered mood state following exposure to HH 
for 3 and 7 days. Since forced swim test itself can induce 
depression in rats. It is not clear whether increase in de-
spair behaviors is due to exhaustive nature of test itself or 
is a result of hypoxic exposure. Since forced swim test 
requires the rats to keep on swimming actively for five 
minutes, it makes the rats more exhausted. However, 
exposure to HH for 7 days has been reported to induce 
mitochondrial dysfunction and compromised neuronal 
energetic due to reduced availability of glucose as a re-
sult of hypoxia induced hypophagia [14]. Prolonged ex-
posure for 21 days onset acclimatization to HH and in-
creased food intake resulting in improved the neuronal 
energy status. The present observation finds support from 
previous report on duration dependent increase in hippo-
campal neurodegeneration following exposure to HH for 
7 days with gradual decreases on prolonged exposure for 
21 days [41]. Increase in proinflammatory cytokines and 
decreased neurotrophic factors level in brain also affect 
the anxiety-like behaviors in rats [42]. Neurotransmitters 
like serotonin, nor-epinephrine and stress hormone cor-
ticosterone undergoes a duration dependent alteration in 
brain on exposure to various stressors and play an im-
portant role in anxiety and depression like behaviors in 
rats [43]. However, behavioral assessment using forced 
swim test with increase in duration of exposure to HH 
showed decrease in despair behavior. This finding sug-
gests that though there are temporal inductions of anxi-
ety-like behavior in rats exposed to HH for 7 days, it 
does not lead to induction of depressive disorder on pro-
longed exposure. Supporting the present observation, 
previous reports showed that mood state alteration on 
exposure to HH depends on the altitude and is transient 
in nature [44]. 

Exposure to intermittent HH has been shown to pro-
mote hippocampal neurogenesis and can be implicated as 
therapeutics to cure depression like disorders [45]. Pre-
conditioning using mild intermittent HH (360 mmHg, 2 h) 
prevents inescapable footshock induced HPA axis hy-
peractivity and increases resistance to psychoemotional 
stresses resulting in marked anxiolytic and antidepressant 
effects in rats [46,47]. However, the longer duration of 
hypoxic exposure and extreme altitude results in oppos-
ing effects. While Shukitt-hale reported that acute expo-
sure to HH induce alteration in mood state in human 
which get normalized within a small time window of 2 
days [35], there are only few reports on the effect of 
chronic exposure to HH on mood state. 

Neurotransmitters level as well as stress hormone al-
teration profoundly influence mood state of an organism. 
In fact, the alteration in neurotransmitters may be prima- 
ry causative factor reflected at behavioral level. In agree- 
ment with previous reports, decreased hippocampal se-
rotonin level on initial exposure to HH indicates the in-
volvement of serotonegic system in causing behavioral al- 
teration. Serotonin is a modulatory neurotransmitter and 
has widely been implicated in depressive symptomatic 
manifestation in many model organisms. Further studies 
on monoaminergic system and subsequent changes in 
their receptors need to be carried out to depict the mo-
lecular mechanism underlying this behavioral impair-
ment. 

The initial elevation of corticosterone level in hippo-
campus invokes adaptive response to hypoxic stress. 
However, prolonged elevated level of corticosterone for 
7 days could cause mal-adaptation to hypoxic stress lead- 
ing to induction of anxiety-like behavior in rats. Reduc-
tion in corticosterone level following chronic exposure 
for 21 days might result in acclimatization to hypoxic 
stress and subsequent elevation in mood state. In line 
with the previous reports, the present finding support the 
corticosterone hypothesis of depression which reports 
that persistent elevated corticosterone play a major role 
in induction of depression [48]. Recent observations 
from our laboratory also showed that persistent elevated 
corticosterone level in the hippocampal region of the 
brain aggravates HH induced neurodegeneration and me- 
mory impairment and optimal maintenance of corticos-
terone level in hippocampus resulted in improved mem-
ory function [15]. Moreover, neuronal loss and reduction 
in hippocampal volume in depressed patient may be cor-
related the elevated level of corticosterone in hippocam-
pus. It has been reported that memory loss is closely as-
sociated with depressive disorders. On the other hand, 
duration dependent increase in glutamate level in hippo-
campus following exposure to HH may leads to induc-
tion of glutamate excitotoxicity [17]. Subsequent de-
crease in glutamate levels indicate the reduction in exci-
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totoxicity induced neurodegeneration following prolon- 
ged exposure to HH. Decrease in corticosterone and glu-
tamate level explain improvement in mood state on pro-
longed exposure for 21 days and support behavioral data 
that despite initial induction of anxiety-like behavior, 
prolonged exposure to HH may not induce depression 
like behavior in rats. 

6. Conclusion 

Chronic exposure to HH for 7 days induces anxiety-like 
behaviors in rats. Prolonged exposure to HH for 21 days 
results in progressive improvement in behavioral pattern 
of rats indicating that high altitude induced anxiety-like 
behavior is transient in nature. Alteration in the levels of 
glutamate, serotonin and corticosterone might be in-
volved in HH-induced anxiety-like behavior in rats and 
modulation of these factors could reverse the hypoxia- 
induced behavioral impairment. The findings may be 
helpful in developing proper acclimatization schedule 
which will enhance the human performance at high alti-
tude to a considerable extent.  
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