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Objective(s): Central γ-aminobutyric acid (GABA) neurotransmission modulates cardiovascular 

functions and sleep. Acute sleep deprivation (ASD) affects functions of various body organs via different 
mechanisms. Here, we evaluated the effect of ASD on cardiac ischemia/reperfusion injury (IRI), and 
studied the role of GABA-A receptor inhibition in central nucleus of amygdala (CeA) by assessing nitric 
oxide (NO) and oxidative stress. 
Materials and Methods: The CeA in sixty male Wistar rats was cannulated for saline or bicuculline (GABA-
A receptor antagonist) administration. All animals underwent 30 min of coronary occlusion (ischemia), 
followed by 2 hr reperfusion (IR). The five experimental groups (n=12) included ar e as follows: IR: 
received saline; BIC+IR: received Bicuculline; MLP+IR: received saline, followed by the placement of 
animals in an aquarium with multiple large platforms; ASD+IR: underwent ASD in an aquarium with 
multiple small platforms; and BIC+ASD+IR: received bicuculline prior to ASD. 
Results: Bicuculline administration increased the malondialdehyde levels and infarct size, and decreased 
the NO metabolites levels and endothelial nitric oxide synthase (eNOS) gene expression in infarcted and 
non-infarcted areas in comparison to IR group. ASD reduced malondialdehyde levels and infarct size and 
increased NO metabolites, corticosterone levels and eNOS expression in infarcted and non-infarcted 
areas as compared to the IR group. Levels of malondialdehyde were increased while levels of NO 
metabolites, corticosterone and eNOS expression in infarcted and non-infarcted areas were reduced in 
the BIC+ASD+IR as compared to the ASD+IR group. 
Conclusion: Blockade of GABA-A receptors in the CeA abolishes ASD-induced cardioprotection by 
suppressing oxidative stress and NO production. 
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Introduction 
Although insufficient sleep due to modern lifestyle 

is a distressing problem (1), it seems that acute sleep 
deprivation (ASD) protects some vital organs against 
ischemic injury (2, 3). In healthy individuals, cardiac 
autonomic control during sleep is preserved after 
chronic sleep restriction (4). Furthermore, sleep depriva- 
tion protects gastric mucosa against hydrochloric acid - 
induced gastric damage  (5) and attenuates neuroinflamma- 
tion and neurodegeneration following global ischemia 
(6). The central nucleus of amygdala (CeA) is a key 
area in the limbic system that links psychological 
conditions to the cardiovascular system. It plays an 
important role in regulating blood pressure through 
its projections to the nucleus tractus solitarius (NTS), 
the primary regulator of the sympathetic nervous 

system. Electrical stimulation of amygdala has been 
shown to alter the heart rate (HR), blood pressure and 
muscular blood flow (7). Gamma-aminobutyric acid 
(GABA), a major inhibitory neurotransmitter in the 
central nervous system (CNS), is highly expressed               
in the CeA (8). It acts through two distinct classes                  
of receptors: ionotropic GABA-A and metabotropic  
GABA-B receptors. GABA is involved in mediating 
autonomic responses during psychological situations  
and the sympathetic outflow to the kidney and heart 
is strongly modulated by GABAergic projections (9). 
Imbalance in central GABAergic transmission is 
associated with development of cardiovascular 
diseases. Moreover, activation of GABA-A receptors  
reduces sympathetic activity and blood pressure,            
and attenuates cardiovascular responses to emotional   
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stress (7, 9). GABA also plays a critical role in sleep 
homeostasis (10). Barbiturates, enhancers of GABA 
neurotransmission, are well-known for promoting 
sleep (11). Wakefulness-mediating orexin neurons in 
the lateral hypothalamus are potent regulators of 
sleep-active GABAergic neurons in anterior hypothala-
mus (12). Genetic deletion of GABA receptors                  
on orexin neurons have been shown to induce 
fragmentation of vigilance states in mice (13). In 
addition, sleep deprivation causes a substantial increase 
in the expression of GABA-A receptors in the lateral 
hypothalamus, basal forebrain and perifornical 
hypothalamus (14-16). Corticosterone, a potent positive 
allosteric modulator of GABA-A receptors, has been 
shown to facilitate GABA neurotransmission (17), and 
exert anxiolytic, antidepressant and anticonvulsant 
effects via activation of GABA-A receptors (18).  

Nitric oxide is a neuromodulator with sleep 
promoting action as it inhibits neuronal discharge in 
wake-promoting brain regions like perifornical -
lateral hypothalamic area and the basal forebrain 
(19). Reactive oxygen species (ROS) and reactive 
nitrogen species (RNS) are two major cellular 
oxidants (20). Oxidative stress exerts subcellular 
effects, including oxidative modifications of nucleic 
acids, proteins, and lipids. Imbalance between the 
formation and elimination of ROS and RNS has been 
associated with cancers, neurological diseases, 
immunodeficiency, and cardiovascular diseases (21). 
Mitochondria, the intracellular organelles that 
produce metabolic energy, are the most important 
sources of cellular ROS generation. In addition,  
myocardial ischemia reperfusion injury (IRI) induces  
mitochondrial injury by generating oxygen free 
radicals (22). Due to high metabolic activity during 
wakefulness, there is enhanced accumulation of free 
radicals. Accordingly, ASD may induce oxidative 
stress; however, it does not cause any oxidative or 
structural damage in brain, liver and skeletal muscle 
(7, 21).    

Since stimulation of GABA-A receptor activation 
protects the myocardium against IRI (23), and 
GABAergic transmission is enhanced during sleep 
deprivation (24), we designed this study to evaluate  

the cardiac preconditioning effect of ASD and assess 
the role of central GABA-A receptor in mediating ASD-
induced cardioprotective effects. 

 
 

Materials and Methods 
Animals 

Sixty male adult Wistar rats aged 22 weeks, weighing 
250-300 g were housed in an air-conditioned colony 
room maintained at 22 –24 °C and 12-hr light-dark 
cycles. All animals had free access to food and water.  
The experimental protocols followed in this study 
conformed to the Guidelines for the Care and Use of 
Laboratory Animals published by the National  
Institutes of Health (NIH Publication No.85-23,  
revised 1996) and were further approved by the 
institutional ethical committee of Tehran University  
of Medical Sciences (Tehran, Iran). 

 
Experimental groups 

The CeA of the animals were bilaterally cannulated 
for drug injection. The animals were allowed to 
recover for five days. Twenty-four hours after drug or 
saline administration, all of the anesthetized animals 
were subjected to 30 min ischemia followed by 120 
min reperfusion period (IR). The animals were 
randomly divided into five groups (12 animals per 
group): (1) Ischemia-reperfusion group (IR): saline 
was injected into the CeA and then, IR was induced; 
(2) Bicuculline group (BIC+IR): bicuculline (a GABA-A 
receptor antagonist) was injected into the CeA, and 
after 24 hr, the rats were subjected to IR ; (3) Multiple 
large platforms group (MLP+IR): saline was injected 
intra-CeA and the animals were placed for 24 hr                      
in an aquarium with large platforms followed by IR 
induction; (4) Acute sleep deprivation group (ASD+ 
IR): saline was  administered intra-CeA and then,                 
the animals were placed in an aquarium with small 
platforms for 24 hr for induction of ASD followed                  
by IR; and (5) Bicuculline + acute sleep deprivation 
group (BIC+ASD+IR): the animals received bicuculline 
intra-CeA, and then, they were placed in the aquarium 
with small platforms for 24 hr for ASD induction 
followed by IR (Figure 1). 

  
 
 

 
 
Figure 1. The experimental protocol 
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Stereotaxic surgery and drug administration 
The rats were anesthetized using ketamine (50 

mg/kg) and xylazine (5 mg/kg, IP), and placed in a 
stereotaxic frame (Stoelting, USA) after shaving the 
heads. The CeA were bilaterally cannulated using 
stainless steel guide cannula (23 gauge, 15 mm 
length) at the following coordinates with reference to 
the Bregma: AP:-2.8, L: ± 4.6, DV:-8.1 according to the 
Paxinos and Watson rat brain atlas (25). The cannula 
was then secured in place with dental acrylic 
supported by two jewelers screws anchored to the 
skull. Saline (0.5 µl) or bicuculline (0.1 nmol/0.5 µl 
dissolved in saline, Sigma) was injected bilaterally  
into the CeA using a 1 ml Hamilton syringe connected 
to a piece of polyethylene tubing (PE-10) and 27-G 
microinjection needle (26). 
 
Induction of acute sleep deprivation  

ASD was induced for 24 hr by placing the animals 
in a sleep deprivation aquarium (125 cm × 44 cm × 44 
cm) comprising of 8 small circular platforms (6.5 cm 
in diameter). The aquarium was filled with water 
(25°C) approximately 1 cm below the surface of 
platforms, such that, upon sleeping, the animals 
would fall in water due to muscular atonia and would 
become awake. For the MLP group, the platforms 
were replaced by larger ones (14 cm in diameter) on 
which the rats could sleep without falling down. The 
rats were allowed to move around freely from one 
platform to another and had free access to food and 
water ad libitum (27, 28). The MLP model does not 
impose restriction of movement or social isolation 
(21). The electroencephalogram (EEG) recording 
confirmed the induction of sleep deprivation by 
multiple plate forms model (29). 

 
Surgical procedure of inducing myocardial 
ischemia and reperfusion  

Rats were anesthetized using thiopental (60 mg/kg, 
IP). The trachea was cannulated and ventilated using a 
rodent ventilator (tidal volume 2–3 ml, respiratory rate 
65–70 breaths/min, Harvard rodent ventilator model 
683, Holliston, MA, USA). The heart was exposed 
through left intercostal thoracotomy (between the 
fourth and fifth costal spaces) and the pericardium was 
cut. Next, ischemia was induced for 30 min by passing a 
6/0 silk suture around approximately 1–2 mm distal to 
the origin of the left anterior descending coronary artery 
(LAD) and tightening over a pipette tip to ligate. 
Successful LAD ligation was characterized by ST 
elevation. Reperfusion was performed for 2 hr by 
removing the tubes and loosening the suture (30, 31). 
 
Blood sampling 

At the end of the experiments, blood samples were 
collected from the heart for biochemical analysis 
[Malondialdehyde (MDA) and NO metabolites  
(nitrite/nitrate)]. The samples were centrifuged at 

7,000 rpm at 4 °C, for 20 min and the serum was 
collected and stored at −70 °C until biochemical 
analysis. 

 
Measurement of myocardial infarct size  

After IR, the hearts were removed from the 
animals (n=4), and snap frozen at -20 °C for 24 hr. 
Then, the hearts were sliced into 2 mm transverse 
sections from apex to the base using stainless steel rat 
heart slicer matrix. The slices were then incubated in 
1% 2, 3, 5 triphenyltetrazolium chloride (TTC in 0.1 M 
phosphate buffer, pH 7.4) for 20 min at 37 °C. The 
reaction of TTC with viable parts of tissue produced a 
red region in ventricle, which is distinct from the pale 
necrotic tissue after fixation in 10% formalin for 24 
hr. The size of the total left ventricle area and the 
infracted area were measured by planimetry of 
scanned slices using Adobe Photoshop software (31). 
 
 Assessment of hemodynamic parameters 

In order to record hemodynamic parameters  
during ischemia and reperfusion periods, a small 
incision was made to the right of the midline in               
the neck, and the right common carotid artery                       
was exposed. The exposed artery was cannulated 
with a PE-50 catheter connected to the Power lab  
data acquisition system (AD Instrument, Australia) 
through a pressure transducer (AD Instrument,  
Australia). Heart rate (HR), rate pressure product 
[RPP=HR×dLVP (developed left ventricular pressure= 
left ventricular systolic - end-diastolic pressures)],  
mean arterial pressure (MAP), systolic blood pressure 
(SBP), and diastolic blood pressure (DBP) were 
monitored and recorded by Power lab system. For 
measurement of dLVP, the left ventricle was 
catheterized (30). 
 
Real-time polymerase chain reaction (Real-Time 
PCR) 

Following the assessment of hemodynamic para-
meters, myocardial tissue samples (n=4) were 
immediately removed, rinsed in phosphate-buffe red 
saline (PBS), snap frozen in liquid nitrogen, and 
stored at -80 °C. Total RNA was extracted from frozen 
infarcted and non-infarcted area using TRIzol 
(Invitrogen, Carlsbad, CA). Complementary DNA 
(cDNA) was synthesized using a Prime Script RT 
reagent kit (Takara, Cat. RR037A). cDNA samples 
were then used as templates for quantitative reverse 
transcription polymerase chain reaction (qRT-PCR). 
Gene expression was quantified using the Rotor-Gene 
6000 (Qiagen). Real-Time RT-PCR analysis was 
performed using qPCR Master Mix for SYBER Permix Ex 
Taq (Takar, Cat.RR280L). All samples were analyzed in 
triplicates. Hypoxanthine phosphoribosyltransferase-
encoding gene (HPRT) was used as a housekeeping 
gene (30). The specific primer sequences are listed in 
Table 1. 
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Table 1. The sequence of primers used in real-time PCR 
 

Gene name Primer sequence PCR product size (bp) 

eNOS F: 5’-CTCGAGCGGTGGACACAAG-3’ 
R: 5’-CACAGAAAGTTTCACAGGCAGC-3’ 

144 

HPRT F: 5’-CTCATGGACTGATTATGGACAGGAC-3’ 
R: 5’-GCAGGTCAGCAAAGAACTTATAGCC-3’ 

123 

 
Measurement of nitrite/nitrate ratio 

Based on the Griess reaction, serum levels of NO 
metabolites, nitrite (NO2-) and nitrate (NO3-) were 
measured as an index of NO production. The principle 
of the assay is based on the conversion of nitrate into 
nitrite by copperized cadmium granules, followed by 
color development by Griess reagent (sulfanilamide 
and N-naphthylethylenediamine) in acidic medium. 
The assay was calibrated with standard solutions of 
sodium nitrite. A 50 µl sample of serum was used to 
determine NOx and the results were expressed as 
nmol/ml. Optical densities were measured at 540 nm 
in a 96-well microplate reader after 3 hr incubation 
(32). 

 
Assessment of oxidative stress by TBARS estimation 

Measuring thiobarbituric acid-reactive substances  
(TBARS) in serum is a reliable fluorometric method,  
based on the reaction between malondialdehyde 
(MDA) and thiobarbituric acid.  Serum MDA levels 
(the end product of lipid peroxidation) were assessed 
using a commercially available ELISA kit (ZellBio, 
Germany), according to the manufacturer’s  
instructions. 
 
Measurement of corticosterone 

Serum corticosterone, as a marker for stress, was 
measured using a commercially available ELISA kit 
(ZellBio, Germany), based on the manufacturer’s  
instructions. 

 
Nissl assay 

At the end of reperfusion, the animals (n=3) were 
perfused through the heart with 50-100 ml of 4% 
formaldehyde. Next, the animals were decapitated 
and the brains were removed from the skull and 
immersed in 4% formaldehyde at 4°C for 3 days. The 
brains were sliced into 20 μm sections using a 
microtome. Every section was Nissl-stained with 
0.1% cresyl violet. Neural loss was quantified in the 
amygdala in at least three sections for each rat using 
image-capturing software (Moticam 5 MP). The 
number of degenerated neurons was counted in three 
fields (× 40) for each section and was averaged to 
obtain a final number (33). 
 
Statistical analysis 

All data are presented as mean ± SEM. Normal 
distribution of the data was tested using Kolmogorov-
Smirnov test. Moreover, homoscedasticity was 
determined using Bartlett's test. Accordingly, all 

statistical differences among the experimental groups  
were evaluated using one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test. Analyses 
were performed using SPSS software (Version 22, 
SPSS IBM, Chicago, IL) and Prism (Version 6, 
GraphpadSofrware, San Diego, CA). P-values<0.05 
were considered statistically significant. Prespecified 
sample size from previous studies was used to obtain 
significant results (30, 32). None of the samples were 
excluded from the analysis. The animals were 
randomly allocated to experimental groups and no 
blinding was observed during the assessment of 
experimental outcomes. 
 

Results  
 Infarct size 

One-way ANOVA analysis showed significant 
differences in the infarct size between groups (F (4, 

17)=11.63; P=0.0001). The post hoc test confirmed 
reduced infarct size in ASD group compared with the 
IR group (31.4±3.47 vs. 42.6±1.6, P<0.05). Moreover,  
microinjection of bicuculline into the CeA before IR 
increased the myocardial infarct size when compared 
to the IR group (56.25±4.4 vs. 42.6±1.6, P<0.05).  
Intra-CeA injection of bicuculline before ASD did not 
alter the infarct-sparing effect of ASD as compared to 
ASD+IR group (37±1.47 vs 31.4±3.47); however, it 
significantly reduced the infarct size when compared 
with the BIC+IR group (37±1.47 vs 56.25±4.4, P<0.01) 
(Figure 2). 
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Figure 2. Myocardial infarct size expressed as a percentage of the 
left ventricle. Data are presented as mean± SEM (animals/group 
n=6). ASD: Acute sleep deprivation, BIC: bicuculline, IR: ischemia-
reperfusion, MLP: Multiple large platforms.*P<0.05 vs IR, #P<0.05 
vs MLP, $$P<0.01 vs BIC 
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Table 2. Hemodynamic parameters at the end of reperfusion 
 

 

ASD: Acute sleep deprivation, BIC: bicuculline, DBP: diastolic blood pressure (mmHg), IR: ischemia-reperfusion, MAP: mean arterial pressure, 
MLP: Multiple large platforms, SBP: systolic blood pressure (mmHg), RPP: rate pressure product.*P<0.05, **P<0.01 and ***P<0.001 vs IR, 
#P<0.05, ##P<0.01 and ###P<0.001 vs MLP, $P<0.05, $$P<0.01 and $$$P<0.001 vs BIC, &P<0.05 vs ASD 

 
Hemodynamic parameters at the end of reperfusion 

We observed significant differences in SBP (F (4, 

16)=11.94; P=0.0001), DBP (F (4, 16)=22.47; P =0.0000),  
MAP (F (4, 16)=22.63; P=0.0000), and HR (F (4, 16)= 
60.64; P=0.0000) between the groups. Pairwise 
comparisons showed that the BIC+IR group had 
significantly higher HR, SBP, DBP and MAP as 
compared to the IR group. Furthermore, induction of 
ASD in the ASD+IR group reduced these hemodyna-
mic parameters in comparison with the IR group.  
Bicuculline injection prior to ASD abolished the             
effect of ASD on these hemodynamic parameters .                
No statistically significant difference in RPP was 
observed between the groups (Table 2). 

 
Changes in serum level of nitrite/nitrate 

As shown in Figure 3, serum levels of nitrate/-
nitrate were significantly different between the 
groups (F (4, 15)=1.43; P=0.0001). In comparison with 
the IR group, serum levels of nitrite/nitrate were 
reduced in the BIC+IR group (261.43±13.42 vs 
142.69±14.33; P<0.05) and increased in the ASD+IR 
group (261.43±13.42 vs 598.68±37.14; P<0.001). 
Injection of bicuculline prior to ASD reduced nitrite/- 
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Figure 3. Serum levels of Nitrite/nitrate. All samples were analyzed 
in duplicate. Data are presented as mean± SEM (animals/group 
n=6). ASD: Acute sleep deprivation, BIC: bicuculline, IR: ischemia-
reperfusion, MLP: Multiple large platforms.* P<0.05 and ***P<0.001 
vs IR, #P<0.05 and ###P<0.001 vs MLP, $$P<0.01 and $$$P<0.001 vs 
BIC, &&&P<0.001 vs ASD 

nitrate levels in the BIC+ASD+IR group as compared to 
the ASD+IR group (292.77±40.27 vs 261.43±13.42, 
P<0.001). No statistically significant difference was 
observed between the MLP+IR and IR groups.  
 

eNOS expression 
The gene expression of eNOS was evaluated in the 

infarcted and non-infarcted regions of the left 
ventricle. 
 
eNOS expression in the infarcted tissue 

One-way ANOVA analysis showed a significant 
difference between the groups in terms of mRNA 
expression of eNOS in the infarcted region (F (4, 15) = 
16.92; P=0.0001) (Figure 4). ASD increased eNOS 
gene expression in the ASD+IR group when compared 
to the IR group (19.09±4.9 vs 1±0, P<0.001). Injection 
of bicuculline in the BIC+IR group attenuated                 
eNOS expression in comparison with the IR                   
group (0.77±0.19 vs 1±0, P<0.05). Administration of 
bicuculline prior to ASD reduced eNOS expression 
(2.73 ± 0.70) as compared to the ASD+IR group (2.73± 
0.70 vs 19.09±4.9, P<0.001). There was no significant 
difference between the MLP+IR and IR groups. 
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Figure. 4 Fold changes of eNOS mRNA expression vs IR in infarcted 
area. All samples were analyzed in duplicates. Data are presented 
as mean± SEM (animals/group n=5). ASD: Acute sleep deprivation, 
BIC: bicuculline, IR: ischemia-reperfusion, MLP: Multiple large 
platforms. *P<0.05 and ***P<0.001 vs IR, ###P<0.01 vs MLP, 
$$$P<0.001 vs BIC, &&&P<0.001 vs ASD 

Group SBP 
(mmHg) 

DBP 
(mmHg) 

MAP 
(mmHg) 

Heart rate 
(beat/min) 

RPP 
(beat.mmHg/min) 

IR 125±2.5 94±2.6 109±2 265.4±3.4 25591±760 

BIC+IR 147.5±6* 119±3.7* 133±5**,## 341±8.5***,### 25436±1257 

MLP+IR 128±2 97±3.5 112±3 252.6±4 22236±1076 

ASD+IR 102.5±6*, ##, $$$ 78±3*, #, $$$ 90±2**,##,$$$ 211±6.7***,##,$$$ 25289±696 

BIC+ASD+IR 115±5$ 96±2.5$$ 105±3$$$,& 266±6.6$$$,& 23882 ±1375 
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Figure 5. Fold changes of eNOS mRNA expression vs IR in non-
infarcted area. All samples were analyzed in duplicates. Data are 
presented as mean±SEM (animals/group n=5) ASD: Acute sleep 
deprivation, BIC: bicuculline, IR: ischemia-reperfusion, MLP: 
Multiple large platforms.* P<0.05 and ***P<0.001 vs IR, ###P<0.01 vs 
MLP, $$$P<0.001 vs BIC, &&&P<0.001 vs ASD 

 
eNOS expression in the non-infarcted tissue 

We observed a significant difference between the 
groups in terms of mRNA expression of eNOS in the 
non-infarcted region (F (4, 15)=12.49; P=0.0001) 
(Figure 5). In comparison with IR group, bicuculline 
administration in the BIC+IR group reduced eNOS 
expression (1±0 vs 0.09±0.001, P<0.001), and 
induction of sleep deprivation in the ASD+IR group 
increased eNOS expression (1±0 vs 19.28±4.07,  
P<0.001). Injection of bicuculline prior to ASD 
reduced mRNA expression of eNOS when compared 
to the ASD+IR group (0.14±0.008 vs 19.28±4.07,  
P<0.001). The mRNA expression of eNOS was 
significantly reduced in the MLP+IR group as 
compared to the IR group (0.74± 0.1 vs 1±0, P<0.05). 
 
Serum level of MDA 

The serum MDA levels were significantly different 
between the groups (F (4, 20)=14.12; P=0.0001). The 
post hoc test confirmed that intra-CeA injection of 
bicuculline increased MDA levels when compared to 
the IR group (88.2±2.72 vs 68.6±4.01, P<0.05).  
Furthermore, MDA levels in the ASD+IR group were 
reduced as compared to the IR group (46±2.3 vs 
68.6±4.01, P<0.05). Administration of bicuculline 
prior to ASD led to an increase in MDA levels in 
comparison with the ASD+IR group (63.6±6.72 vs 
46±2.3, P<0.05). There was no significant difference 
in MDA levels between the MLP+IR and IR groups  
(Figure 6). 

 

Changes of corticosterone level 
Serum corticosterone levels differed significantly 

between the groups (F (4, 18)=136.12; P=0.000). In 
comparison with the IR group, corticosterone levels 
were elevated in the ASD+IR group (101.84±3.41 vs 
205.57±1.96, P<0.001), BIC+IR group (101.84±3.41 
vs 245.93±2.27, P<0.001), BIC+ASD+IR group (101.84   
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Figure 6. Serum levels of malondialdehyde (MDA). All samples 
were analyzed in duplicates. Data are presented as mean ± SEM 
(animals/group n=6). ASD: Acute sleep deprivation, BIC: 
bicuculline, IR: ischemia-reperfusion, MLP: Multiple large 
platforms. *P<0.05 and **P<0.01 vs IR, #P<0.05 and ##P<0.01 vs MLP, 
$$P<0.01 and $$$P<0.001vs BIC, &P<.05 vs ASD 
 
 

±3.41 vs 212.13±2.19, P<0.001) and MLP+IR group 
(101.84± 3.41 vs 180±10, P<0.001). Induction of ASD 
in the ASD+IR group markedly reduced corticosterone 
levels when compared to the BIC+IR group (205.57± 
1.96 vs 245.93±2.27, P<0.001) (Figure 7). 

 
Neural degeneration 

There was a statistically significant difference in 
the number of Nissl stained neurons between the 
groups (F(2, 27) = 17.82; P<0.001) (Figure. 8. a, b). Pair-
wise comparisons showed that neural degeneration 
was increased in the bicuculline administered group 
as compared to the IR group (19.66 ± 3.7 vs 1.33 ± 
0.33, P<0.001). The number of degenerated neurons  
in the ASD+IR and BIC+ASD+IR groups were reduced 
in comparison with the BIC+IR group (2 ± 0.57 vs 
19.66 ± 3.7, P<0.001 and 3.66 ± 1.2 vs 19.66 ± 3.7, 
P<0.01, respectively). 
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Figure 7. Serum levels of corticosterone. All samples were analyzed 
in duplicates. Data are presented as mean± SEM (animals/group 
n=6). ASD: Acute sleep deprivation, BIC: bicuculline, IR: ischemia-
reperfusion, MLP: Multiple large platforms. ***P<0.001 vs IR, 
##P<0.01 and ###P<0.001 vs MLP, $$$P<0.001 vs BIC 
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Figure 8. a: Nissl–stained neurons in the amygdala. Data are 
presented as mean± SEM (animals/group n=3). A) IR, B) 
Bicuculline+IR, C) MLP+IR, D) ASD, E) Bicuculline+ASD+IR.               
Arrow: natural neuron 
Star: Degenerated neuron 
b: Number of Nissl–stained neurons in the amygdala. ASD: Acute 
sleep deprivation, BIC: bicuculline, IR: ischemia-reperfusion, MLP: 
Multiple large platform. ***P<0.001 vs IR, ##P<0.01 vs MLP, $$P<0.01 
and $$$P<0.001 vs BIC 
 

Discussion 
Sleep is a restorative process that plays an important 

role in the balance of psychological and physical health. 
It is associated with various physiological processes             
like growth, tissue regeneration, wound healing and 
memory consolidation (34). There are numerous  
studies suggesting how the lack of sleep can result in 
dramatic health consequences. Extended hours of 
wakefulness can increase motor activity and elevate 
stress (12). In this regard, the current study 

demonstrates the beneficial effect of ASD against IRI 
and elucidates the role of GABA-A receptors in CeA in 
mediating ASD-induced cardioprotection. In the 
present study, intra-CeA injection of bicuculline prior 
to induction of IR aggravated the myocardial IRI. 
Based on these results, it can be speculated that the 
endogenous activation of GABA-A receptors in CeA 
during IR prevents myocardial injury. Interference 
with GABA neurotransmission evokes various 
cardiovascular and sympathetic responses (35). Da 
Silva et al. demonstrated that blockade of GABAergic  
inputs in the hypothalamic paraventricular nucleus 
(PVN) increases sympathetic outflow, whereas  
activation of GABA- A receptors in the PVN reduces  
sympathetic activity and blood pressure (36). 
Muscimol, a GABA-A agonist, has been shown to 
induce anti-apoptotic and anti-inflammatory effects  
in amygdala and brain stem in hypertensive rats (7). 
Furthermore, reduced GABA availability during 
chronic heart failure contributes to exaggerated 
sympathoexcitation in both, human patients and 
animal models (37). Vaz et al. demonstrated that 
microinjection of Muscimol in the lateral ventricle 
reduces MAP, HR and sympathetic activity in 
spontaneously hypertensive rats (9). Conversely,  
intracerebroventricular injection of bicuculline has 
been shown to increase BP, HR and sympathetic  
outflow (38). In the current study, we observed that 
ASD reduces HR and bicuculline administration 
lowered this ASD-induced reduction in HR. This may 
suggest that the reduction in HR observed in the ASD 
group can be at least partly attributed to the 
activation of GABA-A receptors. Moreover, it may 
further indicate the favorable effect of ASD as 
decreased HR can contribute to the reduction in 
myocardial oxygen consumption and improvement in 
oxygen supply to oxygen demand ratio Moreover, ASD 
induced decrease in heart rate may indicate reduced 
myocardial oxygen demand following ASD and 
therefore, improved in oxygen supply to oxygen 
demand ratio (39). 

GABA is a well-known inhibitory neurotransmitte r 
that has been shown to mediate the sympatho-
inhibitory effects of NO (40, 41). Moreover, numerous  
studies have reported the beneficial effect of eNOS-
derived NO against myocardial IRI (42). On the other 
hand, IRI to myocardium is considered to be a 
consequence of the imbalance between the formation 
of ROS and endogenous availability of antioxidants  
(43). Oxidative stress induces intercellular Ca+2 
overload, contractile dysfunction, inflammation and 
cell death (44). Lipids are prone to oxidation and 
therefore, lipid peroxidation products like MDA are 
considered important biomarkers of oxidative stress 
(45). Chronic sleep deprivation (CSD) has been shown 
to exert devastating effects on cardiac health. Using 
biochemical and histological analyses, Periasamy                
et al. observed a CSD-induced rise in markers of 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Periasamy%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26648820
https://www.ncbi.nlm.nih.gov/pubmed/?term=Periasamy%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26648820
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cardiac injury and MDA levels (21). Furthermore,  
metabolism-induced free radicals accumulate during 
wakefulness, and they are responsible for many of the 
adverse effects caused by sleep deprivation (21). For 
the first time, the current study indicates an ASD-
induced increase in eNOS expression in the left 
ventricle. Interestingly, this effect was not only 
limited to infarcted area but was also observed                 
in non-infarcted regions of the heart. The aim of 
measuring the eNOS expression in the two different 
areas (infarcted and non-infarcted) of the left 
ventricle was to determine whether or not the effects  
of ASD or bicuculline administration are limited to the 
infarcted area or they may exert the protective effects  
through activation of non-infarcted area. Our findings  
showed that these manipulations (ASD or bicuculline 
administration) affected both ventricular areas,  
thereby conferring cardioprotection. Furthermore,  
we observed a significant increase of NO metabolites  
in the ASD+IR group when compared to the IR group.  
Moreover, ASD lowered MDA levels in comparison 
with the IR group. Blockade of central GABA-A 
receptors markedly attenuated the ASD-induced rise 
in eNOS expression and serum NO metabolites,          
and increased MDA levels. These novel findings  
suggest that the ASD-induced rise in GABA confers  
cardioprotection by potentially targeting NO and 
oxidative stress. Interestingly, in comparison with the 
IR group, bicuculline administration before IR 
reduced eNOS expression and NO metabolites, while 
increasing MDA levels in serum. These results  
indicate the protective role of central endogenous  
GABA against myocardial injury (30). 

Although using aquarium for induction of sleep 
deprivation is common in some studies, elevated 
levels of corticosterone in the MLP+IR group (with 
normal sleep) is suggestive of protocol-induced 
stress.  Moreover, exposure to novel environment 
may have also induced stress in ASD animals (46).                 
In addition, the fact that ASD itself appears to be a 
stressor, cannot be neglected (47). It is believed that 
stress-induced rise in corticosterone enhances ones' 
ability to cope with stressors. Previous findings from 
our laboratory have demonstrated that acute stress 
improves cardiac hemodynamics, and reduces infarct 
size, incidence of VT ventricular tachycardia (VT), and 
markers of myocardial injury during IR. In addition,  
our behavioral study using elevated plus maze 
demonstrated that blocking GABA-A receptors is 
associated with increased anxiety behavior (48). Our 
results are in line with Keim et al. who demonstrated 
that blockade of GABA-A receptors in the dorsomedial  
hypothalamic nucleus (DMH), a region known to elicit 
cardiovascular and anxiety responses, results in 
augmented corticosterone secretion in addition to the 
increase in HR and BP (49). It seems that the neural  
connections between infralimbic cortex, CeA, PVN   
and NTS, and the autonomic effectors can modulate 

the sympatho-adrenimedullary system and promote 
glucocorticoid release (50). This pattern of findings  
suggests that ASD may confer cardioprotection 
against myocardial IRI via development of acute 
stress. Furthermore, elevated corticosteroids  
observed during chronic stress are implicated in 
neurodegenerative processes. We observed 
significantly increased neurodegene-ration in the 
bicuculline group as compared to the ASD groups,  
which may suggest the protective role of GABA-A 
receptors in mediating ASD-induced neuroprotection 
as a potential role for GABA-A receptors against ASD 
(potential stressor)-induced neurodegeneration (31).  

There is growing evidence that neuroactive 
steroids modulate neuronal function and play an 
important role in behavioral processes. Altered 
neurosteroid levels can modify the sensitivity of 
GABA-A receptors and modulate the synthesis of 
neurosteroids. In this regard, it has been demonstrated 
that 3α, 5α-tetrahydrodeoxycorticosterone attenuates  
the stress-induced elevation of adrenocorticotropic  
hormone and corticosterone in rats (3). 
 

Conclusion  
ASD reduces myocardial IRI at least partly by 

targeting oxidative stress and NO. Since injection of 
bicuculline prior to IR increased cardiac injury and 
intra-CeA bicuculline administration attenuated the 
cardioprotective effects of ASD, it can be suggested 
that GABA-A receptors mediate ASD-induced 
cardioprotection against IR. 
 

Acknowledgment 
The results described in this paper were part of 

PhD student thesis supported by Tehran University of 
Medical Sciences (grant number: 30486). 

 

Conflict of interest 
The authors have no conflicts of interest to 

disclose. 
 

References 
1. Chen WR, Liu HB, Sha Y, Shi Y, Wang H, Dai Chen Y , et al. 
Effects of statin on arrhythmia and heart rate variability in 
healthy persons with 48‐hour sleep deprivation. J Am Heart 
Assoc 2016; 5:1-8. 
2. Edalatyzadeh Z, Imani A, Faghihi M, Choopani S, Askari S, 
Aghajani M, et al. Effect of acute sleep deprivation on 
ischemia-induced ventricular arrhythmia in the isolated rat 
heart. JSS 2016; 1:38-43. 
3. Pace M, Adamantidis A, Facchin L, Bassetti C. Role of REM 
sleep, melanin concentrating hormone and 
orexin/hypocretin systems in the sleep deprivation pre-
ischemia. PloS one 2017; 12:1-22. 
4. Tobaldini E, Covassin N, Calvin A, Singh P, Bukartyk J, 
Wang S, et al. Cardiac autonomic control and complexity 
during sleep are preserved after chronic sleep restriction in 
healthy subjects. Physiol Rep 2017; 5:1-8. 

http://scholar.google.com/scholar?hl=en&as_sdt=0,5&q=aquarium


Parsa et al.                                                    ASD induces cardioprotection via central GABA activation 

   

    Iran J Basic Med Sci, Vol. 20, No. 11, Nov 2017 

 

1240 

5. Shen X-Z, Koo MW, Cho C-H. Sleep deprivation increase 
the expression of inducible heat shock protein 70 in rat 
gastric mucosa. World J Gastroenterol 2001; 6: 273-281. 
6. Weil ZM, Norman GJ, Karelina K, Morris JS, Barker JM, Su AJ, 
et al. Sleep deprivation attenuates inflammatory responses and 
ischemic cell death. Exp Neurol 2009; 218:129-136. 
7. Avolio E, Mahata S, Mantuano E, Mele M, Alò R, Facciolo R, et 
al. Antihypertensive and neuroprotective effects of catestatin 
in spontaneously hypertensive rats: interaction with 
GABAergic transmission in amygdala and brainstem. 
Neuroscience 2014; 270:48-57. 
8. Chen L. WW, Tan T.,Han H.,Dong Z. GABA(A) receptors in the 
central nucleus of the amygdala are involved in pain- and itch-
related responses. J Pain 2016; 17:181-189. 
9. Vaz G, Bahia A, De Figueiredo Müller-Ribeiro F, Xavier C, Patel 
KP, Santos R, et al. Cardiovascular and behavioral effects 
produced by administration of liposome-entrapped GABA into 
the rat central nervous system. Neuroscience 2015; 285:60-69. 
10. Chanana P, Kumar A. GABA-BZD receptor modulating 
mechanism of panax quinquefolius against 72-h sleep 
deprivation induced anxiety like behavior: possible roles of 
oxidative stress, mitochondrial dysfunction and 
neuroinflammation. Front Neurosci 2016; 10:1-16. 
11. Luppi P-H, Peyron C, Fort P. Not a single but multiple 
populations of GABAergic neurons control sleep. Sleep Med 
Rev 2017; 32:85-94. 
12. Matsuki T, Takasu M, Hirose Y, Murakoshi N, Sinton C, 
Motoike T, et al. GABA A receptor-mediated input change on 
orexin neurons following sleep deprivation in mice. 
Neuroscience 2015; 284:217-224. 
13. Matsuki T, Nomiyama M, Takahira H, Hirashima N, Kunita 
S, Takahashi S, et al. Selective loss of GABAB receptors in 
orexin-producing neurons results in disrupted 
sleep/wakefulness architecture. Proc Natl Acad Sci 2009; 
106:4459-4464. 
14. Modirrousta M, Mainville L, Jones BE. Dynamic changes in 
GABA A receptors on basal forebrain cholinergic neurons 
following sleep deprivation and recovery. BMC Neurosci 2007; 
8:1-9. 
15. Volgin DV, Kubin L. Regionally selective effects of GABA on 
hypothalamic GABA A receptor mRNA in vitro. Biochem 
Biophys Res Commun 2007; 353:726-732. 
16. Chubykin AA, Atasoy D, Etherton MR, Brose N, Kavalali ET, 
Gibson JR, et al. Activity-dependent validation of excitatory 
versus inhibitory synapses by neuroligin-1 versus neuroligin-
2. Neuron 2007; 54:919-931. 
17. Lambert JJ, Belelli D, Peden DR, Vardy AW, Peters JA. 
Neurosteroid modulation of GABA A receptors. Prog Neurobiol 
2003; 71:67-80. 
18. Nuss P. Anxiety disorders and GABA neurotransmission: a 
disturbance of modulation. Neuropsychiatr Dis Treat 2015; 11: 
165–175.  
19. Kostin A, McGinty D, Szymusiak R, Alam M. Sleep-wake and 
diurnal modulation of nitric oxide in the perifornical-lateral 
hypothalamic area: Real-time detection in freely behaving rats. 
Neuroscience 2013; 254:275-284. 
20. Gopalakrishnan A, Li Ji L, Cirelli C. Sleep deprivation and 
cellular responses to oxidative stress. Sleep 2004; 27:27-35. 
21. Periasamy S, Hsu D-Z, Fu Y-H, Liu M-Y. Sleep deprivation-
induced multi-organ injury: role of oxidative stress and 
inflammation. EXCLI J 2015; 14:672. 
22. Yu D, Li M, Tian Y, Liu J, Shang J. Luteolin inhibits ROS-
activated MAPK pathway in myocardial ischemia/reperfusion 
injury. Life Sci 2015; 122:15-25. 

23. Obame FN, Zini R, Souktani R, Berdeaux A, Morin D. 
Peripheral benzodiazepine receptor-induced myocardial 
protection is mediated by inhibition of mitochondrial 
membrane permeabilization. J Pharmacol Exp Ther 2007; 
323:336-345. 
24. Del Cid-Pellitero E, Plavski A, Mainville L, Jones BE. 
Homeostatic changes in GABA and glutamate receptors on 
excitatory cortical neurons during sleep deprivation and 
recovery. Front Syst Neurosci 2017; 11: 1-22. 
25. Paxinos G, Watson C. The rat brain in stereotaxic 
coordinates. 6th ed. Academic Press; 2007. 
26. Riahi E, Khodagholi F, Haghparast A. Role of dorsal 
hippocampal orexin-1 receptors in associating morphine 
reward with contextual stimuli. Behav Pharmacol 2013; 
24:237-248. 
27. Zagaar MA, Dao AT, Alhaider IA, Alkadhi KA. Prevention 
by regular exercise of acute sleep deprivation-induced 
impairment of late phase LTP and related signaling 
molecules in the dentate gyrus. Mol Neurobiol 2016; 
53:2900-2910. 
28. Aghajani M, Faghihi M, Imani A, Vaez Mahdavi MR, 
Shakoori A, Rastegar T, et al. Post-infarct sleep disruption 
and its relation to cardiac remodeling in a rat model of 
myocardial infarction. Chronobiol Int 2017; 34:587-600. 
29. Arthaud S, Varin C, Gay N, Libourel PA, Chauveau F, Fort P, 
et al. Paradoxical (REM) sleep deprivation in mice using the 
small‐platforms‐over‐water method: polysomnographic 
analyses and melanin‐concentrating hormone and 
hypocretin/orexin neuronal activation before, during and after 
deprivation. J Sleep Res 2015; 24:309-319. 
30. Azizi Y, Faghihi M, Imani A, Roghani M, Zekri A, 
Mobasheri MB, et al. Post-infarct treatment with [Pyr 1] 
apelin-13 improves myocardial function by increasing 
neovascularization and overexpression of angiogenic 
growth factors in rats. Eur J Pharmacol 2015; 761:101-108. 
31. Imani A, Faghihi M, Sadr SS, Niaraki SS, Alizadeh AM. 
Noradrenaline protects in vivo rat heart against infarction 
and ventricular arrhythmias via nitric oxide and reactive 
oxygen species. J Surg Res 2011; 169:9-15. 
32. Azizi Y, Faghihi M, Imani A, Roghani M, Nazari A. Post-
infarct treatment with [Pyr1]-apelin-13 reduces myocardial 
damage through reduction of oxidative injury and nitric 
oxide enhancement in the rat model of myocardial 
infarction. Peptides 2013; 46:76-82. 
33.K hamse S, Sadr SS, Roghani M, Hasanzadeh G, 
Mohammadian M. Rosmarinic acid exerts a neuroprotective 
effect in the kainate rat model of temporal lobe epilepsy: 
Underlying mechanisms. Pharm Biol 2015; 53:1818-1825. 
34. Grandner MA, Sands-Lincoln MR, Pak VM, Garland SN.  
Sleep duration, cardiovascular disease, and proinflammatory 
biomarkers. Nat Sci Sleep 2013; 5:93-107. 
35. Li D-P, Pan H-L. Role of γ-aminobutyric acid (GABA) A 
and GABAB receptors in paraventricular nucleus in control 
of sympathetic vasomotor tone in hypertension. J 
Pharmacol Exp Ther 2007; 320:615-626. 
36. Gomes da Silva AQ, Xavier CH, Campagnole-santos MJ, 
Caligiorne SM., Baltatu OC, Bader M,  et al. Cardiovascular 
responses evoked by activation or blockade of GABA A 
receptors in the hypothalamic PVN are attenuated in 
transgenic rats with low brain angiotensinogen. Brain Res 
2012; 1448: 101-110. 
37. Kim H-W, Pandit S, Park JB. Enhanced astroglial GABA 
uptake in heart failure. Channels 2015; 9:225-226. 



ASD induces cardioprotection via central GABA activation                                                                                       Parsa  et al. 
 

Iran J Basic Med Sci, Vol. 20, No.11 , Nov 2017 

 

 

1241 

38. Carillo B, Oliveira-Sales E, Andersen M, Tufik S, Hipolide D, 
Santos A, et al. Changes in GABAergic inputs in the 
paraventricular nucleus maintain sympathetic vasomotor tone 
in chronic heart failure. Auton Neurosci 2012; 171:41-48. 
39. Klabunde R. Cardiovascular physiology concepts. 2th ed. 
Lippincott Williams & Wilkins; 2011. 
40. Zhang K, Patel KP. Effect of nitric oxide within the 
paraventricular nucleus on renal sympathetic nerve 
discharge: role of GABA. Am J Physiol Regul Integr Comp 
Physiol 1998; 275:728-734. 
41. Han TH, Lee K, Park JB, Ahn D, Park J-H, Kim D-Y, et al. 
Reduction in synaptic GABA release contributes to target-
selective elevation of PVN neuronal activity in rats with 
myocardial infarction. Am J Physiol Regul Integr Comp 
Physiol 2010; 299: 129-139. 
42. Jones SP, Bolli R. The ubiquitous role of nitric oxide in 
cardioprotection. J Mol Cell Cardiol 2006; 40:16-23. 
43. Kurian GA, Rajagopal R, Vedantham S, Rajesh M. The role 
of oxidative stress in myocardial ischemia and reperfusion 
injury and remodeling: revisited. Oxid Med Cell Longev 
2016; 2016:1-15. 
44. Papaharalambus CA, Griendling KK. Basic mechanisms of 
oxidative stress and reactive oxygen species in cardiovascular 
injury. Trends Cardiovasc Med 2007; 17:48-54. 

45. Mateos R, Lecumberri E, Ramos S, Goya L, Bravo L. 
Determination of malondialdehyde (MDA) by high-
performance liquid chromatography in serum and liver as a 
biomarker for oxidative stress: Application to a rat model 
for hypercholesterolemia and evaluation of the effect of 
diets rich in phenolic antioxidants from fruits. J Chromatogr 
2005; 827:76-82. 
46. Pfister HP, King MG. Adaptation of the glucocorticosterone 
response to novelty. Physiol Behav 1976; 17:43-46. 
47. Tobler I, Murison R, Ursin R, Ursin H, Borbely A. The 
effect of sleep deprivation and recovery sleep on plasma 
corticosterone in the rat. Neurosci Lett 1983; 35:297-300. 
48. Parsa H, Faghihi M, Imani A. Acute Sleep Deprivation 
Decreases Anxiety Behavior via γ-Aminobutyric Acid-A 
Receptor Activation in Central Nucleus of Amygdala. JSS 
2017; 1:139-142. 
49. Keim SR, Shekhar A. The effects of GABA A receptor 
blockade in the dorsomedial hypothalamic nucleus on 
corticotrophin (ACTH) and corticosterone secretion in male 
rats. Brain Res 1996; 739:46-51. 
50. Ulrich-Lai YM, Herman JP. Neural regulation of 
endocrine and autonomic stress responses. Nat Rev 
Neurosci 2009; 10:397-409. 

 

 


