Received: 19 July 2020

Revised: 22 August 2020

Accepted: 29 August 2020

DOI: 10.1002/brb3.1841

ORIGINAL RESEARCH

Brain and Behavi
rain and Behavior W] LEY

Modulation of behavioral responses and CA1 neuronal death
by nitric oxide in the neonatal rat's hypoxia model

Zohreh Ghotbeddin®?

'Department of Physiology, Faculty of
Veterinary Medicine, Shahid Chamran
University of Ahvaz, Ahvaz, Iran

2Stem Cell and Transgenic Technology
Research Center, Shahid Chamran University
of Ahvaz, Ahvaz, Iran

3Department of Histology, Faculty of
Veterinary Medicine, Shahid Chamran
University of Ahvaz, Ahvaz, Iran

4Department of Pharmacology, Faculty
of Veterinary Medicine, Shahid Chamran
University of Ahvaz, Ahvaz, Iran

Correspondence

Zohreh Ghotbeddin, Department of
Physiology, Faculty of Veterinary Medicine,
Shahid Chamran University of Ahvaz, P.O.
Box: 61357-83151, Ahvaz, Iran.

Emails: z.ghotbeddin@scu.ac.ir;
ghotbeddiny2010@gmail.com

Funding information

Research Council of Shahid Chamran
University of Ahvaz, Grant/Award Number:
GN: SCU.vB98.288

| ZahraBasir® | Javad Jamshidian* | Farideh Delfi!

Abstract

Introduction: Neonatal hypoxia leads to cognitive and movement impairments that
might persist throughout life. Hypoxia impairs hippocampal blood circulation and
metabolism. The exact mechanisms underlying hypoxia-induced memory impairment
are not fully understood. Nitric oxide (NO) is a key neuromodulator that regulates
cerebral blood flow. In this study, we aimed to evaluate the possible role of NO on
behavioral and histomorphometric changes in the hippocampus following hypoxia in
neonate rats.

Material and methods: Neonate male rats (n = 28) were randomly divided into 4
groups: control, hypoxia, hypoxia plus L-NAME (20 mg/kg), and hypoxia plus
L-arginine (200 mg/kg). Drugs were injected intraperitoneally for seven consecutive
days. Hypoxia was induced by keeping rats in a hypoxic chamber (7% oxygen and
93% nitrogen intensity). Ten to 14 days after hypoxia, behavioral changes were meas-
ured using a shuttle box, a rotarod, and an open field test. The histological changes in
the hippocampus were measured using H&E and Nissl staining methods.

Results: Findings showed that hypoxia caused significant atrophy in the hippocam-
pus. Furthermore, the administration of L-NAME decreased the atrophy of the hip-
pocampus in comparison with the hypoxic group. Behavioral results showed that
hypoxia impaired memory performance and motor activity responses. Additionally,
the administration of L-NAME improved behavioral performance in a significant man-
ner compared with the hypoxic group.

Conclusions: Hypoxia damaged the neurons of hippocampal CA1 region and induced
memory impairment. The NOS inhibitor, L-NAME, significantly attenuated the nega-

tive effects of hypoxia on behavior and observed changes in the hippocampus.
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1 | INTRODUCTION

Neonatal hypoxia is a burdensome critical healthcare problem
worldwide which leads to the death of human infants or might
result in lifelong sensory, motor, and cognitive impairments.
Globally, 23% of neonatal death occurs due to the neonatal hy-
poxia (Odd, Heep, Luyt, & Draycott, 2017) Among the survivors,
about 25% develop lifelong cognitive and sensory problems be-
cause of the severe damage to the brain. Insufficient blood supply
and oxygen to the brain can lead to neonatal seizures, and many
infants are born with acute respiratory failure and experience hy-
poxia (Shetty, 2015). The hippocampus region of the brain is highly
susceptible to the functional and structural insult caused by hy-
poxia and acute respiratory distress syndrome (ARDS). Hypoxia
results in bilateral pathological changes in the hippocampus
at an early age and precipitates memory problems in childhood
(Cooper et al., 2013). Oxygen deficiency during the critical period
of synaptic maturation may cause cognitive impairment and au-
tism-like behaviors in the long term (Berg, 2011). Hypoxia can in-
fluence the synaptic plasticity and diminish long-term potentiation
(LTP) in the CA1 neurons of the hippocampus (Zhou, Bell, Sun, &
Jensen, 2011). Since synaptic plasticity has particular importance
in the formation of LTP and memory formation, synaptic plasticity
dysfunction can cause long-lasting learning and memory impair-
ments. Hypoxia and ischemia create significant neuropathological
changes and affect cognitive ability through circulation and brain
metabolism disturbances (Gale & Hopkins, 2004). Yao et al. (2016)
has suggested that the morphological and structural changes
occur in neonatal rat brain after hypoxic-ischemia which can be
detected using Nissl staining.

Nitric oxide (NO), as a gaseous neurotransmitter, easily crosses
the cell membrane. Animals studies have shown that NO is involved
in numerous neuronal functions including learning and memory
processes, pain, vasodilatation, and immune responses (Butler &
Williams, 1993). In the neurons, NO is synthesized by nitric oxide
synthase (NOS) from the conversion of L-arginine into L-citrulline.
At physiological dosages, NOS plays a critical role as a modulator of
synaptic plasticity, LTP formation, and long-term memory consolida-
tion (Prast & Philippu, 2001). In the hippocampus, the NMDA recep-
tors initiates synthesis of NO which further strengthen the neuronal
processes regulating the learning and memory (Garthwaite, 1991).
Reports have demonstrated that the NOS activity in the rat
brain increases up to 45% immediately after learning task (Bon &
Garthwaite, 2003). NO can enhance the oxygen delivery to neurons
through vasodilatation of brain vessels and nerve cell perfusion, fa-
cilitating learning and memory processes (Bolanos & Almeida, 1999).
Nitric oxide is a key factor in the brain pathophysiological responses
to hypoxia. At least three isoforms of NO synthase have been iden-
tified: neuronal (nNOS), endothelial (€NOS), and inducible (iNOS)
(Knowles & Moncada, 1994). Cerebral ischemia initiates a series of
events that occur through glutamate excitatory amino acids and ac-
tivates calcium-dependent NOS isoforms such as nNOS and eNOS.

The ischemia also activates iNOS in the glial cells with some delay.

The activation of nNOS and iNOS contributes toward the develop-
ment of ischemic brain injury (lkonomidou & Turski, 1996).

There are conflicting reports about the role of NO on neuronal
activity after combined ischemia-hypoxia. Some reports have men-
tioned a protective effect, while others have proposed a toxic effect
for NO following hypoxia. Increased NO synthesis in pathological
conditions can be neurotoxic and cause neurodegeneration. Energy
depletion, lipid and protein peroxidation, protein nitrosylation, and
DNA damage following the production of free radicals are mech-
anisms by which increased NO synthesis leads to neuronal death
(Bolafos et al., 1997). According to in vitro studies, increased pro-
duction of peroxynitrite anion (ONOQO,) from NO radicals may be a
potential mechanism for neurotoxicity (Beckman, Beckman, Chen,
Marshall, & Freeman, 1990). Many in vivo studies also have con-
firmed an increase in NO synthesis after brain injury using electron
paramagnetic resonance (EPR). The studies suggested that after
ischemia, NO radical synthesis often increases in specific brain
areas such as the cortex, hippocampus, hypothalamus, amygdala,
and substantia nigra (Kuppusamy, Ohnishi, Numagami, Ohnishi, &
Zweier, 1995). The iINOS activity in glial cells also increases following
ischemia, and the increased synthesis of NO radicals in neuroglia and
neurons became neurotoxic. Hence, the application of a specific in-
hibitor may have protective effects on neurons (Kawase et al., 1996).

Considering the conflicting reports on the role of NO in learning
and memory processes following brain injury resulting from isch-
emia and hypoxia, the present study aimed to evaluate the neuro-
modulatory effect of NO following neonatal hypoxia, as a sensitive
period of synaptic plasticity formation on memory and histomorpho-
metric changes of hippocampus in the presence of NO agonist and

antagonist in rats.

2 | METHODS AND MATERIALS
2.1 | Animals

In this study, 10- to 12-day-old Wistar rats were used. All procedures
were designed and executed according to the Ethics Committee rec-
ommendations for laboratory animals at Shahid Chamran University
of Ahvaz and were in compliance with the NIH guideline for the
care and use of laboratory animals. The rats were maintained in a
fully controlled standard animal facility (12:12-hr light: dark cycle at
22 + 2°C and 55 + 5% humidity). All animals had ad libitum access
to water and food.

2.2 | Animal model of hypoxic brain injury and
drug treatments

Animals were randomized to the 2 major study groups: sham and hy-
poxia. Further the hypoxic group rats were treated with the L-NAME
(NOS inhibitor, 20 mg/kg) and L-arginine (NOS precursor, 200 mg/kg)

separately. The dose chosen were described earlier somewhere else
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(Kumura, Kosaka, Shiga, Yoshimine, & Hayakawa, 1994) (Hosseini
et al., 2010). To induce hypoxia, 10- to 12-day-old rats were kept in-
side the airtight container similar to an incubator and were exposed
to the 7% oxygen and 93% nitrogen for 15 min (Figure 1). As this
model induces hypoxia during a sensitive period of synaptic plastic-
ity, it can cause serious damages to neurons and long-term motor
and memory-related disorders (Sedlackova et al., 2014). In sham
group, rats were kept inside the hypoxia chamber for 15 min without
inducing hypoxia, and immediately after the session, they received
an intraperitoneal injection of normal saline (Figure 2), whereas the
interventions, L-NAME and L-arginine groups, were injected intra-

peritoneally after the induction of hypoxia (Figure 3).

2.3 | Behavioral tests
2.3.1 | Open field test

In the open field test, locomotor activity including frequency of rear-
ing, movement velocity, and total distance travelled were monitored
and analyzed using a video-tracking system for 10 min on the post-
natal week (P20) in a black plexiglass box (60 x 60 x 25 cm) (Bale
et al., 2000).

2.3.2 | Rotarod test

The rotarod test was used to assess motor performance in the post-
natal rats (P20). The animals were placed on the testing rod rotat-
ing at an initial speed of 5 rotations per minute (rpm). Then, the rod
speed increased gradually to 45 rpm over 300 s. The time spent on
the rod was recorded automatically for each animal. Each animal was
initially given two opportunities for adaption to the device and then
was tested three more times. The average time was calculated and
considered for the analysis (Rustay, Wahlsten, & Crabbe, 2003).

2.3.3 | Passive avoidance test (Shuttle box)

The Shuttle box was composed of a dark and a light chamber, and the
animal received shocks in the dark one. The test had three stages:
training, testing, and acquisition (remembering) phase. Training
phase: The animal was allowed to move freely into the light and dark

[Hypoxia induction on
postnatal rat day 12
with 7%02, 93%N2 for]

15 min

{} 13th

19th
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chamber (without receiving any shock) for 5 min. Testing phase:
Twenty-four hours after training, the animals received electric shock
(frequency of 50 Hz and intensity of 0.5 mA for 2 s) in the dark cham-
ber. Acquisition phase: In order to test long-term memory, 24 hr after
training, the animal was put in the light chamber and the latency of
entrance to the dark chamber and the time spentin the dark chamber
were measured as indicators of passive avoidance memory (Sohrabi,
Ghotbeddin, & Tabandeh, 2017).

2.4 | Histomorphometric studies
2.4.1 | H&E Staining

Hematoxylin and eosin (H&E) staining was used to study the brain
tissue morphology. For H&E staining, the animals were anesthetized
and their brains were collected and preserved for 48 hrin 10% forma-
lin buffer (Merck, Germany) solution at room temperature. Then, the
brain tissues were dehydrated and embedded in paraffin. Serial sec-
tions (5-7 um thickness) were taken and stained. The sections were
dewaxed twice in xylene (5-15 min for each time) and dehydrated in
serial ethanol (100%, 100%, 90%, 80%, and 70%, for 1 min, respec-
tively). After rinsing by tap water for 3 min, the sections were stained
with hematoxylin for 8 min and then rinsing again for 5 min followed
by staining with eosin solution for 2 min. The samples were dehy-
drated, cleaned, and mounted. The cytomorphological changes of the
brain tissues were observed by the light microscope (Olympus, Japan)
at 200X magnification (Fischer, Jacobson, Rose, & Zeller, 2008).

2.4.2 | Nissl Staining

To assess neuronal cell loss and morphology of neurons in the hip-
pocampal CA1 region, 6 rats were randomly selected from each
group at two periods of time: (1) immediately after hypoxia (P13) and
(2) at the end of behavioral tests (P24). Their brains were collected
and fixed in 10% formalin buffer (Merck, Germany) solution. Ten pm
coronal sections were obtained using a microtome. Each section was
dewaxed, dehydrated, and stained with Cresyl violet acetate 0.1%
for 5-10 min and then washed with distilled water twice (for several
seconds each time). The slides were dehydrated in serial ethanol and
xylene for 5 min twice and mounted. The cell density in the CA1
region was recorded using Dino-Lite Digital Microscope. Neuronal

20th 21-23th 24th
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cells were positively identified by their positive Nissl staining. The
morphology of positively stained nuclei in the CA1 region was ob-
served under a light microscope (Olympus, Japan) at 200x magnifi-
cation (Kadar, Wittmann, Liposits, & Fekete, 2009).

2.5 | Statistical analysis

The data are presented as the mean + SEM. Normality was assessed
using the Kolmogorov-Smirnov test. A one-way ANOVA test fol-
lowed by Tukey post hoc was used for comparing the means in dif-
ferent experimental groups. The level of significance was set at 0.05
for all the performed statistical tests. All statistical assessments
were performed using the Statistical Package for Social Sciences
(SPSS) software (version 21).

3 | RESULTS
3.1 | Passive avoidance test

The results showed a significant increase in number of shocks in the
L-arginine group (3 + 0.1) as compared to the sham (2.14 + 0.40),
hypoxia (2 + 0.21), and L-NAME-treated groups (1.85 + 0.34), re-
spectively,p=.035,p=.015and p =.006 (Figure 4a). In the L-arginine-
treated group, the latency time of entrance to the dark chamber was
found to be shorter than sham (p = .006) and L-NAME (p = .002)
groups, whereas the time spent in the dark chamber was significantly

longer as compared to all the other groups (Figure 4b and c).

3.2 | Open field test

The result demonstrated that the number of rearing significantly in-
creased in the L-NAME-treated group (26.71 + 4.68) as compared to

Brain collected in some rat ro'I Open field and Rotarod tests  Shuttle box test

v

Decapitation and
histological study

the sham group (17.42 + 1.69; p = .04), hypoxia group (12.85 + 1.78;
p = .003), and L-arginine-treated group (15.87 + 2.31; p = .012)
(Figure 5a). L-arginine injection in the hypoxia group had a major ef-
fect on the average of movement velocity (4.79 + 0.55) as it was
significantly lower than the sham (16.08 + 1.38; p = .002), hy-
poxia (12.98 + 2.68; p = .022), and L-NAME-treated (11.03 + 3.98;
p =.030) groups (Figure 5b). The total distance travelled in the open
field box was also significantly decreased in the L-arginine-treated
group as compared to the sham (14.39 + 2.33; p = .002), hypoxia
(12.65 + 2.33; p =.012), and L-NAME-treated groups (16.77 + 2.06;
p = .000) (Figure 5c).

3.3 | Rotarod test

The rotarod test revealed that in comparison with the sham
(38.08 +8.20; p =.004), hypoxia (31 + 2.06; p =.002), and L-arginine-
treated (19.31 + 5.84; p = .000) groups, the animals that received
L-NAME antagonist (60.22 + 8.12) spent more time on the rod get
significantly increased in this group as compared to the other groups
(Figure 6).

3.4 | Histological analysis

The total number of pyramidal neurons per mm? in the CA1 region
was counted using Dinocapture imaging software (version 2.0)
at a magnification of 200X. Both of the staining revealed that the
number of pyramidal cells at P24 and P13 in the sham group was
280.4 + 50.3 and 235.1 + 15.7, respectively (Figures 7, 8a and b). The
histology of the CA1 region was normal in this group, and no neu-
ronal damage was observed. The average of pyramidal cells in the
hypoxia group at P24 was 146.5 + 24.0, showing a significant neural
death as compared to the P13 (152.3 + 12.5) (Figures 7, 8c and d).
At P24, the number of cells (196.8 + 23.7) was significantly higher
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in the L-NAME-treated group as compared to the hypoxia group
(146.5 + 24.0) and L-arginine-treated (76.5 + 4.0) groups (Figures 7,
8e and f).

4 | DISCUSSION

Neonatal hypoxia leads to the hippocampal damage in rats. Zhou
et al. showed that hypoxia increased long-term excitability in neu-
rons. It has been well documented that neonatal hypoxia causes
long-term memory impairment by changing synaptic function and
long-term potentiation (LTP) in the neurons of the CA1 region of
the hippocampus (Zhou et al., 2011). Our results demonstrated the
similar findings as the hypoxia in neonatal rats precipitates the hip-
pocampal damage which further leads to the memory and motor
impairment. In contrast, we have observed that after NOS antago-
nist administration the behavioral impairment following hypoxia was
attenuated.

The cognitive decline is one of the major outcomes of neonatal
hypoxia. We have found that the hypoxia leads to the impairment
in learning memory, and this is in line with previous studies as the
lkeda et al. also reported an increase in reference memory errors in
the 8-arm radial maze in rats exposed to ischemia-hypoxia at the 7th
postnatal day (Ikeda et al., 2000). Further, we had demonstrated that
the administration of L-arginine increased the susceptibility to the

behavioral deficit as compared to the other groups. This confirms

p < .001, L-arginine-treated rats versus sham rats; &p < .05; &&p < .01, L-arginine versus hypoxia groups and ##p < .01 L-arginine-treated

that the activation of NOS signaling can increase the intensity of
hypoxia-induced cognitive damage in neonatal rats. Similar results
were observed with other behavioral test in open field test and
rotarod test. This indicated that overstimulated NOS signaling can
precipitates the chances to increase the functional abruption due
to hypoxia.

NO signaling pathway plays a key role in regulating cerebral blood
flow, and its impairment following ischemia-hypoxia causes abnor-
mality in physiological responses (Peers, Pearson, & Boyle, 2007).
Energy depletion following hypoxia leads to oxidative stress and in-
creases the production of free radicals and changes the functional
performance of membrane pumps, these in turn increases the re-
lease of glutamate and leads to higher level of activation of NMDA
receptors. As a result, the activity of inducible nitric oxide synthase
(INOS) increases in astrocytes and microglia. In addition, the produc-
tion of cytokines and inflammatory factors such as TNFa and IFNJ
enhances after hypoxia and induce further iNOS activity. As a result,
the production of superoxide and peroxynitrite increases and dam-
ages proteins, lipids, and DNA of the neurons (Garry, Ezra, Rowland,
Westbrook, & Pattinson, 2015).

Hypoxia results in progressive cellular and metabolic disor-
ders including loss of neurons (especially in the hippocampus), al-
tered synaptic function, increased excitability, the result of which
is behavioral, sensory, motor, and cognitive impairments (Alwis,
Johnstone, Yan, & Rajan, 2013). There are conflicting reports on

the neuromodulatory role of NO in the behavioral responses,
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sensory-motor system, and cognition. Some studies have reported
that impaired activity of NOS is associated with neurodegenerative
diseases such as Alzheimer's disease, and NOS inhibitors disrupt
memory consolidation and LTP formation, whereas L-arginine, as
a NO precursor, improves memory formation (Asiimwe, Yeo, Kim,
Jung, & Jeong, 2016). In 2008, Manukhina et al. investigated the role
of NO on cognitive disorders induced by p-amyloid injection. Their
results suggested that administration of 20 mg/kg NOS inhibitor
for 14 days (every other day) enhanced the destructive effects of
B-amyloid, whereas NOS agonist had a protective effect on memory
impairment (Manukhina et al., 2008).

Our results are in agreement with studies that confirmed motor
and memory impairment following hypoxia. Clinical evidence has
also suggested long-term sensory-motor system deficit following
hypoxia. In addition, a study reported that induction of hypoxia in
rabbits at their late phase of pregnancy impaired movement and
hypertonia in their kittens (Derrick et al., 2004). A large body of
evidence suggests that synthesized NO by eNOS has a neuropro-
tective effect. However, both iNOS and nNOS are neurotoxic and
can cause brain dysfunction (Garry et al., 2015). Under hypoxic
conditions, nNOS activation is exacerbated and the excess of NO
becomes neurotoxic. The probable mechanism for memory im-
pairment following excess activation of NO synthesis is mediated
by hyperactivation of glutamate receptors, which leads to excess
Ca® entry, production of free radicals, mitochondrial dysfunc-
tion, and neural death (Dawson & Dawson, 1996). Histological re-
sults of this study demonstrated hippocampal damage following
hypoxia. As previous studies reported, the hippocampus is one
of the most important brain structures associated with memory
formation and is highly sensitive to oxygen depletion. The hippo-
campus volume decreases after hypoxia, and pathological changes
that occur immediately after hypoxia in the brain exacerbate mem-
ory dysfunction in childhood and later years of life span (Cooper
et al., 2013). Different reports have demonstrated the association
between the severity of hippocampal injury and memory impair-

ment. Sever hypoxia has been shown to cause neuronal atrophy
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FIGURE 7 Nissl-stained sections

of the CA1 region in the hippocampus
(200x). Normal histology of the CA1 was
observed in the sham group at age 13 and
24 days (a and b). There was an extensive
cell loss in the hypoxia group at P13 and
P24 (c and d), and the number of cell death
at P24 in the L-arginine-treated group
was significantly higher (e). Antagonist
injection in the hypoxia group (L-NAME-
treated) showed higher cell number than
the hypoxia and L-arginine-treated groups
(f). Open arrows indicate the lack of cells,
and black arrows show normal cells. Scale
bar indicates 100 um

in the hippocampus, causing additional memory disruption (Isaacs
et al., 2003). Another study reported that both the severity and
duration of hypoxia were important factors in the resulted brain
lesions. Short duration hypoxia only affected the cortex and hip-
pocampus, and as the severity or duration of hypoxia increased,
the lesion gradually extended to both brain hemispheres (Towfighi,
Yager, Housman, & Vannucci, 1991).

In conclusion, the observed impairments in behavioral per-
formance (memory and motor activity) and neuronal cell death
in the hippocampus after neonatal hypoxic injury may be due to
the fact that induction of hypoxia in a sensitive period of synaptic
formation in the nervous system increases NO synthesis, evokes
neurotoxicity pathways, especially those that cause mitochon-
drial dysfunction, and increases free radical production. The in-
jection of the NOS agonist caused a higher level of brain tissue
damage and disrupted behavioral responses through increased
synthesis of NO. Finally, the NOS inhibitor showed possible ther-
apeutic effects on the behavioral responses by preventing excess
synthesis of NO and showing neuroprotective effects in import-
ant oxygen-sensitive areas such as the hippocampus. Thus, our
preliminary study suggests the critical involvement of NO in hy-
poxia-induced structural alteration at hippocampus region and

behavioral alteration in neonates.
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