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Introduction: Sodium valproate (VPA) is widely used to treat neurological disorders. This 
study aimed to investigate the spatial arrangement and three-dimensional structure of the 
hippocampal CA1 region, as well as the biochemical changes in the brains of ischemic rats. 

Methods: Thirty male rats were randomly assigned to three groups: Sham, middle cerebral 
artery occlusion (MCAO), and MCAO + VPA. The right common carotid artery was ligated 
for one h. On days 0–3 of reperfusion, animals received intraperitoneal (IP) injections of VPA 
(300 mg/kg). One week after MCAO, the brains (ischemic hemisphere) of five animals were 
removed and fixed for structural (stereological) studies. In addition, the ischemic hemispheres 
of five other rats were removed for malondialdehyde (MDA) assay. 

Results: Our data demonstrated that VPA significantly restored the hippocampal spatial 
arrangement of pyramidal neurons, reduced three-dimensional deformation, and decreased the 
total number of dead neurons and MDA levels induced by MCAO. 

Conclusion: This study indicates that reduced neuronal loss in the CA1 region, along with 
improvements in spatial cell arrangement and three-dimensional structure, may be correlated 
with reduced levels of oxidative stress. These structural alterations may contribute to the 
behavioral effects previously reported, including those in our earlier studies.
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Introduction

rain ischemia is one of the most prevalent 
cerebrovascular diseases and is the second 
contributor to global morbidity and mortali-
ty. Cerebral ischemia can occur when blood 
flow to a part of the brain is temporarily re-
stricted because of embolism, thrombosis, 
or systemic hypoperfusion, and then blood 

flow is restored to the affected areas, which is called re-
perfusion. The pathological mechanisms of ischemia-re-
perfusion injury include oxidative stress, inflammation, 
excitotoxicity, and the complement system, which lead 
to necrosis and apoptosis in the ischemic area (Jiang et 
al., 2022). These destructive events can ultimately cause 
neurological deficits and behavioral dysfunctions (Deb 
et al., 2010). After reperfusion, oxygen and glucose 
re-enter the brain, further challenging the ischemic tis-
sue. Oxidative glycolysis of glucose yields substantial 
amounts of the reduced cofactors nicotinamide adenine 
dinucleotide (NADH) and flavin adenine dinucleotide 
(FADH2), and during electron transfer, superoxide anion 
(O2−) is generated, contributing to the buildup of reac-
tive oxygen species (ROS) and reactive nitrogen species 
(RNS) (Nishi et al., 2005). The excessive generation of 
oxidative free radicals promotes lipid peroxidation, pro-
tein oxidation, nitrification, and DNA and mitochondrial 
damage (Beckman, 1996). Additionally, ROS and RNS 
cause leukocyte recruitment, chemokine and inflamma-
tory mediator production, impairment of the blood–brain 
barrier (BBB), and the consequent cerebral edema (del 
Zoppo & Mabuchi, 2003). Currently, mechanical throm-
bectomy and intravenous thrombolysis are the primary 
therapies for ischemic stroke; nevertheless, each method 

has its own set of restrictions. Therefore, to overcome 
these problems, researchers need to identify new neu-
roprotective agents for the treatment of ischemic stroke. 

Sodium valproate (VPA) is widely utilized to treat neu-
rological diseases, including bipolar disorder and sei-
zures, and can also be used as a new strategy for treating 
ischemic stroke (Johannessen, 2000). It has been shown 
that VPA can have protective effects against animal 
models of ischemic stroke by increasing antioxidant and 
anti-inflammatory activities reducing the production of 
oxidative metabolites, as well as its capacity to restrain 
histolysis (HDAC) and suppress glycogen synthase ki-
nase 3 (Chen et al., 2014; Pang et al., 2016; Shao et al., 
2005; Silva et al., 2018). Similarly, the antioxidant activ-
ity of VPA has been investigated in vitro, and it has been 
suggested that the mechanism of VPA can be through 
the inhibition of glutamate-induced neurotoxicity, dis-
turbances in intracellular calcium homeostasis, DNA 
fragmentation, protein oxidation, and lipid peroxidation 
(Kanai et al., 2004; Rekling, 2003). 

In a previous study, we examined the effects of VPA 
on synaptic plasticity and memory function impairments 
in a middle cerebral artery occlusion (MCAO) model 
(Naseh et al., 2022). Building on the previous study, 
this research investigated the spatial organization of py-
ramidal neurons, the three-dimensional structure of the 
hippocampal CA1 region, and oxidative stress changes 
in MCAO rats. Studying possible microanatomical 
changes in the hippocampal CA1 pyramidal neurons af-
ter MCAO is an excellent opportunity to better explain 
brain dysfunction after stroke. Furthermore, in studies 
related to cerebral ischemia, most researchers have fo-

Highlights 

● VPA significantly restores the hippocampal spatial organization of pyramidal neurons in MCAO rats.

● VPA improves the three-dimensional deformation in the CA1 region of MCAO rats.

● VPA decreases the total number of dead neurons and MDA levels in MCAO rats.

Plain Language Summary 

Sodium valproate (VPA) is widely used to treat neurological diseases such as stroke. In this study, we assessed the 
impact of VPA on the spatial arrangement and 3D structure of the CA1 region in rats with middle cerebral artery oc-
clusion. It was found that VPA reduced neuronal loss in the CA1 region and improved spatial cell arrangement and 3D 
structure. Our findings suggest that VPA has protective effects on the brain after a stroke. It helps preserve the structure 
and health of nerve cells, potentially leading to better recovery. The VPA can be useful in developing treatments to 
reduce brain damage and improve outcomes for stroke patients in the future.
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cused on neuronal quantity (Moralí et al., 2005), with 
comparatively little attention paid to the spatial organiza-
tion of neurons or to the three-dimensional structure of 
CA1 region, which may critically influence functional 
recovery. Therefore, we decided to assess the impact of 
VPA on the spatial arrangement and three-dimensional 
structure of the CA1 pyramidal neurons in an experi-
mental MCAO model.

Materials and Methods

Animals 

Thirty male Sprague–Dawley rats (200–250 g, 6–8 
weeks old) were obtained from the Center of Compara-
tive and Experimental Medicine, Shiraz University of 
Medical Sciences. Animals were housed under con-
trolled conditions (21±2 °C; 12 h light/ 12 h dark cycle) 
with free access to food and water. The experimental 
procedure was approved by the Committee for the Ethics 
of Scientific Research of Shiraz University of Medical 
Sciences, and all procedures complied with the National 
Institutes of Health guide for the care and use of labora-
tory animals.

Experimental groups

The rats were randomly assigned to three groups: 
Sham, MCAO, and MCAO + VPA (n=10 in each group).

The MCAO model was established as described in our 
previous studies (Naseh et al., 2022; Naseh et al., 2020). 
Briefly, the rats were anesthetized with intraperitoneal 
(IP) injection of ketamine (60 mg/kg) and xylazine (10 
mg/kg). Then, the right common carotid and external 
carotid arteries (ECA) were exposed. A silicone-coated 
monofilament suture (4043PK5Re, Doccol, USA) was 
introduced to the external carotid artery (ECA) and ad-
vanced through the internal carotid artery (ICA) to oc-
clude the middle cerebral artery (MCA) for an hour. The 
suture was subsequently removed, allowing reperfusion. 
Notably, the body temperature of rats was controlled 
by a rectal thermometer. Sham surgery was performed 
similar to the MCAO protocol except without inserting 
a monofilament into the ICA. VPA (300 mg/kg (Mann 
Brukner et al., 2018; Naseh et al., 2022; Xuan et al., 
2012); Merck, Germany) was solubilized in 300 μL dis-
tilled water, and injected IP on days 0, 1, 2, and 3 post-
MCAO (Figure 1). Intraperitoneal administration was 
chosen to ensure accurate dosing and to avoid the stress 
associated with oral gavage.

One week after MCAO, the brains (ischemic hemi-
sphere) of five animals were removed and preserved 
in 10% buffered formaldehyde for a week. The brains 
were then placed in 30% sucrose solution for three days 
and stored at -80 °C until further analysis (stereological 
study). Additionally, the brains (ischemic hemisphere) 
of five other rats were removed and kept at -80 °C until 
biochemical evaluations.

Stereological assessment

The ischemic hemisphere of the brain was coronally 
and serially sectioned at 50 μm thickness using a cryo-
stat (Microm HM 525, Germany) and stained with cre-
syl violet. The CA1 hippocampal region was identified 
according to the Paxinos and Watson Atlas (Paxinos & 
Watson, 2007).

Voronoi tessellations

In our study, a Voronoi tessellation was utilized to as-
sess the spatial organization of pyramidal neurons in the 
CA1 region of the ischemic hemisphere across all ex-
perimental groups. Voronoi tessellation was performed 
on microscopic images of randomly sampled fields in 
the CA1 of the ischemic hemisphere of rats. CA1 py-
ramidal neurons were mapped by the ImageJ Voronoi 
Plugin, which involved outlining a polygon around each 
point representing a CA1 neuron (Moroni et al., 2008). 
The Voronoi polygons varied in size, and the variation in 
polygon areas was evaluated through their variance. The 
coefficient of variation (CV), calculated as the standard 
deviation of the polygon areas divided by the mean and 
multiplied by 100, indicated the spatial distribution of 
pyramidal neurons. CV values between 33% and 64% 
indicated a random distribution; values below 33% sug-
gested a regular distribution; and values exceeding 64% 
indicated a clustered distribution (Duyckaerts & Gode-
froy, 2000).

Assessment of the total number of CA1 pyramidal 
dead neurons

A population of pyknotic, shrunken, and smaller cells 
was observed among pyramidal neurons in MCAO ani-
mals, which were considered dead neurons. The total 
number of dead neurons in the CA1 region of the isch-
emic hemisphere was assessed by a computer connected 
to a Nikon E200 light microscope equipped with an oil-
immersion lens at 40x magnification. Following the op-
tical disector technique, an unbiased counting frame was 
superimposed onto monitor images of the sections. Mi-
croscopic fields were systematically sampled by mov-
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ing the microscope stage in x and y with equal incre-
ments. Dead neurons within the sampling frame (area of 
counting frames “a/f” multiplied by disector height “h”) 
were counted. The total number of dead neurons in the 
CA1 region was determined by multiplying the numeri-
cal density (Nv) and the CA1volume, estimated by the 
Cavalieri method (Equation 1) (Jahromi et al., 2024).

1. Nv=[ΣQ/ΣP×(a / f)×h] × [t/BA] 

“ΣQ” denotes the total number of dead neurons in the 
CA1 region of the ischemic hemisphere; “ΣP” was the 
total number of counting frames; “t” was the mean sec-
tion thickness obtained using the microcator; and “BA” 
the block advance, set at 50 µm (Asadinejad et al., 2024). 

Three-dimensional reconstruction (3DR)

To assess 3D visualization of the CA1 region, serial 
sections of the ischemic hemisphere were used in all ex-
perimental groups. To determine the 3D features of the 
CA1 region, a 3DR was generated by the “reconstruct”. 
The program creates 3DR figures by reconstructing 
montages, visualizing, and aligning serial sections (He-
lander, 2006).

Malondialdehyde (MDA) assay

The hippocampus from the ischemic hemispheres was 
dissected, and the MDA levels were measured by the 
thiobarbituric acid reactive substances assay. Each issue 
sample was homogenized and then centrifuged (12,000 
rpm) for 15 minutes. The resulting standards and super-
natants (1,1,3,3-tetra ethoxy propane, Sigma, Germany) 
were combined via a mixture of 0.25 N hydrochloric 
acid (Sigma, Germany), 20% trichloroacetic acid (Sig-
ma, Germany), and 0.8% thiobarbituric acid (Sigma, 
Germany). 

The solution was then incubated at 90 ˚C for one h and 
subsequently centrifuged (12,000 rpm) for 5 minutes. 
Finally, the absorbance of the samples was measured by 
a microplate reader (Biotek, USA) at 532 nm (Naseh et 
al., 2020). 

Statistical analysis

The data analysis was performed by GraphPad Prism 
software, version 6, and presented as Mean±SEM in 
the experimental groups. Statistical analysis was done 
on normally distributed data using analysis of variance 
(ANOVA) (post hoc Tukey’s test), and on non-paramet-
ric data by Kruskal-Wallis (post hoc Mann-Whitney U 
test). Furthermore, Pearson’s correlation analysis was 
utilized to explore the possible associations between the 
stereological and biochemical parameters. Statistical sig-
nificance was set at P<0.05.

Results

Stereological assays

Spatial arrangement of CA1 pyramidal neurons

Figure 2 shows the parameters of Voronoi polygon ar-
eas for CA1 pyramidal neurons. The Voronoi polygon 
area’s distribution in the range of 1-202 μm2 was 93% in 
the sham group, 32% in the MCAO group, and only 83% 
in the MCAO + VPA group. The distribution polygon in 
the MCAO group was shifted to the right, whereas VPA 
treatment shifted it to the left, closer to the sham group 
(Figure 2B).

The mean Voronoi polygon area increased signifi-
cantly in the MCAO group compared to the sham group 
(P<0.001). Although, VPA significantly decreased this 
parameter (P<0.001) (Figures 2A and 2C). 

Figure 1. Experimental protocol for assessing the effects of VPA in a MCAO rat model
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The CV of polygon areas was 29.2%, 47.8%, and 
27.5% in the sham, MCAO, and MCAO + VPA groups, 
respectively. These parameters demonstrate that the neu-
ronal distribution in the sham and MCAO + VPA groups 
was regular, while the MCAO group showed a random 
distribution (Figure 2D).

The total number of CA1 pyramidal dead neurons

The total number of dead pyramidal neurons in the 
CA1 region was significantly higher in the MCAO group 
(21.82±1.52×103) than in the sham group (0) (P<0.001). 
However, treatment with VPA resulted in a significant 
reduction of this parameter relative to the MCAO group 
(21.82±1.52 vs 8.32±0.72; P<0.001) (Figure 3).

Figure 2. A) Voronoi tessellation of the CA1 hippocampal neurons in experimental groups, B) The distribution of the Voronoi 
polygon areas, C) The mean of polygon areas, D) The percentage of coefficient variance (CV) of polygon areas in different 
groups

***P<0.001 versus the sham; ###P<0.001 versus the MCAO. 

Note: Kruskal-Wallis followed by post hoc Mann-Whitney U test was used for comparisons.
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3DR

Figure 4 shows the 3DR of the CA1 hippocampal re-
gion. The structure of CA1 in the MCAO group showed 
significant deformation compared to the sham group. 
However, the shape of CA1 in the MCAO + VPA group 
remained within the normal range and was close to that 
of sham group.

Biochemical study

The MDA levels 

The MDA levels were significantly elevated in the 
MCAO and MCAO + VPA groups compared to those in 
the sham group (P<0.001 and P<0.05, respectively). No-
tably, VPA treatment significantly reduced this param-
eter in the MCAO + VPA group compared to the MCAO 
group (P<0.01) (Figure 5).

Figure 3. The total number of CA1 pyramidal dead neurons in experimental groups

***P<0.001 versus the sham, ###P<0.001 versus the MCAO.

Note: ANOVA followed by post hoc Tukey test was used for intergroup comparisons. 

Figure 4. 3DR of the hippocampal CA1 region in the experimental groups
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Correlation analysis

The possible associations between the stereological 
and biochemical parameters were investigated using 
Pearson’s correlation analysis.

The mean Voronoi polygon area indicated a strong 
positive correlation with the number of CA1 dead neu-
rons, in the MCAO group (r=0.9577, P=0.0026) and in 
the MCAO + VPA group (r=0.9927, P=0.001). Also, the 
mean of the Voronoi polygon area was associated with 
the MDA levels in the MCAO (r=0.9087, P=0.0326) 
and MCAO + VPA (r=0.9392, P=0.0178) groups. Fur-
thermore, a direct correlation was observed between the 
number of CA1 dead neurons and MDA levels in both 
the MCAO (r=0.8964, P=0.0394) and MCAO+VPA 
(r=0.9382, P=0.0183) rats.

Discussion

The present study examined the spatial arrangement of 
CA1 pyramidal neurons, the three-dimensional structure 
of the hippocampus, and the biochemical changes in 
MCAO rats. Our findings demonstrated that MCAO led 
to an increase in the spatial arrangement, total number of 
CA1 dead neurons, and oxidative stress levels. Also, we 
found a positive relationship between these parameters 
in the hippocampus.

Hippocampal neurons are vulnerable to oxidative stress 
owing to their high oxygen consumption, the significant 
presence of unsaturated fatty acids, and comparatively 
low antioxidant concentration (Huang et al., 2015). In 
our study, increased oxidative stress (MDA content) in-
duced CA1 neuronal death (i.e. an increase in the total 
number of pyramidal dead neurons) and caused structur-
al changes (i.e. an increase in Voronoi polygon area and 
three-dimensional deformation) within the hippocampal 
CA1 region of MCAO rats. Similarly, it has been shown 
that hippocampal oxidative stress reduces neurogenesis 
and increases neuronal death (Abbah et al., 2022; Huang 
et al., 2012). These changes occur through a cascade of 
damaging processes affecting cell membranes, proteins, 
and DNA, leading to reduced cell viability, neuroinflam-
mation, and cognitive impairment. In addition, increased 
ROS production in the hippocampus after cerebral isch-
emia is associated with mitochondrial oxidative stress, 
suggesting that oxidative damage and cell death may be 
of mitochondrial origin (Friberg et al., 2002). This series 
of events highlights the crucial role of maintaining redox 
balance in preventing neurodegeneration, and structural 
and functional changes.

Our findings implied that the VPA could restore the 
hippocampal spatial arrangement, reverse three-dimen-
sional deformation, and decrease the total number of 
dead neurons and MDA levels induced by MCAO. Our 
results indicated that reduced cell death in the CA1 re-

Figure 5. The levels of MDA content in experimental groups 

*P<0.05 and ***P<0.001 versus the sham, ##P<0.01 versus the MCAO.

Note: ANOVA followed by post hoc Tukey test was used for intergroup comparisons
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gion, along with improvements in hippocampal cell spa-
tial arrangement and three-dimensional structure, may 
be correlated with reduced oxidative stress. Our findings 
indicated that lowering oxidative stress reduces neuronal 
death in this area and improves the spatial arrangement 
and three-dimensional structure of hippocampal cells. 
This proposes that VPA protects on hippocampal CA1 
cells and maintains their organization by reducing oxi-
dative stress. Recently, we showed that VPA prevented 
volume shrinkage and neuronal depletion in the hippo-
campal CA1 and dentate gyrus subregions after MCAO, 
confirming the improvement of MCAO-induced struc-
tural changes in the present study (Naseh et al., 2022). 
Consistent with our findings, it has been reported that 
VPA can prevent CA1 neurons from dying on the sev-
enth day following transient brain ischemia and improve 
memory function (Xuan et al., 2012). 

The neuroprotective effects of VPA after cerebral isch-
emia could involve several mechanisms, such as sub-
stantial inhibition of ischemia-induced cerebral oxida-
tion and inflammation, reduced HDAC activity, and the 
superinduction of the 70-kilodalton heat shock protein 
(Xuan et al., 2012). Some evidence has demonstrated 
that VPA may exert neuroprotective effects by attenu-
ating inflammatory pathways that lead to neuronal cell 
death (Xuan et al., 2012; Zhu et al., 2019). VPA treatment 
significantly reduced inflammation-related pathways 
leading to neuronal loss, specifically in the hippocampal 
CA1 region. Furthermore, VPA enhanced survival and 
viability of hippocampal neurons in vitro in a brain isch-
emia model (oxygen-glucose deprivation) (Zhu et al., 
2019). Similarly, VPA effectively prevented reduction 
in neuronal cell viability following glutamate‑induced 
excitotoxicity in SH-SY5Y cells by reducing oxida-
tive parameters, including H2O2 and MDA (Terzioğlu 
Bebitoğlu et al., 2020). 

VPA may offer neuroprotective effects and promote 
structural recovery following cerebral ischemia by 
reducing oxidative stress and inflammation, among 
other mechanisms. Previous studies have indicated 
that HDAC inhibitors, such as VPA, may enhance the 
differentiation and survival of neuronal progenitors in 
the hippocampus through activation of phosphorylated 
cAMP response element-binding protein (p-CREB), 
which in turn regulates the expression of brain-derived 
neurotrophic factor (Kim et al., 2009; Liu et al., 2012). 
VPA has been shown to reduce infarct volume, promote 
angiogenesis, and support functional restoration follow-
ing MCAO in rats. These processes are mediated by 
pathways that inhibit histone deacetylases and upregu-
late hypoxia-inducible factor (HIF) 1α, which, in turn, 

increases the activity of matrix metalloproteinases 2/9 
and vascular endothelial growth factor (Wang et al., 
2012). Furthermore, another study suggested that VPA 
may protect against brain injury following transient focal 
cerebral ischemia by reducing BBB disruption and brain 
edema. These protective effects appear to involve the 
suppression of MCAO-induced overexpression of ma-
trix metalloproteinase-9, and downregulation of zonula 
occludens-1 and Claudin-5 (Wang et al., 2011). Notably, 
although various mechanisms have been proposed to 
explain VPA’s neuroprotective effects in experimental 
brain ischemia, further research is still needed.

In summary, our study found that VPA could restore 
the spatial arrangement and three-dimensional structure 
of the hippocampal CA1 region by reducing the number 
of dead cells. Additionally, the observed decrease in oxi-
dative stress plays a crucial role in preventing structural 
changes following MCAO.
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