Effects of the N-Methyl-D-Aspartate Hypofunction Model
of Schizophrenia Induced By Ketamine on Neuropil of the

Hippocampus: A Stereological and Transmission Electron
Microscopy Analysis
()Aritg.il:al Shahriar Ahmadpour'?, Mohammad Amin Forqani’, Amir Hossein Najmi’,
rucie

Maedeh Amiri Shahri’, Shayan Zanjanian’ and Mahdi Noori’

INeuroscience Education and Research Center (NERC)

’Department of Anatomy, Faculty of Medicine, North Khorasan University of Medical Sciences,
Bojurd, Iran

ABSTRACT

Introduction: The neuropil is a dense network between the neuroglial elements and is involved in many activities, such as
cognitive functions. Neuropil involvement has been noticed in neurologic disorders. Schizophrenia is a mental health condition
defined by a reduction in cognitive functioning. The hippocampus is the key structure of the limbic system regulates cognitive
functions.

Aim of the Work: Was to investigate the possible impacts of schizophrenia on the neuropil in the hippocampus.

Material and Methods: Thirty male wistar rats were used in this study. The rats were categorized into three distinct groups
(N=10 per group) namely: ketamine, normal saline (1ml, intraperitoneal) (Sham), and control groups. The ketamine group was
treated with ketamine (10mg/kg, IP) for seven days. The sham received only Normal saline (1ml, intraperitoneal). After one
week the brains were removed and the sections were further processed for histological study. Neuropil surface was measured
by stereological method. TEM study was used to study the ultrastructural changes.

Results: In contrast to the sham and control groups, there was a notable increase in the surface areas of CA4, CA3, and CAl in
schizophrenia (P=0.006). The number of degenerated neurons in the cornu Ammonis regions showed a remarkable increase
(p=0.001). Transmission electron microscopy results revealed a wide range of ultrastructural changes including dark neurons,
extracellular space disruption, myelin damage, and mitochondrial degeneration in the schizophrenia group.

Conclusion: Schizophrenia leads to neuropil expansion in the CA subregions. The neuropil expansion is associated with
ultrastructural changes including mitochondrial degeneration, axonal damage, and neuronal degeneration.
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INTRODUCTION

The neuropil is the interwoven network of neuroglial
elements that integrates neuronal processing. Structurally,
each neuropil is a complex network composed of
neuroglial processes and microvascular. Recent data
revealed that the neuropil contributes to a wide range of
neurodevelopmental and functional activities including
neuronal plasticity and cortical gyrification®*. Considering
the critical role of the neuropil in neuronal processing,
researchers have turned their attention to the neuropil
in the pathophysiology of neuropsychiatric disorders.
Interestingly, many studies have yielded conclusive
proof indicating the neuropil role(s) in central nervous
system disorders™. One of the debilitating psychiatric
disorders is schizophrenia. It is known as a severe mental
illness characterized by psychosis, hallucination, thought
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disorders, and progressive cognitive deficits?.. Although
schizophrenia has been known as a psychiatric disorder, it
should bear in mind that schizophrenia is an umbrella term
for a wide spectrum of symptoms. Due to its multifactorial
etiology and multifaceted presentation, its underlying
mechanism(s) has not been fully understood®®. In recent
decades, researchers have turned their attention toward
the possible anatomic substrate involved in the declined
cognitive performance in schizophrenia. Accordingly,
pathologic alterations have been demonstrated in the
structures connected to mental and emotional processing in
both experimental and postmortem studies”'!). One of the
key areas that is essential to learning, memory processing,
and cognitive performance is the hippocampus!'?.
Interestingly, hippocampus involvement has been known
as the hallmark of schizophrenial’. Recent studies have
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provided evidence suggesting the disturbances between the
structural connectivity of the hippocampus and cortical/
subcortical structures!'*!5,

Structurally, the hippocampus comprises the cornu
Ammonis and the dentate gyrus!'®l. Cornu Ammonis is
subdivided into four regions CA1-CA4 which is thought to
be the primary target of the neurodegenerative processt’.
Given the lack of data on the effects of schizophrenia on
the neuropil in the hippocampus and discrepancies in the
few previous reports, this study was done to investigate
the neuropil in the cornu Ammonis in schizophrenia by
quantitative and transmission electron microscopy analysis.

MATERIALS AND METHODS

In this research, thirty mature male wistar rats
(weighing 200+20g) were utilized. The NKUMS ethics
committee approved the research protocols for biomedical
research (Ethical code: IR.NKUMS.REC.1402.057).
The rats were randomly assigned to three groups (N=10)
namely, ketamine(experiment), Normal saline (NS,
Sham), and control. The experimental group was treated
with ketamine (10mg/kg, intraperitoneally) for seven
consecutive days!'®l. The sham group received saline (1ml,
intraperitoneally, seven days). At the end of the first week,
under deep anesthesia, the chest was opened and the heart
was exposed. Subsequently, 100 ml of buffered formalin
and heparin were perfused through the left ventricle!”.
To remove the brain, a sagittal incision was made through
the skin and the cranium vault opened. The removed
samples were processed as per the reported protocol and
stained with cresyl violet (MP Biomedicals, France)??.
The cornu Ammonis subregions were defined under low
magnification and photographs were taken under X100
magnification. The pictures from the selected fields were
processed by Image J software. Quantitative analysis was
performed by stereological frame (159 pum %355 pm)
superimposed on each photo. The neuropil area and the
number of degenerated neurons were measured in each
randomized field™2Y,

Transmission Electron Microscopy (TEM)

The hippocampus samples were processed as previous
study™?. To identify the cornu Ammonis, semithin sections
of epoxy-resin embedded samples were obtained and
stained with 1% toluidine blue. Finally, lead citrate and
uranyl acetate were used to stain the thin sectioning (60—
90 nm). An EM900(Zeiss, Germany) was used to conduct
ultrastructural analysis.

Statistical Analysis

The results were entered into SPSS (version 13).
Statistical significance was set to p<0.05. In order to
compare the results between groups we used one-way
analysis of variance (ANOVA) and post-hoc Tukey test.

RESULTS

Descriptive histology

CA4 region: pyramidal neurons with prominent
nuclei and defined margins and scattered astrocytes and
oligodendrocytes were the characteristic features in the
control group (Figure 1). Large pyramidal neurons with
scattered astrocytes were observed in the NS group.
(Figure 2). The main microscopic features in the ketamine
group were degenerating dark neurons with dense and
hyperchromatic  appearance, oligodendrocytes, and
astrocytes (Figure 3).

CA3 Region: The control group’s primary findings
were pyramidal neurons with scattered astrocytes (Figure
4), while the sham group’s main findings were a few
degenerated neurons and astrocytes (Figure 5). The
CA3 region in the ketamine group presented dark and
degenerating neurons, vacuolization, and hypertrophic
astrocytes (Figure 6).

CA1 region: closely packed healthy neurons with
prominent nuclei were observed in control (Figure7) and
Normal saline groups (Figure 8) while in the ketamine group
hyperchromatic and shrunk neurons were noticed among
the healthy-looking neurons (Figure 9). Oligodendrocytes
and astrocytes around the neurons and disrupted
extracellular matrix were remarkable microscopic features
in the ketamine group (Figure 9).

Quantitative results

The neuropil surface fraction in the CA4, CA3, and
CA1 regions displayed a considerable increase in the
schizophrenia group when set beside those of the control
and saline(sham) groups (Figure 10 A,B,C, Table 1).
Increased neuropil surface area was also noticed in the CA3
and CA1 regions in the sham group. Interestingly the CA4
region of the sham group showed a meaningful decrease.

The rate of neurodegeneration in the schizophrenia
group(ketamine-treated) showed a remarkable increase
when compared to the NS and control groups (Table 2).
Additionally, comparing the counted degenerated neurons
in the CAs region in the ketamine-treated animals showed
meaningful differences (Table 2).

TEM Results

Neurons with light nuclei and oligodendrocytes
with typical dark nuclei and cytoplasm close to neurons
were noticed in the control group (Figure 11). A few
degenerated dark neurons with electron-dense appearance,
oligodendrocyte, and vacuolized ECM were seen in the
NS group (Figure 12). In the ketamine group, a wide
range of pathology was observed. A considerable number
of dark neurons with disrupted extracellular space and
the presence of astrocytes (Figuresl3,14) degenerated
dendrite (Figure 15), oligodendrocytes in the vicinity of
degenerated neurons (Figure 16), myelin sheath damage,
and mitochondrial degeneration (Figurel7) were the
striking features in the ketamine group.

997



HIPPOCAMPUS NEUROPIL ALTERATION IN SCHIZOPHRENIA

Fig. 1: CA4 control. Healthy neurons (red arrowheads) and
oligodendrocytes close to neurons (yellow arrowheads) are seen. Cresyl

violet staining. X100

Fig. 2: CA4 region. Normal saline group. Scattered astrocytes with round
and light nuclei (black arrowheads) are seen between the neurons (red
arrowheads). An oligodendrocyte with triangular and dense chromatin is

seen. Cresyl violet staining .X100

Fig. 3: CA4 ketamine. Dark neurons (red arrowheads) are seen close to the
healthy-looking neurons (red arrows) on the right side. Oligodendrocytes
(yellow arrows) adjacent to neurons. Scattered astrocytes (yellow

arrowheads). Cresyl violet staining. X100

Fig. 4: CA3 control. Densely packed neurons with prominent nuclei
(red arrowheads) and oligodendrocytes (yellow arrowheads) close to the

neurons are seen. Cresyl violet staining .X100

Fig. 5: CA3 Normal saline. Normal neurons (red arrowheads) and
oligodendrocytes (black arrowheads). A degenerated neuron with a
hyperdense appearance is seen (yellow arrowheads) . Cresyl violet

staining .X100

Fig. 6: CA3 ketamine. DNs (red arrows) with dense and hyperchromatic
appearance. Astrocytes (yellow arrowheads). Pyknotic neurons (yellow
arrow). Vacuolization is also seen ( black arrow). Cresyl violet staining

.X100
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Fig. 10: The Neuropil surface area of the cornu Ammonis in the ketamine
group showed meaningful difference in comparison with the normal

Sk

Fig. 7: CAl control. Healthy-looking neurons with defined nuclei (red saline and control groups(p=0.006)

arrows). Cresyl violet staining. X100

Fig. 8: CA1 Normal saline. Astrocytes (yellow arrowhead) and near(red
arrowhead) a neuron Healthy-looking neuron (white arrowheads).
Degenerating neurons (black arrowheads) are seen among the normal

Fig. 11: TEM control. Two oligodendrocytes with oval nuclei and dark
cytoplasm (red arrowheads) are seen near neurons (yellow arrowheads).

(TEMX3000)

neurons. X100

Fig. 9: CA1 ketamine. Astrocytes (yellow arrowheads). DNs are characterized by hyperchromatic and dense appearance (red arrowheads). Astrocytes with
light chromatin (yellow arrowhead) and oligodendrocytes (white arrowhead) are seen near the neurons. Cresyl violet staining. X100
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Fig. 14: Ketamine group. DNs with electron-dense appearance( center

Fig. 12: Normal saline group. Three DNs with electron dense and and right corner)( yellow arrowhead) in the disrupted extracellular
ruffled outline(red arrowhead). Vacuolization is seen around the DNs space(red asterisks). Astrocytes with light and round nuclei are seen
(yellow arrowhead). Oligodendrocyte presents at right upper corner(blue adjacent to DN(red arrowheads). (TEMX3000)

arrowhead). (TEMX3000)

Fig. 13: Ketamine group. DNs with electron-dense appearance (red Fig. 15: Ketamine group. DNs with an electron-dense appearance
arrowheads). DNs with preserved integrity, chromatin clumping, and (red asterisk) and a degenerated dendrite (yellow arrowhead) are seen.
ruffled outlines are seen in the disrupted extracellular space (red asterisks). (TEMX5000)

A degenerating dendrite is noticed (yellow arrowhead). In the lower right
corner two astrocytes are seen(blue arrowhead).(TEMX3000)
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Fig. 16: Ketamine group. DNs with an electron-dense appearance(purple
star) are seen in the disrupted extracellular space(red star).
Oligodendrocytes with typical heterochromatin are seen in ECM(yellow
arrowheads). (TEMX5000)

Fig. 17: TEM ketamine. Degenerated dendrites with mitochondria
(yellow and red arrowheads). Myelin sheath damage (red star and blue

arrowheads) are seen. (TEMX5000)

Tablel: The neuropil's surface area was measured in cornu
Ammonis. The measured surface area of the ketamine group(Ket)
showed a meaningful difference from those of the control (Con)
and normal saline(NS) groups(P=0.006) * #

Group CA4 CA3 CAl
Con 1469.6+53* 1041.1+30.31% 600.9+17.71"
NS 1108.3+12.88" 1449.8+79.42% 905.6+21.49™
Ket 1892423.27"" 1739.6:£37.21%# 1487.5+10.43"

Table 2: The mean number of counted DNs. The difference
between the DNs in the ketamine group (ket)showed a significant
level of difference in comparison with the control (Con)and
normal saline(NS) groups(p=0.000)"

Group CA4 CA3 CAl
Con 0 <1 <1
NS <1 <2 <2
Ket 7£1" 8+2" 6£1"
DISCUSSION

Neuropils could be considered microprocessors within
the CNS that have been suggested to be involved actively
in neuronal processing and plasticity!"-?. It is composed of
a complex network between the neuroglial elements and
synapses. Considering its dynamic nature, neuropil
alteration may stem from the perturbed neuro-glial
interaction®. At the light microscopic level neuropil is
defined as the space between neurons and glial®. The
present study used cresyl violet, TEM, and stereology
methods to address the neuropil alteration in the cornu
Ammonis in schizophrenia. The findings of our research
indicated that schizophrenia is linked to an increase in
neuropil area in the cornu Ammonis. The TEM results
revealed that ketamine- induce schizophrenia leads DNs
formation, glial reaction (astrocytes and oligodendrocytes),
ECM disruption, and vacuolization. Furthermore, the
dominant histological feature of cell death was dense
hyperchromatic neurons in the cornu Ammonis.
Interestingly, in the Normal saline group neuropil surface
area showed an expansion, particularly in the CA3 and
CAL regions, but in the CA4 region neuropil was reduced.
These results may be partially explained by the effects of
stress due to the injection and regional differences between
CAA4 and other regions'®?%. Comparing the results between
the ketamine and Normal saline groups, showed that the
neuropil alteration occurred considerably more extensively
in the ketamine group, and these results might be attributed
to the rate of neurodegeneration and glial reaction. These
results have not previously been described and for as much
as we know, few studies address the neuropil alteration in
schizophrenia. For instance, neuropil contraction in the
CAA4 has been reported by Prasad et al*?%l. Parker et al
also studied the auditory cortex in schizophrenia. The
results of their study revealed morphological changes in
dendritic spine density and concluded schizophrenia is
associated with reduced neuropil areal®®!. They also did not
report neuronal loss in the auditory cortex in
schizophrenial®”, while neurodegeneration was one of the
striking microscopic features in the ketamine group. These
discrepancies may account for methodologic and regional
differences in the studied regions!?!l. In the present study,
we used histologic and ultrastructure methods to elucidate
the possible pathologic alterations. Besides, applying the
stereological method allows us to quantify precisely the
biological parameters in the samples®®. As discussed
earlier, the neuropil is defined as a geometry composed of
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neuroglial processes and ECM. One of the ultrastructure
findings was the vacuolization of the space between the
neurons. TEM results could also provide evidence
indicating the ECM disruption. In this regard, our findings
are consistent with reported data on ECM alterations in
schizophrenia®-3%.  Therefore, it would seem that
concomitant neurodegeneration and ECM degradation lead
to the structural alteration of neuropil space or geometry. In
other words, under the N-Methyl-D-Aspartae (NMDA)
hypofunction model of schizophrenia neuropil-defined
functional structure undergoes a pathologic reorganization
that may impede normal neuronal processing. The
morphology of neurodegeneration showed a distinct form
ofneuronal death as dark neurons (DN). DN is characterized
by chromatin clumping with an electrodense appearance,
preserved cell membrane, and ruffled outline™”. Some may
argue the essence of DNs. However, experimental studies
have yielded evidence that supports the notion that DN
formation is a mode of neuronal death with a reversible
nature. During the DN formation, a massive amount of
water exits from the neurons which may lead to a change in
ECM dimension. The presence of DNs has been
documented in stress, pathometabolic, and neurologic
disorders like Alzheimer's diseaseP!. Admittedly, DNs
identification according to light microscopy and cresyl
violet staining could not provide clear-cut evidence and
specific staining is required to identify DNs. The results of
TEM highlighted DN formation in the NMDA hypofunction
model of schizophrenia. Furthermore, mitochondrial
damage particularly in dendrites, axonal degeneration, and
myelin damage were striking features in the ketamine
group. Mitochondrial damage has been known to impact
the function of neurons and its dysfunction has been
implicated in many neurodegenerative disorderst?.
Mitochondria functions including ATP production and
calcium buffering are pivotal to synaptic activities?®*!. In
this regard, a post-mortem study has yielded results
suggesting the role of mitochondrial anomalies in
schizophrenial®!. Recent data have also highlighted the
malfunction(s) of mitochondria in schizophrenia®. Our
findings are compatible with the previous reports on the
alteration of mitochondrial function in schizophrenia.
Therefore, this result may support the notion that
mitochondria  alteration  resulting from NMDA
hypofunction  triggers neurodegeneration in the
hippocampus and leads to cognitive impairments?®®!. Now,
a question may be raised that considering the results of the
ketamine group, neuropil expansion could result from
stress or escalating levels of glutamate due to ketamine.
Comparing the results between ketamine and Normal
saline groups, it would be tenable to assume neuropil
expansion in the ketamine group might be at least in part
due to accelerated neurodegeneration (DNs). It is worth
mentioning  that stress could induce neuropil
degeneration®”). The detrimental effects of stress have been
documented thoroughly. In this connection, a plethora of
literature documented evidence suggesting the effects of
stress on neuronal morphology. For instance, chronic stress

is associated with reversible morphological changes in the
dendritic tree®®®. So, the neuropil alteration in the Normal
saline group might at least in part be explained by
morphological changes which is an adaptive and reversible
phenomenon®!. Although, the neuropil in the CA3 and
CA1 regions showed an increase in the ketamine and NS
groups, comparing the results suggests the accelerated
neuropil alteration in the animal model schizophrenia.
Consequently, CA4 might be seen as a key region that
responds to stress and schizophrenia in two different ways.
In this regard, a recent study could provide evidence that
suggests the critical role of this region in schizophrenial*”.
Accordingly, Falaki et al showed that disturbed
oligodendroglial maturation in CA4 may lead to cognitive
dysfunction in schizophrenia. Oligodendrocytes generate
myelin in CNS and regulate axonal metabolism™®.
Oligodendrocytes are extremely sensitive to excitotoxicity.
Our results revealed that the NMDA model of hypofunction
is associated with neurodegeneration and the presence of
oligodendrocytes, which may reflect the myelin damage.
The neurotoxic effects of ketamine have been shown in
several studies. it has been suggested ketamine
neurotoxicity mediates through various complex
mechanisms including disturbance in calcium signaling,

increased free radical generation, and impaired
mitochondrial  function which finally leads to
neurodegeneration*!). It has been demonstrated that

ketamine exposure leads to increased levels of glutamate at
synaptic space-subsequently, high levels of glutamate
result in excitotoxicity and neuronal death. Resultantly,
these events may lead to altered synaptic geometry. In
other words, neuropil expansion may impede the
electrophysiological state (e.g. Gibbs free energy) and
trigger neurodegeneration*?. Admittedly, schizophrenia is
a multifaceted psychiatric disorder and animal models only
mimic some aspects of the disorder. On the other hand, in
recent years studies have provided evidence supporting the
notion that synapse pathologies may be at the core of
cognitive disturbance in schizophrenic patients. For this
reason, researchers have focused on the synapse alterations
in schizophrenia®l. Therefore, the elements involved in
synapse and synaptic geometry have been revolutionized
and a new concept has emerged. The new concept suggests
a tetrapartite synapse in which pre and postsynaptic
neurons, glial, and ECM are considered the main players of
the synapse geometry™*1. Here, we propose a model of
the neuropil expansion based on the tetrapartite synapse.
Considering our results, neurodegeneration (DNs in this
case) and altered ECM would lead to the disintegration of
neuropil geometry. Given this, ECM disruption and
neurodegeneration compromise the neuropil dimension
and integrity. Altered synaptic geometry may interfere with
neurotransmitter bioavailability, volume transmission, and
neuronal processing®”. The proposed model has been
suggested to explain the possible mechanisms governing
neuropil alteration, certainly, more experimental studies
need to elucidate the details of neuropil dynamic in
schizophrenia. ~ Considering the nature of the
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neurodegeneration, it would seem neuronal loss and
subsequent changes in the ECM and glial cells lead to
profound alteration of the neuropil geometry in all
subregions of cornu Ammonis. Given the results of this
study, the magnitude of neurodegeneration, the mode of
neuronal loss, and the extent of regional involvement could
be considered the main leading factors in neuropil
expansion. In conclusion: the animal model of schizophrenia
is associated with expanded neuropil geometry in the cornu
Ammonis. At the ultrastructural levels, multiple
neurodegenerative processes mediate the neuropil-altered
dimensions. Accordingly, the altered complex geometry of
neuropil may be at the core of abnormal neuronal processing
and cognitive impairment as seen in schizophrenia. To sum
up, it is recommended to apply the “altered neuropil
geometry “term to show the permanent degenerative
changes in the neuropil structure in schizophrenia.

CONCLUSION

Schizophrenia leads to neuropil expansion in the
CA subregions. The neuropil expansion is associated
with ultrastructural changes including mitochondrial
degeneration, axonal damage, and neuronal degeneration.
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