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Background: Maternal deprivation (MD) in rodents is an important neurodevelopmental model for studying a variety of
behavioral changes which closely resemble the symptoms of schizophrenia in humans.

Subjects and methods: To determine whether early-life stress leads to changes in the limbic system structures: the amygdala and
the nucleus accumbens, 9-day-old Wistar rats were exposed to 24 hour MD. On P60 the rats were sacrificed for morphometric

analysis and their brains were compared to the control group.

Results: Results show that MD affected important limbic system structures: the amygdala and the nucleus accumbens, whose
volume was decreased (17 % of the control value for the amygdala and 9% of the control value for the nucleus accumbens ), as well
as the number of neurons (41 % of the control value for the amygdala and 43% of the control value for the nucleus accumbens ) and
the size of their cells soma (12% of the control value for the amygdala and 33% of the control value for the nucleus accumbens ).

Conclusion: This study indicates that early stress in life leads to changes in the morphology of the limbic areas of the brain,
most probably due to the loss of neurons during postnatal development, and it further contributes to our understanding of the effects

of maternal deprivation on brain development.
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Abbreviations:

Amyg= amygdala, HPA= hypothalamic-pituitary-adrenal, ~ MD= maternal deprivation, ~ P= postnatal, PPI= prepulse inhibition,
Neu N= neuronal-specific nuclear protein, ~PFCX= prefrontal cortex, ~RSCX= retrosplenial cortex, MCX= motor cortex,
fMRI= functional magnetic resonance imaging, =~ NMDA= N-methyl-d-aspartate,  Nuc. acc= nucleus accumbens

* X % % x

INTRODUCTION

Adverse early life experiences can alter brain deve-
lopment (Teicher et al. 2003) and subsequently increase
the risk of psychiatric disorders, such as schizophrenia
(Chocyket et al. 2011). Stress in early life potentially
impairs essential processes in the brain development,
such as neurogenesis, migration, differentiation, synap-
togenesis, myelination, neurite extension followed by
pruning, gliogenesis and naturally occurring apoptosis
(Bandeira et al. 2009).

Schizophrenia has been considered as a neurodeve-
lopmental disease, manifested by cortical and subcor-
tical volumetric and microstructural abnormalities (Spo-
letini et al. 2009). Morphometric studies of individuals
with schizophrenia confirm gray matter volume loss
across a range of brain structures, such as the basal gan-
glia, the amygdala, the temporal and the parahippocam-
pal lobe cortex. The limbic system has been suggested
to be a possible focus of pathological change in schizo-
phrenia (Bogets 1997). The symptoms of schizophrenia

such as inappropriate or flat affect might be related to
the change in structure of amygdala and its connections
(Benes & Berretta 2000, Ledo-Varela et al. 2007).
Amygdaloid complex is thought to play an important
role in assigning emotional and motivational valence to
sensory inputs, in social communication, and in the pro-
cessing of the representation, disposition and the inten-
tionality of others (Holland 1999, Cardinal et al. 2002).
Male - female differences in amygdaloid complex have
also been discussed: extensive dendritic arbors with
short branches but with unchanged spine density of the
basolateral amygdala were obtained to be more pro-
nounced in male than in female population. (Wang
2008, Ledo-Varela et al. 1998). The nucleus accumbens
has an important role in the pathophysiology of
schizophrenia as an integral part of limbic and pre-
frontal-cortico-striato-palilidal-thalamic circuits. Deve-
lopmental disturbances within the entorhinal cortex and
hippocampus induce a dysregulation of inputs to the
nucleus accumbens resulting in behavioral abnor-
malities (Gray 1998, Grace 2000, Carlson 2013).
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Animal models are an important development in
the investigation of the mechanisms underlying mental
human disorders (Lipska & Weingerger 2000). None
of the models are perfect, as none of them reflect the
full clinical picture observed in humans. As found by
some authors (Grace 2000), the key factors deter-
mining the pathophysiological image of schizophrenia
with typical symptoms of the disease are neuronal
structure disorders in the following brain regions: the
ventral tegmentum, the prefrontal cortex, the
hippocampus, and the limbic system (Ratajczak et al.
2013). The maternal deprivation (MD) model consists
of separating newborn infants from their mothers for a
period of 24 hours, on day 9 after birth (during this
period they are not fed by their mothers) (Ellenbroek
& Cools 1998, 2000, Husum & Mathe 2002). Expo-
sure of mammals to early-life stress, such as MD or
social isolation, adversely affect brain development
and adult behavior (Harlow et al. 1965, Heim et al.
2004, Rapoport et al. 2005). Maternal deprivation
significantly reduces prepulse inhibition and sensi-
tivity to dopaminergic drugs and stress, but also
reduces latent inhibition (Ellenbroek & Cool 2002).
The main tools used to verify the symptoms in this
model are the PPI sensorimotor gating test, latent
inhibition mechanism weakening, auditory sensory
gating (N40), and startle habituation (Ellenbroek et al.
1998, 2004).

The authors hypothesized that maternal deprivation
has long term effects on the rat brain morphology.
Changes in the morphology of the important structures
in the limbic system, the amygdala and the nucleus
accumbens, were the focus of this study.

SUBJECTS AND METHODS

Animals and Procedures

Male and four nulliparous female 3-month-old
Wistar rats were put together in standard plexiglass
cages with sawdust (26x42x15 cm), in a temperature
controlled room (23+1°C). The rats were on a standard
12h light/dark cycle with lights on from 07:00 am to
07:00 pm, and with water and food available ad libitum.
Two weeks later the males were removed and the dams
were checked twice daily for delivery. The day of deli-
very was denoted as postnatal day zero (P0). On P9, two
litters were subjected to the MD procedure according to
the previously published protocol (Ellenbroek et al.
1998, Roceri et al. 2002). The dams were removed from
the litter at 10:00 am, after which the pups were weig-
hed and returned to their home cage. They remained in
their home cage at room temperature for 24 h. On P10,
the pups were weighed again and the dams were
returned to their cages. The dams of the control litters (2
groups) were briefly (3 min) removed from their home
cages and the pups were weighed on both P9 and P10.
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All the litters were later left undisturbed except for the
routine cleaning of the cages, until P21 when the litters
were weaned and classified according to the sex. In
order to avoid sexual dimorphism, only male rats were
used for morphological study (Woolley & McEwans
1992) as was the case with all previous studies (Owen &
Patel 2013, Vivinetto et al. 2013). The animals were
sacrificed in the period of young adulthood (P60). All
efforts were made to minimize animal suffering and
reduce the number of animals used in the study.

All experiments were carried out according to the
NIH Guide for Care and Use of Laboratory Animals and
were approved by the Local Bioethics Committee.

Tissue Processing

For the purpose of morphological analysis, 5 male
animals were anaesthetized with chloral hydrate from
both the examined and the control group (3 mg/kg, i. p.)
and transcardially perfused with a fixative (4%
formaldehyde in 0.1 M phosphate buffer). The brains
were post-fixed for 24 h at +4°C and cryoprotected by
infiltration with sucrose for 2 days at 4°C (20% sucrose
in 0.1 M phosphate buffer). The brains were frozen by
immersion in 2-methylbutane (Sigma-Aldrich, St.
Louis, MO) precooled to —80°C and stored at —80°C
until cutting. Serial transverse sections (25-pm-thick)
were cut on a cryostat (Leica Instruments, NuBloch,
Germany). Sections were collected on Super Frost Plus
glass slides (Menzel, Braunschweig, Germany) in a
standard sequence, so that four sections, 250 um apart,
were present on each slide.

Immunohistochemistry

Immunohistochemical staining was performed after
water-bath antigen retrieval in a 0.01 M sodium citrate
solution, pH 9.0, for 30 min at 80°C. Nonspecific
binding w with PBS, dehydrated, and mounted with
DPX (Sig as blocked using 5% normal goat serum,
dissolved in phosphate buffered saline (PBS), pH 7.3
and supplemented with 0.2% Triton X-100, 0.02%
sodium azide for 1 h at RT. Incubation with the
primary NeuN antibody (mouse monoclonal NeuN
antibody, Millipore, Schwalbach, Germany), diluted in
PBS containing 0.5% lambda-carrageenan (Sigma-
Aldrich) and 0.02% sodium azide, was carried out for
2 days at 4°C. After washing in PBS (3x15 min at RT),
the endogenous peroxidase activity was blocked by
submerging the sections in a 3% H,0, solution for 10
min. The sections were then incubated for 30 min at
RT with EnVision®+ Dual Link System-HRP (Dako,
Carpinteria, CA). After a subsequent wash in PBS, the
sections were incubated with diaminobenzidine with
chromogen (Dako, Carpinteria, CA) for approximately
20 min, until the immune reaction was visible. Finally,
the sections were counterstained in Mayer’s hema-
toxylin (Fisher Scientific, Leicestershire, UK) for 30 s,
rinsed ma Aldrich).
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Image Acquisition and Quantitative Analysis of
Immunolabeled Neurons

Images were taken using a DM4000 Leica with 40x
objective and analyzed in Photoshop 7.0 software
(Adobe, San Jose, CA), using a 1 cm grid. NeuN-
immunoreactive cells were counted in stereological
sections of the rat brains at the same distance from the
bregma (2.52 mm for the nucleus accumbens and —2.76
mm for the amygdala). The counted number of NeuN-
immunoreactive cells was expressed per unit area
(mm?®), which will further be referred to as profile
density. At least 200 random microscope fields (area of
400 um?) were counted in the nucleus accumbens and
the amygdala of each section.

Estimations of the Amygdala and Nucleus
Accumbens Volume

The whole nucleus accumbens and the amygdala
were delineated and the area was measured on the
micrographs using Image Tool 3.0 software (Fig.1B, C).
The volumes of the whole amygdala and nucleus
accumbens were calculated according to Cavalieri’s
principle. All measurements were performed bilaterally.

Estimates of the Soma Area of Neuronal Cells

Estimates of neuron soma areas were performed at
the level of the largest cell body cross-sectional area.
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Coronal brain sections stained for NeuN were selected
for analysis. Four sections, 250 pm apart, were analyzed
per animal. The sample size was between 20 and 30
neurons per animal. Areas were measured using Image
Tool 2.0 (University of Texas, San Antonio, TX).

Statistical Analysis

All numerical data are presented as group mean va-
lues with standard errors of the mean (SEM). Morpho-
logical analysis was performed bilaterally, and if no
difference was observed data were pooled together for
presentation of results. All comparisons were perfor-
med by the Student’s t test for two independent samples,
with the threshold value for acceptance of the difference
set at 5%.

RESULTS

The Effect of Maternal Deprivation on the
Reduction in the Volume of the Nucleus
Accumbens and Amygdala

The body weight of the control and MD group of
rats was measured on P9 and showed that groups were
matched (16.05+£2 g and 15.37+1 g, respectively; p=0.8).
We, also, measured body weights of maternally depri-
ved pups before (15.37+1 g) and after (14.72+0.84 g)
separation and compared them. The results shown no
reduction in the body weight (p=0.6).

Figure 1. Volume of the nucleus accumbens and amygdala. Results presented as mean values + SEM. The asterisk
indicates significant differences between group mean values (Student’s t test for two independent groups, p<0.05) (A).
Representative micrograph of the Nissl stained section of the nucleus accumbens and amygdala with traced areas for

volume analysis (B, C)
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Figure 2. Profile densities of NeuN-positive neurons in the nucleus accumbens and amygdala. Results are presented as
the mean values + SEM. The asterisk indicates significant differences between group mean values (Student’s t test for
two independent groups, p<0.05) (A). Representative micrographs, in high magnification, of the NeuN-positive section

of the nucleus accumbens and amygdala (B, C)
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Figure 3. The cell soma area of the NeuN-immunolabeled neurons in the nucleus accumbens and amygdala. Results are
presented as the mean values + SEM. The asterisk indicates significant differences between group mean values
(Student’s t test for two independent groups, p<0.05) (A). Representative micrographs, in high magnification, of the
NeuN-immunolabeled neurons in the nucleus accumbens and amygdala (B)

Examination (P60) commenced with the computing
of the volume of key limbic system brain structures, the
nucleus accumbens and the amygdala (Figure 1). The
volumes of the whole nucleus accumbens were
1.16+£0.03 mm?® and 1.06+0.02 mm? for the control and
the MD group, respectively (p<0.05).The volume of the
whole amygdala in the control group was 1.04+0.04
mm? and in the MD group (Figure 1A) was 0.87+0.025
mm?, respectively (p<0.01).
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Effects of Maternal Deprivation on
NeuN-positive neurons in the Nucleus
Accumbens and Amygdala

Profile densities of NeuN-positive neurons in stereo-
logical sections of the rat brains were counted at the same
distance from the bregma (Figure 2). The profile density
of NeuN-positive neurons in the nucleus accumbens of
the control group was 1268.06+32.48 cell/mm?, whereas
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in the MD group the density was 729.17+£111.83
cell/mm?. This difference was statistically significant
(p<0.01) (Figure 2A). The profile density of the NeuN-
positive neurons in the amygdala in the control group was
1075419.24 cell/mm?, while in the MD group it was
636.11+46.73 cell/mm?, with the difference being statis-
tically significant (p<0.01) (Figure 2A).

The Effect of Maternal Deprivation on the
Reduction of Cell Soma Areas of NeuN Positive
Cells in the Nucleus Accumbens and Amygdala

It was also speculated in the study that the neurons
present in these structures may be smaller in size after
maternal deprivation which is why the cell soma area of
the NeuN positive cells in the nucleus accumbens and
amygdala (Figure 3) was measured. The cell soma area
of the NeuN+ cells in the nucleus accumbens of the
control group was 205.3+18.85 pum’ while in the
amygdala it was 186.05+3.34 um”. In the MD group,
the cell soma area of the Neu N+ cells in the nucleus
accumbens was 137.87£6.67 pm’, and in the amygdala
it was 164.94+4.67 um?® (Figure 3A). This difference
was statistically significant for both structures (p<0.01).

DISCUSSION

In the present study, we have investigated the long
term effects of the maternal deprivation on the nucleus
accumbens and the amygdala. Maternal deprivation has
been recognized as a relevant animal model for schizo-
phrenia studies.

In human population based studies, earlier, using sli-
ces thicker than 1 mm, it was almost impossible to deli-
neate amygdaloid complex from hippocampus. Newer
technologies, however, introduced thinner slices and
allowed to evaluate amygdala isolated from the hippo-
campal formation. Relative volume changes of the
amygdaloid complex in early onset of schizophrenia,
owing to the application of newer techniques, have been
revealed in recent investigation (Rich et al. 2016).
Amygdala has been found as relatively smaller in
schizophrenia patients which was interpreted by a
higher level of stress among these patients. Further-
more, smaller amygdaloid complex volume appeared to
be in correlation with schizophrenia symptom severity
(Anticevic et al. 2014). Same authors reported a decrea-
sed connectivity between amygdala and orbitofrotnal
cortex on one, and increased amygdala connectivity
with brain stem noradrenergic centers, on the other side.
Liu and co-workers (2014) emphasized disrupted con-
nectivity between amygdaloid complex and prefrontal
cortex schizophrenia patients. Dividing amygdaloid
complex to anatomical subunits, basolateral and corti-
comedial segments, a significant resting state functional
connectivity decrease has been obtained between baso-
lateral part of the amygdala and dorsolateral, prefrontal
cortex, as well as with left middle cingulate cortex (Liu

et al. 2014). A fMRI based meta analysis study
comprising 450 patients with schizophrenia and 422
healthy controls revealed reduced activity of amygdala
and prefrontal cortex in cognitive task performance
(Taylor et al. 2012). Oppositely, Maat et al. (2015) clai-
med that only the decreased volume of prefrontal cortex
but not amygdaloid complex, despite the fact that
amygdaloid complex has been outlined as a structure
with the decreased volume in schizophrenia patients,
has impacted poorer cognitive tasks performance in
fMRI investigation. Facial emotional recognition im-
pairment, in schizophrenia suffering individuals, seems
to be related with the volume decrease of the amygda-
loid complex (Namiki et al. 2007). Moreover, the level
of sadness recognition has been related to the left
amygdala volume decrease, as claimed by the same
team. Meta analysis published by Okada et al. (2016)
involving 1680 healthy individuals and 884 schizo-
phrenia patients, outlined both, amygdala and nucleus
accumbens as structures with reduced volume in schizo-
phrenia patients None the less, definitive significance of
the volume reduction of the amygdaloid complex and
nucleus accumbens and their influence to the schizo-
phrenia symptoms, remains yet to be clear.

In maternally deprived rats, the volume of the nucleus
accumbens and the amygdala was significantly smaller
compared to the controls. Sensitivity to stress and con-
sequent morphological changes of the nucleus accum-
bens and amygdala in the maternally deprivated group
of rats, result from stress early in development (Coplan
et al. 2001). Rodent models of early adverse experience,
such as maternal deprivation, demonstrate long-term
changes in neuroendocrine responses to stress, cogni-
tion, basal ganglia morphology, and emotional and
behavioral regulation (Sanchez et al. 2001). This early
stress in rodents can reprogram the brain to have increa-
sed stress-induced dopamine release in the nucleus
accumbens (Cabib et al. 2002). In the nucleus accum-
bens shell glucocorticoid receptors are the only cortico-
steroid receptors. The glucocorticoids are currently
known to be the only known endogenous compounds
that can induce psychotic problems, such as delusions
and hallucinations. Hormonal dysregulation in maternal
separation leads to decrease of the volume of the limbic
system structures and developing psychotic symptoms
(Loi et al. 2015). The decrease in the number of NeuN-
immunolabeled neurons in the nucleus accumbens and
the amygdala was also present in this study, suggesting
that the reduction in volume was due to neuronal loss
during postnatal development. The glucocorticoids may
play a contributing role toward neuron death, endanger
the amygdala and nucleus accumbens neurons by
enhancing glutamatergic signals (Lee et al. 1999). In
stress glutamate accumulating in the synapse which, at
sufficiently high concentrations, no longer functions as
an excitatory neurotransmitter, but instead becomes an
“excitotoxin' (Lee et al. 2002). Excess cytosolic calcium
is mobilized, producing promiscuous over activity of
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calcium-dependent enzymes. This produces cytoskeletal
degradation, protein malfolding and oxygen radical
generation which collectively lead to neuron death
(Sapolsky 2000). Our results demonstrate that there is a
reduction of the cell soma area in both structures, the
nucleus accumbens and the amygdala in maternally
deprived group of rats. The reduction of the cell soma
area was,also, found in both, the shell of nucleus
accumbens and the amygdala in rats that underwent
adrenalectomy, after a mild stress (vehicle injection),
subcutaneous administration of morphine (2mg/kg) or
intraperitoneal injection of cocaine (15 mg/kg) (Barret
et al. 2000). The shell of the nucleus accumbens may
represent a transition zone between the striatum and the
amygdala and is related to mesolimbic system (Salgado
& Kapitt 2015). Postnatal stress in rats heightened the
complexity of dendritic morphology of the accumbens,
altering branching, length and spine density of neurons
(Muhammad et al. 2012). Rats born by mothers stressed
in mid-pregnancy by injections of saline or amphe-
tamine in saline show reduction in the volume of the
nucleus accumbens and a decreased total number of
cells (Keshavan et al. 1998). The dysfunction in sensory
gating and attentional processes observed in rats with
thalamic reticular nucleus lesions may be related to
neuronal atrophy in the limbic region such as the
prefrontal cortex, the hippocampus and the nucleus
accumbens (Torres-Garcia et al. 2012). Environmental
factors induced damage of the thalamic reticular nuclei
results as decrease of dendritic surface and of the
medium spine neuron of the nucleus accumbens,
(Torres-Garcia et al. 2012, Salgado & Kapitt 2015). The
reduction of the accumbens volume may also be present
as a result of the disturbances of the connection between
the shell of accumbens and the prefrontal cortex as well
as subcortical motor areas, including the extended
amygdala and lateral hypothalamus (Zahm & Brog
1992). In our previous study, we demonstrated that in
maternally deprived rats prefrontal cortex volume is
also decreased. Therefore, the decrease of the nucleus
accumbens and the amygdala volume, number and size
of neurons could be a consequence of the altered
connection between these structures (Aksic et al. 2013).
Dopamine neurons coming in to the prefrontal cortex
hold projection glutamatergic pyramidal neurons under
tonic inhibition. If these inhibitory dopaminergic
afferents are disabled, heightened glutamatergic activity
renders the nucleus accumbens hyperresponsive to
stressful experiences (Deutch et al. 1990, McClure et al.
2004). The nucleus accumbens is posited to be relevant
to the attribution of incentive salience. Heinz (2002) has
theorized that stress-induced or chaotic activation of
dopamine release may attribute incentive salience to
otherwise irrelevant stimuli and thus be involved in the
pathogenesis of delusions and other positive symptoms.
The disruption in the interaction between mesocortical
dopaminergic neurons and dopaminergic neurons
projecting to the nucleus accumbens shell is involved in
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those symptoms of schizophrenia that are influenced by
stress (King et al. 1997). The lesions of the mesocortical
dopamin innervation enhance stress-evoked dopamin
efflux in the nucleus accumbens shell support the sug-
gestion that the nucleus accumbens shell is functionally
related to the limbic system. In so far as the meso-
cortical dopamin regulation of subcortical dopamin is
related to the pathophysiology of schizophrenia, these
data implicate the human homolog of the nucleus
accumbens shell as being involved in the stress-induced
symptomology of schizophrenia (King et al. 1997).

In our previous study we have exhibited that MD
influence other structures important for schizophrenia
like neocortex and hippocampus (Aksic et al. 2013).
Reduction in the hippocampal volume was at least in
part due to a reduction of the volume of pyramidal and
granular cell layers as well as a decrease in pyramidal
and granular cell soma size. Furthermore, MD leads to a
reduction of the cortical thickness in the PFCX, RSCX
and MCX. These results were further corroborated with
reduced NeuN expression in hippocampus and neo-
cortex by Western blot analysis. Decrease in the number
of NeuN-immunolabeled neurons in the hippocampus
and neocortex was also present, suggesting that the
reduction in volume was due to neuronal loss during
postnatal development. Decreased thickness of the mo-
tor cortex with no changes in density of NeuN-positive
cells implies that there is a reduction in dendritic
branching and synapse formation in the motor cortex
upon MD. Also, in our previous study, we hypothesized
that even though in motor cortex there was no change in
neuron density, reduced NeuN expression in neocortex
reflects overall result, presumably due to changes in
prefrontal and retrosplenial cortex.

Postmortem studies of individuals with schizophre-
nia and in vivo magnetic resonance (MR) imaging stu-
dies, also, offer evidence of a progressive effect of this
disease on the limbic brain structures like the nucleus
accumbens and the amygdala (Benes 2000, Byne et al.
2000). Through their extensive cortical connections, the
nucleus accumbens and the amygdala can influence
both motor and cognitive functions (DeLong 2000)
which is why they are involved in cognitive and
behavioral syndromes (Levy et al. 1997).

Pakkenberg (1990) reported that the volume of the
nucleus accumbens of schizophrenic patients was redu-
ced by 50% and that the number of cells in this nucleus
was reduced by a similar percentage. Changes in the
nucleus accumbens volume in patients with schizo-
phrenia, is possibly without significance or insuffi-
ciently pronounced to be detected by magnetic reso-
nance imaging (Wang et al. 2012). The meta-analysis,
by Wright et al. (2000) found that the amygdala was
94% its normal size in both hemispheres, relative to
cerebral volume differences in schizophrenia. The re-
duction of the amygdala volume has also been reported
in post-mortem material (Corson et al. 1999). Decrease
in the volume of the amygdala, is more often found in
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male schizophrenic patients, whereas female patients
had an increased volume of the amygdala, probably as a
result of the protective influence of estrogen (Gur et al.
2000). If settled, reduced volume of the amygdala in
women usually occurs only unilaterally (Ledo-Varela
et al. 2007). Chatterjee (2007) demonstrated that artifi-
cially reared rats (no maternal contact) had a decrease
in the rate of the apoptosis in the cortex, the amygdala
and the nucleus accumbens. The decrease of the total
number of neurons in the basolateral amygdala, which
leads to a reduction of total volume, was also detected
in schizophrenic patients (Berretta et al. 2007). Mag-
netic resonance imaging studies of first-episode
schizophrenia patients receiving minimal or no anti-
psychotic treatment found similar (Shihabuddin et al.
2001, Gunduz et al. 2002) or smaller (Cahn et al.
2002) basal ganglia in these patients as compared with
healthy volunteers. The reduction in the volume of the
amygdala was also present in patients who had dis-
continued treatment with antipsychotic drugs
(Boonstra et al. 2011). Basal ganglia enlargement,
when found, has usually been interpreted to be the
result of exposure to antipsychotic drugs (Mamah et al.
2007). This finding suggests that morphometric alte-
rations in the amygdaloid complex are more diffuse
and more severe in schizophrenia suffering men
(Ledo-Varela et al. 1998).

Overall, these data show that there is a relationship
between early life stress, brain development and mental
health, which supports the opinion that schizophrenia,
as one of the very common psychiatric disorders, may
be considered as a neurodevelopmental disease.

CONCLUSION

In conclusion, this study has shown that accumbens
nucleus and amygdala are among the structures affected
by the stress caused by maternal deprivation. This early
stress in rats leads to changes in morphological para-
meters, including the size of the amygdala and the
nucleus accumbens and the number of neurons and size
of the cell soma area in these structures of the limbic
system. The alterations are the possible consequence of
disturbances in the HPA axis and mesolimbic pathway
due to stress. Since the changes of the accumbens
nucleus and amygdaloid complex are similar to those
already outlined in schizophrenia patients, we have the
stand point that the maternal deprivation represents a
reliable animal model for the further studies of
schizophrenia genesis regarding the affection of the
basal brain structures.

Acknowledgements:

This study was supported by grants 11l 41020 and
175058 from the Ministry for Science and
Enviromental Protection of the Republic of Serbia.

Conflict of interest: None to declare.

Contribution of individual authors:

Wrote the paper: dr Dubravka Aleksic;

The idea for the study: Prof.dr Branislav Filipovic;
Editing the text: dr Nevena V. Radonjic;

Statistical analysis: dr Milan Aksi¢, dr Milo§ Malis;
Interpretation of the results and conclusion : Prof.dr
Vidosava Radonijic¢, Prof.dr Natasa Petronijevic;
Selection of literature: Prof.dr Aleksandar Jovanovic;
Designing methodology: dr Branka Markovic.

References

1.

Aksic M, Radonjic NV ,Aleksic D, Jevtic G, Markovic B,
Petronijevic N, Radonjic V, Filipovic B: Long-term effects
of maternal deprivation on the volume and number of
neurons in the rat neocortex and hippocampus. Acta
Neurob Exp 2013; 73:1-10.

Anticevic A, Tang Y, Cho YT, Repovs G, Cole MW, Savic
A, Wang F, Krystal JH, Xu K: Amygdala connectivity
differs among chronic, early course, and individuals at
risk for developing schizophrenia. Schizophr Bull 2014;
40:1105-16.

Bandeira F, Lent R, Herulano-Houzel S: Changing num-
bers of neuronal and non neuronal cells underlie postnatal
brain growth in the rat. Proc Natl Acad Sci USA 2009;
106:14108-14113.

Barret M, MarineUi M, Abrous DN, Rouge-Pont, F, Le
Moal M, Piazza PV: The dopaminergic hyperrespon-
siveness of the shell of the nucleus accumbens is hormone-
dependent. Eur J of Neurosci 2000; 12:973-979.

Benes FM: Emerging principles of altered neural circuitry
in schizophrenia. Brain Res Rev 2000, 31:251-269.

Benes FM, Berretta S: Amigdalo-entorhinal inputs to the
hippocampal formation in relation to schizophrenia. Annals
of the New York academy of Science 2000; 911:293-304.
Berretta S, Pantazopoulos H, Lange N: Neuron numbers
and volume of the amygdala in subjects diagnosed with
bipolar disorder or schiziophrenia. Biol Psychiatry 2007;
62:884-893.

Bogets B: The temporolimbic system theory of positive
schizophrenic symptoms. Schizoph Bull 1997; 23:423-435.
Boonstra G, van Haren NE, Schnack HG, Cahn W, Burger
H, Boersma M, de Kroon B, Grobbee DE, Hulscoff Pol
HE, Kahn RS: Brain volume changes after withdrawal of
atypical antipsychotics in patients with first-episode schizo-
phrenia. J Clin Psychopharmacol 2011; 31:146-153.

10. Byne W, Buchsbaum MS, Mattiace LA, Hazlett EA, Keme-

ther E, Elhakem SL: Postmortem assessment of thalamic
nuclear volumes in subjects with schizophrenia. Am J
Psychiatry 2000, 159:59-65.

11. Cabib S, Puglisi-Allegra S, Ventura R: The contribution of

comparative studies in inbred strains of mice to the
understanding of the hyperactive phenotype. Behav Brain
Res 2002; 130:103-109.

12. Cahn W, Pol HE, Bongers M, Schnack HG, Mandl RC,

Van haren NE, Durston S, Koning H, Van Der Linden JA,
Kahn RS: Brain morphology in antipsychotic-naive

schizophrenia: a study of multiple brain structures. British
Journal of Psychiatry 2002, 43:66-72.

217



Dubravka Aleksi¢, Milan Aksi¢, Nevena V. Radonjié, Aleksandar Jovanovié, Branka Markovi¢, Natasa Petronijevié, Vidosava Radonjic,
Milo§ Malis & Branislav Filipovi¢: LONG-TERM EFFECTS OF MATERNAL DEPRIVATION ON THE VOLUME, NUMBER AND SIZE

OF NEURONS IN THE AMYGDALA AND NUCLEUS ACCUMBENS OF RATS

Psychiatria Danubina, 2016, Vol. 28, No. 3, pp 211-219

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Cardinal RN, Parkinson JA, Hall J, Everitt BJ: Emotion
and motivation: The role of the amygdala, ventral stria-
tum, and prefrontal cortex. Neurosci Biobehav Rev 2002;
26:321-352.

Carlson NR: Physiology of Behavior. 11" ed. Boston:
Pearson 2013. [In Press]

Chatterjee D, Chatterjee-Chakraborty M, Rees S, Cauchi
J, de Medeiros CB, Fleming AS: Maternal isolation alters
the expression of neural proteins during developmet.
“Stroking “ stimulation reverses these effects. Brain Res
2007, 1158:11-27.

Chocyk A, Dudys D, Przyborowska A, Majcher I,
Mackowiak M, Wedzony K: Maternal separation affects
the number, proliferation and apoptosis of glia cells in the
supstantia nigra and ventral tegmental area of juvenile
rats. Neuroscience 2011; 173:1-18.

Coplan JD, Smith EL, Altemus M, Scharf BA, Owens MJ,
Nemeroff CB, Gorman JM, Rosenblum LA: Variable for-
aging demand rearing: Sustained elevations in cisternal
cerebrospinal fluid corticotropin-releasing factor con-
centrations in adult primates. Biol Psychiatry 2001;
50:200-204.

Corson PW, Nopoulos P, Andreasen NC, Heckel D, Arndt
S: Caudate size in first-episode neuroleptic-naive schizo-
phrenic patient measured using an artificial neural
network. Biol Psychiatry 1999; 46:712-720.

Delong MR: The basal ganglia. In:kandel ER, Scwartz
JH, Jessel TM.(eds.), principles of Neural Science.
McGraw Hill, 2000, pp.853-867,

Deutch AY, Clark WA, Roth RH: Prefirontal cortical dopa-
mine depletion enhances the responsiveness of mesolimbic
dopamine neurons to stress. Brain Res 1990; 521:311-315.
Ellenbroek BA, Cool AR: The long-term effects of mater-
nal deprivation depend on the genetic background. Neuro-
psychopharmacology 2000; 23:99—-106.

Ellenbroek BA: Pre-attentive procesing and schizophrenia:
animal studies. Psychopharmacology 2004, 174.:65-74.
Ellenbroek BA, Cools AR: Early maternal deprivation and
prepulse inhibition: The role of the postdeprivation envi-
roment. Pharmacol Biochem Behav 2002, 73:177-184.
Ellenbroek BA, van den Kroonenberg PTJM, Cools AR:
The effects of an early stressful life event on sensorimotor
gating in adult rats. Schizophr Res 1998; 30:251-260.
Grace AA: Gating information flow within the limbic
system and pathophysiology of schizophrenia brain. Res
Brain Res Rev 2000, 31:330-341.

Gray JA: Integrating schizophrenia. Schizophr Bull 1998;
24:249-266.

Gunduz H, Wu H, Ashtari M, Bogets B, Crandall D, Robin-
son DG, Alvir J, Lieberman J, Kane J, Bilder R: Basal
ganglia volumes in first-episode schizophrenia and heal-
thy comparison subject. Biol Psychiatry 2002, 51:801-818.
Gur RC, Turetsky Bl, Cowell PE, Finkelman C, Maony V,
Grossman RI, Arnold SE, Bilker WB: Temporolimbic
volume reduction in schizophrenia. Arch Gen Psychiatry
2000; 57:769-775.

Harlow HF, Dodsworth RO, Harlow MK: Total social iso-
lation in monkeys. Proc Natl Acad Sci USA 1965, 54:90-97.
Heinz A: Dopaminergic dysfunction in alcoholism and
schizophrenia - psychopathological and behavioral corre-
lates. Eur Psychiatry 2002; 17:9-16.

Heim S, Kissler J, Elbert T, Rockstrah B: Cerebral late-
ralization in schizophrenia and dyslexia: neuromagnetic

218

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

responses to auditory stimuli. Neuropshychologia 2004,
42:692-697.

Holland PC, Gallagher M: Amygdala circuitry in
attentional and representational processes. Trends Cogn
Sci 1999, 3:65-73.

Husum H, Mathe AA: Early life stress affects concen-
trations of Neuropeptide Y and Corticotropin-releasing
hormone in adult rat brain. Lithium alleviates these
changes. Neuropsychopharmacology 2002; 27:756—764.
Keshavan MS, Rosenberg D, Sweeney JA, Pettegrew JW:
Decrease caudate volume in neuroleptic-naive psychotic
patients. Am J Psychiatry 1998; 155:774-77.

King D, Zigmond MJ, Finlay JM: Effects of dopamine
depletion in the medial prefrontal cortex on the stress-
induced increase in extracellular dopamine in the
nucleus accumbens core and shell. Neuroscience 1997;
77:141-153.

Ledo-Varela MT, Gimenez-Amaya JM, Liamas A: The
amygdaloidal complex and implication in psychiatric
disorders. An Sist Saint Navar 2007; 30:61-74.

Lee J, Zipfel G, Choi D: The changing landscape of ischae-
mic brain injury mechanisms. Nat Suppl 1999, 399:7—14.
Lee AL, Ogle WO, Sapolsky RM: Stress and depression:
possible links to neuron death in the hippocampus.
Bipolar Disord 2002, 4:117-128.

Levy R, Friedman HR, Davachi L, Goldman Rakic PS:
Differential activation of the caudate nucleus in primates
performing spatial and nonspatial working memory tasks.
J Neurosci 1997; 17:3870-3882.

Loi M, Mossink JC, Meerhoff GF, Den Blaauwen JL,
Lucassen PJ, Joéls M: Effects of early-life stress on
cognitive function and hippocampal structure in female
rodents. Neuroscience 2015; S0306-4522(15)00756-3.
Lipska BK, Weinberger DR: To model a psychiatric dis-
order in animals: schizophrenia as a reality test. Neuro-
psychopharmacology 2000, 23:223-239.

Liu H, Tang Y, Womer F, Fau G, Lu T, Driesen N, Reu L,
Wang Y, He Y, Blumberg HP, Xu K, Wang F:
Differentiating Patterns of Amygdala-Frontal Functional
Connectivity in Schizophrenia and Bipolar Disorder.
Schizophr Bull 2014, 40:469-477.

Llorente R, Arranz L, Marco EM, Moreno E, Puerto M,
Guata C, De la Fuente M, Viveros MP: Early maternal
deprivation and neonatal single administration with
cannabinoid agonist induce long-term sex-dependent
psychoimmunoendocrine  effects in adolescent rats.
Psychoneuroendocrinology 2007; 32:636-650.

Maat A, van Haren NE, Bartholomeusz CF, Kahn RS, Cahn
W: Emotion recognition and theory of mind are related to
gray matter volume of the prefrontal cortex in schizo-
phrenia. Eur Neuropsychopharmacol 2015; 26:255-64.
Mamah D,Wang L, Barch D, de Erausquin GA, Gado M,
Csernansky JG: Structural analysis of basal ganglia in
schizophrenia. Schizoph Res 2007, 89:59-71.

McClure WO, Ishtoyan A, Lyon M: Very mild stress of pre-
gnant rats reduces volume and cell number in nucleus
accumbens of adult offspring: some parallels to schizo-
phrenia. Developmental Brain Research 2004; 149:21-28.
Muhammad A, Carroll C, Kolb B: Stress during develop-
ment alters dendritic morphology in the nucleus accumbens
and prefrontal cortex. Neuroscience 2012; 216:103—109.
Namiki C, Hirao K, Yamada M, Hanakawa T, Fukuyama
H, Hayashi T, Murai T: Impaired facial emotion recogni-



Dubravka Aleksi¢, Milan Aksi¢, Nevena V. Radonjié, Aleksandar Jovanovié, Branka Markovi¢, Natasa Petronijevié, Vidosava Radonjic,
Milo§ Malis & Branislav Filipovi¢: LONG-TERM EFFECTS OF MATERNAL DEPRIVATION ON THE VOLUME, NUMBER AND SIZE

OF NEURONS IN THE AMYGDALA AND NUCLEUS ACCUMBENS OF RATS

Psychiatria Danubina, 2016, Vol. 28, No. 3, pp 211-219

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

tion and reduced amygdalar volume in schizophrenia.
Psychiatry Res 2007, 156:23-32.

Okada N, Fukunaga M, Yamashita F, Koshiyama D,
Yamamori H, Ohi K, Yasuda Y, Fujimoto M, Watanabe
Y,,Yahata N, Nemoto K, Hibar DP, van Erp TG, Fujino H,
Isobe M, Isomura S, Natsubori T, Narita H, Hashimoto N,
Miyata J, Koike S, Akahashi T, Yamasue H, Matsuo K,
Onitsuka T, lidaka T, Kawasaki Y, Yoshimura R,
Watanabe Y, Suzuki M, Turner JA, Takeda M, Thompson
PM, Ozaki N, Kasai K, Hashimoto R: Abnormal
asymmetries in subcortical brain volume in schizophrenia.
Mol Psychiatry 2016. doi: 10.1038/mp.2015.209.

Own LS, Patel PD: Maternal behavior and offSpring
resiliency to maternal separation on C57B/6 mice. Horm
Behav 2013; 63:411-417.

Pakkenberg B: Pronounced reduction of total neuron num-
ber in mediodorsal talamic nucleus and nucleus accumbens
in schizophrenics. Arch Gen Psych 1990, 47:1023-1028.
Rapoport JL, Addington A, Frangou S (2005) The neu-
rodevelopmental model of schizophrenia: what can very
early onset cases tell us? Curr Psychiatry Rep 7: 81-82.
Ratajczak P, Wozniak A, Nowakowska E: Animal models
of schizophrenia: developmental preparation in rats. Acta
Neurobiol Exp 2013, 73:472-48.

Rich A, Cho ZT, Tang Z, Savic A, Krystal JH, Wang F, Xu
K, Anticevic A: Amygdala volume is reduced in early course
schizophrenia. Psychiatry Res 2014, 60:250:50.

doi: 10.1016/j.pscychresns.2016.02.006. Epub 2016 Feb 12
Roceri M, Hendriks W, Racagni G, Ellenbroek BA, Riva
MA: Early maternal deprivation reduces the expresion of
BDNF and NMDA receptor subunits in rat hippocampus:
implications for cellular plasticity. Mol Psychiatry 2002;
7:609-616.

Salgado S, Kaplitt MG: The nucleus accumbens: A compre-
hensive rewiev. Sterot Funct Neurosurg 2015; 93:75-93.
Sanchez MM, Ladd CO, Plotsky PM: Early adverse
experience as a developmental risk factor for later
psychopathology: Evidence from rodent and primate
models. Dev Psychopathol 2001; 13:419-449.

Sapolsky RM: The Possibility of neurotoxicity in the
hippocampus in major depression: A primer on neuron
death. Biol Psychiatry 2000, 48:755-765.

Shihabuddin L, Buchsbaum MS, Hazlett EA, Silverman J,
New A, Brickman AM, Mitropoulou V, Nunn M, Fleisch-

Correspondence:

Dubravka Aleksic; MD
Institute of Anatomy ,Niko Miljanic”, Faculty of Medicine, University of Belgrade
dr Subotica 4/2, Belgrade 11000, Serbia
E-mail: dubravka.aleksic123@gmail.com

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

man MB, Tang C, Siever LJ: Strial size and relative glu-
cose metabolic rate in schizotypal personality disorder and
schizophrenia. Arch Gen Psychiatry 2001; 58:877-884.
Spoletini I, Cherubini A, Banfi G, Rubino IA, Peran P,
Caltragirone C, Spalletta G: Hippocampi, thalami, and
accumbens microstructural damage in schizophrenia: a
volumetry, diffusivity and neuropsychological study.
Schizoph Bull 2009, 37:118-130.

Taylor D, Sparshatt A, Varma S, Olofinjana O: Antide-
pressant efficacy of agomelatine: meta-analysis of publi-
shed and unpublished studies. BMJ 2014, 19:348.

Teicher MH, Andersen SL, Polcari A, Anderson CM,
Navalta CP, Kim DM: The neurobiological consequences
of early stress and childhood maltreatment. Neurosci
Biobehav Rev 2003; 27:33-44.

Torres-Garcia ME, Solis O, Patricio A, Rodriguez-
Moreno A, Camacho-Abrego I, Limon ID, Flores G:
Dendritic morphology changes in neurons from the
prefrontal cortex, hippocampus and nucleus accumbens in
rats after lesion of the thalamic reticular nucleus.
Neuroscience 2012; 223:429-438.

Vivinetto AL, Suarez MM, Rivarola MA: Neurogiological
effects of neonatal maternal separation and post-weaning
enviromental enrichment. Behav Brain Res 2013;
240:110-118.

Wang L, Ho UC, Ko MC, Liao CC, Lee LJ: Differential
neuronal changes in medial prefrontal cortex, basolateral
amygdala and nucleus accumbens after postweaning
social isolation. Brain Struct Funct 2012; 217:337-351.
Wang L, Mamah D, Harms MP, Karnik M, Price JL, Gado
MH, Thompson PA, Barch DM, Miller MI, Csernansky
JG: Progressive deformation of deep brain nuclei and
hippocampal-amygdala formation in schizophrenia. Biol
Psychiatry 2008, 64:1060-1068.

Woolley CS, McEwen BS: Estradiol mediates fluctuations
in hippocampal synapses density during the estrous cycle
in the adult rat. J Neusosci 1992; 12:2549-2554.

Wright IC, Rabe-Hesketh S, Woodruff PW, David AS,
Murray RM, Bullmore ET: Meta-analysis of regional
brain volumes in schizophrenia. Am J Psychiatry 2000;
157:16-25

Zahm DS, Brog JS: On the significance of subterritories in
the ‘accumbens’ part of the rat ventral striatum. Neuro-
science 1992; 50:751-767.

219





