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Abstract: Social isolation deprives rodents of social interactions that are critical for normal devel-
opment of brain and behavior. Several studies have indicated that postweaning isolation rearing
may affect nitric oxide (NO) production. The aim of this study was to compare selected behavioral
and biochemical changes related to NO production in the brain of rats reared in social isolation for
different duration. At the age of 21 days, male Sprague Dawley rats were randomly assigned into
four groups reared in isolation or socially for 10 or 29 weeks. At the end of the rearing, open-field
and prepulse inhibition (PPI) tests were carried out. Furthermore, in several brain areas we assessed
NO synthase (NOS) activity, protein expression of nNOS and iNOS isoforms and the concentration
of conjugated dienes (CD), a marker of oxidative damage and lipid peroxidation. Social isolation
for 10 weeks resulted in a significant decrease in PPI, which was accompanied by a decrease in NOS
activity in the cerebral cortex and the cerebellum, an increase in iNOS in the hippocampus and an
increase in CD concentration in cortex homogenate. On the other hand, a 29 week isolation had
an opposite effect on NOS activity, which increased in the cerebral cortex and the cerebellum in
animals reared in social isolation, accompanied by a decrease in CD concentration. The decrease
in NOS activity after 10 weeks of isolation might have been caused by chronic stress induced by
social isolation, which has been documented in previous studies. The increased oxidative state might
result in the depleted NO bioavailability, as NO reacts with superoxide radical creating peroxynitrite.
After 29 weeks of isolation, this loss of NO might be compensated by the subsequent increase in
NOS activity.
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1. Introduction

The chronic psychosocial stress during the early post-natal phases plays an important
role in brain development. Numerous data have reported that exposure to chronic early-life
stress is associated with development of neuroinflammatory disorders later in adulthood,
such as neurological and psychiatric diseases. Previous studies have demonstrated that
social isolation stress could induce depressive- and anxiety-like behaviors, learning deficits
and memory impairments through affecting cell proliferation, neurogenesis, mitochondrial
dysfunction and alteration in release of neurotransmitters in the hippocampus and pre-
frontal cortex [1–3]. It is of great importance to understand the mechanisms underlying
psychopathological states induced by adverse early-life experiences. Converging lines
of evidence suggest that post-weaning isolation rearing of rodents is an animal model
that mimics some of the behavioral consequences of stressful early-life experiences in
humans. Animals reared in social isolation exhibit many abnormalities in behavior and
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altered brain neurochemistry [4,5]. Most of the research has been conducted on rodents
and is performed by simple physical isolation of individuals from their home cages. Gen-
erally, animals are separated either for a short time (e.g., several hours or overnight), or
longer periods of continual separation (e.g., days or weeks). As such, it induces a robust
stress response comprising of systemic changes in catecholamine, corticosterone, adreno-
corticotropin, corticotropin-releasing factor concentration, autonomic hyperarousal, and
changes in cytokine profile [6,7]. In the brain, it leads to changes in monoamine, glutamate,
GABA and steroid neurotransmission, and expression of brain-derived neurotrophic factor
(BDNF) [8–10]. At a behavioral level, it provokes aggression, depression-like phenotype or
various endophenotypes of schizophrenia [7,11,12].

Nitric oxide (NO) is an important signalling molecule in the nervous system and
participates in a host of functions and processes including regulation of vascular tone,
immune response, and synaptic connectivity. In the brain, NO is involved in neuronal
migration, formation of synapses and regulation of neurotransmission [13–15]. Neuronal
nitric oxide synthase (nNOS) is a principal isoform expressed in the brain and accounts for
more than 90% of NO production [16]. At glutamatergic synapses, post-synaptic neuronal
activation with subsequent activation of N-methyl-D-aspartate (NMDA) receptors leads to
calcium influx. This in turn leads to activation of nNOS in a Ca2+/calmodulin dependent
manner. Released NO exerts its effect pre- and post-synaptically via activation of soluble
guanylate cyclase [17]. Among many regions, prefrontal cortex, basal ganglia, limbic
structures, and monoaminergic nuclei, were found to be expressing nNOS. Changes in NO
production and/or nNOS expression have been implicated in the etiopathology of various
neurological or psychiatric diseases, including Parkinson’s disease, Alzheimer’s disease,
major depression, and schizophrenia [18–20].

NO may have beneficial or detrimental effects, primarily depending on the oxidation
state in the cell. The physiological production of NO acts neuroprotectively and ensures
proper operation of nerve functions. On the other hand, NO overload may trigger its
operation as a free radical and contribute to cell membrane damage [21].

Chronic systemic immune activation might trigger neuroinflammation in the brain
including upregulation of inducible NOS (iNOS) in immune-system-derived neuroglia [22].
Thus, NO produced by these cells might leak to neurons and interfere with normal regula-
tion of neuroplasticity. Previously, nitrergic system abnormalities, increased oxidative state
and neurodegeneration have been implicated in behavioral changes accompanying social
isolation [12,23].

The purpose of this study was to investigate the effect of social isolation rearing on
NO production in various rat brain areas as well as oxidative damage. Furthermore, we
explored how these alterations related to behavioral changes after 10 week and 29 week
periods of social isolation.

2. Results
2.1. Behavioral Tests

Rearing conditions or duration had no significant effect on the behavior in the open-
field test (data not shown). For PPI, a two-way ANOVA revealed a significant main effect
of rearing at 76 dB pre-pulse intensity (F(1, 34) = 4.609, p < 0.05, η2 = 0.119). As shown
in Figure 1, PPI was significantly decreased in animals reared in social isolation. The
interaction between duration and rearing was not significant. Startle reactivity and startle
habituation were not significantly affected by rearing conditions or duration (data not
shown, see Supplementary Materials Tables S1–S5 for more details).



Int. J. Mol. Sci. 2021, 22, 10340 3 of 14Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 3 of 15 
 

 

 
Figure 1. Effects of isolation rearing conditions on pre-pulse inhibition at 76 dB level. 10–wk SR, 10 
week socially reared SD rats; 10–wk IR, 10 week isolation reared SD rats; 29–wk SR, 29 week socially 
reared SD rats; 29–wk IR, 29 week isolation reared SD rats; SD, Sprague Dawley; PPI, pre-pulse 
inhibition. Data are expressed as the mean ± SEM. Statistical significance as revealed by two-way 
ANOVA with subsequent Sidak post-hoc test when appropriate: * p < 0.05,  

2.2. Total Activity of NOS 
The total NOS activity in the cerebellum was significantly affected by the duration of 

rearing (F(1, 34) = 31.85, p < 0.001, η2 = 0.484), being overall lower after 29 weeks compared 
with 10 weeks of rearing. Notably, however, the effect of social isolation depended on 
rearing duration, as indicated by a significant condition × duration interaction (F(1, 34) = 
18.83, p < 0.001, η2 = 0.356). When compared with socially housed animals, isolated rats 
showed significantly decreased cerebellar NOS activity after 10 weeks, but increased ac-
tivity after 29 weeks of rearing (both p < 0.05, Figure 2a). Similar effects on NOS activity 
were found in the frontal cortex (Figure 2b), including a significant main effect of rearing 
duration (F(1, 34) = 101.54, p < 0.001, η2 = 0.749) and a significant interaction between rearing 
conditions and duration (F(1, 34) = 18.18, p < 0.001, η2 = 0.348). 

 

Figure 1. Effects of isolation rearing conditions on pre-pulse inhibition at 76 dB level. 10–wk SR,
10 week socially reared SD rats; 10–wk IR, 10 week isolation reared SD rats; 29–wk SR, 29 week
socially reared SD rats; 29–wk IR, 29 week isolation reared SD rats; SD, Sprague Dawley; PPI, pre-
pulse inhibition. Data are expressed as the mean ± SEM. Statistical significance as revealed by
two-way ANOVA with subsequent Sidak post-hoc test when appropriate: * p < 0.05.

2.2. Total Activity of NOS

The total NOS activity in the cerebellum was significantly affected by the duration of
rearing (F(1, 34) = 31.85, p < 0.001, η2 = 0.484), being overall lower after 29 weeks compared
with 10 weeks of rearing. Notably, however, the effect of social isolation depended on rear-
ing duration, as indicated by a significant condition × duration interaction (F(1, 34) = 18.83,
p < 0.001, η2 = 0.356). When compared with socially housed animals, isolated rats showed
significantly decreased cerebellar NOS activity after 10 weeks, but increased activity af-
ter 29 weeks of rearing (both p < 0.05, Figure 2a). Similar effects on NOS activity were
found in the frontal cortex (Figure 2b), including a significant main effect of rearing du-
ration (F(1, 34) = 101.54, p < 0.001, η2 = 0.749) and a significant interaction between rearing
conditions and duration (F(1, 34) = 18.18, p < 0.001, η2 = 0.348).
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only in the hippocampus and the striatum, but the effects were in the opposite direction. 
In the hippocampus, nNOS expression was significantly increased after 29 weeks com-
pared with 10 weeks of rearing (F(1, 28) = 24.051, p < 0.001, η2 = 0.462) (Figure 3b). In the 
striatum, in contrast, 29 weeks of rearing resulted in decreased nNOS expression when 
compared with 10 weeks of rearing (F(1, 28) = 48.564, p < 0.001, η2 = 0.634) (Figure 3c). 

 

 

 

Figure 2. Effects of isolation rearing conditions on NOS activity in the cerebellum (a), and frontal
cortex posterior to PFC (b). 10–wk SR, 10 week socially reared SD rats; 10–wk IR, 10 week isolation
reared SD rats; 29–wk SR, 29 week socially reared SD rats; 29–wk IR, 29 week isolation reared SD
rats; NOS, nitric oxide synthase; PFC, prefrontal cortex; SD, Sprague Dawley. Data are expressed as
the mean ± SEM. Statistical significance as revealed by two-way ANOVA with subsequent Sidak
post-hoc test when appropriate: ** p < 0.001.

2.3. Protein Expression of nNOS and iNOS

Social isolation had no significant effect on protein expression of nNOS in the cerebel-
lum, hippocampus, striatum, or frontal cortex. Rearing duration had a significant effect
only in the hippocampus and the striatum, but the effects were in the opposite direction. In
the hippocampus, nNOS expression was significantly increased after 29 weeks compared
with 10 weeks of rearing (F(1, 28) = 24.051, p < 0.001, η2 = 0.462) (Figure 3b). In the striatum,
in contrast, 29 weeks of rearing resulted in decreased nNOS expression when compared
with 10 weeks of rearing (F(1, 28) = 48.564, p < 0.001, η2 = 0.634) (Figure 3c).
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30.386, p < 0.001, η2 = 0.520), and striatum (F(1, 28) = 8.898, p < 0.05, η2 = 0.229). A significant 
effect of isolation was only revealed in the hippocampus (F(1, 28) = 11.081, p < 0.05, η2 = 
0.284): the expression was higher in isolated, compared with socially, reared animals  
(Figure 4b). No significant effects on iNOS protein expression were revealed in the frontal 
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Figure 3. Effects of isolation rearing conditions on protein expression of nNOS in the cerebellum (a),
hippocampus (b), and striatum (c). 10–wk SR, 10 week socially reared SD rats; 10–wk IR, 10 week
isolation reared SD rats; 29–wk SR, 29 week socially reared SD rats; 29–wk IR, 29 week isolation
reared SD rats; nNOS, neuronal nitric oxide synthase; iNOS, inducible nitric oxide synthase; SD,
Sprague Dawley; GAPDH, glyceraldehyde 3–phosphate dehydrogenase; A.U., arbitrary units. Data
are expressed as the mean ± SEM. Statistical significance as revealed by two-way ANOVA with
subsequent Sidak post-hoc test when appropriate: ** p < 0.001.

Rearing rats for 29 compared with 10 weeks significantly increased protein expression
of iNOS in the cerebellum (F(1, 28) = 5.754, p < 0.05, η2 = 0.170), hippocampus (F(1, 28) = 30.386,
p < 0.001, η2 = 0.520), and striatum (F(1, 28) = 8.898, p < 0.05, η2 = 0.229). A significant effect
of isolation was only revealed in the hippocampus (F(1, 28) = 11.081, p < 0.05, η2 = 0.284):
the expression was higher in isolated, compared with socially, reared animals (Figure 4b).
No significant effects on iNOS protein expression were revealed in the frontal cortex.
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Figure 4. Effects of isolation rearing conditions on protein expression of iNOS in the cerebellum (a),
hippocampus (b) and striatum (c). 10–wk SR, 10 week socially reared SD rats; 10–wk IR, 10 week
isolation reared SD rats; 29–wk SR, 29 week socially reared SD rats; 29–wk IR, 29 week isolation
reared SD rats; nNOS, neuronal nitric oxide synthase; iNOS, inducible nitric oxide synthase; SD,
Sprague Dawley; GAPDH, glyceraldehyde 3–phosphate dehydrogenase; A.U., arbitrary units. Data
are expressed as the mean ± SEM. Statistical significance as revealed by two-way ANOVA with
subsequent Sidak post-hoc test when appropriate: * p < 0.05, ** p < 0.001.
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2.4. Conjugated Dienes Concentration

As shown in Figure 5, concentration of CDs in the frontal cortex was significantly
affected by duration of rearing (F(1, 34) = 145.88, p < 0.001, η2 = 0.807), showing significantly
higher levels in animals reared for 29 weeks. There was also a significant interaction
between rearing conditions and duration (F(1, 34) = 6.07, p < 0.05, η2 = 0.148).
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as revealed by two-way ANOVA with subsequent Sidak post-hoc test when appropriate: * p < 0.05,
** p < 0.001.

3. Discussion

The most important finding of this study is that the activity of nitric oxide synthase in
the brain has been affected by the duration of social isolation. Ten week social isolation
decreased NOS activity, while a two-fold increase in NOS activity was observed in 29 week
isolated animals. Conjugated dienes concentration, a marker of lipid peroxidation, was
raised after 10 weeks, and decreased after 29 weeks, of isolation rearing.

From a disease standpoint, multiple preclinical and clinical findings have linked
the disturbed NO signaling to pathophysiology of psychiatric disorders characterized by
sensorimotor gating deficits [18,24,25]. Our results from sensorimotor gating assessment
showed significantly decreased PPI in animals reared in social isolation, as has been shown
previously [26]. Similarly, no differences in startle magnitude were observed. Consistent
with our previous study, isolation reared animals exhibited significant deficits in PPI com-
pared with socially reared animals [27]. The results of the present study demonstrate that
NOS activity in the cerebellum and cerebral cortex was significantly affected by duration
of social isolation with significantly lower NOS activity after 29 weeks. We have seen also
a swing in NOS activity in cerebellum and frontal cortex between 10 week and 29 week
isolation rearing. More specifically, we observed a significantly lower NOS activity in
10 week IR rats and a higher NOS activity in 29 week IR rats. There is a growing body of
evidence that supports the role of NO in PPI regulation [28–30]. It is well documented that
the NMDA receptor strongly interacts with the NO/cGMP system. Activation of postsy-
naptic neuronal NMDA receptors in several brain areas elevates the levels of intracellular
Ca2+ ions, which triggers the activity of Ca-calmodulin followed by nNOS stimulation
and subsequent increases of NO levels. Moreover, it was reported that PSD-95 protein
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accelerates the interaction of the NMDA receptor and NOS through Ca2+ influx, and hence
augments the NO production [31,32]. NOS inhibitors have been observed to attenuate PPI
deficits mediated by dopamine receptor activation [33] or NMDARs antagonism [28,29].
The link between dysregulated dopaminergic function and sensorimotor gating abnormali-
ties in psychiatric diseases [34–36] has been well considered and consolidated over past
decades. Previous investigations have reported a more important role for D1 receptors
than D2 receptors in PPI regulation [37]. Moreover, an activation of D1 receptors alone
might not be sufficient to disrupt PPI function in rats, but the ability of D2 receptors to
induce PPI dysfunction is dependent upon the tonic activity of D1 receptors. Hence, based
on these findings, it appears that D1 receptors might be interacting with D2 receptors in the
modulation of PPI alterations [36]. Overall, based on findings from previous reports, the
regulation of NOS activity can contribute to dopaminergic control of PPI deficits [38]. We
hypothesized that increased NO levels after 29 week IR could be involved in D1 receptor
stimulation as well as in PPI regulation. It is possible that reciprocal D1-NMDA receptor
interactions play a critical role in regulating striatal nNOS interneuron activity.

It has been shown that genetic deficiency of nNOS generates a mouse model that
exhibits behavioral and neurochemical abnormalities that are reminiscent of psychiatric
disorders [39]. Our findings revealed a tendency toward lower nNOS protein levels in
10 week isolation reared animals, but the difference did not reach statistical significance.
Duration specific patterns of nNOS protein expression revealed increased nNOS in the
hippocampus and decreased nNOS in the striatum in 29 week groups compared with
10 week groups. The results of our previous study demonstrated attenuated mRNA levels
of nNOS, VGF and TrkB receptor in the hippocampus after post-weaning social isola-
tion [27]. In the present study, 10 week post-weaning social isolation had no significant
effect on the protein expression of nNOS in the hippocampus, but it induced an increase in
hippocampal iNOS protein levels. Zlatkovic et al. also showed increased iNOS expression
in the hippocampus and the prefrontal cortex of male rats exposed to the chronic stress of
isolation [40,41]. Increased iNOS level is considered to be an indicator of stress-induced
impairment in the brain [42]. In our study, iNOS protein expression was significantly
affected by duration of rearing and it was increased in the cerebellum, in the hippocampus
and also in the striatum. A previous study reported that exposure to 21 days of chronic
social isolation triggers proapoptotic signaling [43] and leads to programmed cell death
in the rat prefrontal cortex but not in the hippocampus [44], indicating the existence of
some form of protection in the hippocampus. Given that the hippocampus is highly sen-
sitive to stress, Zlatkovic et al. showed signaling cascades underlying the hippocampal
cellular protection through the NOS pathway, antioxidant capacity and heat shock protein
expression [41]. An increased level of Hsp70i protein may be involved in the inhibition
of hippocampal apoptosis in conditions of social isolation. Other studies have indicated
that Hsp70i induction protects neurons from apoptosis through its ability to increase Bcl-2
stability during oxidative stress [45] and suppress mitochondrial cytochrome c release [46]
or activity of c-Jun N-terminal kinase [47]. In this study, when comparing the duration of
social isolation, we detected significantly decreased protein levels for nNOS in the striatum.
Since we also detected decreased NOS activity in the cerebellum and frontal cortex, we
assumed that decreased nNOS expression was connected with decreased NOS activity.
The diffusible nature of NO and the physiological link with NMDA receptor activity in
cerebellar circuits contributed to this early identification as an appealing candidate for
mechanisms of synaptic plasticity. Since then, evidence for the NO/cGMP involvement in
plastic changes of synaptic strength, and thus in processes of learning and remembering,
has accumulated to a probably unexpected extent [48]. NO produced by parallel fibers,
with a possible contribution of a molecular layer of nNOS-positive neurons, diffuses into
Purkinje neurons where it stimulates guanylyl cyclase and activates PKG, contributing
to hyperphosphorylation of AMPA receptors which results in their declustering and en-
docytotic recycling, thus lowering excitatory response to glutamate [49]. The tetrameric
AMPA receptor complexes are composed of four subunits, GluR1–4. The GluR4 subunit is
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highly expressed in the cerebellum and the early postnatal hippocampus and is thought to
be involved in synaptic plasticity and the development of functional neural circuitry [50].
Wang and Zhu demonstrated that NO was essential for the survival of differentiating
cerebellar granule neurons in vitro, since the blockade of NO production resulted in ex-
tensive neuronal death while a NO donor was able to significantly revert this effect. They
found that endogenous NO contributed to the survival of differentiating cerebellar granule
neurons by a cGMP-dependent mechanism, while the exogenous NO has been proposed
to mediate this effect via cGMP-independent mechanisms [51]. Sammut et al. used NO
selective microsensors that showed that striatal NO efflux was robustly increased in vivo
by electrical stimulation of corticostriatal afferents via an NMDA receptor-dependent mech-
anism and an nNOS-dependent mechanism [52]. Intrastriatal infusion of NMDA has also
been shown to activate NO efflux in vivo [53], indicating that NMDA receptors play a
primary role in stimulating nNOS activity. It is also known that dopamine D1 receptor
activation stimulated striatal NO synthesis, whereas D2 receptor activation produced the
opposite effect [54].

It has been shown that exposure to repeated stress situations increases reactive oxygen
species generation in the brain, where NO and an excess of pro-oxidants are responsible for
both neuronal functional impairment and structural damage [55]. Redox dysregulation may
constitute a background where genetic and environmental factors converge and their timing
during neurodevelopment could play a decisive role. The brain is particularly vulnerable
to oxidative damage because of its high oxygen utilization, its high content of oxidizable
polyunsaturated fatty acids and the presence of redox-active metals. The brain is one of
the most lipid-rich organs and the correct lipid turnover or metabolism is important for its
proper functioning. Evidence suggests that lipids play a vital role in the composition of the
brain and influences its neuronal functioning, including behavior [56]. Free radicals trigger
lipid peroxidation of cell membranes and subsequently produce reactive intermediates
that can undergo further reactions. This deteriorates the membrane fluidity by increasing
its rigidity, leading to impaired receptor function [57]. For instance, dopamine catabolism
is distorted by elevated levels of malondialdehyde (MDA). Monoamine oxidase converts
dopamine into a corresponding aldehyde. The aldehyde, which is toxic, can accumulate
if increased lipid peroxidation produces elevated levels of MDA, forming neurotoxic
products [58]. In the present study, 10 week social isolation was observed to significantly
increase CD concentration in the frontal cortex of rat brains compared to the control group.
Previous studies also observed increased concentrations of MDA and TBARS in plasma,
serum, and red blood cells as evidence of membrane oxidative damage [59,60]. Moller et al.
reported increased lipid peroxidation, increased SOD activity, and decreased reduced
glutathione (GSH) in the brain of animals reared in social isolation. Isolation rearing
induced a decrease in activity of cytosolic/nuclear CuZnSOD and mitochondrial MnSOD,
as well as GSH levels in the prefrontal cortex, indicating a state of oxidative stress [61].
Moreover, under conditions of intracellular ROS overproduction, cofactors needed for NO
synthesis, especially tetrahydrobiopterin, may be oxidized, which leads to uncoupling
of the NOS dimer resulting in decreased NOS activity [62]. We also detected decreased
NOS activity after 10 week IR. On the other hand, our results showed decreased levels
of CD in the frontal cortex after 29 weeks of isolation rearing, whereas NOS activity was
significantly increased. These findings indicate that long-term isolation rearing triggers
compensation mechanisms, which can effectively improve the oxidative status in the brain
and increase NOS activity.

4. Materials and Methods
4.1. Animals

Adult timed-pregnant Sprague Dawley rats (Velaz, Prague, Czech Republic) arrived at
the animal facility on gestational day 16. Approximately a week later, the litter was born.
Rats were kept under standard housing conditions with a constant 12:12 h light/dark cycle,
temperature (22 ◦C ± 2 ◦C) and humidity (55 ± 10%). Food and water were available ad
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libitum. All experimental procedures were performed in accordance with the guidelines of
the Institute of Normal and Pathological Physiology, Centre Experimental Medicine Slovak
Academy of Sciences (INPP CEM SAS), and were approved by the State Veterinary and
Food Administration of the Slovak Republic (Ro-591/17-221) and by an ethics committee
according to the European Convention for the Protection of Vertebrate Animals used
for Experimental and Other Scientific Purposes, Directive 2010/63/EU of the European
Parliament.

4.2. Social Isolation

The sample involved 36 male rats. The animals were separated from their mothers
after weaning (21 days postnatal) and were randomly divided into four groups. Two
experimental groups were subjected to either 10 week or 29 week isolation (single rat per
cage, 43.5 × 28 × 23 cm); in two control groups, rats were reared socially for 10 or 29 weeks
(three rats per cage, 55.5 × 34.5 × 19.5 cm). In each group, the rats were able to see, smell
and hear other animals in the room.

4.3. Behavioral Testing

The behavioral tests were carried out at the end of rearing periods. All tests were
conducted during the light period of the light/dark cycle. Animals were transported in
their home cages from the animal room to the testing room and left undisturbed for 1 h
before testing. The experimental sessions were recorded by a video camera positioned
above the testing apparatus and behavior was analyzed by a trained observer using a
computer program for registration of behavior. At the end of the test procedure, each
animal was returned to its home cage.

4.3.1. Open-Field Test

To assess general locomotor activity and anxiety-like behavior, the open-field test was
conducted [63]. The animals were tested in a 100 × 100 cm square-shaped black arena
with 50 cm high black-painted plywood walls and a black rubber floor, illuminated by
a dim light. Each animal was placed in the corner of the open field arena and allowed
to freely explore the environment for 10 min. The arena was thoroughly cleaned with
70% ethanol after each animal. Locomotor activity (velocity and distance moved) and
anxiety-like behavior (time spent on the peripheral vs. central zone) were evaluated with
the program Anymaze (Stoelting Europe, Dublin, Ireland).

4.3.2. Prepulse Inhibition of Startle (PPI) Paradigm

Twenty-four hours following the open-field test, an assessment of changes in sen-
sorimotor gating was performed using the acoustic startle/PPI paradigm [64]. Briefly,
the test was performed in a single test station—a sound-attenuating chamber (interior
50.8 × 33 × 30.5 cm; walls 1.9 cm thick) with a plexiglass cylinder situated on the top of a
platform including an accelerometric sensor that detected changes in force made by the
movements of the rat. Vibrations created by rat body movements were transduced and con-
verted into a signal proportional to response amplitude. Auditory stimuli were delivered
by two speakers situated on the sides of the cylinder (Med Associates, Sawbridgeworth,
Hertfordshire, UK). The apparatus was thoroughly cleaned with 70% ethanol after each
animal. The experimental session consisted of a 5 min acclimatization period to a 65 dB
background noise (presented throughout the whole session), followed by three blocks of
acoustic trials structured as follows: The first and third block tested for acoustic startle
response only, and included 10 pulse-alone trials (120 dB, 38 ms in duration). The second
block assessed PPI and contained 28 stimuli, of which 4 were null trials, 4 pulse-alone trials,
4 prepulse-alone and 16 prepulse + pulse trials presented in a pseudo-randomized order.
Prepulse stimuli were 18 ms long and presented evenly in intensities of 67, 70, 73 or 76 dB.
In the prepulse + pulse trials the pulse was administered 100 ms after prepulse stimulus.
Inter-trial interval (ITI) was random in duration with an average of 15 s. The following
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measures were calculated: Startle reactivity was defined as the mean startle response to
pulse-alone trials in first block. Startle habituation (% habituation) was calculated using
the formula 100 × (1 − [mean startle for block3/mean startle for block1]). The efficiency
of PPI (% PPI) was determined according to the formula 100 × (1 − [startle magnitude
on prepulse-pulse trials in block2/startle magnitude on pulse trials in block2]) so that 0%
value indicated no difference between the responses to prepulse-pulse trials and pulse
alone trials (i.e., no PPI). %PPI was calculated separately for each prepulse intensity along
with average %PPI across all prepulse intensities.

4.4. Nitric Oxide Synthase Activity Assay

Total NO synthase activity was determined in crude homogenates of the frontal cortex
and cerebellum by measuring (3H)-L-citrulline formation from (3H)-L-arginine (ARC,
St. Louis, MT, USA) as described elsewhere [65,66]. (3H)-L-citrulline was measured with
the Quanta Smart triCarb Liquid Scintillation Analyzer (Packard Instrument Company,
Meriden, CT, USA). NOS activity was expressed as pkat/min per gram of protein.

4.5. Western Blot Analysis

For Western blot analysis, samples of the tissues (hippocampus, striatum, cerebellum,
and frontal cortex) were homogenized in a lysis buffer, 0.05 mM Tris containing protease
inhibitor cocktail (Sigma-Aldrich, Taufkirchen, Germany). Protein concentrations were
determined by Lowry assay. Proteins were subjected to 10% SDS-PAGE and transferred
onto a nitrocellulose membrane. Membranes were blocked with 5% non-fat milk in Tris-
buffer solution (TBS; pH 7.6) containing 0.1% Tween-20 (TBS-T) for 1 h at room temperature
and then incubated in the presence of the appropriate primary antibodies overnight at
4 ◦C with polyclonal rabbit anti-neuronal NOS, anti-inducible NOS and anti-GAPDH (as
control) antibodies (Abcam, Cambridge, UK). Antibodies were detected using a secondary
peroxidase-conjugated antirabbit antibody (Abcam, Cambridge, UK). The bands were visu-
alized using the enhanced chemiluminescence ECL system (Sigma-Aldrich, Taufkirchen,
Germany), quantified by using ChemiDoc™ Touch Imagine System (Image Lab™ Touch
software, Bio-Rad, Hercules, CA, USA), and normalized to GAPDH bands.

4.6. Concentration of Conjugated Dienes

The concentration of conjugated dienes was measured in lipid extracts of the frontal
cortex. Samples were homogenized in 15 mmol/dm3 EDTA containing 4% NaCl. Lipids
were extracted using a 1:1 chloroform-methanol mixture. Chloroform was evaporated in
the N2 atmosphere and after the addition of cyclohexane, conjugated diene concentra-
tions were determined spectrophotometrically (λ = 233 nm, NanoDropTM 2000c, UV-Vis
spectrophotometer). The concentration of CD was expressed as nmol per g tissue.

4.7. Statistical Analysis

Data were processed and analyzed using JASP 0.14.1.0. All data were analyzed by two-
way analysis of variance (ANOVA) with factors rearing condition (social vs. isolation) and
rearing duration (10 week vs. 29 week) followed by Sidak post-hoc test when appropriate.
Partial eta-squared (η2) was used as a measure of effect size. The level of statistical
significance was set as p < 0.05.

5. Conclusions

The present study demonstrates that the activity of nitric oxide synthase in the rat brain
depends on the duration of social isolation. Overall, the current investigation provides
novel insights into a potential interaction between neuronal NO synthase and oxidative
stress in long-term post-weaning social isolation in rats. Our findings indicate that 10 week
post-weaning social isolation alters signaling via NO/ROS that could interfere with neu-
rodevelopmental processes which may contribute to pathological behavioral symptoms.
On the other hand, this loss of NO after 10 weeks of social isolation might be compensated
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by the subsequent increase in NOS activity and decrease in ROS after 29 weeks of social
isolation. These findings have implications for understanding mechanisms involved in
early life stress-related diseases, and demonstrate some improvement in adulthood as a
result of compensation mechanisms.
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