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HIGHLIGHTS

® Social enrichment has a profound positive impact on recovery from long-lasting impairments induced by social isolation.
® Resocialization restores the decrease in hippocampal neurotrophic factors observed in isolated rats.

® Rearing in group after isolation enhances the hippocampal newly divided cell proliferation.

® Reversal effect of resocialization on decrease of dendrites and spines morphology induced by social isolation.

ARTICLE INFO ABSTRACT

Environmental enrichment is known to improve brain plasticity and protect synaptic function from negative
insults. In the present study we used the exposure to social enrichment to ameliorate the negative effect observed
in post weaning isolated male rats in which neurotrophic factors, neurogenesis, neuronal dendritic trees and
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Adolescence spines were altered markedly in the hippocampus. After the 4 weeks of post-weaning social isolation followed by
IS\It;eliZnal asticit 4 weeks of reunion, different neuronal growth markers as well as neuronal morphology were evaluated using
Hippocamlg)us y different experimental approaches. Social enrichment restored the reduction of BDNF, NGF and Arc gene ex-

pression in the whole hippocampus of social isolated rats. This effect was paralleled by an increase in density and
morphology of dendritic spines, as well as in neuronal tree arborisation in granule cells of the dentate gyrus.
These changes were associated with a marked increase in neuronal proliferation and neurogenesis in the same
hippocampal subregion that were reduced by social isolation stress. These results further suggest that the ex-
posure to social enrichment, by abolishing the negative effect of social isolation stress on hippocampal plasticity,
may improve neuronal resilience with a beneficial effect on cognitive function.

1. Introduction

Adolescence is one of the most critical periods during the lifespan in
which brain functions exhibit remarkable adaptations. These changes
can render individuals either more vulnerable or resilient to perturba-
tions caused by great stress insults (Jankord et al., 2011).

In rodents, the exposure to prolonged environmental stress results in
molecular, structural and functional alterations in different brain areas,
including the hippocampal formation. In fact, decreases of Nerve
Growth Factor (NGF) and Brain-derived neurotrophic factor (BDNF)
and the parallel reductions in dendritic arborisation, spines density and
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neurogenesis, have been reported largely after these stressful conditions
(see Cameron and Schoenfeld, 2018 for review). These effects are as-
sociated with changes in emotional state, where the anxiety-like profile
is one of the most common (Cameron and Schoenfeld, 2018). In con-
trast, it has been demonstrated widely that environment and specifi-
cally, social enrichment (SE), may exert beneficial effects antagonizing
most of the impairments induced by stress (Fares et al., 2013; Laviola
et al., 2004; Lu et al., 2003). Thus, living in a socially enriched en-
vironment may improve the correct brain development both in rodents
and humans exposed to chronic insults during adolescence.

Several authors have described clearly the crucial role of negative
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environmental conditions and life style on brain physiology during
pregnancy, post-birth, childhood, and adolescence on brain physiology
(Sale, 2018; McLaughlin et al., 2017). All these factors may interact
with brain functions, leading to a continuous remodelling of its complex
and dynamic structure (see Sale, 2018; Kondo, 2017 for review). The
medial prefrontal cortex, amygdala and hippocampus are three brain
areas involved in the modulation of emotions that may undergo pro-
found changes in both neuronal structure and function in response to
stress (McEwen, 2005).

Rodents are asocial and outgoing by nature. The post-weaning iso-
lation (SI) rearing model in rodents creates a condition for post-natal
early stress capable of inducing long-lasting changes in brain function
and HPA axis activity (Murinova et al., 2017; Burke et al., 2017).
Furthermore, the protocol represents a model of prolonged mild stress
and is associated with marked behavioural alterations, such as in-
creased locomotor activity, conflict behavior, and aggression in la-
boratory animals (Fone and Porkess, 2008). In this model the, rodents
display aggressive behaviors when transferred from social isolation to a
groups of animals (Wongwitdecha and Marsden, 1996). In addition,
rodents exposed to post-natal early isolation and are more responsive to
novelty when compared to rats reared in group (Hall et al., 1998; Varty
et al., 2000). These functional alterations appear to have a pathophy-
siological relevance similar to that seen in schizophrenia, such as im-
paired dopamine transmission in the medial prefrontal cortex and nu-
cleus accumbens (Hall et al.,, 1998) as well as deficits in neuronal
plasticity (Pisu et al.,, 2011; Ibi et al., 2008; Serra et al., 2008). A
neurodevelopmental model of schizophrenia may be induced by pre-
natal administration of methylazoxymethanol (MAM) demonstrating
the key role of resocialization, after SI exposure, that can modify
schizophrenia-like behaviours. (Kisby et al., 2013). However, the exact
mechanisms related to these effects appear still to be unclear.

Environmental enrichment is considered one of the best models to
improve brain function by physical and social surroundings. It consists
of the possibility of using toys, objects with different colours and the
possibility to increase physical activities (e.g. running wheels) inside
the animal's home cage that are changed periodically to stimulate
curiosity and exploration (Rosenzweig et al., 1978). Accordingly, such
approach as well as SE, have been associated with hippocampal neu-
rogenesis (Tanti et al., 2013; Xu et al., 2015; Kempermann et al., 1997),
and the integration of newborn cells into functional circuits (see
Kempermann et al.,, 2010 for review), which have been modified in
their expression by severe environmentally stressful stimuli. From these
evidences, it appears reasonable to conclude that living in an enriched
environment is crucial to support correct brain growth both in naive
and stressed animals exposed to stress insults during adolescence.

SE is one of the environmental enrichment protocols used widely to
evaluate its effect on rodent brain plasticity after a prolonged chronic
stress such as social isolation (SI) in rodents. Accordingly, SE elicits
behavioural benefits paralleled by an improvement of neuronal plasti-
city in brain areas such as the hippocampus (Faherty et al., 2003; Foster
and Dumas, 2001; Foster et al., 1996; Green and Greenough, 1986;
Hullinger et al., 2015; Kumar et al., 2012; Leggio et al., 2005; Malik and
Chattarji, 2012).

BDNF and NGF, two of the most important neurotrophins for brain
development involving neuron survival, specialization, migration, sy-
naptogenesis, spine density and dendritic arborisation (Park and Poo,
2013), also play a crucial role for hippocampal function and synaptic
plasticity related to learning and memory processes (Kuipers and
Bramham, 2006). Accordingly, long-term exposure to early-life adverse
events and environmental enrichment can change, in opposite ways,
BDNF, NGF, and activity-regulated cytoskeletal associated protein (Arc)
gene expression in the hippocampus (Fone and Porkess, 2008; Pisu
et al., 2011; Cirulli et al., 2000; Branchi et al., 2006). Our research
group obtained such an effect reported previously in SI rats (Biggio
et al., 2014; Pisu et al., 2011).

In the work reported herein, we studied the putative effect of SE in
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post-weaned SI rats by evaluating BDNF and NGF content, neurogen-
esis, spine density and dendritic arborisation in the rat dentate gyrus
which, together with the other hippocampal subregions, play a crucial
role in controlling learning and memory formation. We used adult male
rats exposed to 4 weeks of post-weaning social isolation (SI) followed
by 4 weeks of reunion (SI-J) that were compared with group-housed
animals (GH). We demonstrated that the decreases in the amount of
BDNF, NGF and Arc protein expression elicited by SI are associated with
a significant reduction in dentate gyrus neurogenesis, spine density and
dendritic arborisation, an effect that was completely abolished by 4
weeks of SE rearing. Our data support further the idea that social re-
integration may represent a recovery strategy after SI paradigms in
those individuals that were been subjected to deep changes during an
important period for brain development such as adolescence.

2. Material and methods
2.1. Animals

The study was performed using male Sprague-Dawley rats (Charles
River, Calco, Italy). All animals were housed under an artificial 12h
light-dark cycle (8:00 a.m.-8:00 p.m.) at a controlled temperature
(23 = 2°C) and humidity (65%). Food and water were available ad
libitum. Mating occurred in individual cages, using one adult male and
one female, and verified by the presence of a sperm cap (plug). This day
was considered as gestational day 0 (GD 0).

On GD 21 each pregnant dam was housed individually in a single
cage waiting for delivery. After birth each litter (average 5 females and
6 males) was reared with the dam in the same cage until weaning
(PND21). Afterwards, animals were assigned to different cages avoiding
to assignment of sibling animals into the same cage in order to assemble
the three experimental groups.

Based on a wide literature related to the effect on hormonal fluc-
tuation during the estrous cycle in female rats that may influence some
factors such as neuronal plasticity, emotional state and behavior
(GABAergic transmission, GABA, receptor composition, hormonal
pattern, neurogenesis, etc.), we decided to use only male rats for this
study. A total number of 128 male rats was used for the experiments. A
schematic overview showing the experimental protocol and the timing
for biochemical and behavioural tests is showed on Fig. 1.

The experimental procedure, that follows the European legislation,
was in accordance with the Department of Health (approval number
#685/2015-PR) and approved by the Italian ethics committee.

2.2. Social isolation and enrichment protocol

At weaning (PND 21), male rats used for our investigations were
randomly assigned randomly into three experimental groups: group
housed (GH) animals (5 per cage) that were housed in the same cage
(60 cm x 38 cm x 18 cm) for 8 weeks, socially isolated (SI) reared (one
per cage) in a smaller cage (42 cm X 26 cm x 18 cm) for 8 weeks, and
animals isolated for 4 weeks and then re-united (5 per cage) for further
4 weeks (SI-J) until PND 77, when the experiments were started.

2.3. Immunoblot analysis

The brain was rapidly removed, and the hippocampus was dissected
on ice, weighed, and stored at — 80 °C until analysis. Total hippocampal
proteins were extracted with Biobasic Kit protein extraction (Membrane
and Cytoplasmic Protein Extraction kit, Bio Basic Inc, Markham
Ontario, Canada), to obtain both cytoplasmic and membrane fraction
proteins. Membrane fraction protein concentration was determined
with DC Protein Assay kit (Bio-Rad, Milan, Italy). The extract (40 pug of
protein) was incubated for 10 minat 70°C and then fractionated by
SDS-polyacrylamide gel electrophoresis (NuPAGE Novex 4-12% Bis-
Tris Midi Gel, Life Technologies, Monza, Italy). The separated proteins
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Fig. 1. Schematic overview showing the experimental protocol and the timing for biochemical and behavioural tests. After weaning, on postnatal day 21
(PND 21), animals were reared in group (GH) or socially isolated (SI). At the end of 4 weeks (PND 49), a group of isolated animals were joined in group (SI-J) for a
further period of 4 weeks. At PND 77/92 animals were sacrificed and immunoblot and immunochemistry analyses were assessed.

were transferred electrophoretically to a polyvinylidene difluoride
(PVDF) membrane (Immobilon-P; Millipore, Milan, Italy) with the use
of a Criterion Blotter (Bio-Rad) and subjected to immunoblot analysis
with rabbit polyclonal antibodies specific to detect BDNF (1:400), NGF
(1:200) and Arc protein (1:250) (Santa Cruz, Heidelberg, Germany), in
the cytoplasmic fraction. The cytoplasmic fraction was exposed to 5%
nonfat dried milk in Tris-buffered saline containing 1% Tween 20 (TBS-
T) before an overnight incubation at 4 °C with the specific antibody of
interest. All antibodies were diluted in TBS-T containing 5% nonfat
dried milk.

The membrane was then washed with Tris-buffered saline con-
taining 0.01% Tween-20 before incubation for 60 minat 25°C with
horseradish peroxidase-linked secondary antibodies to rabbit (anti-
rabbit, Sigma, Milan, Italy; anti-mouse, Millipore, Milan, Italy) or
mouse (anti-mouse, Millipore, Milan, Italy) IgG in 5% non-fat dried
milk. An ECL kit (Millipore, Little Chalfont, UK) was used for detection
of immune complex. The relative changes in the amount of BDNF, NGF,
and Arc proteins were evaluated by measurement of the intensity of the
immunoreactive bands with a Molecular Analysis program
(PerkinElmer Geliance Imaging) and normalization of the data relative
to the amount of mouse monoclonal antibodies to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Millipore, Milan, Italy). Immune
complexes were detected with enhanced chemo-luminescence reagents
(Millipore). The intensity of immunoreactive bands was quantitated by
Geliance 600 Chemi Imaging System (Perkin Elmer, Monza, Italy) and
analyzed by the GeneTools software (Perkin Elmer). Values of optical
density (OD) for BDNF, NGF factors and Arc protein were normalized
by the corresponding GAPDH loading control values since this is a
common housekeeping protein that is expressed constitutively in al-
most all tissues in high amounts.

2.4. Immunohistochemistry

Neurogenesis and BrdU injection: the study of proliferation and
survival of newborn adult hippocampal neurons were performed using
the thymidine analog 5-bromo-2’-deoxyuridine (BrdU) at a dose equi-
molecular of 100 mg/kg. The length of the S phase was estimated to be
approximately 8 h. Thus, three injections (i.p.) of BrdU were given at 8-
h intervals over 24 h. The rate of cell proliferation was determined by
euthanizing the animals 24 h after the first injection of BrdU. To track
the fate of BrdU-labeled cells, animals were euthanized 14 days after
the last injection of BrdU.

For tissue preparation, rats (n = 5 per group) were anaesthetized
deeply with a single injection of equithesin (4.5 ml/kg), an anesthetic
mixture fresh prepared as follows: 1 g sodium pentobarbital, 4.251 g
choral hydrate, 2.125 gMgSO4, 12 ml EtOH, 43.6 ml propylene glycol,
adjusted to a total volume of 100 ml with distilled water) and then
perfused intracardially at 0.3 ml/g with 0.1 M sodium phosphate buffer,
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pH 7.3 (PBS), followed by 4% paraformaldehyde in PBS. Brains were
extracted and then post-fixed in the same fixative for 24 h at 4 °C before
being transferred to 10% sucrose diluted in PBS. Brains were sliced at
50um of sagittal sections using a vibratome (VT1200S Leica
Microsystems, Wetzlar, Germany). Sections were collected throughout
the entire dentate gyrus of the left and right hemisphere and stored in
antifreeze solution (0.1M PBS, 30% ethylene glycol and 20% glycerol)
at —20°C until processing for immunohistochemistry. Experiments
were carried out in free-floating sections under moderate shaking. To
examine the effect of social isolation and social enrichment on hippo-
campal neurogenesis, a series of every 10 sections through the entire
dentate gyrus was selected for each animal and immunostained for
BrdU to label the proliferating population that incorporated BrdU, Ki-
67 as a marker for proliferating cells and doublecortin (microtubule
associated-protein DCX) for newborn immature neurons. BrdU was used
to label proliferating cells and track the fate of newly proliferating cells
combined with DCX; the nuclear Ki-67 is expressed by cells throughout
the cell cycle with the exception of a short period at the beginning of
G1; DCX is required for the initial steps of neuronal dispersion and is
expressed exclusively in immature neurons within 2 weeks after cell
birth, therefore, DCX is often used as a marker to measure the level of
neurogenesis.

For immunohistochemistry with Ki-67, slices were removed from
antifreeze solution, rinsed three times with 0.1 M PBS, incubated for
1hat room temperature in PBS-T immunoblocking buffer (3% donkey
serum and 0.3% triton X-100 in PBS) and incubated overnight at 4 °C
with an antirabbit polyclonal antibody against Ki-67 (1:100, Merck,
Darmstadt, Germany). For immunohistochemistry with BrdU, tissue
was removed from antifreeze solution, rinsed three times with 0.1 M
PBS, then incubated in 0.1 M citric acid for 5 min at 90 °C, rinsed with
PBS and DNA was denatured in 2N HCI for 30 min at 37 °C. After this
step, sections were rinsed twice in PBS and then incubated for 1hat
room temperature in PBS-T. Sections were then incubated overnight, at
4°C, with an antirat monoclonal antibody against BrdU (1:200, Ab
Serotec, Kidlington, UK) or, for double immunofluorescence staining,
sections were incubated with antibody against BrdU and an antigoat
polyclonal antibody against DCX (1:250, Santa Cruz Biotechnology,
Dallas, TX). After rinsing in PBS-T, sections were incubated for 2h at
room temperature in goat anti-rabbit IgG AlexaFluor 594 (1:1000,
Jackson ImmunoResearch, Cambridge House, UK) to reveal im-
munoreactivity of Ki-67; chicken anti-rat IgG CY3-conjugated sec-
ondary antibody (1:1000 GeneTex, Alton Pkwy Irvine, CA, USA) to
reveal immunoreactivity of BrdU, or, for double immunofluorescence
staining, were incubated with CY3 chicken anti-rat and donkey anti-
goat IgG Alexa594-conjugated secondary antibody (1:1000 Jackson
ImmunoResearch, Cambridge House, UK). After rinsing several times
with PBS-T, all the sections were incubated with 1 pul/ml DAPI (Enzo
Life, Farmingdale, NY, USA) for 10 minat room temperature, for
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nuclear staining. Finally, the sections were washed with PBS, mounted
on glass slides, dried and then coverslipped under gelatin-glycerol.
Negative controls were the slides incubated without primary antibody.
For cell counting, every ten sections throughout the entire extent of
the hippocampus (from bregma —1.8 mm to bregma —6.8 mm, ac-
cording to Paxinos atlas, Paxinos and Watson, 1982) were used to de-
termine the number of, Ki-67, BrdU and BrdU + DCX positive cells
within the dentate gyrus. The same area and number of sections (5 for
each animal) were studied for all sets of animals (n = 5) in each ex-
perimental group The number of cells were verified using a confocal
microscope (SP5, Leica, Heidelberg, Germany) and viewed using a 63X
objective. Images were captured with the Leica application suite ad-
vanced fluorescence (Leica, Heidelberg, Germany). The area of dentate
gyrus was measured using ImageJ (National Institutes of Health, Be-
thesda, MD, USA). To calculate the volume of each region, Cavalieri's
principle was applied, in which the cells were counted bilaterally and
the sum of the measured areas was multiplied by the distance between
sections (500 um). Colocalization with BrdU + DCX was confirmed by
examining multiple optical planes for each cell on the z axis. The
number of BrdU-positive cells (double for DCX) was determined.

2.5. Histology

Golgi impregnation: a modified Golgi-Del Rio Hortega protocol
(Malmierca et al., 2011) was used to process the tissue. Rats (n = 5 per
group) were euthanized by an overdose of chloral hydrate and the
brains were removed and sectioned by a brain slicer at 1 mm in sagittal
plane. The slices were immersed in Del Rio Hortega's chromating ori-
ginal mixture (freshly prepared), consisting of 10% potassium dichro-
mate and 6% chloral hydrate, dissolved in 4% of paraformaldehyde for
4 days at room temperature in the dark. Chromating solution was
changed daily with freshly prepared solution. After 4 days of chroma-
tion, the slices were washed several times with a 1.5% silver nitrate
solution in distillate water before incubation on silver nitrate for an-
other 3dayat room temperature in the dark, for heavy metal pre-
cipitation to occur. Tissue slices were blocked, super-glued to a metal
chuck, and were cut at 50 um by a vibratome (VT1000S, Leica Micro-
systems, Wetzlar, Germany) into a water bath. Slices were placed on
slides and allowed to dry. They were next run through a dehydrating
series of alcohols and xylenes and coverslipped with Eukitt (Sigma,
Milan, Italy).

Image analysis and quantification: the serial sections were chosen
and acquired by a microscope motorized x, y and z focus (AxioObserver
7.1, Zeiss, Germany) fitted with a high resolution cooled CCD camera
and Axiovision Rec 4.8 software, for high-resolution image acquisition
and digital quantitation. In combination with a 100X objective, using a
sophisticated and well-established method, this should represent a 3D
quantitative profile of the neurons sampled and prevent a failure to
detect less prominent spines. Neurons in the dentate gyrus region which
fulfit the following criteria were selected for the analysis: (i) the cells
type must be identifiable; (ii) image resolution should be sufficient to
visually distinguish dendritic spine formation from variably contrasting
background, and (iii) completeness of Golgi impregnation of all den-
drites. Neurons with incomplete impregnation or neurons with trun-
cations due to the plane of sectioning were not analyzed. We also made
sure there was a minimal level of truncation at the most distal part of
the dendrites; this happens often in most of the Golgi studies, likely due
to the plane of sectioning at the top and bottom parts of the section.
With consideration of the shrinkage factor after processing (generally
10-25% shrinkage), the visualization of the spine subclass was not an
issue as we used a 100X Zeiss objective lens with immersion oil, which
was sufficient to resolve the details or subtype of the spines for labor-
ious counting.

To ensure standardization of dendritic regions, only branch seg-
ments from neurons entering into the molecular layer of the hippo-
campal dentate gyrus region were used in the present analysis. A
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software package (Axiovision, Zeiss) was used to measure the length of
each dendritic segment and to record the number of distinct spines in
the z-stacks (step size 0,5 pum 100X objectives). A spine was defined in
the present analysis as any clearly radiating segment running at a
tangent to the branch, with or without a “head,” from the dendritic
branch of a length of 1 A, and no longer than 10 A. Those spines directly
protruding toward the observer from the dendritic spine segment, or
those coursing away underneath the segment in view, and hence ob-
scured by the dark fill of the Golgi stained dendritic branch, could not
be counted in our preparation. Dendritic spine density was calculated as
number of spines per 10 um unit length of dendrite measured.

To analyze the dendritic spine morphology, the images were de-
convolved with software package (Axiovision, Zeiss) and spine analyses
were performed using a semi-automated software NeuronStudio
(http://research.mssm.edu/cnic/tools-ns.html), which is able to per-
form a 3D analysis of dendritic length, spine density, and morphometric
features (i.e., head/neck diameter, length, subtype) for each dendritic
spine. Spines were classified as thin or mushroom if the ratio of the
head diameter/neck diameter was > 1/1. If their ratio exceeded this
value, spines with a maximum head diameter > 0.4 pm were classified
as mushroom or else were classified as thin. Spines with head-to-neck
diameter ratios < 1.1 were also classified as thin if the ratio of spine
length-to-neck diameter was > 2.5; otherwise, they were classified as
stubby. A fourth type, called filopodial spines, was considered to have a
long and thin shape with no enlargement at the distal tip, was observed
very seldom, and was classified as thin. Finally, data readouts from the
spine analysis algorithm were visually compared by the experimenter
for each optical stack to verify accurate subtype classifications for
dendritic spines. We associated different dot colours (mush-
room = cyan; thin = yellow; stubby = red) from those proposed by
Neuron studio (mushroom = orange; thin = yellow; stubby = red) in
order to make more evident the differences between spine morphology.

All dendritic segments selected for spine density analysis had similar
diameter (~1 pum) to minimize the effect of hidden spines above or
below the dendrite. For each experimental brain 2 or 3 serial sections
were used and in each section five-to-seven neurons were evaluated.
Five dendritic branches, at least 15 pum in length, were analyzed per
neuron. Spine counts were averaged and spine density was expressed as
the number of total spines or spine subtypes per 10 um of dendrite
length.

To analyze the dendritic tree morphology the images of Golgi-la-
beled cells were obtained using a Z-stack (step size 1 pm, 20X objective)
from five to seven cells and reconstructed in ImageJ (ImageJ 1.48) for
each animal.

2.6. Statistical analysis

One-Way Analysis of Variance (ANOVA) was used for these ex-
periments considering SI as the one factor, with three levels within the
factor. Quantitative data are presented as means = SEM and were
compared by ANOVA followed by the Newman-Keuls post-hoc test
(Statistica 6.0, StatSoft Inc.). A p < 0.05 value was considered statis-
tically significant.

3. Results

3.1. Social isolation induces decrease of BDNF, NGF and Arc expression in
the rat hippocampus: reversal by social enrichment

Hippocampal expression of BDNF, NGF and Arc protein was eval-
uated by immunoblot analysis (Fig. 2). As expected, similar to our
previews reports (Biggio et al., 2014; Pisu et al., 2011), two months of
SI induced a marked reduction of considered parameters. A main sig-
nificant effect of SI factor was revealed by one-way ANOVA for BDNF [F
(2, 63) = 17.9040, p = 0.0001]; NGF [F (2, 71) = 8.4582, p = 0.0005]
and Arc [F (2, 55) = 3.6346, p = 0.0329]. A significant decrease in
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BDNF (Fig. 2A; p < 0.005), NGF (Fig. 2B; p < 0.005) and Arc ex-
pression (Fig. 2C; p < 0.05) occurred in this brain area when com-
pared with GH counterparts. SE completely restored the effect of SI on
BDNF (Fig. 2A; p < 0.005), NGF (Fig. 2B; p < 0.001) and Arc ex-
pression (Fig. 2C; p < 0.05).
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Fig. 2. Effect of SI and SE on BDNF, NGF and Arc expression in the rat
hippocampus. Protein extracts, prepared from the Hip of GH, SI and SI-J rats,
were subjected to immunoblot analysis using GAPDH for normalization.
Representative blots as well as quantitation of the BDNF/GAPDH, NGF/
GAPDH, Arc/GAPDH ratio are shown as insets above bar graphs in Figs. A and
C, respectively. Data are reported as means of OD ratio = SEM and analyzed
with one-way ANOVA followed by the Newman-Keuls post-hoc test. Statistical
statement: (A) BDNF/GAPDH ratio from 22 to 25 rats: °p < 0.005 vs GH,
bp < 0.005 vs SI. (B) NGF/GAPDH ratio from 23 to 26 rats: °p < 0.005 vs GH,
bp < 0.001 vs SI (C) Arc/GAPDH ratio from 19 to 23 rats: °p < 0.05 vs GH,
p < 0.05 vs SL

3.2. Social enrichment enhances newly divided cell proliferation in the
dentate gyrus of rats exposed to social isolation

To examine the effect of 8 weeks of SI on newly divided cell pro-
liferation in the hippocampus, BrdU was injected on the last day of
isolation, and the number of BrdU labeled cells was counted in slices
obtained 24h after the BrdU injection. One-way ANOVA revealed a
significant effect of SI for BrdU-positive cells [F (2, 12) = 105.676,
p = 0.0001]. (Fig. 3A-C). SI animals showed a significant
(p < 0.0005) decrease in BrdU-positive cells/mm?® with respect to the
GH counterpart group. Conversely, in the SI-J group the number of
BrdU-positive cells was increased significantly (p < 0.0005), not only
when compared to SI animals, but also when compared to GH control
group (Fig. 3C). In order to strengthen the BrdU data, we also measured
the number of Ki-67-positive cells in the three experimental groups.
One-way ANOVA revealed a significant effect of SI for KI-67-positive
cells [F (2, 12) = 10.2753, p = 0.0025] (Fig. 3D and E). Ki-67-positive
cells in SI animals show a significant (p < 0.005) decrease similar to
BrdU-labeled cells (Fig. 3E), while in SI-J the number of Ki-67-labeled
cells was different significantly (p < 0.005) from the SI group and thus
restored to values observed in GH animals (Fig. 3E). In addition, DCX
was measured in neurons after 14 days from BrdU injection (Fig. 3A)
and calculated as DCX/BrdU-positive cells in order to evaluate cell
maturation. One-way ANOVA revealed a significant effect of SI for
DCX/BrdU-positive cells [F (2, 12) = 18.1291, p = 0.0002] (Fig. 3F
and G). The number of DCX/BrdU-positive cells was decreased sig-
nificantly (p < 0.0005) in the hippocampus of SI animals compared to
their GH counterparts. In contrast, animals exposed to SE showed a
significantly higher DCX/BrdU ratio (Fig. 3G; p < 0.001) compared to
the SI animals and the values were identical to the GH control group.

3.3. Changes of dendrite and spines morphology in the dentate gyrus granule
neurons of isolated rats: reversal by social enrichment

To evaluate the alterations in dendritic morphology and spine
density elicited by the SI protocol and the effects of SE, we used a
modified protocol of Golgi-Del Rio Hortega staining.

In order to establish the changes in dendritic arborisation (Fig. 4A),
we measured: dendritic length (Fig. 4B), total branch number (Fig. 4C),
intermediate branch length (Fig. 4D), number of branch point/neurons
(Fig. 4E), and relative number of tips/neuron (Fig. 4F). One-way
ANOVA revealed a main effect of SI for dendrite branch length [F (2,
26) = 10.748, p = 0.0004], total branch number [F (2, 26) = 19.9138,
p = 0.0001], intermediate branch length [F (2, 26) = 9.288,
p = 0.0009], number of branch point/neurons [F (2, 26) = 13.0465,
p = 0.0001] and number of tips/neurons [F (2, 26) = 17.9790,
p = 0.0001]. SI elicited a significant (p < 0.001) reduction in almost
all measured parameters (Fig. 4B-E), except for intermediate branch
length which results increased when compared to GH. All these effects
were completely restored by SE to values not different from those ob-
served in GH (p < 0.001; Fig. 4B-E).

In addition, One-way ANOVA revealed a significant effect of SI on
dendritic spine density [F (2, 278) = 21.817, p = 0.0001]. In fact, SI
animals present a significant (p < 0.0001) reduction of dendrite spine
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Fig. 3. Effect of SI and SE on neuronal proliferation in the rat hippocampal dentate gyrus. (A) Schematic representation indicating the timing for BrdU injection
in order to evaluate neuronal proliferation in all experimental groups. (B-G) Proliferation and cells survival were measured in Hip dentate gyrus counting BrdU, Ki-67
and DCX labeled-cells in GH, SI and SI-J groups. Confocal representative images of BrdU positive cells (B; green) and DAPI staining (blue), Ki-67-labeled cells (C;
purple) and DAPI staining (blue), and BrdU-positive cells (green) overlaid (yellow) with DCX (D; red). Arrows indicate positive cells; scale bar 100 um. Data are

reported as positive cells/mm® means *

SEM and analyzed with one-way ANOVA followed by Newman-Keuls post-hoc test. Positive cells were counted from 5 rats

per group: cells/mm3 from 1440 to 3380 cells (GH), from 1920 to 2600 cells (SI) and from 1700 to 4460 cells (SI-J). (E) BrdU: *p < 0.0005 vs GH and SI-J,
bp < 0.0005 vs SI. (F) KI-67: ?p < 0.05 vs GH, °p < 0.05 vs SL (G) DCX/BrdU: ?p < 0.0005 vs GH and ®p < 0.001 vs SL

density compared to GH counterpart animals (Fig. 5A), an effect re-
stored completely to control values in SI-J animals (Fig. 5B).

In a more detailed evaluation, we analyzed spines (Fig. 5C) classi-
fying them depending on different typologies: mushroom, thin and
stubby, in GH, SI and SI-J animals. One-way ANOVA revealed a sig-
nificant effect of SI only for mushroom density spines [F (2,
12) = 17.776, p = 0.0001]. The graph of Fig. 5D shows that only
mushroom spines were decreased significantly (p < 0.05) in SI com-
pared to GH rats. In fact, the number of both stubby and thin spines was
unaltered in all experimental groups. It is worth noting that the amount
of mushroom spines detected in SI-J rats, although significantly higher
than that of SI, was still lower compared with GH rats.

4. Discussion

Our findings highlight the impact of social enrichment in adult rats
isolated by counterparts during adolescence, right after weaning, and
its power to ameliorate the profound impairments caused by such
stress. Supporting previous reports regarding the pivotal and positive
role of social or environmental enrichment on the isolation-induced
long-lasting impairments, the novelty of the present findings is re-
presented by the use of different molecular, functional and neuroana-
tomical evaluations that match to each other, suggesting a possible
mechanism of action related to the detrimental effects observed in the
brains of socially isolated rats.

Different environmental experience-dependent changes are able to
modify and shape the brain structure and its function with a consequent
alteration of behavior during development in both humans and rodents
(Gao et al., 2018; Branchi et al., 2006; Ohline and Abraham, 2018). In
this regard adolescents are markedly sensitive to stress events that may
lead to long-lasting psychological disorders (McEwen, 2003; Conger
and Petersen., 1984; Masten, 1987).

Environmental enrichment is considered one of the best transla-
tional models to investigate how positive life experiences and well-
being allow young and adolescent animals to recover from certain
molecular, functional and behavioural impairments induced by en-
vironmentally stressful conditions (Nithianantharajah and Hannan,
2006). In fact, environmental enrichment may promote adult hippo-
campal neurogenesis (Kempermann et al., 1997), the integration of
new-born cells into functional circuits (Tanti et al., 2013) and, in
general, more neuronal plasticity. Moreover, several reports highlight
the importance of such kinds of enrichment especially when applied
early in life, towards improving cognitive ability in a similar manner to
that observed when animals were enriched environmentally during the
lifespan (Cortese et al., 2018; Fuchs et al., 2016; Harati et al., 2011).

When mammalians, including humans, non-human primates and
rodents, are subjected to isolation from counterparts, physiological
brain functions are impaired strongly (House et al., 1988), suggesting
that social relationships may have a major role in mental health,
comparable strongly with some well-known risk factors, such as drug
consumption. Despite the plethora of data related to these findings, the
biological mechanisms which underlie the impact of social interactions
are still conclusive. Previous studies showed that rats perform better
when they live in socially enriched housing (Leggio et al., 2005; van
Praag et al., 2000) suggesting that molecular mechanisms regulating
social interactions may have beneficial effects on brain health (Kikusui,
2018; Faraji et al., 2018).
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Our findings highlight the impact of social enrichment to reinstate
molecular and structural impairments observed in the hippocampus of
socially isolated rats. The reduction in the amount of BDNF, NGF and
Arc elicited by SI which is associated with a significant reduction in
dentate gyrus neurogenesis, spine density and dendritic arborisation are
abolished completely by a subsequent 4 weeks of social enrichment.

The significant reduction of these neurochemical markers, observed
8 weeks after weaning, suggests that this phenomenon can last longer
than published previously on rats (Murinova et al., 2017; Burke et al.,
2017; Cacioppo et al., 2015; Biggio et al., 2014). Accordingly, previous
reports from our and other research groups (Cho et al., 2017; Biggio
et al., 2014; Pisu et al., 2011) showed that the hippocampal decrease of
BDNF, NGF and Arc protein expression, elicited by SI reached the
highest extent after 4 weeks of isolation.

Consistent with the evidence is that BDNF and NGF are involved
strongly not only in promotion of neuronal survival (Abbasi et al.,
2018), but also in the control of neuronal plasticity in different brain
areas, including the hippocampus (Peters et al., 2018; Bramham and
Panja, 2014). The decrease in neurotrophic factors observed in the
present study was accompanied by a reduction in dendritic arborisa-
tion, as observed by the fall of total dendritic branches of dentate gyrus
granule neurons and by a parallel decrease in the density of mushroom,
but not thin or stubby spines. Interestingly, SE was capable to restore
these altered neurochemical and morphological aspects to values in-
distinguishable from those of GH animals.

Since mushroom spines are involved in the consolidation of long-
term potentiation (LTP) (Bosch et al., 2014) at hippocampal level, and,
in agreement with other authors (Monteiro et al., 2014) our present
results suggest that the opposite effects of SI and SE on the expression of
neurotrophic factors and dendritic spine density and morphology may
reflect the parallel alteration in synaptic plasticity (Lu et al., 2003). In
addition, our findings on changes in spine density are also in agreement
with other studies performed in different brain areas, such as medial
prefrontal cortex and nucleus accumbens after a hippocampal lesion
(Flores et al., 2005). In particular, a neonatal ventral hippocampus le-
sion induces similar effects on dendritic spine impoverishment in
medial prefrontal cortex pyramidal neurons and nucleus accumbens
medium spiny neurons (Flores et al., 2005), suggesting that SI might
promote a similar effect that involves probable losses of excitatory
contacts which may participate in the remodelling process on neuronal
architecture and function. Although these mechanisms are not yet
completely elucidated, the results suggest that the neuronal impover-
ishment in structure and function may represent a common mechanism
involved in the negative effect induced by SI.

The decrease in dendritic spine density observed in isolated animals
was paralleled by a reduction in dendritic arborisation in terms of
dendritic branches and terminal tips which suggests a general fall in
neuronal connections with surrounding cells. SE was able, as seen with
the expression levels of neurotrophins, to reinstate almost totally the
isolation-induced impairments in dendritic spine density, a condition
necessary to obtain a recovery in the cognitive process. In line with our
present findings, other authors have shown that while isolation rearing
induces impairments in learning and memory formation, SE allows a
complete recovery of cognitive performance (Lu et al., 2003).

In rodents, the dentate gyrus region is the principal area of hippo-
campal formation deputized for the neurogenesis process, both in
young and adult animals (Duarte-Guterman et al., 2015). In fact, adult
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Fig. 4. Effect of SI and SE on dendritic arborisation of granule neurons of the dentate gyrus. (A) Representative images of Golgi impregnated pyramidal
neurons of the Hip dentate gyrus from GH, SI and SI-J rats. (B-F) Bar graphs report the averaged total dendrite length (um) (B), total branch number (C), intermediate
branch length (um) (D), branch/point neuron number (E) and number of tips/neuron of dendrites (F) in dentate gyrus granule neurons from GH, SI and SI-J rats. Data
are reported as means = SEM and obtained from 8 to 15 rats analyzed with one-way ANOVA followed by Newman—Keuls post-hoc test. (B) Total dendrites length:
3p < 0.005 vs GH and Pp < 0.0005 vs SI; (C) total branch number, (D) branch/point neuron number and (E) number of tips/neuron dendrites: *p < 0.0005 vs GH
and ®p < 0.0005 vs SI; (F) intermediate branch length (um): p < 0.005 vs GH and ®°p < 0.005 vs SI.

hippocampal neurogenesis plays a crucial role in both neuroendocrine sensitivity to stress (Levone et al., 2014). In order to evaluate these
and behavioural responses to stress, although it is unclear whether such aspects, we used the indices of neurogenesis with a qualitative assess-
phenomena, under certain cases, may influence the resilience or ment of cells immunoreactive for BrdU as well as a quantitative
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Fig. 5. Effects of SI and SI-J on dendritic spine density and morphology in the rat hippocampal dentate gyrus granule neurons. (A) Representative images of
Golgi impregnated dendrites of granule cells from dentate gyrus granule cells where dendritic spines are clearly evident (scale bar: 5 pm) from GH, SI and SI-J rats.
Magnification 100x. (B) Bar graph summarizing the total dendritic spine density of Golgi-impregnated granule cells of the Hip dentate gyrus granule cells. Data are
reported as means = SEM of values from 5 rats/group (from 88 to 111 branches) analyzed with one-way ANOVA followed by Newman-Keuls post-hoc test.
ap < 0.0001 vs GH and °p < 0.0001 vs SI. (C) Representative images of Golgi impregnated dendritic spines of different spines morphology divided in mushroom
(cyan), thin (yellow) and stubby (red) (scale bar: 5 um) from GH, SI and SI-J rats detected by Neuron Studios software. Magnification 100 X + 10x optical zoom. (D)
Bar graph summarizing the relative density of spines with different morphology as calculated in a 10 pm dendritic section of the different experimental groups. Data
are reported as means = SEM of values from 5 rats/group analyzed with one-way ANOVA followed by Newman-Keuls post-hoc test. °p < 0.05 vs GH and
b5 < 0.001 vs SIL

assessment of cells immunoreactive for Ki67 and doublecortin DCX conclude that the increase in social is able to reinstate completely the
used in combination with BrdU as a specific marker for immature profound brain impairments elicited by SI. Taken together, these results
neurons (BrdU/DCX) (Zanni et al., 2018). Staining the granule neurons provide possible molecular and behavioural targets to limit stress and/

of the dentate gyrus with BrdU, KI-67 and DCX/BrDU, we found that or age-related cognitive decline.
rearing animals in isolation leads to a significant decrease in the
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promptly by 4 weeks of SE. These data are consistent with other find-

ings from different research groups showing that environmental en- The work presented was supported by the Italian Scientific Research
richment may increase the amount of neurogenesis in rodents Programs of Relevant National Interest (PRIN) (Grant number,
(Monteiro et al., 2014; Speisman et al., 2013; Lu et al., 2003). #20107MSMA4). We wish to thank Ms. Patricia Kratochwill for the big

help in editing for the English style.

5. Conclusions
References

Overall, our molecular, functional and neuroanatomical results
’ ’ Abbasi, M., Gupta, V., Chitranshi, N., You, Y., Dheer, Y., Mirzaei, M., Graham, S.L., 2018.

suggest that social enrichment may have a prominent role to reinstate Regulation of brain-derived neurotrophic factor and growth factor signaling path-
the reduction of neuronal plasticity and neurochemical deficits elicited ways by tyrosine phosphatase Shp2 in the retina: a brief review. Front. Cell. Neurosci.
12, 85.

by SI. Accordingly, in a very recent report, it was demonstrated that

. . . . . . Biggio, F., Pisu, M.G., Garau, A., Boero, G., Locci, V., Mostallino, M.C., Olla, P., Utzeri, C.,
adolescence is the most sensitive period in which to find effects of &8

Serra, M., 2014. Maternal separation attenuates the effect of adolescent social iso-

differential housing such as social isolation and social enrichment lation on HPA axis responsiveness in adult rats. Eur. Neuropsychopharmacol. 24 (7),
(Mora-Gallegos and Fornaguera, 2019). Our observations may be re- 1152-1161. ) )

. . . Bosch, M., Castro, J., Saneyoshi, T., Matsuno, H., Sur, M., Hayashi, Y., 2014. Structural
levant also in the context of human brain development’ suggesting that and molecular remodeling of dendritic spine substructures during long-term po-
transient impairments in social contact during a specific stage of life tentiation. Neuron 82 (2), 444-459.
may affect brain development, particularly in people with high risk to Bramha@, 4C,R., Panja, D., 2014. BDNF regulation of synaptic structure, function, and
developi hizophrenia. Of great interest is the recovery in the plasticity. Neuropharmacology 76, 601-602 Pt C.

eveloping sc P : g ry Branchi, I., D'Andrea, 1., Fiore, M., Di Fausto, V., Aloe, L., Alleva, E., 2006. Early social
morphology of dendrites and dendritic spines that are in the tight enrichment shapes social behavior and nerve growth factor and brain-derived neu-
control of neuronal growth factors, such as BDNF, NGF and Arc. The rotrophic factor levels in the adult mouse brain. Biol. Psychiatry 60, 690-696.
present data may be thus impressive in light of schizophrenia-related Burke, N.N,, Finn, D.P., McGuire, B.E., Roche, M., 2017. Psychological stress in early life
o L. i X as a predisposing factor for the development of chronic pain: clinical and preclinical
deficits induced by social isolation (Fone and Porkess, 2008). Finally, evidence and neurobiological mechanisms. J. Neurosci. Res. 95 (6), 1257-1270.
by measuring different parameters of neuronal plasticity, we can Cacioppo, J.T., Cacioppo, S., Capitanio, J.P., Cole, S.W., 2015. The neuroendocrinology of

53


http://refhub.elsevier.com/S0028-3908(19)30109-1/sref1
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref1
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref1
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref1
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref2
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref2
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref2
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref2
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref3
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref3
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref3
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref4
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref4
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref5
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref5
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref5
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref6
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref6
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref6
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref7

F. Biggio, et al.

social isolation. Annu. Rev. Psychol. 66, 733-767.

Cameron, H.,.A., Schoenfeld, T.J., 2018. Behavioral and structural adaptations to stress.
Front. Neuroendocrinol. 49, 106-113.

Cho, J.W., Jung, S.Y., Lee, S.W., Lee, S.J., Seo, T.B., Kim, Y.P., Kim, D.Y., 2017. Treadmill
exercise ameliorates social isolation-induced depression through neuronal generation
in rat pups. J. Exerc. Rehabil. 13 (6), 627-633.

Cirulli, F., Alleva, E., Antonelli, A., Aloe, L., 2000. NGF expression in the developing rat
brain: effects of maternal separation. Dev. Brain Res. 123, 129-134.

Conger, J., Petersen, A., 1984. Adolescence and Youth: Psychological Development in a
Changing World. Harper and Row, New York.

Cortese, G.P., Olin, A., O'Riordan, K., Hullinger, R., Burger, C., 2018. Environmental
enrichment improves hippocampal function in aged rats by enhancing learning and
memory, LTP, and mGluR5-Homerlc activity. Neurobiol. Aging 63, 1-11.

Duarte-Guterman, P., Yagi, S., Chow, C., Galea, L.A., 2015. Hippocampal learning,
memory, and neurogenesis: effects of sex and estrogens across the lifespan in adults.
Horm. Behav. 74, 37-52.

Faherty, C.J., Kerley, D., Smeyne, R.J., 2003. A Golgi-Cox morphological analysis of
neuronal changes induced by environmental enrichment. Brain Res. Dev. Brain Res.
141, 55-61.

Faraji, J., Karimi, M., Soltanpour, N., Moharrerie, A., Rouhzadeh, Z., Lotfi, H., Hosseini,
S.A., Jafari, S.Y., Roudaki, S., Moeeini, R., Metz, G.A., 2018. Oxytocin-mediated so-
cial enrichment promotes longer telomeres and novelty seeking. eLife 7, e40262.

Fares, R.P., Belmeguenai, A., Sanchez, P.E., Kouchi, H.Y., Bodennec, J., Morales, A.,
Georges, B., Bonnet, C., Bouvard, S., Sloviter, R.S., Bezin, L., 2013. Standardized
environmental enrichment supports enhanced brain plasticity in healthy rats and
prevents cognitive impairment in epileptic rats. PLoS One 8 (1), e53888.

Flores, G., Alquicer, G., Silva-Gémez, A.B., Zaldivar, G., Stewart, J., Quirion, R.,
Srivastava, L.K., 2005. Alterations in dendritic morphology of prefrontal cortical and
nucleus accumbens neurons in post-pubertal rats after neonatal excitotoxic lesions of
the ventral hippocampus. Neuroscience 133 (2), 463-470.

Fone, K.C.F., Porkess, M.V., 2008. Behavioural and neurochemical effects of post-weaning
social isolation in rodents-relevance to developmental neuropsychiatric disorders.
Neurosci. Biobehav. Rev. 32, 1087-1102.

Foster, T.C., Dumas, T.C., 2001. Mechanism for increased hippocampal synaptic strength
following differential experience. J. Neurophysiol. 85 1377e1383.

Foster, T.C., Gagne, J., Massicotte, G., 1996. Mechanism of altered synaptic strength due
to experience: relation to long-term potentiation. Brain Res. 736 243e250.

Fuchs, F., Cosquer, B., Penazzi, L., Mathis, C., Kelche, C., Majchrzak, M., Barbelivien, A.,
2016. Exposure to an enriched environment up to middle age allows preservation of
spatial memory capabilities in old age. Behav. Brain Res. 299, 1e5.

Gao, W., Grewen, K., Knickmeyer, R.C., Qiu, A., Salzwedel, A., Lin, W., Gilmore, J.H.,
2018. A review on neuroimaging studies of genetic and environmental influences on
early brain development. Neuroimage Pii, $1053-8119(18)30341-0.

Green, E.J., Greenough, W.T., 1986. Altered synaptic transmission in dentate gyrus of rats
reared in complex environments: evidence from hippocampal slices maintained in
vitro. J. Neurophysiol. 55 739e750.

Hall, F.S., Wilkinson, L.S., Humby, T., Inglis, W., Kendall, D.A., Marsden, C.A., Robbins,
T.W., 1998. Isolation rearing in rats: pre- and postsynaptic changes in striatal do-
paminergic systems. Pharmacol. Biochem. Behav. 59 (4), 859-872.

Harati, H., Majchrzak, M., Cosquer, B., Galani, R., Kelche, C., Cassel, J.C., Barbelivien, A.,
2011. Attention and memory in aged rats: impact of lifelong environmental enrich-
ment. Neurobiol. Aging 32, 718e736.

House, J.S., Landis, K.R., Umberson, D., 1988. Social relationship and health. Science
241, 540-545.

Hullinger, R., O'Riordan, K., Burger, C., 2015. Environmental enrichment improves
learning and memory and long-term potentiation in young adult rats through a
mechanism requiring mGluR5 signaling and sustained activation of p70s6k.
Neurobiol. Learn. Mem. 125, 126e134.

Ibi, D., Takuma, K., Koike, H., Mizoguchi, H., Tsuritani, K., Kuwahara, Y., Kamei, H.,
Nagai, T., Yoneda, Y., Nabeshima, T., Yamada, K., 2008. Social isolation rearing-
induced impairment of the hippocampal neurogenesis is associated with deficits in
spatial memory and emotion-related behaviors in juvenile mice. J. Neurochem. 105
(3), 921-932.

Jankord, R., Solomon, M.B., Albertz, J., Flak, J.N., Zhang, R., Herman, J.P., 2011. Stress
vulnerability during adolescent development in rats. Endocrinology 152 (2),
629-638.

Kempermann, G., Kuhn, H.G., Gage, F.H., 1997. More hippocampal neurons in adult mice
living in an enriched environment. Nature 386, 493-495.

Kempermann, G., Fabel, K., Ehninger, D., Babu, H., Leal-Galicia, P., Garthe, A., Wolf, S.A.,
2010. Why and how physical activity promotes experience-induced brain plasticity.
Front. Neurosci. 4, 189.

Kikusui, T., 2018 Dec 3. How does social enrichment produce health benefits? Elife
7https://doi.org/10.7554/eLife.43666. pii: e43666.

Kisby, G.E., Moore, H., Spencer, P.S., 2013. Animal models of brain maldevelopment
induced by cycad plant genotoxins. Birth Defect. Res. C Embryo Today 99, 247-255.

Kondo, M., 2017. Molecular mechanisms of experience-dependent structural and func-
tional plasticity in the brain. Anat. Sci. Int. 92 (1), 1-17.

Kuipers, S.D., Bramham, C.R., 2006. Brain-derived neurotrophic factor mechanisms and
function in adult synaptic plasticity: new insights and implications for therapy. Curr.
Opin. Drug Discov. Dev 9, 580-586.

Kumar, A., Rani, A., Tchigranova, O., Lee, W.H., Foster, T.C., 2012. Influence of late-life
exposure to environmental enrichment or exercise on hippocampal function and CA1
senescent physiology. Neurobiol. Aging 33, 828 e821e817.

54

Neuropharmacology 151 (2019) 45-54

Laviola, G., Rea, M., Morley-Fletcher, S., Di Carlo, S., Bacosi, A., De Simone, R., Bertini,
M., Pacifici, R., 2004. Beneficial effects of enriched environment on adolescent rats
from stressed pregnancies. Eur. J. Neurosci. 20 (6), 1655-1664.

Leggio, M.G., Mandolesi, L., Federico, F., Spirito, F., Ricci, B., Gelfo, F., Petrosini, L.,
2005. Environmental enrichment promotes improved spatial abilities and enhanced
dendritic growth in the rat. Behav. Brain Res. 163, 78-90.

Levone, B.R., Cryan, J.F., O'Leary, O.F., 2014. Role of adult hippocampal neurogenesis in
stress resilience. Neurobiol. Stress 1, 147-155 (submitted for publication).

Ly, L., Bao, G., Chen, H., Xia, P., Fan, X., Zhang, J., Pei, G., Ma, L., 2003. Modification of
hippocampal neurogenesis and neuroplasticity by social environments. Exp. Neurol.
183 (2), 600-609.

Malik, R., Chattarji, S., 2012. Enhanced intrinsic excitability and EPSP-spike coupling
accompany enriched environment-induced facilitation of LTP in hippocampal CA1
pyramidal neurons. J. Neurophysiol. 107 1366e1378.

Malmierca, M.S., Blackstad, T.W., Osen, K.K., 2011. Computer-assisted 3-D reconstruc-
tions of Golgi-impregnated neurons in the cortical regions of the inferior colliculus of
rat. Hear. Res. 274, 13-26.

Masten, A., 1987. Toward a developmental psychopathology of early adolescence. In:
Levin, M., McArnarny, E. (Eds.), Early Adolescent Transitions. Heath, Lexington, KY,
pp. 261-278.

McEwen, B.S., 2003. Early life influences on life-long patterns of behavior and health.
Ment. Retard. Dev. Disabil. Res. Rev. 9 (3), 149-154.

McEwen, B.S., 2005. Glucocorticoids, depression, and mood disorders: structural re-
modeling in the brain. Metabolism 54, 20-23.

McLaughlin, K.A., Sheridan, M.A., Nelson, C.A., 2017. Neglect as a violation of species-
expectant experience: neurodevelopmental consequences. Biol. Psychiatry 82 (7),
462-471.

Monteiro, B.M., Moreira, F.A., Massensini, A.R., Moraes, M.F., Pereira, G.S., 2014.
Enriched environment increases neurogenesis and improves social memory persis-
tence in socially isolated adult mice. Hippocampus 24 (2), 239-248.

Mora-Gallegos, A., Fornaguera, J., 2019. The effects of environmental enrichment and
social isolation and their reversion on anxiety and fear conditioning. Behav. Process.
158, 59-69.

Murinovd, J., Hlavacova, N., Chmelova, M., Riecansky, I., 2017. The evidence for altered
BDNF expression in the brain of rats reared or housed in social isolation: a systematic
review. Front. Behav. Neurosci. 11, 101.

Nithianantharajah, J., Hannan, A.J., 2006. Enriched environments, experience dependent
plasticity and disorders of the nervous system. Nat. Rev. Neurosci. 7, 697-709.
Ohline, S.M., Abraham, W.C., 2018. Environmental enrichment effects on synaptic and
cellular physiology of hippocampal neurons. Neuropharmacology Pii, S0028-

3908(18)30162-X. [ahead of print].

Park, H., Poo, M.M., 2013. Neurotrophin regulation of neural circuit development and
function. Nat. Rev. Neurosci. 14, 7-23.

Paxinos, G., Watson, C., 1982. The Rat Brain in Stereotaxic Coordinates. Academic Press,
San Diego, CA.

Peters, A., Reisch, C., Langemann, D., 2018. LTP or LTD? Modeling the influence of stress
on synaptic plasticity. eNeuro 5 (1) Pii, ENEURO.0242-17.2018.

Pisu, M.G., Dore, R., Mostallino, M.C., Loi, M., Pibiri, F., Mameli, R., Cadeddu, R., Secci,
P.P., Serra, M., 2011. Down-regulation of hippocampal BDNF and Arc associated with
improvement in aversive spatial memory performance in socially isolated rats. Behav.
Brain Res. 222 (1), 73-80.

Rosenzweig, M.R., Bennett, E.L., Hebert, M., Morimoto, H., 1978. Social grouping cannot
account for cerebral effects of enriched environments. Brain Res. 29 (3), 563-576
153.

Sale, A., 2018. A systematic look at environmental modulation and its impact in brain
development. Trends Neurosci. 41 (1), 4-17.

Serra, M., Pisu, M.G., Mostallino, M.C., Sanna, E., Biggio, G., 2008. Changes in neu-
roactive steroid content during social isolation stress modulate GABAA receptor
plasticity and function. Brain Res. Rev. 57 (2), 520-530.

Speisman, R.B., Kumar, A., Rani, A., Pastoriza, J.M., Severance, J.E., Foster, T.C.,
Ormerod, B.K., 2013. Environmental enrichment restores neurogenesis and rapid
acquisition in aged rats. Neurobiol. Aging 34 (1), 263-274.

Tanti, A., Westphal, W.P., Girault, V., Brizard, B., Devers, S., Leguisquet, A.M., Surget, A.,
Belzung, C., 2013. Region-dependent and stage-specific effects of stress, environ-
mental enrichment, and antidepressant treatment on hippocampal neurogenesis.
Hippocampus 23 (9), 797-811.

van Praag, H., Kempermann, G., Gage, F.H., 2000. Neural consequences of environmental
enrichment. Nat. Rev. Neurosci. 1, 191-198.

Varty, G.B., Paulus, M.P., Braff, D.L., Geyer, M.A., 2000. Environmental enrichment and
isolation rearing in the rat: effects on locomotor behavior and startle response plas-
ticity. Biol. Psychiatry 47, 864-873.

Wongwitdecha, N., Marsden, C.A., 1996. Social isolation increases aggressive behaviour
and alters the effects of diazepam in the rat social interaction test. Behav. Brain Res.
75, 27-32.

Xu, X.F., Li, T., Wang, D.D., Chen, B., Wang, Y., Chen, Z.Y., 2015. Integrin-linked kinase is
essential for environmental enrichment enhanced hippocampal neurogenesis and
memory. Sci. Rep. 5, 11456.

Zanni, G., Deutsch, H.M., Rivera, P.D., Shih, H.-Y., LeBlanc, J.A., Amaral, W.Z., Lucero,
M.J., Redfield, R.L., DeSalle, M.J., Chen, B.P., Whoolery, C.W., Reynolds, R.P., Yun,
S., Eisch, A.J., 2018. Whole-body **C irradiation transiently decreases mouse hip-
pocampal dentate gyrus proliferation and immature neuronnumber, but does not
change new neuron survival rate. Int. J. Mol. Sci. 19 (10) pii: E3078.


http://refhub.elsevier.com/S0028-3908(19)30109-1/sref7
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref8
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref8
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref9
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref9
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref9
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref10
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref10
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref11
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref11
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref12
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref12
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref12
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref13
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref13
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref13
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref14
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref14
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref14
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref15
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref15
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref15
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref16
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref16
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref16
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref16
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref17
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref17
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref17
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref17
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref18
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref18
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref18
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref19
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref19
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref20
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref20
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref21
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref21
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref21
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref22
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref22
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref22
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref23
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref23
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref23
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref24
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref24
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref24
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref25
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref25
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref25
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref26
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref26
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref27
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref27
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref27
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref27
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref28
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref28
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref28
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref28
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref28
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref29
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref29
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref29
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref30
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref30
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref31
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref31
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref31
https://doi.org/10.7554/eLife.43666
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref33
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref33
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref34
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref34
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref35
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref35
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref35
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref36
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref36
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref36
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref37
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref37
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref37
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref38
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref38
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref38
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref39
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref39
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref40
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref40
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref40
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref42
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref42
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref42
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref43
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref43
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref43
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref44
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref44
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref44
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref65
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref65
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref45
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref45
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref46
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref46
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref46
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref47
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref47
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref47
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref48
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref48
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref48
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref49
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref49
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref49
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref50
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref50
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref51
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref51
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref51
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref52
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref52
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref53
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref53
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref54
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref54
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref55
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref55
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref55
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref55
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref56
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref56
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref56
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref57
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref57
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref58
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref58
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref58
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref59
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref59
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref59
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref60
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref60
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref60
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref60
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref61
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref61
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref62
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref62
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref62
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref66
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref66
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref66
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref63
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref63
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref63
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref64
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref64
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref64
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref64
http://refhub.elsevier.com/S0028-3908(19)30109-1/sref64

	Social enrichment reverses the isolation-induced deficits of neuronal plasticity in the hippocampus of male rats
	Introduction
	Material and methods
	Animals
	Social isolation and enrichment protocol
	Immunoblot analysis
	Immunohistochemistry
	Histology
	Statistical analysis

	Results
	Social isolation induces decrease of BDNF, NGF and Arc expression in the rat hippocampus: reversal by social enrichment
	Social enrichment enhances newly divided cell proliferation in the dentate gyrus of rats exposed to social isolation
	Changes of dendrite and spines morphology in the dentate gyrus granule neurons of isolated rats: reversal by social enrichment

	Discussion
	Conclusions
	Acknowledgement
	References




