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Abstract

Much evidence indicates that experiences in adolescence can alter the development of social behaviour. We previously
demonstrated that male rats exposed to social instability stress in adolescence (SS; 1 h isolation and return to an unfamil-
iar cagemate daily from postnatal day [PND] 30—45) had reduced social interaction, impaired social recognition, reduced
sexual performance, and increased aggression in competition for food reward compared with non-stressed control (CTL)
rats. Here, we investigated whether SS affects stellate neuron morphology using the Golgi—Cox method and several markers
of synaptic plasticity using western blotting in the medial amygdala (MeA) and lateral septum (LS), sites involved in social
behaviour. On PND 46, 24 h after the last stress exposure, SS rats had increased dendritic arborisation, a greater number of
dendrite terminals, and a higher average dendrite branch order in the anterodorsal MeA compared with CTL rats. SS rats
had reduced dendritic arborization and a reduced total length of dendrite matter in the anteroventral MeA and a reduced
number of dendrite terminals in the posterodorsal MeA compared with CTL rats. Moreover, SS rats had a reduced number
of dendritic spines in the dorsal LS compared with CTL rats. SS rats had less synaptophysin in the MeA and more CaMKII
in the LS than did CTL rats, and did not differ in spinophilin, PSD95, or glucocorticoid receptor protein expression in the
MeA and LS. We discuss how changes in neural structure and in markers of synaptic plasticity the MeA and LS of adolescent
SS rats compared with CTL rats may underlie their differences in social behaviour.
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Introduction

Social experience during the adolescent period is crucial
for the ability to display appropriate social behaviour in the
future (reviewed in Pellis et al. 2014; Pellis and Pellis 2017).
For example, rats deprived of social interaction during ado-
lescence displayed reduced social interaction with a peer
(van den Berg et al. 1999; Lukkes et al. 2009), awkward
behaviour with a sexual partner in adulthood (van den Berg
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et al. 1999), greater aggressive behaviour with peers (Wall
et al. 2012), abnormal behaviour in situations of conflict
(Einon and Potegal 1991; van den Berg et al. 1999; Tulogdi
et al. 2014), and impaired social recognition (Shahar-Gold
et al. 2013). Brain regions involved in initiating and regulat-
ing social behaviour such as the amygdala, lateral septum,
prefrontal cortex, and hippocampus, undergo changes in vol-
ume, dendritic spine density, white matter, neuronal density,
and neurogenesis from adolescence to adulthood (Mizukami
et al. 1983; Verney et al. 1987; Markham et al. 2007; He and
Crews 2007; Koss et al. 2014; Willing and Juraska 2015).
Thus, social experience may influence ongoing brain devel-
opment in adolescence. In support of this hypothesis, rats
deprived of social interaction had reduced hippocampal
volume compared with pair-housed or single-housed rats
exposed to a conspecific for 6 min a day (Kalman and Keay
2017), and adolescent single-housed rats had reduced den-
dritic branching in the orbitofrontal cortex and greater den-
dritic branching in the medial prefrontal cortex compared
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with socially housed adolescents (Bell et al. 2010). Thus,
the absence of social behaviour in adolescence alters both
social brain and behaviour development.

In turn, the quality of social relationships also influences
both social brain and behavioural development. For example,
rats that undergo social instability stress in adolescence (SS;
daily isolation for 1 h and return to an unfamiliar partner
from postnatal days 30—45) show reduced social interactions
with unfamiliar peers compared with non-stressed controls
(CTL), and this reduction is evident both after the SS pro-
cedure in adolescence (Hodges et al. 2017, 2018) and weeks
after the procedure in adulthood (Green et al. 2013). The
decrease in social interaction is not accompanied by a reduc-
tion in the reward value of social interaction; SS and CTL
rats do not differ in time spent in social approach to unfamil-
iar rats separated by wire mesh (Green et al. 2013) or in con-
ditioned place preference for social interaction (Hodges et al.
2017). The pattern of neural activity during social interac-
tion tests (as measured by Fos protein immunoreactivity)
across a set of brain regions selected for their involvement
in social behaviour (medial amygdala, lateral septum, CA2
subregion of the hippocampus, nucleus accumbens) differed
between SS and CTL rats (Hodges et al. 2018). We also
investigated the oxytocin system because of its importance
in social behaviour (reviewed in Veenema and Neumann
2008), and found increased oxytocin receptor-binding den-
sity in the dorsal lateral septum and nucleus accumbens shell
in SS rats relative to CTL rats (Hodges et al. 2017). SS and
CTL rats differ on a variety of social behaviours other than
social interaction; compared with CTL rats, SS rats exhib-
ited increased aggressive behaviour when competing against
a peer for a food reward in adulthood (Cumming et al. 2014),
showed decreased social recognition (Hodges et al. 2017),
and had deficits in mating behaviour with a female (McCor-
mick et al. 2013).

To better elucidate the neural mechanisms that might
underlie the differences between SS and CTL rats in social
behaviour, here we investigate the effect of adolescent SS
on dendritic morphology (number of intersections, dendrite
diameter, number and distance of terminals, length of mat-
ter, branch order), dendritic spine density, and on markers of
synaptic plasticity (spinophilin, synaptophysin, postsynaptic
density protein 95 [PSD95], calcium/calmodulin-dependent
protein kinase II [CaMKII]) in the medial amygdala and
lateral septum. The Golgi—Cox method (e.g., Gibb and
Kolb 1998) was used to visualize the dendrites and den-
dritic spines of neurons in the brain. The medial amygdala
and lateral septum were chosen as regions to investigate
because of their broad roles in social behaviour. The medial
amygdala and lateral septum are involved in social investi-
gation, aggressive behaviour, sexual behaviour, and social
recognition (reviewed in Sheehan et al. 2004; Knapska et al.
2007). Markers of synaptic plasticity were chosen based on
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previous studies that linked them to changes in sociability
and social preference (Kim et al. 2013), or because they were
found to be altered by exposure to social stressors (Leus-
sis and Andersen 2008; Leussis et al. 2008; Maras et al.
2014). We also investigated glucocorticoid receptor protein
expression in the two groups because of the role of gluco-
corticoids in the structural and functional remodelling of
neurons (reviewed in McEwen et al. 2016) and because of
the greater exposure to glucocorticoids experienced by SS
rats than CTL rats as part of the SS procedure (Hodges and
McCormick 2015; McCormick et al. 2007).

Methods
Animals

Male Long-Evans rats (n =40) were obtained from Charles
River, Kingston, New York, on postnatal day (PND) 22 and
given a week to acclimate to the animal colony. Rats were
housed in pairs and maintained under a 12 h light—dark cycle
(lights on at 05:00 h) with food and water available ad libi-
tum. Use of animals in these experiments was approved by
the Brock University Institutional Animal Care Committee
(ACC) and was carried out in adherence to the Canadian
Council on Animal Care guidelines.

Social instability stress (SS) procedure

Rats were randomly assigned to the adolescent social insta-
bility stress (SS, n=20) group or to the non-stressed control
(CTL, n=20) group. The SS procedure was as described
previously (reviewed in McCormick 2010; McCormick et al.
2015). Beginning on PND 30, SS rats were isolated in a
12 cm X 10 cm ventilated plastic container in a room separate
from the colony for 1 h each day until PND 45. Immediately
after isolation each day, SS rats were returned to the animal
colony and housed in a new cage with a new cage partner
that had also undergone the 1 h isolation. The SS procedure
was conducted at various times during the lights on phase
of the light—dark cycle to minimize habituation to the proce-
dure. On PND 45, after the final isolation, SS rats remained
with the same cage partner and were left undisturbed except
for cage maintenance or test procedures. CTL rats remained
undisturbed in their home cages except for cage maintenance
from time of arrival at the colony until the test procedures.

Golgi—Cox staining
Brain collection and Golgi—Cox procedure

A subset of CTL (n=12) and SS (n=12) rats were decapi-
tated directly upon removal from the home cage on PND 46
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and brains were placed in Golgi—Cox impregnation solu-
tion for 25 days in the dark. After the 25th day of incu-
bation, brains were placed in sucrose cryoprotectant (30%
(w/v) sucrose in phosphate buffered saline, pH 7.4) for 48 h.
Brains were then sliced on a vibratome in a 30% sucrose
solution into 500 um-thick sections containing the dorsal
lateral septum (from approximately bregma 1.44 mm to
bregma — 0.24 mm). Sections were also collected to contain
the four subregions of the medial amygdala, which differ
based on cytoarchitecture, afferent and efferent projections,
and functional differences (Canteras et al. 1995; reviewed
in; Newman 1999): the anterodorsal and anteroventral sub-
regions of the medial amygdala (from approximately bregma
—1.92 mm to —2.64 mm), and the posterodorsal and poster-
oventral subregions of the medial amygdala (from approxi-
mately bregma —2.76 mm to — 3.48 mm) identified accord-
ing to Paxinos and Watson (2005). Sections were washed
twice in distilled water for 5 min, incubated in 2.7% (v/v)
ammonium hydroxide for 15 min, and then washed twice in
distilled water for 5 min. Sections were then incubated in
ascending steps in ethanol (70%, 70%, 95%, 95% for 8 min
each; 100%, 100%, 100% for 5 min each) and cleared in two
incubations of xylene for 5 min each. After clearing, sections
were mounted onto Superfrost Plus slides (Fisher Scientific,
Inc.) and coverslipped using Permount mounting medium
(Fisher Scientific, Inc.). During the Golgi—Cox procedure
one SS rat brain was damaged and unusable. Thus, the final
sample for the Golgi—Cox procedure was n=12 CTL rats
and n=11 SS rats.

Imaging of neurons and analysis of dendrite branches

Imaging and tracing was done blind to experimental condi-
tion. Bright field imaging was performed using an upright
BX53 microscope (Olympus, Richmond Hill, ON, Canada)
fitted with a motorized stage and integrated with Neurolu-
cida software (version 10, MBF Bioscience, Willison, VT).
High-resolution z axis image stacks were acquired using an
Olympus UPlanSApo 30X, 1.05 NA silicone oil-immersion
objective (Olympus, Richmond Hill, ON, Canada; total mag-
nification 300x), and each image stack measured 395 um
(x axis) by 296 um (y axis) with a z axis step size of 1 um.
For an individual Golgi—Cox-stained neuron of interest, its
image stacks overlapped in the x and y axis so that when
stitched together in three dimensions the entire neuron was
contained. Neurons were randomly sampled from the dorsal
part of the dorsal lateral septum, anterodorsal medial amyg-
dala, anteroventral medial amygdala, posterodorsal medial
amygdala, and posteroventral medial amygdala, and neurons
were equally sampled from both hemispheres. Only stellate
neurons were sampled because of their abundance in the
medial amygdala (e.g., Dall’Oglio et al. 2008a, b) and lateral
septum (e.g., Phelan et al. 1989). A sampled neuron was

fully traced and analyzed only if (1) it was fully contained
within the section (i.e., no dendrite branches were cut off),
(2) it was not occluded by another neuron, and (3) all of
its dendrite branches were fully intact. Sholl analyses were
used to characterize differences in the dendrite structure of
neurons in the medial amygdala and lateral septum between
CTL and SS rats. For each rat, three neurons were imaged
from each brain region, traced using Neurolucida Software
(Version 10, MicroBrightField, Williston, VT, USA), and
analyzed using Neurolucida Explorer (MBF Bioscience,
Williston, VT, USA). A total of 33-36 dendrites were
analysed in each brain region for each experimental group
(CTL, n=11-12rats; SS, n=11 rats). For each neuron, the
morphological analysis included the following parameters:
(1) the number of intersections of dendritic branching and
(2) the dendrite diameter within sholl concentric spheres
that radiated outward from the soma in multiples of 25 pm,
(3) the number of dendrite terminals, (4) the total amount
of dendrite matter in length, (5) the highest branch order of
dendrites, and (6) the distance to the most distal dendrite
terminal. Values for each rat per brain region were averaged,
and these rat averages were used as the level of sampling for
statistical analysis. Rats were removed from the statistical
analyses for a specific brain region if they did not have three
intact neurons in that brain region. See Fig. 1 for examples
of the areas from which Golgi—Cox-stained neurons were
sampled.

Dendritic spine analysis

The same neurons traced for dendritic branch analysis were
chosen for dendritic spine analysis in all brain regions of
interest. Dendrites for dendritic spine analysis had to have
clearly visible spines. Three dendrites per brain region per
animal were chosen and analysed using Image J and blind
to experimental condition. Total spines were counted for
the length of 80 um from the cell body for each dendrite.
Spines were counted on a total of 27-33 dendrites in each
brain region for each experimental group (CTL, n=9-11;
SS, n=9-11). Spine density was calculated as the number
of spines per 10 um length of dendrite and averaged per
brain region per rat. Rats were removed from the statistical
analyses for a specific brain region if they did not have three
dendrites with clearly visible spines.

Western blotting

Brain collection, tissue processing, and protein extraction
The remaining CTL (n=28) and SS (n = 8) rats were decapi-
tated directly upon removal from the home cage on PND

46, 24 h after the last day of the SS procedure. Brains were
extracted, frozen in methylbutane on dry ice, and stored at
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Fig. 1 Atlas images depicting
regions of interest for mor-
phological analyses (images

are used with permission from A
Paxinos and Watson 2005)

and corresponding images of
Golgi—Cox-stained sections.
Brain regions of interest include
the dorsal lateral septum (dLS)
(a), the anterodorsal (MeAD)
and anteroventral (MeAV)
subregions of the medial amyg-
dala (b), and the posterodorsal
(MePD) and posteroventral
(MePV) subregions of the
medial amygdala (c). Blue
dashed lines represent areas
that neurons were samples for
morphological analyses

292mm

—80 °C until processing. At the time of processing, brains
were sliced into 1.0 mm sections using a chilled brain mould
and the slices were placed on glass slides on dry ice. The
lateral septum (from approximately bregma 1.44 mm to
approximately bregma —0.24 mm) and the medial amyg-
dala (from approximately bregma —2.16 to approximately
bregma —3.36 mm) were identified according to Paxinos
and Watson (2005), dissected from each hemisphere of each
brain using tissue punch tools (1.194 mm inner diameter for
lateral septum sections, 0.605 mm inner diameter for medial
amygdala sections), and placed into separate microcentri-
fuge tubes on dry ice. Glass beads (0.5 mm diameter) and
ice-cold whole-cell lysis buffer (1 M Tris, 150 mM NaCl,
0.1% Triton-X) with protease and phosphatase inhibitors
(Roche, USA) were added into each tube containing tissue.
All samples were homogenized using a BulletBlender (Nex-
tAdvance, USA) at 4 °C for 3 min at a power setting of 6.
After homogenization, samples were incubated on ice for
10 min and then centrifuged at 4 °C at 16 000xg for 10 min.
After centrifugation, supernatant was collected as whole-
cell soluble protein. Protein concentrations were determined
using Bio-Rad protein assay (Bio-Rad, USA) and a BioTek
Synergy plate reader. Samples were then diluted to equal
concentrations using whole-cell lysis buffer, and heated 2 x
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REPRESENTATIVE IMAGES OF REGIONS SELECTED
FOR MORPHOLOGICAL ANALYSES

Laemmeli buffer was added to each sample at a 1:1 ratio.
Samples were then heated for 5 min at 70 °C, centrifuged at
4 °C at 16 000xg for 10 min, and stored at —20 °C until use
in Western blot tests. See Fig. 2 for an example of the areas
from which tissue was sampled for western blotting.

Western blotting

Processed samples were heated for 5 min at 70 °C and 5 pg
of protein was loaded onto Bio-Rad TGX stain-free fast-cast
12% polyacrylamide gels (Bio-Rad, USA) for SDS-PAGE.
Samples from CTL and SS rats were counterbalanced across
gels. Once resolved, gels were illuminated for 5 min under
UV light for activation of Bio-Rad stain-free total protein
determination. After gel activation, proteins were transferred
onto PVDF membranes (EMD Millipore, USA), blocked for
1h in 5% bovine serum albumin in TBS-T (for the primary
antibodies anti-spinophilin, anti-synaptophysin, anti-post-
synaptic density protein 95 [PSD95], anti-calcium/calmo-
dulin-dependent protein kinase II [CaMKII]) or in 5% milk
(for the primary antibody anti-glucocorticoid receptor [GR])
at room temperature, and incubated overnight in primary
antibody. Primary antibodies used were anti-spinophilin
(1:5000, 06-852 Millipore), anti-synaptophysin (1:5000,
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Fig.2 Atlas images depict-
ing regions of interest for the
western blotting test (images
are used with permission from

LATERAL SEPTUM

REPRESENTATIVE IMAGES OF WHERE TISSUE WAS
DISSECTED FOR WESTERN BLOTTING TESTS

Paxinos and Watson 2005). Red
dashed circles represent where
tissue was collected for each
brain region (tissue collec-

tion for the medial amygdala
included the anterior and poste-
rior subregions)

MEDIAL AMYGDALA

MAB5258 Millipore), anti-PSD-95 (1:5000, NB300-556
Novus Biologicals), anti-CaMKII (1:2000, 04-1079 Milli-
pore; detects bands for o and 8 subunits of CaMKII), and
anti-GR (1:200, sc-1004 Santa Cruz Biotechnologies). After
incubation in primary antibody, membranes were washed
(3 x5 min washes) in TBS-T, and incubated in secondary
antibody (AlexaFluor 488 and AlexaFluor 647; Life Tech-
nologies, USA) for 45 min in the dark at room temperature
with gentle rocking. After incubation in secondary antibody,
membranes were washed in TBS-T, and imaged wet using
the Bio-Rad VersaDoc MP4000 (Bio-Rad, USA). Staining
intensity (intensity X mm) of each band from each lane was
normalized to total lane protein using Bio-Rad stain-free
total protein determination (Bio-Rad, USA). Results were
divided by a constant for each protein so that they would
be represented with the same scale across figures; units are
thus arbitrary. During the Western blotting test in the medial
amygdala for GR and synaptophysin, parts of the membranes
containing one CTL rat and one SS rat were damaged, reduc-
ing the sample size to seven per group for these measures.

Statistics

Statistical analyses were performed using SPSS version 24
software, and consisted of mixed factor analysis of variances
(ANOVAs) and independent ¢ tests. Post-hoc analyses con-
sisted of ¢ tests and Fisher’s LSD where appropriate. An
alpha level of p <0.05 was used to determine statistical sig-
nificance in all models. Mixed factor ANOVAs for the three-
dimensional Sholl analyses measuring either the average
number of intersections or average dendrite diameter con-
sisted of Stress Group (CTL or SS) as the between-groups
factor and Distance from Soma (in multiples of 25 um) as
the within-groups factor. Independent 7 tests between SS
and CTL rats were performed for the dendritic morphologi-
cal measures of number of terminals, total dendrite length,
highest branch order, and distance to the most distal den-
drite terminal. Independent ¢ tests between SS and CTL rats
were performed for each marker investigated using western
blotting.

Results

Adolescent social instability increased

dendritic arborisation in the anterodorsal
subregion and reduced dendritic arborization

in the anteroventral and posterodorsal subregions
of the medial amygdala

Anterodorsal medial amygdala (MeAD)

The interaction between Distance from Soma and Stress
Group was significant for the average number of inter-
sections of dendrites in MeAD neurons (Fyg30=1.770,
p=0.034). The interaction appeared to be driven by a higher
average number of intersections of dendrites in the neurons
of SS rats than in CTL rat at distances of 25 um and 350 pum
from the soma; nevertheless the post-hoc comparisons were
not significant (p =0.060 and p =0.067, respectively; other
post-hoc ¢ tests, p>0.124). Average dendrite diameter of
MeAD neurons decreased based on Distance from Soma
(F16.320=45.193, p<0.001), but was not affected by Stress
Group (p=0.298). The interaction between Distance from
Soma and Stress Group was not significant (p =0.596) (see
Fig. 3).

Neurons in the MeAD had an increased number of den-
drite terminals (t,,=2.119, p=0.047) and an increased high-
est branch order (t,,=2.138, p=0.045) in SS rats compared
with CTL rats. The MeAD neurons of CTL and SS rats did
not differ in total length of dendrite matter (p =0.121) or in
the distance to the most distal dendrite terminal (p =0.558)
(see Fig. 3).

Anteroventral medial amygdala (MeAV)

The interaction between distance from Soma and Stress
Group was significant for the average number of inter-
sections of dendrites in MeAV neurons (Fy5 300 = 1.842,
p=0.029). The interaction appeared to be driven by a lower
average number of intersections in the MeAV neurons of SS
rats compared with CTL rats from approximately 50-175 pm
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MORPHOLOGICAL ANALYSIS IN THE ANTERODORSAL MEDIAL

AMYGDALA
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Fig. 3 Morphological analysis of stellate dendrites in the anterodorsal
subregion of the medial amygdala in rats that underwent adolescent
social instability (SS) and non-stressed controls (CTL). Representa-
tive z-projections of traced neurons are shown in (a) for CTL and SS
rats. Three-dimensional Sholl analyses measuring the number of den-
dritic intersections (b) and the average dendrite diameter (c¢) within
concentric spheres radiating outward from the soma in 25 um incre-
ments, the total number of dendrite terminals (d), the total length
of dendrite matter (e), the highest branch order (f), and the distance

from the soma. Post-hoc t-tests found a lower average num-
ber of intersections in the MeAV neurons of SS rats com-
pared with CTL rats at 50 pm (t,=2.250, p =0.036), 75 um
(ty0=2.432, p=0.025), and 100 pm (t,,=2.311, p=0.032)
from the soma. The lower average number of intersections of
SS rats compared with CTL rats at the distances of 150 um
(p=0.070) and 175 pm (p=0.071) did not meet statisti-
cal significance (other post-hoc # tests, p>0.133). Aver-
age dendrite diameter of MeAV neurons decreased based
on Distance from Soma (F 5 300 = 29.667, p <0.001), but
was not affected by Stress Group (p=0.827). The interac-
tion between Distance from Soma and Stress Group was not
significant (p =0.995) (see Fig. 4).

Neurons in the MeAV had a reduced total length of den-
drite matter in SS rats compared with CTL rats (t,;,=2.400,
p=0.026). The MeAV neurons of CTL and SS rats did not
differ in the total number of dendrite terminals (p =0.556),
highest branch order (p=0.851), or in the distance to the
most distal dendrite terminal (p=0.157) (see Fig. 4).
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to the most distal dendrite (g) for CTL and SS rats. Data are shown
as rat averages (+S. E. M.). b The three-dimensional Sholl analysis
measuring the number of dendritic intersections revealed a signifi-
cant interaction of Distance from Soma and Stress Group (p <0.05).
¢ Average dendrite diameter decreased based on Distance from Soma
(p<0.001). *Indicates a significant increase in SS rats compared with
CTL rats in (d) the total number of terminals (p <0.05) and f the
highest branch order (p <0.05)

Posterodorsal medial amygdala (MePD)

The average number of intersections of dendrites in MePD
neurons decreased based on distance from Soma (Fy; 44, =
145.765, p < 0.001), but was not affected by Stress Group
(p=0.301). The interaction between distance from Soma
and Stress Group was not significant (p =0.973). Average
dendrite diameter of MePD neurons decreased based on
Distance from Soma (F,; 44; = 57.297, p <0.001), but was
not affected by Stress Group (p =0.508). The interaction
between distance from Soma and Stress Group was not
significant (p =0.918) (see Fig. 5).

Neurons in the MePD had a reduced number of dendrite
terminals in SS rats compared with CTL rats (t,, =2.355,
p=0.028). The MePD neurons of CTL and SS rats did
not differ in total length of dendrite matter (p =0.382),
in highest branch order (p =0.139), or in the distance to
the most distal dendrite terminal (p =0.867) (see Fig. 5).
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Fig.4 Morphological analysis of stellate dendrites in the anter-
oventral subregion of the medial amygdala in rats that underwent
adolescent social instability (SS) and non-stressed controls (CTL).
Representative z-projections of traced neurons are shown in (a) for
CTL and SS rats. Three-dimensional Sholl analyses measuring the
number of dendritic intersections (b) and the average dendrite diam-
eter (c¢) within concentric spheres radiating outward from the soma
in 25 ym increments, the total number of dendrite terminals (d), the
total length of dendrite matter (e), the highest branch order (f), and

Posteroventral medial amygdala (MePV)

The average number of intersections of dendrites in MePV
neurons decreased based on Distance from Soma (Fy; 46,
= 84.088, p<0.001), but was not affected by Stress Group
(p=0.591). The interaction between distance from Soma
and Stress Group was not significant (p =0.788). Average
dendrite diameter of MePV neurons decreased based on
Distance from Soma (F,; 46, = 37.613, p <0.001), but was
not affected by Stress Group (p =0.590). The interaction
between Distance from Soma and Stress Group was not sig-
nificant (p =0.909) (see Fig. 6).

The MePV neurons of CTL and SS rats did not differ
in the total number of dendrite terminals (p =0.431), total
length of dendrite matter (p=0.867), in highest branch order
(p=0.676), or in the distance to the most distal dendrite
terminal (p =0.850) (see Fig. 6).
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the distance to the most distal dendrite (g) for CTL and SS rats. Data
are shown as rat averages (+S. E. M.). b The three-dimensional Sholl
analysis measuring the number of dendritic intersections revealed
a significant interaction of distance from Soma and Stress Group
(»<0.05). ¢ Average dendrite diameter decreased based on Distance
from Soma (p<0.001). *Indicates a significant reduction in SS rats
compared with CTL rats in b the number of intersections (p <0.05)
and e in the total length of dendrite matter (p <0.05)

Dorsal lateral septum (dLS)

The average number of intersections of dendrites in dLL.S
neurons decreased based on Distance from Soma (F3 5,5 =
132.178, p<0.001), but was not affected by Stress Group
(p=0.897). The interaction between Distance from Soma
and Stress Group was not significant (p =0.999). Average
dendrite diameter of dLS neurons decreased based on dis-
tance from Soma (F5 573 = 102.596, p <0.001), but was
not affected by Stress Group (p =0.788). The interaction
between distance from Soma and Stress Group was not sig-
nificant (p =0.575) (see Fig. 7).

The dLS neurons of CTL and SS rats did not differ in
the total number of dendrite terminals (p =0.557), total
length of dendrite matter (p=0.957), in highest branch order
(p=0.747), or in the distance to the most distal dendrite
terminal (p =0.835) (see Fig. 7).
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Fig. 5 Morphological analysis of stellate dendrites in the posterodor-
sal subregion of the medial amygdala in rats that underwent adoles-
cent social instability (SS) and non-stressed controls (CTL). Repre-
sentative z-projections of traced neurons are shown in (a) for CTL
and SS rats. Three-dimensional Sholl analyses measuring the number
of dendritic intersections (b) and the average dendrite diameter (c)
within concentric spheres radiating outward from the soma in 25 um
increments, the total number of dendrite terminals (d), the total

Adolescent social instability reduced dendritic spine
density in the dorsal lateral septum

SS rats had lower spine density per 10 um of dendrites in the
dLS than did CTL rats (t;3=2.181, p=0.043). CTL and SS
rats did not differ in spine density in any subregion of the
medial amygdala (all p >0.463) (see Fig. 8).

Adolescent social instability reduced synaptophysin
in the medial amygdala and increased CaMKll in the lateral
septum

In the medial amygdala, SS rats had lower synaptophysin
protein expression than did CTL rats (t,, =2.464, p=0.03),
and protein expression for all other markers of interest
did not differ between CTL and SS rats (all p>0.357). In
the lateral septum, SS rats had higher CaMKII (a and f
subunits combined) protein expression than did CTL rats
(t;4=2.680, p=0.018), and protein expression for all other
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length of dendrite matter (e), the highest branch order (f), and the dis-
tance to the most distal dendrite (g) for CTL and SS rats. Data are
shown as rat averages (+S. E. M.). b The number of dendritic inter-
sections and c¢ the average dendrite diameter both decreased based on
distance from Soma (p’s <0.001). *Indicates a significant reduction
in SS rats compared with CTL rats in d the total number of dendrite
terminals (p <0.05)

markers of interest did not differ between CTL and SS rats
(all p>0.506) (see Fig. 9).

Discussion

We tested the hypothesis that the dendritic morphology
and synaptic plasticity of the medial amygdala and the lat-
eral septum, which undergo structural development during
adolescence (De Vries et al. 1981; Mizukami et al. 1983;
Hines et al. 1992; Verney et al. 1987), are susceptible to
remodelling by social instability stress (SS) in adoles-
cence. We found that SS in adolescence altered dendritic
structure in the medial amygdala, with the direction of
difference between SS and non-stressed controls (CTL)
dependent on the subregion of the medial amygdala, and
reduced dendritic spine density in the dorsal lateral septum
compared with CTL rats. SS rats also had reduced synap-
tophysin in the medial amygdala and increased calcium/
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Fig.6 Morphological analysis of stellate dendrites in the posteroven-
tral subregion of the medial amygdala in rats that underwent adoles-
cent social instability (SS) and non-stressed controls (CTL). Repre-
sentative z-projections of traced neurons are shown in (a) for CTL
and SS rats. Three-dimensional Sholl analyses measuring the number
of dendritic intersections (b) and the average dendrite diameter (c)
within concentric spheres radiating outward from the Soma in 25 um

calmodulin-dependent protein kinase II (CaMKII) in the
lateral septum compared with CTL rats, but did not differ
in spinophilin, postsynaptic density protein 95 (PSD95),
or glucocorticoid receptor (GR) protein expression in the
medial amygdala or lateral septum. The basis for the dif-
ferences in dendritic complexity between SS and CTL rats
likely involves the elevated exposure to glucocorticoids
experienced as part of the SS procedure (McCormick et al.
2007; Hodges and McCormick 2015), as glucocorticoids are
known to influence the dendritic arbor (reviewed in McEwen
et al. 2016).

Dendritic morphology in the medial amygdala

Adolescent SS increased the number of dendritic intersec-
tions in the anterodorsal subregion of the medial amygdala
(MeAD) and reduced the number of dendritic intersec-
tions in the anteroventral subregion of the medial amyg-
dala (MeAV) in regions close to the soma compared with
CTL rats. SS rats also had an increased number of dendrite

increments, the total number of dendrite terminals (d), the total
length of dendrite matter (e), the highest branch order (f), and the dis-
tance to the most distal dendrite (g) for CTL and SS rats. Data are
shown as rat averages (+S. E. M.). b The number of dendritic inter-
sections and c¢ the average dendrite diameter both decreased based on
distance from Soma (p’s <0.001)

terminals and higher average branch order in the MeAD
and reduced total length of dendrite matter in the MeAV.
In the posterodorsal subregion of the medial amygdala
(MePD), SS rats had a reduced number of dendritic termi-
nals compared with CTL rats. No differences in dendritic
arborisation were observed in the posteroventral subregion
of the medial amygdala (MePV) and no differences in den-
drite diameter were found in any subregion between SS
and CTL rats. That the direction of differences in dendritic
complexity differed across regions is consistent with previ-
ous reports. For example, glucocorticoid-induced increases
in spine densities in the basolateral amygdala were accom-
panied by increased anxiety, whereas decreases in spine
densities in the medial prefrontal cortex were accompanied
by impaired working memory (Kim et al. 2014). Glucocor-
ticoid receptor densities are greater in the ventral than dor-
sal regions of the medial amygdala (reviewed in Herman
et al. 2005), and whereas the MePD is critically important
for the male social behaviour, the MeAD has been pro-
posed to modulate the display of general arousal rather
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Fig.7 Morphological analysis of stellate dendrites in the dorsal lat-
eral septum in rats that underwent adolescent social instability (SS)
and non-stressed controls (CTL). Representative z-projections of
traced neurons are shown in (a) for CTL and SS rats. Three-dimen-
sional Sholl analyses measuring the number of dendritic intersections
(b) and the average dendrite diameter (c¢) within concentric spheres
radiating outward from the soma in 25 um increments, the total num-

than social behaviour, specifically (Newman 1999). Thus,
the reduced complexity of dendritic structure in the MePD
may underlie the deficits observed in social behaviour in
our previous investigations in SS rats (Hodges and McCor-
mick 2019). The reduced complexity of dendritic structure
in the MePD in SS rats is consistent with our finding of
reduced neural activity (as measured by immediate early
gene expression) in the MePD after the 16th isolation and
new cage partner pairings relative to age-matched rats
undergoing a first isolation and pairing with a new cage
partner (Hodges and McCormick 2015). Decreases in
neural activity are associated with reductions in dendritic
complexity (e.g., Leite-Morris et al. 2014). Thus, when
the reduction in synaptophysin in SS rats (described in
a later section) also is considered, the evidence suggests
the reduced complexity of dendritic structure results in
fewer synapses and therefore less neural activity in SS
rats than in CTL rats. Together, these results also are con-
sistent with our hypothesis that the repeated elevation in
glucocorticoids that result from the repeated isolation and
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ber of dendrite terminals (d), the total length of dendrite matter (e),
the highest branch order (f), and the distance to the most distal den-
drite (g) for CTL and SS rats. Data are shown as rat averages (+S.
E. M.). b The number of dendritic intersections and c¢ the aver-
age dendrite diameter both decreased based on distance from Soma
(p’s<0.001)

pairing with new cage partners is the basis for the changes
in the medial amygdala.

No other study has investigated how social stressors in
adolescent rats influence dendritic morphology in the medial
amygdala. One study in mice, however, found reduced length
of dendritic matter and number of intersections in medial
amygdala stellate neurons after daily 2 h restraint in late
adolescence into adulthood (PND 49 to 70) (Lau et al.
2017). Others have reported effects of adolescent stressors
in other amygdalar nuclei. For example, a reduced number
of dendritic intersections in the basolateral amygdala within
the range of 20 um to 90 um from the soma was found in
male rats that underwent a different form of social insta-
bility stress in adolescence (1 h immobilization stress and
return to different (2 of 5) cagemates daily from PND 28 to
63) compared with non-stressed controls (Tsai et al. 2014).
Daily 20 min restraint from PND 25 to 31 increased the total
length of dendrite matter in the lateral amygdala (Padival
et al. 2015) and exposure to repeated restraint for 6 h daily
from PND 20 to 41 increased total length of dendrite matter
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Fig.8 Representative z-projections of traced neurons and images
depicting dendrites (a) and mean (+S. E. M.) total spine density (b)
in the anterodorsal medial amygdala, the anteroventral medial amyg-
dala, the posterodorsal medial amygdala, the posteroventral medial

in the basolateral amygdala (Eiland et al. 2012) compared
with controls. Our lack of findings of changes in dendritic
spine density in the medial amygdala of SS rats is in con-
trast to previous findings of reduced dendritic spine den-
sity in the MePD after acute stressor exposure in adult rats
(Marcuzzo et al. 2007) and in the total medial amygdala
after repeated stressor exposure in adult mice (Bennur et al.
2007). Changes in dendritic spine density in the medial
amygdala between CTL and SS rats may have been observed
at higher branch orders or at farther distances away from the
soma. Nevertheless, changes previously observed in spine
density in the medial amygdala likely depend on the subre-
gion, the type of stressor, and on the age range during which
the stressor is administered.

Our focus on the medial amygdala is because of its impor-
tance in social function (reviewed in Knapska et al. 2007).
All subregions of the medial amygdala receive fibres from
the main and accessory olfactory bulbs and the vomeronasal
organ (Pro-Sistiaga et al. 2007; Mohedano-Moriano et al.
2007) and are involved in processing social stimuli from

CTL SS

CTL Ss CTL SS

amygdala, and in the dorsal lateral septum of rats that underwent ado-
lescent social instability (SS) and non-stressed controls (CTL). *Indi-
cates an effect of Stress Group (p <0.05)

opposite-sex and same-sex conspecifics (Meredith and West-
berry 2004; Kang et al. 2009). Nevertheless, the subregions
of the medial amygdala send distinct efferent projections to
other parts of the social brain to influence social behaviours
(Canteras et al. 1995) and differ in how they process social
stimuli. For example, both male and female odours increase
Fos immunoreactivity in the MePD and only female odours
increase Fos immunoreactivity in the MeAD in male rats
(Donato Jr. et al. 2010). Sex hormones in the medial amyg-
dala during puberty are necessary for the expression of adult
male behaviour (Sano et al. 2016; reviewed in; Sisk et al.
2016) and blocking sex hormone receptors in the MePD (the
subregion with the highest density of androgen and estrogen
receptors; Scordalakes et al. 2002), but not in other subre-
gions, influences the social preferences of both males and
females (Hosokawa and Chiba 2010; Fujiwara et al. 2016).

Reduced dendritic branching in the MeAV and MePD
may play be a basis for the reduced time spent in social
interaction with unfamiliar male peers previously found in
SS rats compared with CTL rats on PND 46 (Hodges et al.
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Fig.9 Mean (+S. E. M.) protein expression in the medial amygdala
(a) and in the lateral septum (b) of rats that underwent adolescent
social instability (SS) and non-stressed controls (CTL), and repre-

2017, 2018). Projections from the accessory olfactory bulb
(found to undergo synaptic change in response to male—male
social interactions, Cansler et al. 2017) are found in deep
cell layers of the MeAV (Mohedano-Moriano et al. 2007),
and the MePD responded to male odours (Donato Jr. et al.
2010) and influenced time spent investigating male conspe-
cifics (Adekunbi et al. 2018) in male rats. The MeAD has
greater involvement in the olfactory investigation of female
conspecifics compared to male conspecifics in male rats
(Donato Jr. et al. 2010), and the MePD also plays a role in
social interactions with the opposite sex (Adekunbi et al.
2018). The increased dendritic branching in the MeAD and
reduced dendritic branching in the MePD on PND 46 sug-
gest that social interactions with females may also be altered
in adolescent SS compared with CTL male rats, but this has
yet to be tested. Axons of the MeAD and MePV are heav-
ily interconnected (Canteras et al. 1995), yet less is known
about the function of the MePV. Our findings suggest that
neurons in the MePV may not play a role in the altered social
behaviour observed in adolescent SS rats.

Adolescent SS rats spent less time interacting with same-
sex unfamiliar peers than did CTL rats on PND 46 (Hodges
et al. 2017, 2018) and PND 70 (Green et al. 2013). Thus, the
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sentative western blot bands for each marker of interest and standard
protein ladders (¢). *Indicates an effect of Stress Group (p <0.05)

structural changes induced by adolescent social stress in the
social brain may also be lasting. Moreover, other behaviours
that involve the MeAD and MePD, such as sexual behaviour
(Bialy et al. 2002; Dass and Vyas 2014; Hosokawa and Chiba
2005) and aggressive behaviour (Veening et al. 2005; Unger
et al. 2015), are both altered in adolescent SS rats tested
in adulthood; As adults, SS rats had impaired reproductive
behaviour compared with that of CTL rats (McCormick et al.
2013), and females were able to discriminate between SS
and CTL adult males (McCormick et al. 2013, 2017). As
adults, SS rats displayed greater aggression against their
cage partner when competing for access to sweetened con-
densed milk (Cumming et al. 2014; McCormick et al. 2013,
2017). Future studies measuring dendritic morphology in
the social brain regions in adolescent SS rats weeks after
the procedure are thus warranted. In addition, female rats
that undergo adolescent SS are exposed to higher amounts
of corticosterone after the procedure compared with females
that were repeatedly isolated and returned to their cagemate
daily (McCormick et al. 2007) and we have recently found
that adolescent SS female rats also have reduced social inter-
action with unfamiliar peers compared with CTL females
when tested soon after the procedure in adolescence or in
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adulthood (Asgari et al. unpublished data). Thus, investiga-
tion of the social brain regions of female rats after adolescent
SS are warranted.

Dendritic morphology in the dorsal lateral septum

After either adult or adolescent stressor exposures, reduced
dendritic spine density in the hippocampus and prefrontal
cortex and increased spine density in the amygdala are typi-
cally found (reviewed in Radley and Morrison 2005). For
example, exposure to social defeat in adolescent mice (PND
35 to 45) reduced the number of stubby spines in the CA1
part of the hippocampus compared with non-stressed con-
trols (Iniguez et al. 2016) and 9 days of repeated restraint
in adult rats increased spine density in the basal amygdala
(Padival et al. 2013). In contrast, daily 20 min restraint from
PND 25 to 31 reduced dendritic spine density in the lateral
amygdala in male rats (Padival et al. 2015). To our knowl-
edge, this is the first report of stressors in adolescence reduc-
ing spine numbers in the lateral septum. The lateral septum
is involved in the exploration of novel stimuli (reviewed in
O’Connell and Hofmann 2011), and the neuropeptide oxy-
tocin in the lateral septum has been found to regulate time
spent in social interaction (Veenema et al. 2012; Bredewold
et al. 2014), the social recognition of familiar and novel
peers (Lukas et al. 2013), and social anxiety (Guzmén et al.
2013; Zoicas et al. 2014), behaviours for which SS rats differ
from CTL rats (Green et al. 2013; Hodges et al. 2017, 2018).
Further, SS rats had increased oxytocin receptor binding in
the dorsal lateral septum compared with CTL rats (Hodges
et al. 2017). Reduced spine density in the lateral septum of
SS rats compared with CTL rats may play a role in our pre-
vious findings of reduced social interaction with unfamiliar
peers and impaired social recognition in SS rats compared
with CTL rats on PND 46 (Hodges et al. 2017, 2018).

Markers of synaptic plasticity

The proteins synaptophysin, spinophilin, PSD95, and
CaMKII were measured in the medial amygdala and lateral
septum. Synaptophysin is found in the presynaptic small
vesicles of neurons and in neuroendocrine cells, and can
be used as an indirect measure of synapse number (Navone
et al. 1986; Wiedenmann et al. 1986). Spinophilin (highly
enriched in dendritic spines and scaffolding protein) and
PSD95 (a major scaffolding protein in the postsynaptic den-
sity) have prominent roles in glutamatergic signalling, and
also are used as markers of synapse numbers (Allen et al.
1997; reviewed in; Kennedy 1998). CaMKII is an enzyme
highly concentrated in the postsynaptic membrane at gluta-
matergic synapses and is involved in the induction of long-
term potentiation (LTP) (reviewed in Fukunaga et al. 1996;
Lisman and Zhabotinsky 2001). The only differences found

between SS and CTL rats in these proteins was a reduction
in synaptophysin in the medial amygdala and an increase
in CaMKII in the lateral septum in SS rats relative to CTL
rats. Elevated glucocorticoid exposure, such as that found
in SS rats compared with CTL rats (McCormick et al. 2007;
Hodges and McCormick 2015), results in a brain region-
dependent reorganization of synapses (reviewed in Tata
and Anderson 2010). For example, stressor/glucocorticoid
exposure was found to reduce synaptophysin in the prefron-
tal cortex, nucleus accumbens, and the hippocampus (Bur-
ton et al. 2007; Xu et al. 2004) and increase CaMKII in
the basolateral amygdala and the hippocampus (Tran et al.
2011; Zoladz et al. 2012; McCormick et al. 2012). The pre-
sent findings in concert with our past findings suggest that
elevated glucocorticoid exposure in adolescent SS rats may
act to reorganize synapses in the medial amygdala and lateral
septum.

Others have reported changes in the amount of synapto-
physin after social manipulations in adolescence. Adult rats
that were isolation-housed from PND 30 to 35 had reduced
synaptophysin in the prefrontal cortex (Leussis et al. 2008),
and adult rats that were isolation-housed from PND 21 to 28
had reduced synaptophysin in the hippocampus of adult rats
(Arcego et al. 2018) compared with socially-housed con-
trols. In those studies, however, changes in synaptophysin
were found in adulthood after stressor exposure in adoles-
cence and it remains unknown if the changes we demon-
strated here in synaptophysin in adolescent SS rats would
still be evident in adulthood; although no differences were
found in synaptophysin in the hippocampus between ado-
lescent SS and CTL rats investigated as adults, the medial
amygdala was not investigated (McCormick et al. 2012).
Reduced synaptophysin in the medial amygdala may reflect
the reduced dendritic arborisation we found in SS rats com-
pared with CTL rats in the MeAV and MePD. Gross dissec-
tion of the medial amygdala may have obscured any differ-
ences in other markers of synaptic plasticity between SS and
CTL rats in the medial amygdala; the Golgi—Cox measures
indicated that the direction of difference in dendritic mor-
phology varied across subregions of the medial amygdala.

Higher protein expression of CaMKII in the lateral sep-
tum of adolescent SS rats compared with CTL rats is in
keeping with our past finding of higher protein expression
of the alpha subunit of CaMKII in the dorsal hippocampus
of SS rats compared with CTL rats when tested in adult-
hood (McCormick et al. 2012). Glutamatergic signalling
was found to regulate the structural plasticity of dendritic
spines and enhance dendrite development (Fischer et al.
2000; Mattison et al. 2014). Excess glutamate, however,
reduces dendritic growth (Monnerie et al. 2003; Tseng and
Firestein 2011). Increased CaMKII, and thus an increase
in glutamatergic signalling, in the lateral septum may play
a role in reduced spine density in the lateral septum and
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impaired social behaviour in SS rats compared with CTL
rats. In addition to a reduction in social interaction (tests
involving physical interaction) with unfamiliar peers in SS
rats, we previously reported an increase in time spent in
social approach (investigating a peer located behind wire
mesh) of unfamiliar peers in SS rats compared with CTL
rats (Hodges et al. 2017). Increased CaMKII and increased
oxytocin receptor binding in the lateral septum may play a
role in the increased social novelty-seeking found in SS rats
when rats are behind wire mesh.

SS and CTL rats did not differ in GR protein expression
in the medial amygdala and lateral septum. Changes in GR
protein expression after repeated stressor exposure have
been reported for other brain structures with an increase
or decrease dependent on brain region and stressor-type.
For example, daily 6 h restraint for 28 days reduced GR
protein expression in the prefrontal cortex (Chiba et al.
2012) and daily 2 h immersion in a water bath for 28 days
reduced cytosolic GR in the prefrontal cortex and increased
nuclear GR in the hippocampus of adult rats (Mizoguchi
et al. 2003). Further, 10 days of immobilization stress in
adult rats increased GR protein expression in the prelimbic
and anterior cingulate cortex compared with non-stressed
controls, and these effects were dependent on the activa-
tion of the basolateral amygdala (Tripathi et al. 2018). The
medial amygdala is responsive to stress exposures (Kellogg
et al. 1998; Martinez et al. 1998) and is involved in the acti-
vation of the paraventricular nucleus (Dayas et al. 1999)
and glucocorticoid release in response to stressor exposure
(Solomon et al. 2010; reviewed in; Herman et al. 2005).
The SS procedure, although known to elevate glucocorti-
coid concentrations (McCormick et al. 2007; Hodges and
McCormick 2015), may not be sufficient to produce effects
on GR densities; in adulthood, adolescent SS rats do not dif-
fer from CTL rats in corticosterone release to a number of
different stressors (McCormick et al. 2005, 2008; Mathews
et al. 2008).

Conclusion

The interaction of all subregions of the medial amygdala
are required to evaluate social odours and influence aggres-
sive, reproductive, and other behaviour output (e.g., in ham-
sters, Maras and Petrulis 2010a, b; in mice; Cadiz-Moretti
et al. 2016), and connections between the lateral septum
and medial amygdala are essential for the recognition of
familiar and novel individuals (reviewed in Maroun and
Wagner 2016). Thus, the structural differences observed in
the present experiment in the medial amygdala and lateral
septum may underlie the differences observed between SS
and CTL rats in a variety of social behaviours (reviewed in
Hodges and McCormick 2019). We have postulated that the
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structural changes in SS rats are the consequence of their
elevated exposure to glucocorticoids during the adolescent
social stress procedure. In adult rats, many of the stress/
glucocorticoid-induced changes in dendritic morphology
and behaviour dissipate within days to weeks after cessa-
tion of stressors (e.g., Kim et al. 2014). We have proposed
that SS alters the ongoing development of social brain struc-
tures and thus the effects of SS experienced in adolescence
should be evident long after the procedure has ended, which
is the case for many behavioural endpoints including social
behaviours. It will be important to determine whether the
structural changes observed in the present study are long
lasting and directly related to the changes in behaviour.
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