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ARTICLE INFO ABSTRACT

Keywords: Chronic stress can lead to psychiatric illness characterized by impairments of executive function, implicating the
Stress prefrontal cortex as a target of stress-related pathology. Previous studies have shown that various types of

Development chronic stress paradigms reduce dendritic branching, length and spines of medial prefrontal cortex (mPFC)
Morphology pyramidal neurons. However, these studies largely focused on layer II/III pyramidal neurons in adult male rats
:;ifromal cortex with less known about layer V, the site of projection neurons. Because the prefrontal cortex develops throughout
Golgi stain adolescence, stress during adolescence may have a greater impact on structure and function than stress occurring

during adulthood. Furthermore, females display greater risk of stress-related psychiatric disorders, indicating
sex-specific responses to stress. In this study, male and female adolescent (42-48 days old, 4 rats per group) or
adult (68-72 days old, 4 rats per group) Sprague-Dawley rats were exposed to 5 days of repeated social stress in
the resident-intruder paradigm or control manipulation. We examined dendritic morphology of cells in the mPFC
in both layer II/IIl and Layer V. Repeated social stress resulted in decreased dendritic branching in layer II/III
apical dendrites regardless of sex or age. In apical layer V dendrites, stress increased branching in adult males
but decreased it in all other groups. Stress resulted in a decrease in dendritic spines in layer V apical dendrites for
male adolescents and female adults, and this was mostly due to a decrease in filopodial and mushroom spines for
male adolescents, but stubby spines for female adults. In sum, these results suggest that repeated stress reduces
complexity and synaptic connectivity in adolescents and female adults in both input and output layers of pre-
limbic mPFC, but not in male adults. These changes may represent a potential underlying mechanism as to why
adolescents and females are more susceptible to the negative cognitive effects of repeated or chronic stress.

1. Introduction

The medial prefrontal cortex (mPFC) regulates executive functions
including attentional focus and direction, decision-making, behavioral
inhibition and cognitive/behavioral flexibility (Goldman-Rakic, 1996).
Many psychiatric illnesses such as depression, anxiety, schizophrenia,
and post-traumatic stress disorder manifest with impairments in ex-
ecutive function. Thus, the mPFC has been implicated as a potential
contributor to the pathophysiology of these disorders (Gorman et al.,
1989; Grillon et al., 1996; Lewis, 1997; Zubieta et al., 1999; Brody
et al., 2001; Arnsten, 2011; Veeraiah et al., 2014). Many of these dis-
orders have also been associated with exposure to chronic stress, which
impairs cognitive performance (Mazure, 1995; Kessler, 1997; Marin
et al,, 2011; Carr et al, 2013). Various stressors produce distinct
morphological changes to neuronal populations within the rat mPFC.

Short- or long-term daily restraint stress result in decreased arboriza-
tion and dendritic spines in layer II/III mPFC pyramidal neurons
(Brown et al., 2005; Liston et al., 2006; Radley et al., 2006). Daily in-
jection of corticosterone resulted in similar changes, indicating that the
glucocorticoids may play a role in mPFC morphological changes fol-
lowing stress (Wellman, 2001; Seib and Wellman, 2003). Most studies
have focused on examining morphological changes in layer II/III neu-
rons. However, the mPFC has distinct laminar organization, and layer V
pyramidal neurons may be of particular interest to understanding how
chronic stress impairs mPFC control of executive functions. Layer V
pyramidal neurons constitute the primary output neurons of the PFC,
receiving information from the more superficial layers and projecting
out to subcortical structures (Barbas and Pandya, 1989; Berendse et al.,
1992; Yeterian and Pandya, 1994; Ding et al., 2001). They also possess
a unique composition of NMDA receptors that imparts greater plasticity
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and the ability for persistent firing, thought to be the neuronal correlate
of working memory (Wang et al., 2008). A few studies have indicated
that chronic restraint stress results in decreased dendritic spine density
in layer V pyramidal neurons, but these studies have been performed
only on adult male rats (Liu and Aghajanian, 2008; Ramkumar et al.,
2012). Thus, morphological alterations in layer V may have different
functional consequences than in layer II/IIL

The mPFC may be particularly vulnerable to long-term effects of
stress due to its slow maturation, which often extends into the begin-
ning of the third decade of life in humans (Kolb et al., 2012). This af-
fords an extended period of high plasticity to the mPFC and the po-
tential for early-life experiences to cause lasting alterations in mPFC.
Indeed, rats exposed to repeated social stress during adolescence show
greater locus coeruleus (LC) activation, reduced coherence of mPFC and
LC, reduced neuronal excitability and synaptic transmission in mPFC,
and later impairments on an mPFC-dependent task (Snyder et al., 2014;
Zitnik et al., 2015; Urban and Valentino, 2016). These studies identify
the adolescent period as a period of heightened vulnerability to stress.

In addition to age, sex plays a role in the vulnerability to stress.
Females display a higher risk of stress-related psychiatric disorders,
with depression and anxiety having a two-to three-fold greater pre-
valence (Heller, 1993; Blehar, 1995; Pigott, 1999). Rodent studies have
revealed that female rats have a higher baseline level of corticosterone
and greater sensitivity to the stress-related hormone corticosteroid-re-
leasing factor (CRF) which leads to increased activation of the hy-
pothalamic-pituitary adrenal (HPA) axis in response to stress (Kitay,
1961; Kirschbaum et al., 1992; Handa et al., 1994; Bangasser et al.,
2010; Bangasser and Valentino, 2014; Grafe et al., 2017). This greater
hormonal reactivity to stress may underlie the increased vulnerability
of females to stress-related psychiatric disorders, although how exactly
neuronal function and structure may be altered in females compared to
males is still unclear.

For humans, stressors of a social nature are most common, such as
peer bullying and domestic abuse (Brown and Prudo, 1981; Prudo et al.,
1981; Adler et al., 1994; Sapolsky, 2005). Social stress is especially
relevant during adolescence, as this developmental stage is one of dy-
namic social growth and interaction. We previously demonstrated that
repeated social stress has sex- and age-specific effects on strategy-
shifting, a task requiring cognitive flexibility and mPFC function
(Snyder et al., 2014; Snyder et al., 2015), and that it also results in
decreased neuronal excitability and synaptic transmission in layer V
pyramidal neurons in the mPFC of adolescent male and female rats
(Urban and Valentino, 2016).

Given the evidence that chronic stress targets the mPFC to impair
cognitive functions, resulting in symptoms of psychiatric disorders, the
present study examined the effects of repeated social stress (resident-
intruder stress) occurring either during adolescence or adulthood on the
morphology of mPFC pyramidal neurons of male and female Sprague-
Dawley rats. In order to determine if stress effects are laminar-specific,
neurons of both layer II/IIl and layer V were included. This study is, to
the best of our knowledge, the first to systematically examine age-, sex-,
and layer-dependent effects of a relevant social stressor on neuronal
morphology. The working hypothesis was that adolescent and female
rats would be more susceptible to the effects of stress, resulting in
greater dendritic retraction and/or spine loss.

2. Materials and methods
2.1. Animals

Male and female Sprague-Dawley rats (Charles River, Wilmington,
Massachusetts) served as social stress “intruders” (experimental rats) or
age-matched controls. Retired breeder male Long-Evans rats (Charles
River, Wilmington, Massachusetts) served as residents to defeat ex-
perimental males, and lactating female Sprague-Dawley rats served
residents to defeat experimental females as per our previous studies
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(Ver Hoeve et al., 2013). Residents were singly housed in a double-sized
shoebox rat cage, and intruders were initially pair-housed, then sepa-
rated 24 h before testing began. Animals were given one week to ac-
climate upon arrival and access to food and water was ad libitum. All
procedures were approved by the Institutional Animal Care and Use
Committee of the Children's Hospital of Philadelphia.

2.2. Experimental design

Social stress or control manipulation was begun during one of two
developmental periods: adolescence (PD 42-46) or adulthood (PD
69-73). Social stress and control rats were exposed to 5 days of their
respective experimental manipulation. Twenty-four hours after com-
pletion of the final manipulation, rats were sacrificed and brains were
prepared for Golgi staining.

2.3. Social stress

The social stress was a modification of the resident-intruder para-
digm, as previously described (Wood et al., 2010; Chaijale et al., 2013,
2014; Ver Hoeve et al., 2013; Snyder et al., 2014; Chen et al., 2015;
Snyder et al., 2015; Pearson-Leary et al., 2017). Intruders were in-
dividually placed in the home cage of a resident rat, and the resident
and intruder were allowed to freely interact until either the intruder
assumed a submissive defeat posture (> 3 s in a frozen supine position),
5 attacks occurred, or 15 min had elapsed. For females, pups were re-
moved from the resident prior to testing and returned after testing
completed. Upon satisfaction of one of the criteria above, a mesh bar-
rier was placed in the cage to separate the animals. This mesh barrier
allowed for visual, olfactory, and auditory contact for the remainder of
the 30 min period. Immediately following the end of the resident-in-
truder exposure period, intruders were then returned to their home
cages. This was repeated for 5 consecutive days with the intruder being
randomly placed into the home cage of a different resident rat on each
testing day. For all rats subjected to social stress, latency to assume
defeat, number of attacks by the resident, and latency to first attack
were recorded. Control rats were removed from the home cage and
placed into a clean, empty large rat cage for 15min, and then a mesh
barrier was placed in the middle of the cage for an additional 15 min.

2.4. Golgi staining

Twenty-four hours following the final defeat, whole brains were
collected and placed in impregnation solution. The impregnation so-
lution contained a mixture of potassium chloride, mercury chloride,
and potassium dichromate, and was provided as two parts (A and B) to
be mixed 1:1, per the manufacturer's instructions (FD
Neurotechnologies, Columbia, Maryland). The impregnation solution
was replaced after 24 h, and brains were then left for 14 days, with
gentle agitation every 4 days to prevent precipitation of the impreg-
nation chemicals. Following impregnation, the brains were placed in a
rehydration solution (Solution C) for 7 days. Brains were then frozen
and sliced into 180 uM slices on a cryostat. Slices containing prefrontal
cortex were immediately mounted on gelatin-coated slides (FD
Neurotechnologies, Columbia, Maryland). The staining procedure was
followed as described in the FD Neurotechnologies Rapid-Golgi kit, a
commercially available kit. Slides were left to dry in the dark for 2h,
stained, dehydrated with increasing concentrations of ethanol, and
cleared with xylene. Finally, slides were coverslipped with Permount.

2.5. Imaging and neuronal reconstruction

Golgi-stained neurons in the prelimbic region of the medial pre-
frontal cortex were viewed using a Nikon Eclipse NI microscope (Nikon,
Tokyo, Japan) configured with Neurolucida software package (MBF
Bioscience, Williston, Vermont). For dendritic length and branch
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analysis, 3D z-stacks from sequential scans were taken at low zoom
(40 lens) at 1 um increments to include the entire apical and basal
dendritic trees. Total dendritic length and number was determined
within the 3D matrix of each Z-stack using Neurolucida 7 to trace and
reconstruct each neuron.

2.6. Dendritic spine counting

Neurons were visualized using a 100 X oil-immersion lens (Nikon,
Tokyo, Japan). Spines were counted for layer II/IIl and layer V using
the following criteria: basal dendrite 40 pm segments were sampled at
midway between the soma and the distal termination (medial) and at
the distal termination of the dendrite branch and combined, apical
50 um segments were sampled at midway between the soma and the
distal termination (medial) and at the distal termination of the dendrite
branch (distal), and combined. Spines were classified as spiny, filopo-
dial, or mushroom (Hering, 2001b).

2.7. Data analysis and statistics

Number of cells assessed and number of animals are provided in the
Figure Legends. Apical and basal dendrite lengths, branching, and
complexity were recorded. Sholl analysis was also performed on all
reconstructions, measuring intersections at successive 20 pm concentric
circles. JMP Statistics (SAS, Cary, North Carolina) was used to run re-
peated measures ANOVA on Sholl intersections and three-way full
factorial ANOVAS with sex, age, and stress as factors on dendritic
length, branch numbers, and dendritic spine number. Posthoc com-
parisons were by Tukey's HSD unless otherwise noted.

3. Results
3.1. Stress effects on basal dendritic branching

We first examined dendritic branching in basal dendrites of layer II/
III and layer V neurons. There was a main effect of stress to decrease
branching in layer II/III [F(1,238) = 26, p < 0.0001] suggesting stress
decreased branching regardless of age or sex. In addition, stress reduced
layer II/III basal dendritic branching in male adults only [Fig. 1A.1;
Age*Sex*Stress interaction: F(1,238) = 6.6, p = 0.01]. In layer V,
stress increased branching in male adults [Fig. 1B.1; Age*Sex*Stress
interaction: F(1,257) = 12.4, p = 0.0005]. There was an interaction of
Age*Stress whereby stress reduced branching in adolescents and in-
creased it in adults as well [F(1,257) = 16.2, p < 0.0001]. However,
this was due mostly to the increase in stressed adult males as the post-
doc between adolescent control and adolescent stressed animals was
not significant.

3.2. Stress effects on apical dendritic branching

In layer II/III there was no main effect; however, stress reduced
apical dendritic branching in adolescents compared to adults regardless
of sex [Fig. 1A.2; Age*Stress interaction: F(1,238) = 12, p = 0.0006].
In layer V, there was a main effect of stress to decrease branching [F
(1,257) = 8.3, p < 0.005]. Stress decreased apical dendritic branching
in females but not in males regardless of age [Fig. 1B.2; Sex*Stress
interaction: F(1,257) = 9.8, p < 0.005]. Stress increased branching in
adult males and decreased it in all other groups [Fig. 1B.2; Age*-
Sex*Stress interaction: F(1,257) = 7.2, p < 0.01; Student's t-test
p < 0.05]. The sum of all the significant effects indicated that stress
has opposing effects on branching in adult males vs. all other groups,
increasing branching in adult males but decreasing branching in all
other groups.

The unique alterations of dendritic complexity in adult males were
further examined via Sholl analysis specifically in the control and
stressed adult males. Stress decreased intersections in layer II/III basal
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dendrites [Fig. 2A.1; F(1,58) = 5.99, p = 0.0184], and increased in-
tersections in layer V basal dendrites [Fig. 2B.1; F(1,62) = 41.43,
p < 0.0001]. There was no effect in layer II/IIl apical dendrites
[Fig. 2A.2]. However, stress also increased intersections in layer V
apical dendrites [Fig. 2B.2; F(1,62) = 23.78, p < 0.0001]. Overall, the
results from branching and sholl analysis showed a consistent picture of
stress reducing branching in basal but not apical dendrites of Layer 11/
III but an increase in both basal and apical dendrites in Layer V. The
changes produced by stress in adolescent groups were similar to those
produced in adult females.

3.3. Stress effects on dendritic spines

In order to understand if dendritic structural changes were related
to alterations in synaptic connectivity, we examined dendritic spines in
layer II/1II and layer V on both apical and basal dendrites. We examined
dendritic spines in a medial and distal 40 um segment for basal den-
drites in both layer II/IIl and layer V neurons, combined medial and
distal portions, and recorded the average spine density (number of
spines per pum) for each dendrite. In basal layer II/IIl dendrites, there
was no main effect of stress, but females had greater dendritic spine
density than males regardless of age of stress [Sex Effect, Fig. 3A.1; F
(1,79) = 7.19, p = 0.0091]. Post-hoc tests from the significant three
way interaction indicated that stressed adolescent females have in-
creased spine density compared to stressed female adults and stressed
adolescent males [Fig. 3A.1; Sex*Age*Stress Interaction, F
(1,79) = 12.75, p = 0.0006]. In layer V basal dendrites, stress reduced
spine density regardless of age or sex [Fig. 3B.1; F(1,79) = 4.92,
p = 0.03]. In addition, adult males had lower spine density than adult
females or adolescent males regardless of stress [Age*Sex Interaction, F
(1,79) = 6.59, p = 0.01]. Adult male controls had reduced dendritic
spine density compared to adult female controls.

We examined medial (50 pm midway down the dendritic length),
and distal (final 50 pm) segments of apical dendrites in layer II/IIl and
layer V, combined medial and distal portions, and recorded the average
spine density (number of spines per um) for each dendrite. There was
no effect on layer II/III apical dendrites. However, in layer V apical
dendrites, stress reduced dendritic spine density regardless of sex or age
[main effect of Stress F(1,79) = 22.55, p < 0.0001], and this was
driven by adolescent males and adult females [Fig. 3B.2; Age*Sex*S-
tress Interaction, F(1,79) = 21.21, p < 0.0001]. Additionally, adult
female controls had greater spine density than adolescent female con-
trols.

In order to more thoroughly examine how dendritic spine and ex-
pected synaptic function may change following repeated stress, we
classified dendritic spines into three subtypes: filopodial, mushroom,
and stubby (Rochefort and Konnerth, 2012).

3.4. Filopodial spine density

We first examined filopodial spines, characterized as thin pro-
tuberances lacking a bulbous head (Hering, 2001b). In layer II/III basal
dendrites, age increased filopodial spine density [Fig. 4A.1; significant
effect of Age: F(1,79) = 12.83, p = 0.0006]. Females had greater filo-
podial spine density than males regardless of age or stress [Fig. 4A.1;
Sex Effect, F(1,79) = 11.78, p = 0.001]. There was no main effect of
stress, but female stressed adolescents had greater spine density than
stressed male adolescents, and female adult controls had greater spine
density than male adult controls and adolescent male controls
[Fig. 4A.1; Age*Sex*Stress Interaction, F(1,79) = 11.09, p = 0.0014].
There was no effect in layer V basal dendrites [Fig. 4B.1].

There was no overall effect in layer II/III apical dendrites, but fe-
males had greater filopodial spine density than males [Fig. 4A2; Sex
Effect: F(1,79) = 7.57, p = 0.0075]. However, in layer V apical den-
drites, male controls had greater filopodial spine density than stressed
males and female controls regardless of age [Fig. 4B.2; Sex*Stress
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Fig. 1. Dendritic Morphology. Dendritic branching
in both apical and basal dendrites was assessed in
adolescent and adult males and females in layer II/III
and layer V. (* = p < 0.05, post-hoc 3-way inter-
action; ¥ = p < 0.05, age effect; # = p < 0.05, sex
effect; T = p < 0.05, stress effect). A) Layer II/III
1. Basal Dendritic Branching. Five days of social
stress decreased branching, regardless of age or sex.
Furthermore, stress reduced branching in male
adults. Group sizes were: n = 32 cells/4 rats for male
adult controls, 25 cells/4 rats for male adult defeats,
28 cells/4 rats for male adolescent controls, 28 cells/
4 rats for male adolescent defeats, 31 cells/4 rats for
female adult controls, 36 cells/4 rats for female adult
defeats, 25 cells/4 rats for female adolescent con-
trols, 34 cells/4 rats for female adolescent defeats.2.
Apical Dendritic Branching. Social stress decreased
apical branching in adolescents regardless of sex.
Group sizes were: n = 32 cells/4 rats for male adult
controls, 25 cells/4 rats for male adult defeats,
28 cells/4 rats for male adolescent controls, 28 cells/
4 rats for male adolescent defeats, 31 cells/4 rats for
female adult controls, 36 cells/4 rats for female adult
defeats, 25 cells/4 rats for female adolescent con-
trols, 34 cells/4 rats for female adolescent
defeats).* = p < 0.05.B) Layer V. 1. Basal
Dendritic Branching. Social stress increases dendritic
branching in adult males. Group sizes were:
n = 36 cells/4 rats for male adult controls, 37 cells/4
rats for male adult defeats, 34 cells/4 rats for male
adolescent controls, 30 cells/4 rats for male adoles-
cent defeats, 30 cells/4 rats for female adult controls,
30 cells/4 rats for female adult defeats, 31 cells/4
rats for female adolescent controls, 30 cells/4 rats for
female adolescent defeats.2. Apical Dendritic
Branching. Social stress increased branching in adult
males but decreased branching in female adoles-
cents, male adolescents, and female adults. Group

l’cmalc

F(-malc

sizes were: n = 36 cells/4 rats for male adult controls, 37 cells/4 rats for male adult defeats, 34 cells/4 rats for male adolescent controls, 30 cells/4 rats for male
adolescent defeats, 30 cells/4 rats for female adult controls, 30 cells/4 rats for female adult defeats, 31 cells/4 rats for female adolescent controls, 30 cells/4 rats for

female adolescent defeats.* = p < 0.05.

Interaction, F(1,79) = 6.86, p = 0.01]. There was no main effect of
stress, but stress decreased filopodial spine density in male adolescents,
and male adolescent controls had greater spine density than female
adolescent controls [Fig. 4B.2; Age*Sex*Stress Interaction, F
(1,79) = 9.8, p = 0.0025].

3.5. Mushroom spine density

We next examined mushroom spines, characterized by a thin neck
with a bulbous head (Hering, 2001b). In basal layer II/III dendrites, age
decreased mushroom spine density regardless of sex or stress [Fig. 5A.1;
F(1,79) = 16.5, p = 0.0002]. There was no main effect of sex or stress.
There was an interaction of Age*Sex*Stress such that stressed female
adolescents had greater mushroom spine density than stressed male
adolescent, control or stressed adult females and control and stressed
adult males [Fig. 5A.1; F(1,79) = 6.66, p = 0.0012]. Furthermore,
stress reduced density in adolescent males. In layer V basal dendrites,
age increased mushroom spine density regardless of sex or stress
[Fig. 5B.1; F(1,79) = 6.98, p = 0.01], and stress reduced mushroom
spine density regardless of age or sex [Fig. 5B.1; F(1,79) = 7.14,
p = 0.009].

There was no effect on apical layer II/III dendrites [Fig. 5A.2]. In
layer V apical dendrites, stress decreased spine density regardless of sex
or age [F(1,79) =17.49, p < 0.0001]. Females overall had greater
mushroom spine density than males regardless of age or stress
[Fig. 5B.2; Sex effect, F(1,79) = 4.3, p = 0.04]. Stress reduced mush-
room spine density in male adolescents and female adults, and adult

female controls had greater spine density than adult male controls or
adolescent female controls [Fig. 5B.2; Age*Sex*Stress Interaction, F
(1,79) = 17.5, p < 0.0001].

3.6. Stubby spine density

Finally, we examined stubby dendritic spines, which are short
structures that lack a defined neck (Hering, 2001b). In layer II/III basal
dendrites, there was no main effect, but adult controls had greater
stubby spine density than adolescent controls [Fig. 6A.1; Age*Stress
Interaction, F(1,79) = 10.3, p = 0.002]. Stress reduced stubby spine
density in adult females and adult stressed females had lower stubby
spine density than stressed adolescent females and adult males
[Fig. 6A.1; Age*Sex*Stress Interaction, F(1,79) = 4.8, p = 0.03]. In
layer V basal dendrites, stress reduced stubby spine density regardless
of age or sex [Fig. 6B.1; Stress Effect: F(1,79) = 11, p = 0.0014]. Males
had greater stubby spine density than females regardless of age or stress
[Fig. 6B.1; Sex Effect, F(1,79) = 5.3, p = 0.024].

In layer II/III apical dendrites, there was no effect [Fig. 6A.2].
However, stress reduced stubby spine density in layer V apical dendrites
[Fig. 6B.2; Stress Effect: F(1,79) = 18.2, p < 0.0001], and this was
driven by adults, both male and female [Fig. 6B.2; Age*Stress Interac-
tion, F(1,79) = 6.5, p = 0.013].

4. Discussion

The present study is the first to characterize the effects of repeated
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Fig. 2. Dendritic Arborization and Complexity in
Adult Males. Sholl analysis was run on adult male
neurons in layer II/IIl and layer V, using 20pum
concentric rings. Intersections of dendrites with each
concentric ring were recorded. Group
size = 34 cells/4 rats for controls, 30 cells/4 rats for
defeats. A. Layer II/IIL. 1. Basal Dendrites. Repeated
social stress decreased the complexity as measured
by number of intersections. 2. Apical Dendrites.
There was no effect of stress. B. Layer V. 1. Basal
Dendrites. Repeated social stress increased the com-
plexity as measured by number of intersections. 2.
Apical Dendrites. Repeated social stress increased the
complexity as measured by number of intersections.
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social stress on the morphology of prefrontal cortical neurons of both
layer II/III and layer V in an age- and sex-dependent manner. Repeated
social stress reduced dendritic branching in adolescents (both males
and females) in apical dendrites of neurons in layer II/III. In contrast,
stress increased branching in adult males in layer V neurons, both in the
basal and apical dendrites. These results were supported by Sholl ana-
lysis, which revealed increased complexity in neurons of adult males
following stress. Total dendritic spine density was decreased following
repeated social stress in adolescent males and adult females, and this
was mostly due to decreases in filopodial and mushroom spine density
for adolescent males but stubby spine density for adult females.

4.1. Relationship to previous studies

There are multiple studies examining the effects of stress on pre-
frontal cortical neurons, although the majority of these have focused on
layer II/III neurons only or did not distinguish layer, and used adult rats
as experimental subjects. Chronic restraint stress has been shown to
reduce apical dendritic arborization in layer II/1II in prefrontal cortex in
males (Cook and Wellman, 2004; Brown et al., 2005; Liston et al.,
2006). Chronic uncontrollable stress paradigms also reduce branching
in apical mPFC neurons (Izquierdo et al., 2006). However, not all stress
paradigms reduce dendritic branching and spines. Prenatal stress and
maternal separation increase dendritic spines in apical and basilar
neurons in mPFC, but decrease these measures in orbital frontal cortex
(Muhammad et al., 2012). Despite the prevalence of literature on stress
effects on layer II/III PFC neurons, comparatively little is known about
morphological changes in layer V neurons. Layer V pyramidal neurons
in the PFC are the primary output neurons, and are uniquely plastic and
sensitive to perturbations due to their high concentrations of NR2B-
containing NMDA receptors (Wang et al., 2008). In one of the few
studies examining layer V neurons, repeated restraint stress was shown

400 600 800 110°

Distance from soma (microns)

to reduce arborization and spine density in distal tufts of apical den-
drites (Liu and Aghajanian, 2008).

The present study substantially increased the current state of
knowledge by systematically examining the effects of repeated social
stress on both layer II/IIl and layer V neurons, both apical and basal
dendrites, in both sexes over development. Resident-intruder stress was
selected because for humans, stressors of a social nature are most pre-
valent and this paradigm can be considered a relevant model of human
social stress (Bjorkqvist, 2001; Blanchard et al., 2001). Despite the re-
levance of this model to human stress, the effects of resident-intruder
stress on the morphology of mPFC neurons has not been explored.

4.2. Social stress has opposing effects on dendritic branching in adult males
versus adolescents and females

Repeated social stress reduced branching in layer II/III apical den-
drites in adolescents of both sexes and, in addition, in layer V apical
dendrites of female adults. Dendritic branching was also decreased in
basal dendrites of layer II/III neurons in adult males. In contrast, stress
resulted in increased branching in adult males in layer V neurons, both
apical and basal dendrites. In a previous study on the functional effects
of repeated social stress, we noted reduced excitability of layer V PFC
pyramidal neurons in adolescents of both sexes as well as female adults,
but not in adult males (Urban and Valentino, 2016). The morphological
changes in layer V apical dendrites of adolescents and adult females
corroborate the functional results of our previous study. However, we
noted no functional changes in adult males despite seeing morpholo-
gical alterations in this study. Here in adult males, we see an increase in
branching in layer V basal and apical dendrites, but a decrease in layer
II/1II basal dendrites. The mPFC has a distinct laminar organization,
with layer II/III neurons receiving inputs from subcortical and cortical
structures. These layer II/III neurons send projections deeper to layer V,
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Fig. 3. Total Dendritic Spine Densities. Dendritic
spines were counted in 40 pum segments midway
down the basal dendrites and at the distal termina-
tion, and in 50 pm segments midway and at the distal
termination for apical dendrites and averaged to
create a final spines/um density for adolescent and
adult males and females. (* = p < 0.05, post-hoc 3-
way interaction; @ = p < 0.05, post-hoc 2-way
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interaction; ¥ = p < 0.05, age effect;
# = p < 0.05, sex effect; T = p < 0.05, stress
effect). A. Layer II/III. 1. Basal Dendrites. Females
had greater spine density than males regardless of
age or stress. There is an interaction of
Age*Sex*Stress such that stressed adolescent females
have spine density greater than stressed adolescent
males or stressed female adults. The group sizes
were: n 9 cells/4 rats for male adult controls,

2. Apical

—
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| B STRESS T/
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10 cells/4 rats for stressed male adults, 9 cells/4 rats
for male adolescent controls, 10 cells/4 rats for
stressed male adolescents, 7 cells/4 rats for female
adult controls, 14 cells/4 rats for stressed female
adults, 11 cells/4 rats for female adolescent controls,
10 cells/4 rats for stressed female adolescents. 2.

12 * Apical Dendrites. There was no effect on apical

E E il - i dendritic spine density. The group sizes were:
3 3 L - - n = 9 cells/4 rats for male adult controls, 10 cells/4
£ £ rats for stressed male adults, 9 cells/4 rats for male
i i " adolescent controls, 10 cells/4 rats for stressed male
E 2 adolescents, 7 cells/4 rats for female adult controls,
"E f 14 cells/4 rats for stressed female adults, 11 cells/4
£ £ rats for female adolescent controls, 10 cells/4 rats for
i i stressed female adolescents]. B. Layer V. 1. Basal
< ol 2 K ,  Dendrites. Adult males had lower spine density than
Adult Adolescent Adult Adolescent Adok Adult  Adol adult females or adolescent males regardless of
T —FmT Male Female stress. Adult male controls had lower spine density

than adult female controls. Stress reduced dendritic

spine density overall regardless of sex or age. Group sizes were: n = 10 cells/4 rats for male adult controls, 9 cells/4 rats for male adult defeats, 11 cells/4 rats for
male adolescent controls, 10 cells/4 rats for male adolescent defeats, 9 cells/4 rats for female adult controls, 10 cells/4 rats for female adult defeats, 10 cells/4 rats for
female adolescent controls, 11 cells/4 rats for female adolescent defeats. 2. Apical Dendrites. Stress decreased spine density overall regardless of age or sex. This was
driven by adult females and adolescent males. Adult female controls had greater spine density than adolescent female controls. Group sizes were: n = 10 cells/4 rats
for male adult controls, 9 cells/4 rats for stressed male adults, 11 cells/4 rats for male adolescent controls, 10 cells/4 rats for stressed male adolescents, 9 cells/4 rats
for female adult controls, 10 cells/4 rats for stressed female adults, 10 cells/4 rats for female adolescent controls, 11 cells/4 rats for stressed female adolescents.

and layer V neurons project out to PFC target structures (Yeterian and
Pandya, 1994; Ding et al., 2001). Thus, it is possible that in adult males,
the reductions in basal branching in layer II/III result in reduced re-
sponsiveness to inputs from stress-related structures like amygdala and
nucleus accumbens, but that increased branching in layer V neurons
compensates for this reduced connectivity in layer II/III, resulting in no
note change in excitability in the mPFC. In all other groups, male
adolescents, female adolescents, and female adults, we see decreased
branching in either or both layer II/IIl and layer V apical dendrites,
which likely underlies the net decrease in excitability and synaptic
transmission in layer V neurons seen in our previous study and may
suggest reduced mPFC output to subcortical structures (Urban and
Valentino, 2016).

4.3. Stress effects on dendritic spines

In this study, repeated social stress resulted in decreased total
dendritic spine density in apical dendrites of layer V neurons of ado-
lescent males and adult females but not in adult males. Dendritic spines
represent locations for synaptic connections, and changes in total spine
density are thought to index the state of synaptic connectivity.
However, there are multiple classes of dendritic spines, each with its
own morphological and synaptic characteristics. Filopodial spines are
thin structures lacking a defined head and neck. They are transient,
common on developing neurons, and may represent precursors to ma-
ture spines (Hering, 2001a; Rochefort and Konnerth, 2012). Mushroom

spines have a thin neck and bulbous head and are thought to indicate
mature synapses. Stubby spines are short and devoid of a neck and
prominent between postnatal developmental stages (Rochefort and
Konnerth, 2012). Spines with larger heads are thought to indicate
stronger synaptic connections (Hering, 2001b). Interestingly, in our
study adults had increased filopodial spine density in layer II/III basal
dendrites and mushroom spines in basal layer V neurons following
stress compared to adolescents overall. Unlike other cortical regions,
prefrontal cortex maintains a high degree of plasticity throughout life.
As new synaptic connections must form constantly, a high number of
filopodial spines is not unexpected (Wang et al., 2008). A reduction in
filopodial spines following exposure to stress suggests that following
repeated social stress, male adolescents may have reduced connectivity
between layer II/1II and layer V neurons, which could result in impaired
prefrontal cortical control of cognitive processing.

The prefrontal cortex undergoes a final wave of synaptic pruning
and maturation following puberty (Arain et al., 2013). As mushroom
spines are considered to represent mature spines with active robust
synapses, changes in mushroom spine density are likely to reflect es-
tablished, static synapses (Hering, 2001b). Mushroom spines are in-
creased with age in basal dendrites of layer V neurons but decreased
with age in basal dendrites of layer II/III neurons, indicating differential
pruning in these two layers. Stress decreased mushroom spine density
in adolescents and adult females in layer V, suggesting that any stress-
induced cognitive impairment in these groups may be due to decreased
mature synapses in the mPFC output neurons.
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Fig. 4. Filopodial Spine Densities. Filopodial
spines were counted in 40 pum segments midway
down the basal dendrites and at the distal termina-
tion, and in 50 pm segments midway and at the distal
termination for apical dendrites and averaged to
create a final spines/um density for adolescent and
adult males and females. (* = p < 0.05, post-hoc 3-
way interaction; ¥ = p < 0.05, age effect;
# = p < 0.05, sex effect; T = p < 0.05, stress
effect). A. Layer II/III. 1. Basal Dendrites. Spine
density increased with age overall regardless of stress
or sex. Females had more filopodial spines than
males regardless of age or stress. There was an in-
teraction of Age*Sex*Stress such that female stressed
adolescents had greater spine density than stressed
male adolescents, and female adult controls had
greater spine density than male adult controls and
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;.;;m. n = 9 cells/4 rats for male adult controls, 10 cells/4
rats for stressed male adults, 9 cells/4 rats for male
adolescent controls, 10 cells/4 rats for stressed male
adolescents, 7 cells/4 rats for female adult controls,
14 cells/4 rats for stressed female adults, 11 cells/4
rats for female adolescent controls, 10 cells/4 rats for
stressed female adolescents. 2. Apical Dendrites.
Females had greater spine density than males re-
gardless of age or stress. Group sizes were:
n = 9 cells/4 rats for male adult controls, 10 cells/4
rats for stressed male adults, 9 cells/4 rats for male
adolescent controls, 10 cells/4 rats for stressed male
adolescents, 7 cells/4 rats for female adult controls,
14 cells/4 rats for stressed female adults, 11 cells/4
rats for female adolescent controls, 10 cells/4 rats for

t Adult Adol

Male__________Female Male
#

.2

stressed female adolescents. B. Layer V. 1. Basal
Female

Dendrites. There was no effect on filopodial spine
density. Group sizes were: n = 10 cells/4 rats for

male adult controls, 9 cells/4 rats for stressed male adults, 11 cells/4 rats for male adolescent controls, 10 cells/4 rats for stressed male adolescents, 9 cells/4 rats for
female adult controls, 10 cells/4 rats for stressed female adults, 10 cells/4 rats for female adolescent controls, 11 cells/4 rats for stressed female adolescents. 2. Apical
Dendrites. Male controls had greater spine density than female controls and stressed males regardless of age. Stress decreased filopodial spine density in male
adolescents. Male adolescent controls have greater spine density than female adolescent controls. Group sizes were: n = 10 cells/4 rats for male adult controls,
9 cells/4 rats for stressed male adults, 11 cells/4 rats for male adolescent controls, 10 cells/4 rats for stressed male adolescents, 9 cells/4 rats for female adult controls,
10 cells/4 rats for stressed female adults, 10 cells/4 rats for female adolescent controls, 11 cells/4 rats for stressed female adolescents.

Stress decreased stubby spine density in basal dendrites of layer V
neurons in general, and in apical dendrites of layer V neurons for
adults. The function of stubby spines is less clear. They have been
proposed to indicate older, dying synapses, but have also been proposed
to represent mature synapses with faster kinetics than mushroom sy-
napses due to their shorter length (Hering, 2001b; Rochefort and
Konnerth, 2012). Thus, these results may represent ongoing synaptic
retraction, or may indicate that in adolescents, there is a selective loss
of fast kinetic synapses, resulting in slower signal transmission in pre-
frontal cortex, whereas in female adults both fast and slow kinetic sy-
napses are affected.

4.4. Baseline age and sex effects

Our study reveals striking age- and sex-dependent effects of re-
peated social stress. However, morphological differences between
adolescents and adults and between males and females without stress
are also of importance. Post hoc analyses revealed several interesting
differences among non-stressed control groups. Male adult controls had
reduced branching in layer V basal dendrites compared to female
controls of both ages and male adolescent controls, and reduced
branching in layer V apical dendrites compared to male adolescent
controls. Adult male controls also had lower total spine density in layer
V basal dendrites than female adult controls, and adult female controls
had greater spine density than adolescent female controls in layer V
apical dendrites. The majority of baseline spine density differences

seemed to be attributable to filopodial spines, with adult female con-
trols having greater filopodial spine density in layer II/III basal den-
drites than male controls of both ages, and adolescent male controls
having higher filopodial spine density than female adolescent controls
in layer V apical dendrites. Adult female controls also had higher
density of mushroom spines in layer V apical dendrites compared to
both adult male and adolescent female controls. These differences in-
dicate that sex and age-dependent differences in morphology exist re-
gardless of stress experience. Overall, adult females seemed to have
higher baseline levels of branching and spine density than adult males,
perhaps indicating reduced synaptic pruning in females.

4.5. Functional implications

Repeated social stress altered prefrontal cortical pyramidal neuron
morphology in a sex-, age-, and layer-dependent manner. In our pre-
vious study, we noted that repeated social stress reduced neuronal ex-
citability and synaptic transmission in layer V pyramidal neurons of
adolescents of both sexes and female adults, but not male adults (Urban
and Valentino, 2016). In this study, repeated social stress reduced
apical dendritic branching in adolescents and adult females, indicating
reduced connectivity between deep cortical output layers and more
superficial input layers. We noted reductions in density of filopodial
and mushroom spines in male adolescents and stubby spines in female
adults. Taken together, these results suggest that following repeated
social stress, the prefrontal cortex of adolescents and female adults
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Fig. 5. Mushroom Spine Densities. Mushroom
spines were counted in 40 pum segments midway
down the basal dendrites and at the distal termina-
tion, and in 50 pm segments midway and at the distal
termination for apical dendrites and averaged to
create a final spines/um density for adolescent and
adult males and females. (* = p < 0.05, post-hoc 3-
way interaction; ¥ = p < 0.05, age effect;
# = p < 0.05, sex effect; T = p < 0.05, stress
effect). A. Layer II/III. 1. Basal Dendrites. Age de-
creased spine density. There was an interaction of
Age*Sex*Stress such that stressed female adolescents
had greater spine density than stressed male ado-
lescents, stressed female adults, female adult con-
trols, adult male controls and stressed adolescent
males. Stress reduced spine density in male adoles-

cents. Group sizes were: n = 9 cells/4 rats for male
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adult controls, 10 cells/4 rats for stressed male
adults, 9 cells/4 rats for male adolescent controls,
10 cells/4 rats for stressed male adolescents, 7 cells/
4 rats for female adult controls, 14 cells/4 rats for
stressed female adults, 11 cells/4 rats for female
adolescent controls, 10 cells/4 rats for stressed fe-

d male adolescents]. 2. Apical Dendrites. There was no

* effect on mushroom spine density. Group sizes were:
g n = 9cells/4 rats for male adult controls, 10 cells/4
rats for stressed male adults, 9 cells/4 rats for male

adolescent controls, 10 cells/4 rats for stressed male
adolescents, 7 cells/4 rats for female adult controls,
14 cells/4 rats for stressed female adults, 11 cells/4
rats for female adolescent controls, 10 cells/4 rats for
stressed female adolescents. B. Layer V. 1. Basal

Adult  Adol

Adult  Adok Dendrites. Spine density increased with age overall

J

Male Fu'mlo

J
T
Male

T

Female regardless of sex or stress. Stress decreased spine

density. Group sizes were: n = 10 cells/4 rats for

male adult controls, 9 cells/4 rats for stressed male adults, 11 cells/4 rats for male adolescent controls, 10 cells/4 rats for stressed male adolescents, 9 cells/4 rats for
female adult controls, 10 cells/4 rats for stressed female adults, 10 cells/4 rats for female adolescent controls, 11 cells/4 rats for stressed female adolescents. 2. Apical
Dendrites. Females had greater spine density than males regardless of stress or age. Stress also decreased spine density regardless of age or sex. This was driven by
stress decreasing spine density in male adolescents and female adults. Adult female controls had greater spine density than adult male controls or adolescent female
controls. Group sizes were: n = 10 cells/4 rats for male adult controls, 9 cells/4 rats for stressed male adults, 11 cells/4 rats for male adolescent controls, 10 cells/4
rats for stressed male adolescents, 9 cells/4 rats for female adult controls, 10 cells/4 rats for stressed female adults, 10 cells/4 rats for female adolescent controls,

11 cells/4 rats for stressed female adolescents.

undergoes remodeling that decreases both connectivity and respon-
siveness to interlaminar inputs. This would result in decreased top-
down cognitive processing following stress, allowing for not only in-
creased amygdalar drive, but potentially the emergence of executive
function deficits, a hallmark of stress-related psychiatric and cognitive
disorders (Arnsten, 2009, 2011). Indeed, dendritic spine loss has been
observed in human patients and animal models of depression, schizo-
phrenia, and bipolar disorder (Konopaske et al., 2014; Qiao et al., 2016;
Csabai et al., 2018).

Also of interest is the finding that in adult males, dendritic
branching and arborization is decreased in basal dendrites of layer II/III
but increased in apical and basal dendrites of layer V. This may re-
present a compensatory mechanism that underlies the resilience of
adult males to many of the negative cognitive effects of a variety of
social stressors (Weintraub et al., 2010; Snyder et al., 2014). Further-
more, male rats develop territorial aggression towards other males as a
natural sexual behavior as they routinely combat for access to territory
and females in the wild (Thor and Flannelly, 1976). Thus, the unique
morphological profile seen in adult male rats following social stress
may indicate that the stressor is subjectively different for these animals
than it is for adolescents or females, groups that do not naturally fight
for mates. In addition, the experience of social defeat may differ be-
tween males and females because males are fighting for territory/
dominance while female residents are primarily engaging in aggressive
interactions to protect their offspring (Blanchard et al., 2001).

The resident-intruder paradigm has strong relevance to common

social stressors in humans, and may therefore provide more easily
translatable results. However, there is great variability among the ef-
fects of various types of stress in rodents. Furthermore, the majority of
these studies have focused on adult males and layer II/III neuronal
morphology (Cook and Wellman, 2004; Brown et al., 2005; Liston et al.,
2006; Perez-Cruz et al., 2007; Luczynski et al., 2015). Interestingly,
Cook and Wellman found that only apical dendritic arbors were re-
duced by stress, whereas our study revealed reductions in layer II/III
apical and basal arbors in adult males (Cook and Wellman, 2004).
Perez-Cruz found a hemispheric difference as well, with restraint stress
reducing dendritic arbors in right hemisphere more than in left, abol-
ishing a baseline hemispheric bias of longer arbors in right mPFC
(Perez-Cruz et al., 2007). These differences highlight the importance of
examining multiple stressors, and suggest that comprehensive devel-
opmental and sex difference morphology studies such as ours should be
completed using several stressors to confirm the translational strength
and the influence of type of stressor.

In conclusion, this study revealed distinct age-, sex- and layer-de-
pendent alterations in pyramidal neuron morphology following re-
peated social stress. It extends previous knowledge by systematically
examining both layer II/IIl and layer V neurons, and both apical and
basal dendrites in males and females over development. Reductions in
complexity and dendritic spine density in layer V apical dendrites of
adolescents and female adults were consistent with reductions in neu-
ronal function previously revealed, and suggest reduced connectivity
between the mPFC and subcortical structures following stress.
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Fig. 6. Stubby Spine Densities. Stubby spines were
counted in 40 pm segments midway down the basal
dendrites and at the distal termination, and in 50 pm
segments midway and at the distal termination for
apical dendrites and averaged to create a final
spines/um density for adolescent and adult males
and females. (* = p < 0.05, post-hoc 3-way inter-
action; @ = p < 0.05, post-hoc 2-way interaction;
£ =p < 0.05, age effect; # = p < 0.05, sex effect;
T =p < 0.05, stress effect). A. Layer II/III. 1. Basal
Dendrites. Stress decreased spine density in female
adults, and these stressed female adults had lower
spine density than female stressed adolescents and
male adult stressed rats. Group sizes
n = 9cells/4 rats for male adult controls, 10 cells/4
rats for stressed male adults, 9 cells/4 rats for male
adolescent controls, 10 cells/4 rats for stressed male
adolescents, 7 cells/4 rats for female adult controls,
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14 cells/4 rats for stressed female adults, 11 cells/4
rats for female adolescent controls, 10 cells/4 rats for
stressed female adolescents.

2. Apical Dendrites. There was no effect on stubby
spine density. Group sizes were: n = 9 cells/4 rats for
male adult controls, 10 cells/4 rats for stressed male
adults, 9cells/4 rats for male adolescent controls,
10 cells/4 rats for stressed male adolescents, 7 cells/
4 rats for female adult controls, 14 cells/4 rats for
stressed female adults, 11 cells/4 rats for female
adolescent controls, 10 cells/4 rats for stressed fe-
male adolescents. B. Layer V. 1. Basal Dendrites.
Overall, males have greater spine density than fe-
males regardless of age or stress. Stress decreases
spine density regardless of sex or age. Group sizes
were: n = 10 cells/4 rats for male adult controls,

Adult Adolescent Adult Adolescent
— —

Male Female

9 cells/4 rats for male adult defeats, 11 cells/4 rats
for male adolescent controls, 10 cells/4 rats for
stressed male adolescents, 9 cells/4 rats for female

adult controls, 10 cells/4 rats for stressed female adults, 10 cells/4 rats for female adolescent controls, 11 cells/4 rats for stressed female adolescents. 2. Apical
Dendrites. Stress decreased spine density overall and this was driven by significant effects of stress in adult males and females but not in adolescents. Stress decreases
spine density in adults. Group sizes were: n = 10 cells/4 rats for male adult controls, 9 cells/4 rats for stressed male adults, 11 cells/4 rats for male adolescent
controls, 10 cells/4 rats for stressed male adolescents, 9 cells/4 rats for female adult controls, 10 cells/4 rats for stressed female adults, 10 cells/4 rats for female

adolescent controls, 11 cells/4 rats for stressed female adolescents.

However, in adult male mPFC, reductions in basal dendritic branching
in layer II/III was met with increased branching in both basal and apical
dendrites of layer V, and overall spine density was not altered, in-
dicating that in adult males, connectivity of mPFC to subcortical
structures may increase following stress, buffering the cognitive im-
pacts of social stress. These distinct changes may begin to elucidate how
the sexes differ with their vulnerability to stress-related disorders.
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