
ORIGINAL RESEARCH
published: 09 May 2018

doi: 10.3389/fnbeh.2018.00087

Altered Behavior in Mice Socially
Isolated During Adolescence
Corresponds With Immature
Dendritic Spine Morphology and
Impaired Plasticity in the Prefrontal
Cortex
William E. Medendorp1,2, Eric D. Petersen1,2, Akash Pal1,2, Lina-Marie Wagner1,
Alexzander R. Myers1, Ute Hochgeschwender1,2* and Kenneth A. Jenrow1,3

1Neuroscience Program, Central Michigan University, Mount Pleasant, MI, United States, 2College of Medicine, Central
Michigan University, Mount Pleasant, MI, United States, 3Department of Psychology, Central Michigan University, Mount
Pleasant, MI, United States

Edited by:
Djoher Nora Abrous,

Université de Bordeaux, France

Reviewed by:
Jenny Lucy Fiedler,

Universidad de Chile, Chile
Ben Nephew,

Tufts University, United States

*Correspondence:
Ute Hochgeschwender
hochg1u@cmich.edu

Received: 31 December 2017
Accepted: 20 April 2018
Published: 09 May 2018

Citation:
Medendorp WE, Petersen ED, Pal A,

Wagner L-M, Myers AR,
Hochgeschwender U and Jenrow KA

(2018) Altered Behavior in Mice
Socially Isolated During Adolescence

Corresponds With Immature
Dendritic Spine Morphology and

Impaired Plasticity in the
Prefrontal Cortex.

Front. Behav. Neurosci. 12:87.
doi: 10.3389/fnbeh.2018.00087

Mice socially isolated during adolescence exhibit behaviors of anxiety, depression and
impaired social interaction. Although these behaviors are well documented, very little is
known about the associated neurobiological changes that accompany these behaviors.
It has been hypothesized that social isolation during adolescence alters the development
of the prefrontal cortex, based on similar behavioral abnormalities observed in isolated
mice and those with disruption of this structure. To establish relationships between
behavior and underlying neurobiological changes in the prefrontal cortex, Thy-1-GFP
mice were isolated from weaning until adulthood and compared to group-housed
littermates regarding behavior, electrophysiological activity and dendritic morphology.
Results indicate an immaturity of dendritic spines in single housed animals, with dendritic
spines appearing smaller and thinner. Single housed mice additionally show impaired
plasticity through measures of long-term potentiation. Together these findings suggest
an altered development and impairment of the prefrontal cortex of these animals
underlying their behavioral characteristics.

Keywords: neuronal plasticity, social isolation, social interaction, dendritic spines, long term potentiation,
prefrontal cortex

INTRODUCTION

Socially isolated mice have been used as a model for several psychiatric phenotypes, including
depressive-like behavior (Koike et al., 2009; Amiri et al., 2015b), social deficits (Koike et al.,
2009; Okada et al., 2015) and anxiety behaviors (Ago et al., 2007; Amiri et al., 2015b). In
addition to these abnormal behaviors, these animals exhibit alterations in neurotransmission
(Haj-Mirzaian et al., 2015; Okada et al., 2015), and demonstrate abnormal pharmacological
responses (Ago et al., 2007; Koike et al., 2009; Amiri et al., 2015a). These behaviors among
socially isolated mice have been shown to be improved with treatment of methylphenidate, a
common treatment for Attention Deficit Hyperactivity Disorder (ADHD), and with fluoxetine, a
selective serotonin reuptake inhibitor, leading some to suggest socially isolated mice as a potential
model for studying the pathophysiology of psychiatric disorders of ADHD and depression
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(Koike et al., 2009). The aberrant social behavior exhibited by
socially isolatedmice have led some to suggest them as a potential
model for autism (Balemans et al., 2010; Reser, 2014; Wöhr,
2015).

Descriptions of and research into socially isolated animals has
focused primarily on behavioral differences (Ago et al., 2007;
Amiri et al., 2015a; Haj-Mirzaian et al., 2015). Although the
behavior provides a clear phenotypic difference as a result of
social isolation, no study has provided an understanding of the
underlying neurobiological mechanisms that contribute to the
emergence of such behaviors. It is likely that a loss of sensory
input from social interaction results in underdevelopment within
select regions (Harada et al., 2007; Ackman and Crair, 2014),
similar to disruptions to ocular dominance seen within the
visual system when the eye is occluded (Frenkel and Bear,
2004; Hensch, 2005). These effects have been demonstrated
in more complex circuits, such as the basolateral amygdala-
prefrontal cortex bidirectional pathway (Castillo-Gómez et al.,
2017; Ueno et al., 2017), which are areas that are correspondingly
underdeveloped in humans with socio-emotional deprivation
(Eluvathingal et al., 2006).

The prefrontal cortex is involved in many advanced cognitive
tasks and goal-directed behaviors (Miller, 2000; Buschman
and Miller, 2014), and has been demonstrated to be a center
for emotional regulation and modulation of social behaviors
(Groenewegen and Uylings, 2000; Séjourné et al., 2015; Liu
et al., 2016). Dysregulation of neural activity in this area is
associated with a variety of psychiatric phenotypes including
anxiety, depressive-like behaviors, and social dysfunction (Yizhar
et al., 2011; Chaudhury et al., 2013; Saitoh et al., 2014; Suzuki
et al., 2016). Development of the prefrontal cortex continues well
into early adulthood (Bossong and Niesink, 2010), with many
essential alterations during adolescence (Tseng and O’Donnell,
2007; Bossong and Niesink, 2010). Social behaviors begin to
emerge during this critical developmental period (Bossong and
Niesink, 2010), chief among them being social play in rodents
among peers (Vanderschuren et al., 1997, 2016). This evidence
suggests social interaction during this critical development stage
is likely necessary for normalized social behavior in adult rodents.

The infralimbic nucleus of the prefrontal cortex has been
shown to regulate social behavior, and overactivation of this
region can induce social deficits in mice (Yizhar et al., 2011).
This region receives inputs from the basolateral amygdala and
activation of the amygdaloid projections to the prefrontal cortex
has been shown to undergo Long Term Potentiation (LTP;
Maroun and Richter-Levin, 2003). Acute stress inhibits LTP in
this circuit in rats (Maroun and Richter-Levin, 2003). Social
isolation is stressful for animals (Zlatkovic et al., 2014; Fox
et al., 2015), and has been shown to affect morphology of
inhibitory circuits in the prefrontal cortex infralimbic area and
basolateral amygdala (Castillo-Gómez et al., 2017). Although
altered morphology has been described, no functional measure
has been documented using electrophysiological methods.

Contribution of social isolation to behavioral dysfunction
such as anxiety- or depressive-like behaviors, is thought to
be related to modulations to the underlying neurological
function of the prefrontal cortex in rodents (Koike et al., 2009;

Browne et al., 2016; Liu et al., 2016). A lack of social enrichment
during this critical period of adolescence likely removes
necessary stimulation from the region, giving rise to impaired
development of neural connectivity and structure. Reduced
stimulation during a sensitive period can reduce the activity
within the region, resulting in fewer synaptic changes (Hensch,
2005; Morishita and Hensch, 2008). This can be assessed through
dendritic spine morphology and electrophysiological methods to
assess plasticity. Spine morphology can act as a marker of this
plasticity, with smaller, thinner dendritic spines demonstrating
a developmental immaturity (Hayashi and Majewska, 2005;
Tanaka et al., 2008). LTP can be directly measured through
electrophysiological methods, verifying whether any visible
morphological changes in dendritic spines can be directly
associated with changes in plasticity. Thus, this research will
examine the relationship of the abnormal behaviors found
in socially isolated animals and aspects of the functional
development of the prefrontal cortex.

MATERIALS AND METHODS

Animals/Genotyping
All experiments involving animals were carried out following the
guidelines and protocols approved by the Institutional Animal
Care and Use Committee at Central Michigan University and
were in compliance with the US National Research Council’s
Guide for the Care and Use of Laboratory Animals, the US Public
Health Service’s Policy on Humane Care and Use of Laboratory
Animals, and Guide for the Care and Use of Laboratory
Animals.

Thirty-two Thy-1 GFP+/− mice, line M, were used for
testing (Feng et al., 2000; Jackson Laboratories Stock Number
0077881, RRID:IMSR_JAX:007788). Thy-1 mice express green
fluorescent protein sparsely throughout the cortex (Kumar et al.,
2013; Keifer et al., 2015; Vandenberg et al., 2015), allowing for
imaging of single neurons within the prefrontal cortex pyramidal
neurons. The heterozygous offspring were weaned at 21 days
and segregated into either single housed or group housed cages.
Mice remained in those cages for 3 months. At 4 months of age,
mice were tested behaviorally, then either perfused for confocal
imaging or used for electrophysiology. Mice were housed in
ventilated cages under 12-h reverse light cycle and allowed to feed
ad libitum. Mice were moved between holding room and surgical
or behavioral suite, located within the same facility. Behavioral
tests were carried out during the day in rooms under reverse light
cycle.

Genotypes were determined by PCR using primers
from the Thy-1 sequence (forward primer 5′-AGACACAC
ACCCAGGACATAG) and the EGFP sequence (reverse primer
5′-GGTGGTGCAGATGAACTTCAG). PCR reactions were
performed in 25 µL total volume containing 10 mM dNTP, 10
µM forward and reverse primer, 1 unit Taq polymerase, with
1 µL tail DNA. Mouse tail DNA was prepared by digesting
overnight in 55◦C in 100 µL buffer containing proteinase K
(Laird et al., 1991).

1https://www.jax.org/strain/007788
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Three Chamber Test
Social behavior was tested using the 3-chamber test (Crawley,
2007; Yang et al., 2011). Animals were placed in a 27′′ × 14′′

chamber with three segments of equal size. Animals were allowed
to explore the arena for 5 min to habituate to the apparatus.
Mice were tested first for social approach, which has been
demonstrated to relate to social deficits found in autism (Yang
et al., 2011). Mice were additionally tested for social novelty
immediately following the social approach test.

Social Approach
Two identical plastic cylinders were placed in either of the
external chambers. These cylinders were clear, with regular
holes to allow for visual and olfactory stimuli. A sex-matched,
non-familiar mouse was placed in one of these cylinders (See
Figure 1A, upper panel). Experimental mice were placed in the
middle, empty section of the 3-chamber apparatus and allowed to
roam for 5 min. Social behavior was characterized by time spent
in the chamber containing the mouse, compared to the empty
chamber.

Social Novelty
Following the social approach test, a novel, sex-matched,
non-familiar mouse was placed in the previously empty cylinder
(See Figure 1A, lower panel). Experimental mice were again
allowed to roam for 5 min. Social behavior was characterized by
time spent in the chamber containing the novel mouse compared
to the previous mouse. The chamber was cleaned with 70%
ethanol between testing mice.

Open Field
Experimental mice were placed in a 17′′ × 9′′ cage and allowed
to roam for 60 min. Movements were tracked by laser grid and
analyzed using Hamilton-KinderTM Motor Monitor software.
Overall ambulation of the mice was assessed to establish normal
exploratory behavior. Time spent in the center vs. periphery
was used to assess for anxiety behaviors, with increased time in
the center as evidence of less anxiety (Crawley, 1985). Data was
plotted in 5 min intervals.

Forced Swim
Mice were placed in a 5′′ wide cylinder filled with water. Mice
were allowed to swim for 6 min. The first 2 min are considered
habituation and removed from analysis. Movements within the
cylinder were tracked using Hamilton-KinderTM motor monitor
software. Depressive-like behavior was characterized by reduced
overall beam breaks (immobility) and increased total rest time.
This test was repeated a second day, since evidence has shown
socially isolated mice may differ on later trials, demonstrate
reduced immobility (less depressive-like behavior) compared
to group housed mice in initial trials, and demonstrating a
substantially increased immobility (increased depressive-like
behavior) in subsequent trials (Koike et al., 2009).

Confocal Imaging
At 4 months of age mice were perfused using 4%
paraformaldehyde (PFA) and their brains were removed.

Brains were post-fixed in 4% PFA overnight. Brains were then
transferred to 30% sucrose solution to dehydrate for 3 days or
until they no longer float in the solution. After brains were fully
dehydrated, they were dropped in 2-methyl butane cooled with
dry ice to flash freeze the tissue, then transferred to −80◦C for
storage.

Brains were sectioned on a Microtomer cryostat at 200 µm
thickness. Sections began at the olfactory bulbs through 15,
200 µm sections for a total of 3 mm, ensuring full sectioning
of the prefrontal cortex. Sections were mounted onto slides
and cover-slipped using Aqua-MountTM. Slides were then sealed
using clear nail polish to limit oxygenation and deterioration of
the tissue. Slides were stored at 4◦C in the dark until imaging.

Images were taken with an OlympusTM Confocal Microscope
at 60× using an oil immersion lens at 2048 × 2048 pixels
with 0.25 µm between images. Z-stacks vary between 88 and
169 depending on the depth of the dendritic arborization. Upper
and lower bounds were set as the highest and lowest points
of the dendritic arbors from the region of interest. Images
were processed and quantified using Neurolucida© neuron
tracing software (RRID:SCR_001775). Dendrites were traced
using semi-automated tracing. Spines were identified using
automated identification with 0.4 µm minimum length and
4.0 µmmaximum length, as well as filtering noise.

Electrophysiology
Mice underwent surgical placement of two electrodes under
isofluorane anesthesia. A bipolar electrode was placed in the
amygdala, and a tri-lead, monopolar electrode was placed in
the medial prefrontal cortex. This allows stimulation of the
amygdala, which has reciprocal connections to the prefrontal
cortex (Cassell et al., 1989; Amaral and Insausti, 1992). The
amygdala electrode was placed at 1.58 mm posterior to bregma,
3.35 mm lateral to the midline and 4.15 mm ventral to the
cranial surface. The medial prefrontal cortex electrode (mPFC)
was placed at 1.94 mm anterior to bregma, 0.35 mm lateral to the
midline and 2.20 mm ventral to the cranial surface. The tripolar
mPFC electrode had two monopolar recording leads, with a
0.5mm vertical offset between them. Recordings were taken from
the monopolar lead with the greatest evoked potential. Three
machine screws (Plastics One) were placed on either side of the
electrode barrels for stability. The third lead from the tri-lead
electrode was grounded to a machine screw and locked in place
using adhesive silver epoxy (MGChemical). Both electrodes were
cemented in place with dental acrylic (Ortho-Jet, Lang Dental).

Electrodes were set in place with the mouse in a stereotaxic
frame. During surgery, electrodes were recorded from in vivo.
Evoked potentials were recorded from themPFCwhile delivering
a stimulation of 1000µA to the amygdala. Electrodes weremoved
ventrally until evoked potentials were at a peak or until target
depth was reached.

Long-Term Potentiation Stimulation
Mice were anesthetized with a 1 g/kg injection of urethane
before stimulation. An input/output curve wasmeasured for each
mouse by delivering a test-pulse stimulation to the amygdala
beginning at 50 µA–1500 µA in stepwise increases of 100 µA.
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Five evoked potentials were recorded from each stimulation level.
Responses were examined to determine a saturation level. A
test-pulse amplitude level was chosen roughly 200 µA below
the saturation level. Evoked potentials were then recorded every
30 s for a total of 10 min. Upon completion of these 10 min,
mice were delivered a set of three, 10-train bursts at 100 Hz. A
supraphysiological theta-burst stimulation was delivered in the
form of five train bursts per second over 2 s. Bursts were each
separated by 1 min intervals to induce LTP. Upon induction of
LTP, evoked potentials were again recorded for a total of 60 min.

Experimental Design and Statistical
Analysis
For each behavioral experiment, a total of 32 mice were used,
with 16 mice socially isolated and 16 mice group housed (8 male,
8 female per group). For confocal experiments, eight brains were
used, four from each group with 2 males and 2 females in each.
Each brain processed included between 13 and 23 dendritic
arbor segments (average 17). Electrophysiological experiments
included eight animals, four animals from each group (2 male,
2 female). Male and female mice were grouped where no sex
differences were found. All data are expressed as mean ± SEM.
Analysis was conducted in Statistical Package for Social Statistics
(SPSS) software (IBM, RRID:SCR_002865).

Three Chamber Test
One-way analysis of variance (ANOVA) was run on time
between chambers with Tukey’s post hoc tests to test for
significant differences.

Open-Field Test
Three-Way Repeated Measures ANOVA was run by housing
condition, by sex and by time interval (5 min intervals over
60 min). Tukey’s post hoc tests were run where significant main
effects were found.

Forced-Swim Test
Three-Way Repeated Measures ANOVA was run by housing
condition, by sex and by trial. Tukey’s post hoc tests were run
where significant main effects were found.

Confocal Imaging
Two-way ANOVA was run by housing condition and by sex.
Tukey’s post hoc tests were run where significant main effects
were found.

Electrophysiology
Two-way ANOVA was run by housing condition and by sex.
Tukey’s post hoc tests were run where significant main effects
were found.

RESULTS

Socially Isolated Animals Show Altered
Social Behavior in the Three-Chamber Test
In the social approach task animals socially isolated during
adolescence display abnormal social behavior, replicating results

identified by others. Group housed males spent significantly
more time in chamber 1 with the interactionmouse, compared to
the empty chamber 3 (F(2,21) = 27.41, p = 1.0 × 10−6, Figure 1B,
left). Conversely, single housed males show no significant
differences on time spent between chambers (F(2,21) = 2.77,
p = 0.09), demonstrating abnormal social behavior. Surprisingly,
group housed females show significantly more time spent
in the empty chamber 3, compared to chamber 1 with
the interaction mouse (F(2,21) = 33.79, p = 2.7 × 10−7,
Figure 1B, right). Socially isolated females show no significant
differences between chambers (F(2,21) = 1.03, p = 0.37), again
demonstrating abnormal social behavior among socially isolated
animals.

In the Social Novelty task single housed mice show impaired
sociability. Group housed mice show significant differences on
time spent between chambers, with significantly more time spent
in the outer chambers compared to the center, empty chamber
(F(2,21) = 11.85, p = 0.0004; Figure 1C, left). By contrast, single
housed males show no significant differences (F(2,21) = 0.39,
p = 0.68). Group housed females behave more as expected
here, with significantly more time spent in chamber 3 with the
novel mouse, compared to the center chamber (F(2,21) = 5.93,
p = 0.009; Figure 1C, right). Single housed females show
significant differences between chambers; however, they show
significantly more time spent in chamber 1, with the familiar
mouse, compared to the center chamber (F(2,21) = 3.66, p = 0.04).
Together these results suggest abnormal social behavior among
single housed animals, demonstrating a lack of preference for the
presence of a novel mouse.

Single Housed Mice Show
Hyperlocomotive Behaviors in Open Field
Single housed mice show no significant differences from group
housed mice for anxiety (Figure 1D). Single housed mice and
group housed mice show similar time spent in the center
compared to the periphery, as well as distance traveled in
the center vs. periphery. Single housed mice, however, show
significantly greater fine movements compared to group housed
animals (Two-Way Repeated Measures ANOVA—Condition:
F(1,29) = 4.35, p = 0.045; Time: F(11,319) = 35.01, p = 1.5 × 10−48;
Figure 1E). Fine movements are defined as movements in the
Z-axis without movement in the X-Y plane, such as rearing
behaviors. No sex differences were found on any open field
outcomes.

Due to the differences in fine movements, total distance
was assessed to further investigate exploratory behaviors
of single housed animals. Single housed animals show
significantly greater distance traveled compared to group
housed animals. The data indicate a significant main
effect for housing condition, a significant main effect for
time, and a significant interaction effect for condition by
time (Two-Way Repeated Measures ANOVA—Condition:
F(1,29) = 4.45, p = 0.044; Time: F(11,319) = 93.66, p = 6.4 × 10−93;
Interaction of Condition × Time: F(11,319) = 1.96, p = 0.032;
Figure 1F). Together these data suggest single housed mice
exhibit hyperlocomotive behaviors, which has recently been
documented by others (Castillo-Gómez et al., 2017).
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FIGURE 1 | Behavior testing confirms abnormal behaviors among socially isolated mice. (A) Three chamber test experimental setup: (upper panel) In the social
approach test, the stranger mouse is placed in one of the chambers and the other left empty. (lower panel) In the social novelty test the previously empty chamber is
filled with a novel stranger mouse. (B) Social Approach Test: (left) Group housed males show significantly more time in chamber 1, interacting with the stranger
mouse. Single housed males show no significant differences between chambers. (right) Group housed females spend significantly more time in the empty chamber
3. Single housed females show no significant differences between chambers. (C) Social Novelty Test: (left) Group housed males show significantly more time in the
outer chambers compared to the center, empty chamber. Single housed males show no significant differences between chambers. (right) Group housed females
spend significantly more time in chamber 3 compared to the center chamber. Single housed females show significantly more time spent in chamber 1, with the
familiar mouse. (D) In the open field test single housed mice show no significant differences on either distance traveled or total time spent in the center vs. the
periphery compared to group housed mice. (E) Single housed mice show significantly increased fine movements compared to group housed animals. (F) Single
housed mice show significantly increased distance traveled compared to the group housed animals, suggesting some hyperlocomotion. Bonferroni post hoc test:
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. ns, non-significant.

Although single housed animals display significantly
increased fine movements, these fine movements are not well
defined. In order to assess what behaviors single housed animals
engage in during ‘‘fine movements’’, animals were placed in an
open container and observed for 60 min. Their behaviors during
what would be classified as fine movements was categorized into
four primary behavior types: (1) sitting, where the mice do not
appear to be engaging in any form of movement; (2) smelling,
where mice are examining surroundings with visible movements
of the head; (3) rearing; and (4) grooming. Data for each category
are given as percent of total time engaged in fine movements
(Table 1). The data show single housed mice engage in very
little grooming behaviors (6.3% compared to 15.7%), and show
much more time spent engaging in very little movement (Sitting:
32.5% compared to 22.2%). These data correspond to findings
by Haj-Mirzaian et al. (2015) where it was reported that single
housed mice, different from group housed mice, engage in
significantly reduced grooming behaviors when covered in a
10% sucrose solution.

Single Housed Mice Display Some
Depressive-Like Behaviors in the Forced
Swim Test
The forced swim test replicated findings by Koike et al.
(2009), who have demonstrated single housed mice significantly

increase in total rest time over multiple trials. Accordingly,
the test was performed in two separate trials on separate days.
Single housed mice initially show no significant differences
compared to group housed animals (F(1,29) = 2.30, p = 0.14);
however, there was a significant main effect for trial for both
overall movements and immobility time (Basic Movements:
F(1,29) = 10.62, p = 0.0029; Immobility Time: F(1,29) = 7.52,
p = 0.01, Data Not Shown). Post hoc tests reveal single
housed mice show a significant decrease in basic movements
from Trial 1 to Trial 2 (Tukey’s post hoc: p = 0.05).
Group housed mice show no significant change between trials.
Single housed mice additionally show significantly increased
immobility time from Trial 1 to Trial 2 (Tukey’s post hoc:
p = 0.05), while, again, group housed mice show no differences
between trials. No sex differences were found (F(1,29) = 0.70,
p = 0.41). This confirms previous findings by Koike et al.
(2009) demonstrating socially isolated mice are susceptible to
depressive-like behaviors.

Confocal Microscopy Reveals Immature
Spine Morphology Among Isolated Mice
Images were taken from pyramidal cells in layer 2/3 of
the prefrontal cortex (Figures 2A–C). This layer has been
shown to be related to several psychiatric disorders in
humans and rodents, particularly when spine density and

Frontiers in Behavioral Neuroscience | www.frontiersin.org 5 May 2018 | Volume 12 | Article 87

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Medendorp et al. Impaired Plasticity in Isolated Mice

TABLE 1 | Single housed mice show reduced grooming behaviors.

Sitting Smelling Rearing Grooming

Single 32.5% 35.3% 25.9% 6.3%
Group 22.2% 37.4% 24.7% 15.7%

Mice were observed for a 1 h period for the behaviors detailed. Behaviors are displayed as percentage of the total time spent engaging in these behaviors.

morphology are altered (Pierri et al., 2001; Sasaki et al.,
2015; Shrestha et al., 2015). Spines were collected beginning
10 µm from the soma. Spines were analyzed on dendritic
arbors ranging from 50 to 140 µm in length. Spine density
was assessed as an indicator of neuronal network complexity
(Bonhoeffer and Yuste, 2002; Lippman and Dunaevsky, 2005;
Harms and Dunaevsky, 2007), with the expectation that
single housed mice would have reduced spine density in
the prefrontal cortex. Spine morphological characteristics were
assessed to indicate spine maturity (Matsuzaki et al., 2001;
Bonhoeffer and Yuste, 2002; Hayashi and Majewska, 2005;
Tanaka et al., 2008). Data was collected from apical dendrites
of the prefrontal cortex, given evidence for the role these
apical dendrites play in social adaptation (Burleson et al.,
2016). Sex differences were also assessed to control for
previous reports that spine density within the prefrontal
cortex is influenced by sex (Hajszan et al., 2007; Ren et al.,
2012).

Surprisingly, no significant differences were found between
group housed and single housed animals on spine density (Main
effect for Condition: F(1,128) = 0.09, p = 0.77; Figure 2D);
however, a significant sex difference was found (Main effect for
sex: F(1,128) = 17.74, p = 4.7 × 10−5). This sex difference was
limited to group housed animals (Interaction between housing
condition and sex: F(1,128) = 4.20, p = 0.043). Post hoc tests
indicate a significantly higher spine density among group housed
males compared to group housed females. Single housed mice
show no significant differences between sexes.

While overall spine density did not seem to be affected, spine
morphology was, with single housed mice showing indicators
of immature spines. Several morphological characteristics were
assessed including spine classification, overall spine volume,
total extent from the dendritic arbor (length), spine head
diameter and spine surface area. When spines undergo LTP,
they undergo changes that result in enlarging of the spine
which can be quantified as an increase in spine head diameter,
increase in overall volume, and increase in spine length
(Hayashi and Majewska, 2005; Tanaka et al., 2008). A greater
ratio of thin spines compared to mushroom spines can
indicate reduced numbers of spines undergoing LTP-induced
morphological changes, indicating an immaturity among the
spines.

Single housed mice show a significantly higher ratio of thin
spines (F(1,128) = 34.93, p = 2.9 × 10−8) and a significantly
lower ratio of stubby spines (F(1,128) = 9.15, p = 0.003;
Figure 2E). No significant differences were found between
housing conditions on the ratio of mushroom spines or filopodia
spines. When observing morphological characteristics, single
housed mice show additional signs of immature spines, with
significantly reduced overall spine volume and significantly

reduced total surface area (F(1,128) = 15.48, p = 0.0001,
F(1,128) = 8.47, p = 0.004, respectively; Figure 2F). No differences
were found in the extent of the spines from the dendrite.
Furthermore, single housed mice show significantly reduced
spine head diameter (F(1,128) = 7.81, p = 0.006), suggesting
an inability to stabilize plastic changes induced by LTP,
which results in an enlarging of the spine head. No sex
differences were observed on morphological characteristics and
males and females were grouped for morphological analysis.
Taken together, these results indicate an immaturity among
dendritic spines in the prefrontal cortex of single housed
animals.

Single Housed Mice Exhibit Hypoactivation
and Impaired Plasticity in the mPFC
Electrodes were placed in the basolateral amygdala and the
infralimbic area of the medial prefrontal cortex (Figure 3A).
Locations of the electrodes were verified following recording
and any mice with electrodes outside the target regions were
not included. Test-pulses were delivered to the amygdala, and
responses were recorded from the medial prefrontal cortex.
Evoked potentials in the mPFC took on a characteristic negative
wave, followed by a positive wave before returning to baseline
(Figure 3B). Data were collected and analyzed utilizing the
difference between the minimum data point within this negative
wave, and the maximum data point within the positive wave.
When LTP is induced, this difference was shown to be an
effective measure of the change in evoked potentials from
baseline (Figure 3B, right). LTP data is displayed as the percent
difference from baseline.

Single housed mice show impaired activation of the
prefrontal cortex, as evidenced by the input/output response.
A significant interaction of housing condition by input was
found (F(13,63) = 4.79, p = 1.0 × 10−5; Figure 3C), indicating
different responses by housing condition to similar levels of
input. Post hoc tests reveal single housed mice appear very
similar to group housed mice until roughly 600 µA, where
group housed animals and single housed animals diverge quite
dramatically. Single housed animals reach saturation very early,
with increasing stimulation beyond 300 µA inducing little
change in neuronal response. Group housed animals, on the
other hand, reach a saturation level at roughly 1300 µA
(Figure 3C). No effect for sex was found (F(1,5) = 1.08,
p = 0.35). Taken together, this suggests a hypoactivation within
the prefrontal cortex of socially isolated animals, which has been
associated with many disorders including anxiety, depression,
and attention deficits (Matsuo et al., 2003; Zhong et al., 2011;
Pezze et al., 2014; van Harmelen et al., 2014), behavioral
characteristics of which are found among socially isolated
animals.
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FIGURE 2 | Confocal microscopy. (A) 10× image of Thy-1-GFP expression in the prefrontal cortex, pyramidal layer 3, scale bar = 200 µm. (B) 60× image of isolated
neurons in the prefrontal cortex, pyramidal layer 3, scale bar = 50 µm. (C) 3D image of dendritic spines from group housed (left) and single housed (right) mice. (D)
Single housed mice show no significant differences in spine density compared to group housed animals; however, a sex difference is found among group housed
mice with males having greater spine density. Single housed animals show no significant differences between sexes. (E) Single housed mice show a significantly
increased ratio of thin spines and significantly fewer stubby spines compared to group housed mice. Single housed and group housed mice show no significant
differences on spine classifications of mushroom or filopodia. (F) Single housed mice show significantly reduced overall spine volume, reduced head diameter, and
reduced spine surface area, showing evidence of immature dendritic spines. (D) Tukey’s Post Hoc: ∗p < 0.05; (E,F) Main Effect for Housing Condition: ∗p < 0.05,
∗∗p < 0.01, ∗∗∗∗p < 0.0001. ns, non-significant.

Socially isolated animals show severely impaired LTP
consolidation. Upon induction of LTP, group housed animals
show a large change in response, resulting in a sharp difference
from baseline (Figure 3D). This response declines over time,
while remaining well above the original baseline level. Single
housed mice, by contrast, show little change in response after
induction of LTP. These animals show a muted response after
LTP is induced, declining nearly to baseline at the end of the
1 h period. This suggests an impaired ability to engage in

plastic changes, as well as an inability to undergo longer term
consolidation.

DISCUSSION

The above results demonstrate a loss of neuronal adaptability
among single housed animals. In addition to the abnormal social
behavior, hyperlocomotive behaviors, and some depressive-like
behaviors, single housed animals exhibited an inability to
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FIGURE 3 | Electrophysiology and long-term potentiation (LTP). (A) Electrode placement for medial prefrontal cortex electrode (mPFC) and basolateral amygdala
(BLA) indicates all recorded mice fell within the regions of interest. (B) Evoked potentials for BLA-mPFC pathway show a negative wave followed by a positive wave.
After LTP induction the negative wave becomes markedly increased. (C) Input/Output curve shows single housed mice reach a saturation point at roughly 300 µA,
compared to 1300 µA among group housed mice. (D) Group housed mice show a heightened response after LTP induction, plateauing at a new baseline level
towards the end of 1 h. Single housed mice, by contrast, show little response to LTP and decline back to the original baseline level after 1 h. Tukey’s Post Hoc:
∗p < 0.05.

undergo stable LTP responses within the prefrontal cortex.
Confocal imaging demonstrated a lack of maturity among
dendritic spines in this region, which may contribute to the lack
of stable LTP responses.

Behavior effects of the mice socially isolated throughout
adolescence confirms findings identified by others. Socially
isolated mice show depressive-like behaviors, hyperlocomotion,
and reduced social behaviors, all of which have been previously
documented (Koike et al., 2009; Amiri et al., 2015a; Castillo-
Gómez et al., 2017). These behaviors are consistent with several
genetic models of autism (Shemesh et al., 2016; Zhou et al.,
2016). Social behavior appears impaired in both male and female
single housed mice; however, group housed female animals
demonstrated an unexpected avoidance behavior. Many studies
indicate males and females interact socially in different ways
(Walf and Frye, 2008; Clipperton Allen et al., 2010; van den
Berg et al., 2015); however, previous studies on socially isolated
animals have only used males when testing social behaviors
(Koike et al., 2009; Liu et al., 2016). Evidence shows estrous
cycles can alter social behavior (Hanson and Hurley, 2012;
McHenry et al., 2017). Given that our animals were housed in
the same room, it is likely that the estrous cycles were in sync
which may have influenced the behavior observed in our female

mice. Additionally, consistent with our findings, females have
been previously shown to demonstrate reduced spine density
in the medial prefrontal cortex compared to males (Hajszan
et al., 2007), an area related to social behavior. Although no
sex differences were noted on dendritic spine morphology and
long-term potentiation in our study, a larger sample size and
further testing is required to fully elucidate potential differences
between sexes in socially isolated housing conditions.

Depressive-like behavior has also been previously
documented in socially isolated mice (Koike et al., 2009).
In addition to the depressive-like behaviors seen in our test of
the forced swim test, the mice tested show reduced grooming
behavior in an open field observation. Previous experiments
have described a lack of self-care among socially isolated mice
as a possible indicator of depression, which appears to be
replicated in our experiments. An alternative explanation is that
the socially isolated animals demonstrate an alternate means of
coping with the stress of the situation, given that the forced swim
test has been shown to test stress coping behaviors (Commons
et al., 2017). The increased rest time after subsequent trials may
indicate a quicker readiness to abandon this strategy.

The immaturity among dendritic spines correlates with the
lack of LTP. It has long been assumed that the enlargement of

Frontiers in Behavioral Neuroscience | www.frontiersin.org 8 May 2018 | Volume 12 | Article 87

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Medendorp et al. Impaired Plasticity in Isolated Mice

dendritic spines occurs as a direct result of LTP (Hayashi and
Majewska, 2005; Lippman and Dunaevsky, 2005). More recently
this has been confirmed by demonstrating that enlargement only
occurs at dendritic spines where LTP has been triggered (Tanaka
et al., 2008). The lack of LTP found in single housed animals,
combined with hypoactivation seen in the input/output curve,
suggests even a strong stimulus is insufficient to trigger LTP-like
activity. Significantly reduced spine head diameter, as well as
the overall size of the spines, suggests the biochemical response
to LTP, including protein synthesis and α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAR) trafficking,
does not occur (Matsuzaki et al., 2001; Hayashi and Majewska,
2005; Tanaka et al., 2008).

The observed behaviors among socially isolated mice
correspond to those seen in disorders such as autism. In addition,
immature spines have been demonstrated in both mouse models
of and in human disorders such as autism and fragile-X, where
social behavior is highly disrupted (Wei et al., 2012; He and
Portera-Cailliau, 2013; Phillips and Pozzo-Miller, 2015). It is
not uncommon for these disorders to present with anxiety and
depressive behaviors, which can be treated through medications.
Current therapeutics also include behavioral therapies, targeting
the aberrant behaviors (Ben-Itzchak and Zachor, 2007; Tiura
et al., 2017). Our results suggest ability to alter this behavior in
adulthood, particularly those related to the prefrontal cortex, may
be increasingly difficult since LTP is impaired within this region.
This may explain why these behavioral therapies have declining
success as the patients get older (Eikeseth et al., 2002; Ben-Itzchak
and Zachor, 2007; Tiura et al., 2017).

It has been suggested in cases of autism that spine turnover
is higher than normal, leading to an inability to stabilize
mature spines (He and Portera-Cailliau, 2013). In the case
of single housed mice there may be a disruption of activity
dependent development, which has been shown to disrupt spine
morphology into adulthood in areas such as the hippocampus
(Xing et al., 2016). It is likely that there is mutual contribution of
the dendritic spine effects to the behavior, as well as the behavior
to the immaturity of the spines (Gipson and Olive, 2017).

Some of the observed effects may be caused by changes
affecting either neurotransmission or myelination of the
neurons within the prefrontal cortex. Studies have shown that
social isolation during adolescence can alter neurotransmission
(Haj-Mirzaian et al., 2015; Okada et al., 2015), and can
even affect expression of neurotransmitter receptors such as
N-Methyl-D-Aspartate (NMDA; Gan et al., 2014; Shimizu et al.,
2016). Others have demonstrated that changes in myelination
can occur after prolonged periods of isolation in adult mice, and
some behaviors can be rescued by increasing this myelination
(Liu et al., 2012, 2016). Each of these may contribute to decreased
neuronal activation, playing a role in the hypoactivation seen in
our experiments.

Critical periods are identified as a period of heightened
plasticity, and provide a period of increased modification
of neural circuits that lays the framework for behavior in
adult animals (Hensch, 2005; Morishita and Hensch, 2008;
Erzurumlu and Gaspar, 2012). Isolation during the critical
developmental period of adolescence likely disrupts a delicate

balance of excitation and inhibition within the prefrontal
cortex (Rubenstein, 2010; Yizhar et al., 2011), which has been
hypothesized as a cause for dysfunction in autism disorders
(Rubenstein and Merzenich, 2003; LeBlanc and Fagiolini, 2011;
Kim et al., 2013). The prefrontal cortex undergoes a number
of important developmental changes during adolescence, and
disruptions to this can result in complex behavioral changes
associated with disorders such as autism or schizophrenia (Kolb
and Nonneman, 1976; Bossong and Niesink, 2010). Disruptions
to the balance of excitatory inputs may result in inappropriate
pruning, leading to the loss of critical neuronal connections
(Chaudhury et al., 2016; Piochon et al., 2016). This also may
lead to reduced responses within this region, or hypoactivation,
which has been associated with depression and anxiety behaviors
(Matsuo et al., 2003; Zhong et al., 2011; Pezze et al., 2014; van
Harmelen et al., 2014). This may explain the immature dendritic
spines identified in our experiments, as well as the lack of
response in the prefrontal cortex to an aggressive stimulation
protocol.

The prefrontal cortex has connections with many brain
regions, including the hippocampus (Parent et al., 2010;
Spellman et al., 2015), the midbrain (Lee et al., 2014) and
other areas of the cortex (Yeterian et al., 2012; Almada et al.,
2015; Barredo et al., 2016). The amygdala-medial prefrontal
pathway provides an established pathway known to undergo
LTP-like changes (Maroun and Richter-Levin, 2003). As research
into circuit characteristics of socially isolated mice continues,
it is likely that other pathways will be found to be affected,
with resulting changes in plasticity. The pathway used in our
experiment provided a starting point to assess whether any
differences were found.

Future research efforts should focus on identification of
the critical developmental periods, recovery of behavioral
deficits and delineation of affected pathways. Evidence from
this study, as well as others, suggests isolation during the
adolescent period permanently affects behavior; however, this
has yet to be directly tested. Future research should investigate
whether the observed deficits can be recovered through
return to group housing conditions. These results would
have implications for equivalent behaviors in humans and
whether recovery of existing deficits could occur. Current
treatments among humans for disorders of social behavior
include combinations of behavioral therapies and medications
(Chahrour et al., 2016). Our results suggest behavioral recovery
may be limited by reduced LTP in the prefrontal cortex.
These results would also be relevant in many societies where
select populations experience social isolation, which this has
implications for their physical and mental health (Tanskanen
and Anttila, 2016; Wang et al., 2017; Rico-Uribe et al.,
2018).

Recovery of behavioral deficits has been demonstrated among
adult animals temporarily isolated (Liu et al., 2012, 2016);
however, behavioral recovery among mice reared in isolation
has yet to be tested. Efforts to test this may be hampered by
increased aggression among these animals after isolation (Ma
et al., 2011; Toth et al., 2011, 2012; Tulogdi et al., 2014; Perkeybile
and Bales, 2015). Finally, many pathways may be affected by the
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changes within the prefrontal cortex. Further studies are needed
to delineate these pathways to provide a better understanding
of the relationship between the underlying neurological changes
and the resulting behavioral changes.

The results from our findings suggests limitations of using
social isolation in studies where this is necessary such as studies
of aggressive animals (Yang et al., 2017; Xu et al., 2018). These
studies should approach findings related to spine density or LTP
with caution, since social isolation impairs these, particularly
in the prefrontal cortex when this isolation occurs during
adolescent periods. Our findings should also be considered when
single housing animals after implantation of chronic electrodes
or fiber optics to ensure results are not impacted by this isolation.

Our findings demonstrate single housed mice have impaired
development of the prefrontal cortex, suggesting social
interaction during adolescence contributes to the structural
and functional maturation of this region, and developmental
disruptions underlie behavioral phenotypes in the adult. Our
preliminary analyses should motivate further detailed studies
of neuronal function and structure in these animals. Such
studies might provide insight into the relationship between
altered development of brain structures and subsequent
behavioral phenotypes with features that correlate with a

group of neurodevelopmental disorders, including autism
or fragile-X syndromes. These mice may serve as a means
to assess development of the prefrontal cortex through
critical developmental periods, providing insight into factors
contributing to the onset of many psychiatric disorders.
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