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Abstract
Many mammals can utilize social information to learn by observation of conspecifics (social
learning). Social learning of fear is expected to be especially advantageous for survival. However,
disruption of social development in early life can impair social cognition and might also be
expected to disrupt social learning. Social isolation during a critical period of adolescence disrupts
social development. The purpose of this study was to determine whether disruption of social
development through post-weaning social isolation leads to impairments of social fear learning.
Rats were reared in isolation or pair-housed from immediately post-weaning, for 3 weeks. Social
fear learning in rats was acquired by observation of tone-footshock pairings administered to a
conspecific. Isolation-reared rats displayed less conditioned freezing than pair-housed rats when
tested the next day. This reduction of conditioned freezing was correlated with conspecific-
oriented behaviors during conditioning, was measured despite similarities in demonstrator
behaviors, and occurred despite a manipulation that equalized freezing during conditioning
between the pair-housed and isolation-reared rats. The results could not be explained by abnormal
sensitization to a repeated tone or deficits in freezing or direct fear conditioning. These results
demonstrate that observational fear conditioning is impaired by social isolation, and provide a
model to study impaired social affective learning. Impaired social cognition, manifested as
inability to recognize or appropriately interpret social cues, is a symptom of several psychiatric
disorders. Better understanding of the mechanisms of impaired social fear learning can lead to
novel treatments for social cognition symptoms of psychiatric disorders.
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1. Introduction
Disruption of normal social interaction is a significant risk factor in a wide range of diseases
[1, 2]. Furthermore, the ability to form appropriate social networks acts as a buffer against
psychiatric disorders [3, 4]. Adolescence is a period of heightened social engagement [5, 6].
Reductions of peri-adolescent social interaction are associated with depression, impaired
cognitive development, and behavioral social abnormalities [7–14]. Rats that undergo
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prolonged (>2 week) social deprivation that includes the forth and fifth weeks postnatal
display a wide range of abnormal social behaviors, including increased aggression, abnormal
interactions with novel rodents, and abnormal sexual behavior [6, 15–21]. Some of these
behaviors share features of symptoms in several psychiatric disorders, such as social
withdrawal, impaired social cognition, and inaccurate appraisal of others’ emotions. A better
understanding of the factors that lead to disruptions of social interaction can provide new
approaches for the treatment of these psychiatric symptoms.

A significant component of social development is the ability to learn by observation of
peers, or social learning. Social learning has the obvious advantage of allowing individuals
to gain knowledge of threats without direct experience. It is well established that non-human
primates have the ability to learn by observation [22, 23]. Several studies now demonstrate
that observation of distress in other rodents leads to heightened fear and anxiety in the
observing rodent [24, 25], or behaviors to cope with the observed source of distress [26, 27].
This social transmission of fear state can influence subsequent fear learning [28]. Even
social interaction with a recently fear-conditioned rodent imparts information to naïve rats
and facilitates subsequent fear conditioning [25]. Furthermore, observation of an animal’s
conditioned responses can lead to subsequent conditioned freezing by the observer [29, 30].
It has also been demonstrated that observation of a fear conditioning procedure can lead to
conditioned freezing in the observer rodent [31]. Moreover, this ability is potentially
influenced by social factors, as pro-social mice displaying better ability to learn by
observation [31].

However, it is not known whether rodents with developmental social abnormalities are
impaired in social fear learning. The purpose of this study was to test whether rodents that
were socially isolated during post-weaning development display disruptions of observational
learning. This was tested using an observational model of fear conditioning in rats that were
isolation-reared for three continuous weeks after weaning.

2. Methods and Materials
All studies had prior approval of the Rosalind Franklin University Institutional Animal Care
and Use Committee, and complied with the Guide for the Care and Use of Laboratory
Animals (National Research Council, 2011).

2.1 Animals
Male Sprague Dawley rats from Harlan Laboratories (Madison, Wisconsin) were used for
these studies. Rats arrived at the Rosalind Franklin University vivarium at 20–21 days
postnatal (rats were weaned at 18–19 days postnatal). The rats were provided water and food
ad libitum. The housing rooms were set to a 12h/12h light-dark cycle. Temperature was
maintained between 64–79 degrees Fahrenheit, and the humidity was maintained between
30–70%. Upon arrival, all animals were either pair-housed or isolation-housed. Rats were
further subdivided into those that would undergo direct fear conditioning (demonstrators)
and those that would observe fear conditioning (observers). Demonstrators were housed
with other demonstrators, and observers were housed with other observers (when pair-
housed). The assignments were random. Rats were handled daily for three days prior to fear
conditioning.

2.2 Fear Conditioning
2.2.1. Apparatus—Auditory cued fear conditioning and fear testing were performed in
two distinct behavioral chambers. Chambers were kept inside sound-attenuating cabinets
that were cleaned with distinct odorants (1% acetic acid or 10% Simple Green). Texture,
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color and pattern of the walls and flooring were different between the two chambers. Each
cabinet was affixed with an IR-sensitive digital camera (Fire-i, Unibrain, San Ramon, CA),
infrared lighting, and white lighting. There was a fan in each cabinet that provided airflow
and 60–70 dB of ambient noise. Tones were delivered through speakers inside the cabinets
(2000 Hz, 80–85 dB). Footshocks were delivered through a grid floor in the chambers. A
footshock intensity was chosen that induced a strong paw withdrawal response and
occasional vocalization from the demonstrator rat (0.5 mA or 0.8 mA; different
configuration of chambers required different level of footshock to induce behavioral
response). In all experiments, chamber use was alternated and counterbalanced between
groups. The footshock and tone were generated in a reproducible manner (programmable
sound generator 46000-164, Ugo Basile, Italy), and software-controlled (AnyMaze software,
Wood Dale, IL). The video feed was collected on a computer hard drive as experiments
were conducted. Freezing was measured using AnyMaze software based on detection of
changes in pixel luminosity of the videos. Video detection was enhanced using an IR-
sensitive camera and an IR light source kept close to the chambers. Detection thresholds
were set based upon >90% convergence with a manual rater.

Prior to observational fear conditioning, chambers were modified to accommodate two rats.
The chamber was divided into two equal sides, separated by a plexiglass mesh barrier. The
only difference between the two sides was a thin piece of plexiglass placed above the
footshock grid in one side, while the footshock grid remained exposed in the other side.

2.2.2. Fear conditioning procedure—All experiments were performed during the light
phase of the light-dark cycle. When pair-housed rats were utilized, cage mates always
received the same behavioral treatment. Experiments with isolation-reared and pair-housed
rats were interleaved such that experiments on both groups were performed over the same
period of time. Rats were taken from their home cages and placed in transport cages, one rat
to each transport cage. The transport cages were taken to the procedure room, where rats
were placed in the chambers. One rat was placed on either side of the chamber. The
demonstrator rat that was placed on the footshock-exposed side was always a pair-housed
rat. An isolation-reared observer rat or a pair-housed observer rat, was placed in the other
side. A two minute habituation period began immediately following placement in chambers.
Following habituation, eight successive trials of tone-foot shock pairings were performed.
During each trial, a 10 s tone co-terminated with a 1 s footshock. The intertrial interval was
80 s. Rats were returned to their home cages after fear conditioning. The number of pellets
defecated and the presence or absence of a urine puddle was noted.

One day following fear conditioning, fear testing was performed. Single rats were placed
into a novel chamber, with just one rat in each chamber. Rats explored the novel chamber
for a two minute habituation period. Following this habituation, the tone (2000 Hz, 20 s)
was presented, with an inter-trial interval of 80 s.

Other behavioral measures during conditioning were obtained. These include the total time
proximal to the barrier that separated the demonstrator and observer, the total time oriented
towards the demonstrator, and the total distance traveled during conditioning. To determine
the time proximal to the barrier, the observer’s portion of the chamber was divided into 3
equal longitudinal rectangles. One rectangle was proximal to the barrier. The time proximal
to the barrier was quantified as the average amount of time during each trial that the
observer rat’s head was in this proximal third of the chamber. To measure the time oriented
towards the demonstrator, a rater tracked the position of the rodent’s head. The head was
judged to be oriented towards the conspecific when its nose was perpendicular to the barrier
(pointed at the barrier) ± 30 degrees to either side. To aid determination of head orientation,
a template was made (60 degree angle) that was held perpendicular to the barrier on the
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video monitor during analysis. For these measures, the rater was blind to the animal group.
Head orientation towards conspecifics was measured for each trial and averaged across
trials. The total distance traveled during each trial was tracked by software (AnyMaze).

2.3. Footshock sensitivity
The response of rats to footshock was measured. This was quantified on an ordinal scale (0=
no observable response, 1=flinch, 2=forepaw withdrawal, 3=scramble, 4=run in circle,
5=attempt to jump out of chamber). This assay was used to determine if there was an effect
of isolation on sensitivity to footshock and to measure the behavior of demonstrators during
conditioning. In a group of rats, footshock threshold was quantified by increasing footshock
stimulation intensity until flinching was observed in response to the footshock.

2.4. Analysis
The total freezing time during trials (over the entire 80 s intertrial interval) was measured
and converted to percent of time freezing [(freezing time ÷ trial time) × 100]. The percent of
time freezing was compared across groups with two-way ANOVAs (GraphPad Prism, La
Jolla, CA). Significance was set at p<0.05. If a significant result was obtained, groups were
further compared with one-way ANOVAs or Newman-Keuls multiple comparisons test.
Rats that displayed more than 20 s freezing during habituation or no freezing during
conditioning were excluded from analysis. This included 2 rats that were directly
conditioned (1 rat that displayed >20 s freezing during habituation, and 1 rat that displayed
no freezing during testing) and 3 rats that observed conditioning (2 rats that displayed >20 s
freezing during habituation, and 1 rat that displayed no freezing during testing). The time
proximal to the barrier, the time oriented towards the barrier, and the total distance traveled
was analyzed using two-tailed unpaired t-tests. The number of pellets was quantified and
compared with non-parametric analysis (Mann-Whitney U). The proportion of rats that
urinated during conditioning was compared with Chi-square analysis.

3. Results
3.1. Conditioning by observation

During conditioning, a demonstrator rat underwent a fear conditioning procedure that paired
eight tones with co-terminating footshocks (Methods section 2.2). In the same behavioral
chamber, but separated by a plexiglass mesh barrier, an observer rat was present during the
conditioning procedure. This observer did not experience footshocks because its side of the
chamber included a thin plexiglass cover over the footshock grid. No portion of the observer
rat could make contact with the footshock grid. The demonstrator rats displayed behavioral
responses to the footshock itself (flinching, front paw withdrawal, and occasional
vocalizations) and increased freezing in response to the tone over the course of the fear
conditioning protocol (Fig 1A; repeated measures ANOVA, p<0.0001, F(8,269)=157.1,
n=30 rats). Rats that observed the fear conditioning also displayed increased freezing over
the course of the conditioning (Fig 1B; two-way repeated measures ANOVA, Trials x
Housing, p<0.0001, F(8,224)=34.5, significant main effect of trial).

3.2. Social isolation causes deficits in conditioning by observation
Isolation-reared rats displayed significantly less freezing during observational conditioning
than pair-housed rats (Fig 1B; two-way repeated measures ANOVA, Trials × Housing,
p=0.013, F(1,224)=7.01, significant main effect of housing group). The day after
observational conditioning, conditioned freezing to the tone by the observer rats was tested
in a novel context. These observer rats demonstrated significant freezing to the conditioned
tone (Fig 1C; one-way repeated measures ANOVA, compared freezing during test day
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habituation p<0.0001, F(5,29)=12.3, all trials significantly different (p<0.05) Newman-
Keuls multiple comparison test, and compared to freezing during first tone presentation on
conditioning day p<0.0001, F(5,29)=12.4, all trials significantly different (p<0.05) than
freezing to the first tone on the conditioning day). However, rats that were isolation-reared
displayed significantly less conditioned freezing when tested for freezing to the conditioned
tone (Fig 1C; two-way repeated measures ANOVA, Trials × Housing, p=0.0026,
F(1,140)=10.9, significant main effect of housing group; peak freezing controls: 24.2 ±
4.7% freezing, isolation-reared 11.5 ± 2.4% freezing, p=0.022, t=2.43, n=15 rats/group).
During fear testing, rats displayed less freezing during the first tone presentation than in
subsequent presentations (e.g. Fig 1C). This may be due to a negative association between
conditioned freezing and exploration of a novel environment in some rat strains. This effect
is not observed, and may have been mitigated, if a longer (>3 min; e.g. Maren et al, 1998)
habituation period was utilized prior to testing in the novel context.

3.3. Differences in acquisition do not fully account for effects of social isolation
The deficit of conditioned freezing on the testing day in isolation-reared rats may have been
due to deficient acquisition of observational conditioning. Consistent with this, isolation-
reared rats displayed significantly less freezing during observational conditioning (above,
section 3.2). To test whether reduced acquisition of observational conditioning may underlie
reduced conditioned freezing on the testing day, a separate group of pair-housed rats
underwent observational fear conditioning using only 3 trials, to attain a much lower degree
of freezing during conditioning (Fig 2A; peak freezing 18.0 ± 1.7%, n=9 rats) that was
similar to the isolation-reared rats (peak freezing 18.8 ± 2.4% in the 8 trial conditioning, n.s.,
p=0.81, t=0.24, two-tailed t-test). However, when tested the following day for conditioned
freezing to the tone, these paired-housed rats that were conditioned with 3 trials still
displayed significantly greater conditioned freezing than the isolation-reared rats that were
conditioned with 8 trials (Fig 2B; two-way repeated measures ANOVA, Conditioning
protocol × Housing, p=0.017, F(1,110)=6.64, significant mail effect of housing group).
Thus, despite similar amounts of freezing on the observational conditioning day, social
isolation impaired conditioned freezing on the testing day in observer rats.

3.4. Correlations with conditioned freezing
To gain more insight into factors that contribute to the effects of social isolation on
observational conditioning, correlations were calculated between average conditioned
freezing on the testing day and several factors during conditioning. In pair-housed control
rats there was a significant correlation between the time spent proximal to the barrier on the
conditioning day and the conditioned freezing on the testing day (Fig 3A; R square = 0.67,
p=0.0002), but not in isolation-reared rats (R square = 0.13, p=0.19). There was no
significant difference in the amount of time spent near the barrier between pair-housed
controls and isolation-reared rats (Fig 3A; pair-housed 15.5 ± 2.9 s, isolation-reared 13.6 ±
2.1 s, p=0.59, t=0.54, df=28, two-tailed unpaired t-test). In pair-housed controls there was
also a significant correlation between the time oriented towards the demonstrator rat during
conditioning and the time freezing during testing (Fig 3B; R square = 0.50, p=0.0031), but
no such correlation existed in isolation-reared rats (R square = 0.18, p=0.12). The amount of
time spent oriented towards the demonstrator was significantly less in isolation-reared rats
(Fig 3B; pair-housed 20.1 ± 2.2 s, isolation-reared 12.2 ± 1.4 s, p=0.005, t=3.04, df=28, two-
tailed unpaired t-test).

There were no correlations between the total distance traveled during the conditioning and
conditioned freezing on the test day for either group (Fig 3C; pair-housed R square = 0.10,
p=0.25; isolation-reared R square = 0.08, p=0.32), and no significant differences in the
distance traveled during conditioning between groups (pair-housed 0.55 ± 0.05 m, isolation-

Yusufishaq and Rosenkranz Page 5

Behav Brain Res. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reared 0.60 ± 0.06 m; p=0.47, t=0.73, df=28, two-tailed unpaired t-test). A significant
difference in the orientation towards the demonstrator rat, and its significant correlation to
the eventual conditioned response in control but not in isolation-reared rats may be
indicative of the deficient social cognition in isolation-reared rats.

3.5. Characteristics of demonstrators
All demonstrators were pair-housed. Nevertheless, the demonstrators may have behaved
differently for the pair-housed and isolation-reared observers and thereby influenced the
behavior of the observers. To test this, the freezing of the demonstrators was measured
during fear conditioning and testing. There was no significant difference between
demonstrators for pair-housed and demonstrators for isolation-reared rats in freezing during
fear conditioning (Fig 4A; two-way repeated measures ANOVA, Trials × Observer housing,
p=0.92, F(1,224) = 0.010, no significant effect of observer group on demonstrator freezing),
nor demonstrator freezing during fear testing (Fig 4B; two-way repeated measures ANOVA,
Trials × Observer housing, p=0.77, F(1,224) = 0.09, no significant effect of observer group
on demonstrator freezing). Furthermore, the demonstrator groups displayed no significant
difference from each other in their behavioral response to footshock over the course of
conditioning (Fig 4C; two-way repeated measures ANOVA, Trials × Observer housing,
p=0.39, F(1,224)=0.75). Nor was there a significant difference in the number of pellets
defecated by the demonstrators for pair-housed or isolation-reared rats during conditioning
(Fig 4D; demonstrator for control 3.9 ± 0.5 pellets, demonstrator for isolation-reared 4.1 ±
0.7 pellets, p=0.98, Mann-Whitney U=111.5), nor proportion of demonstrators that urinated
during the conditioning (Fig 4E; demonstrator for pair-housed 12/15 rats, demonstrator for
isolation-reared 13/15 rats, p=0.62, Chi-square). Therefore, differences in observational
conditioning in pair-housed and isolation-reared observers are unlikely due to differences in
demonstrator behavior.

3.6. No sensitization to repeated auditory cue
The measured freezing by the observers in response to the tone may possibly be unrelated to
social learning, and perhaps only represent a response to repeated presentation of a tone. To
test this, a separate group of rats was presented with tones in the same manner as the
observational conditioning procedure, but with no footshock. These rats were then tested for
their freezing response to the tone the following day. The freezing response to the tone was
minimal for pair-housed and isolation-reared rats (Fig 4), and was not significantly different
from each other during the mock conditioning (Fig 4A; two-way repeated measures
ANOVA, Trials × Housing, p=0.41, F(1,112)=0.71, n=8 rats/group, no significant effect of
isolation on response to repeated tone presentation), nor during the testing the next day (Fig
4B; two-way repeated measures ANOVA, Trials × Housing, p=0.27, F(1,70)=1.31, no
significant effect of isolation on response to repeated tone presentation). Therefore,
abnormal sensitization to the tone is unlikely to underlie observational conditioning, or the
group differences in these experiments.

3.7. Social isolation does not impair direct fear conditioning
Another alternative explanation is that social isolation impairs learning, and the impairment
of learning by observation is an extension of this impairment. To test this, traditional fear
conditioning was performed in a separate group of pair-housed and isolation-reared rats. In
these experiments the pair-housed or isolation-reared rat was placed alone in the fear
conditioning and testing chambers. There was no significant impairment of freezing during
fear conditioning (Fig 5A; no significant effect in two-way repeated measures ANOVA,
Trials × Housing, p=0.055, F(1,144)=4.22, n=10 rats/group) or during fear testing the next
day (Fig 5B; no significant effect in two-way repeated measures ANOVA, Trials × Housing,
p=0.21, F(1,90)=1.72) in isolation-reared rats. In fact, there was a trend towards increased
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freezing in the isolation-reared rats upon direct fear conditioning. These data also indicate
that isolation-reared rats do not have a deficit in the ability to freeze. In addition, in a
separate group of rats, there was no significant effect of isolation-rearing on the response to
footshocks, measured as the threshold to flinch in response to footshock (p=0.81, two-tailed
t-test, t=0.24, 10 rats/group), or as the behavioral response to increasing footshock intensity
(no significant effect of isolation, two-way repeated measures ANOVA, Footshock intensity
× Housing, p=0.11, F(1,60)=3.04, n=8 rats/group). Therefore, it is unlikely that deficits in
associative fear learning underlie the impaired observational learning in isolation-reared rats.
Furthermore, it also is unlikely that differences in response to footshock mask differences in
fear conditioning between pair-housed and isolation-reared rats.

4. Discussion
Social learning by observation of conspecifics is advantageous, but likely relies on robust
social cognition. If social learning of conditioned freezing relies on normal social cognition,
then a treatment that disrupts social development is expected to disrupt social learning. This
study demonstrates that social isolation during rearing leads to an impairment of social
transmission of conditioned fear.

The ability of rodents to learn by observation of other rodents has been demonstrated in
numerous situations, including transmission of food preference and fear learning [24, 25, 27,
28, 30–34]. The results here confirm social transmission of fear by observation of a
conspecific during fear conditioning. While the degree of freezing measured after
observational fear conditioning was less than directly fear conditioning, it was still
significant and behaviorally impactful. This observational fear conditioning was not related
to sensitization of responses to an auditory cue, as repeated tones in the absence of
footshock did not lead to increased freezing. In pair-housed control rats the degree of
observational conditioned freezing was correlated with the time the observer rat was
oriented towards the demonstrator and in proximity to the demonstrators’ side of the
chamber. This implies that social information passed by attending to the demonstrator
contributes to observational conditioning.

This transit of social information was impaired in rats that experienced post-weaning social
isolation. Previous studies have demonstrated disruption of social learning of food
preference upon pre-weaning maternal and sibling deprivation (e.g. [35, 36]). Prolonged (>2
week) post-weaning social isolation reduces contextual learning [37], impairs rule learning
[38], and causes deficits in novel object recognition [39–41], indicative of cognitive deficits.
At least one study indicated a deficit of fear conditioning after social isolation in mice [42].
However, the impairment in observational conditioning after social isolation in this study
was not attributable to deficits in ability to learn, as isolation-reared rats learned fear
conditioning that was directly experienced. Consistent with the direction of these findings, a
previous study demonstrated faster acquisition of associative learning in isolation-reared rats
[43]. The impaired observational learning in isolation-reared rats was also not explained by
differences in demonstrator behavior, differences in the level of freezing during acquisition,
or ability to freeze. However, it may be related to the decreased orientation of the isolation-
reared observer rats towards the demonstrators. Consistent with decreased processing of
social cues in isolation-reared rats, social isolation disrupts social recognition in rodents
[44]. The exact nature of the deficit in social learning in this study depends upon the nature
of the cues utilized by the observing rodent, and was not studied here. In other studies, odor
and vocalization contribute to social transmission of fear [45–47] and contribute to social
modulation of other behaviors in rodents [48, 49]. The resulting deficit in fear conditioning
appears to include diminished social fear learning, as well as reduced conditioned freezing
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to a socially-learned cue. This reduced conditioned freezing may include components of
consolidation, recall or expression of the socially learned cue.

There are a number of possible routes to conditioned freezing after observational fear
conditioning. It is currently not known whether the observing rat forms an association
between the tone and an aversive outcome to a conspecific, an association between the tone
and a transmitted social cue that itself may be an aversive unconditioned stimulus (such as
an ultrasonic vocalization), whether the association is between the tone and a previously
conditioned stimulus (such as a previous association between an observed rat’s
unconditioned response and an aversive event occurring to the observer), or whether the rat
is displaying “empathy” towards the affective behaviors of the demonstrating rat.

Several studies emphasize an important role for the amygdala in observational fear. In
humans, the amygdala is activated in response to social stimuli, such as faces and facial
expressions [50–52] and during observational fear conditioning [53]. Lesions to the
amygdala in humans lead to deficits in recognition of facial expressions [54], and
diminished orientation towards socially relevant cues on the face [55]. In primates, lesions
of the amygdala result in abnormal social behavior (Kluver and Bucy, 1939), and amygdala
neurons are responsive to social stimuli [56–58]. In rodents, social transmission of fearful
state is associated with increased expression of c-Fos in the amygdala [28], and amygdala
neurons are activated during social interaction [59]. Social isolation may disrupt a
component of the amygdala circuit involved in observational conditioning. In support of
this, social isolation leads to morphological changes in the medial amygdala [20], which
plays a fundamental role in rodent social behavior [60, 61]. Social isolation also leads to
abnormalities of the dopamine system in the amygdala [62–64], which plays a significant
role in associative fear learning [65–67]. Furthermore, early life social deprivation leads to
abnormal amygdala activity in humans [68, 69].

The experiments in this study examine an interface between social cognition and affect.
There are several psychiatric disorders that display aspects of impaired social cognition that
contributes to abnormal affect, such as autism and schizophrenia. A component of these
symptoms may include inability to appreciate or express emotion and impaired social
interactions. A better understanding of the substrates of social components of mood and
emotion can provide understanding of the neurobiology of these symptoms, and perhaps
lead to novel therapeutic targets for alleviation of these symptoms.
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Highlights

• Freezing response is acquired by observation of tone-shock pairings to
conspecific

• Correlated with orientation towards conspecific during conditioning

• Observational fear conditioning is impaired by rearing in social isolation

• Impairment not due to impaired freezing or associative learning disability

• Understanding cause may lead to new treatment approach for socio-cognitive
symptoms
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Figure 1. Isolation-reared observer rats display less conditioned freezing after observational fear
conditioning than pair-housed rats
Fear conditioning was performed in a two-compartment chamber that allowed one rat to
observe another rat undergo repeated pairings of an auditory cue with a co-terminating
footshock. A) The rats that directly experienced the footshock displayed increasing freezing
over the course of the 8 conditioning trials. B) Rats that observed the cue-footshock pairings
also displayed increased freezing over repeated trials. However, rats that underwent three
weeks of post-weaning social isolation displayed significantly less freezing during the
conditioning. Note the different y-axis scale in A and B. C) During testing one day later, the
auditory cue was presented alone to individual rats. Isolation-reared rats displayed
significantly less conditioned freezing during testing compared to pair-housed rats. Black
represents pair-housed animals, white represents isolation-reared animals.
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Figure 2. Isolation-rearing impairs observational learning even when freezing during
observational conditioning is equivalent between isolation-reared and pair-housed groups
To achieve equivalent levels of freezing during observational fear conditioning, pair-housed
rats were administered a truncated (3 trials of cue + footshock) observational fear
conditioning protocol. A) The truncated observational fear conditioning led to a similar level
of freezing during conditioning in pair-housed rats as the full (8 trial) conditioning in
isolation-reared rats (left). There was no significant difference in the peak levels of freezing
achieved between the full conditioning protocol in isolation-reared rats and the truncated
protocol in pair-housed rats (right). B) Despite similar levels of freezing during
observational fear conditioning, isolation-reared rats conditioned with the full (8 trial)
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protocol still displayed significantly less conditioned freezing during retrieval than the pair-
housed rats conditioned with the truncated (3 trial) protocol. Black represents pair-housed
rats that were conditioned with the full 8 trial protocol, white represents isolation-reared rats
that were conditioned with the full 8 trial protocol, and grey represents pair-housed rats that
were conditioned with the truncated 3 trial protocol. * represents p<0.05 in Newman-Keuls
multiple comparisons test after a one-way ANOVA.
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Figure 3. Behavior of pair-housed, but not isolation-reared, rats during observational
conditioning was correlated with conditioned freezing
A) There was a significant correlation between the time spent close to the barrier that
separated the demonstrator and observer rats during conditioning and the conditioned
freezing displayed by the observer rat during testing. This correlation was observed in pair-
housed but not isolation reared rats. There was no significant difference between groups in
the average amount of time spent close to the barrier. B) There was a significant correlation
between the amount of time that the observer rat’s head was oriented towards the
demonstrator during conditioning and the amount of conditioned freezing displayed on the
testing day. This correlation was observed for the pair-housed but not the isolation-reared
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rats. Pair-housed rats also displayed significantly greater average amount of time oriented
towards the demonstrator rat during conditioning. C) There was no significant correlation
between the distance traveled during conditioning and the conditioned freezing displayed
during testing. Pair-housed and isolation-reared rats displayed a similar distance traveled
during conditioning. Black represents pair-housed observer, white represents isolation-
reared observer. * indicates p<0.05 two-tailed unpaired t-test.
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Figure 4. Demonstrators for pair-housed and isolation-reared rats displayed no significant
differences in their behaviors
A) Rats that were demonstrators for pair-housed rats displayed a similar degree of freezing
during conditioning as demonstrators for isolation-reared rats. B) As further indication of
their similarity, rats that were demonstrators for pair-housed rats displayed a similar degree
of conditioned freezing during testing as demonstrators for isolation-reared rats. C) The
behavioral response to footshock during fear conditioning was similar between both groups
of demonstrators across the conditioning trials. D) There was no significant difference in the
number of pellets defecated by the demonstrators for paired-housed and demonstrators for
isolation-reared rats during fear conditioning (left). There was no significant difference in

Yusufishaq and Rosenkranz Page 19

Behav Brain Res. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the proportion of demonstrators that urinated during fear conditioning (right). Black
represents demonstrator for pair-housed rat, white represents demonstrator for isolation-
reared rat.
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Figure 5. Isolation-reared rats do not display sensitized responses to auditory cues alone
A) Rats were presented with the same observational fear conditioning procedure in the
absence of footshock. Observer rats did not display increased freezing over the course of
auditory tone presentation trials. B) When tested after one day, neither pair-housed nor
isolation-reared observer rats displayed evidence of increased responding to the tone. Black
represents pair-housed observer, white represents isolation-reared observer.
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Figure 6. Social isolation does not impair direct fear conditioning
A) When exposed directly to auditory cue-footshock pairing, pair-housed and isolation
reared rats displayed similar increases in freezing over the course of conditioning trials. B)
When tested after one day, pair-housed and isolation-reared rats displayed similar levels of
conditioned freezing. Black represents pair-housed observer, white represents isolation-
reared observer.

Yusufishaq and Rosenkranz Page 22

Behav Brain Res. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


