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Abstract The corticotropin releasing factor (CRF) system plays a critical role in responses
to stressful stimuli, and is expressed in many areas of the brain involved in processing fear,
anxiety, and social behaviors. To better understand the mechanisms by which the CRF system
modulates responses to stressful events and social stimuli, we employed a mouse model that
selectively disrupts NMDA receptor function via NMDA receptor subunit NR1 (Grin1) knockout
speciﬁcally in Cre-expressing CRF neurons. These animals (Cre+/fGrin1+ ) were compared with
littermates lacking Cre expression (Cre−/fGrin1+ ). Following cue discrimination fear conditioning, male Cre+/fGrin1+ mice showed increased fear expression to the tone paired with a foot
shock (CS+) while still discriminating the CS+ from a tone never paired with a foot shock (CS−).
In contrast to males, female mice learned and discriminated fear cues equivalently across the
genotypes. Similarly, no genotype differences in sociability or social novelty were observed in
female mice, but Cre+/fGrin1+ males displayed greater naive sociability and preference for social
novelty than Cre−/fGrin1+ littermates. Furthermore, the level of social withdrawal exhibited by
male Cre+/fGrin1+ mice susceptible to social defeat stress relative to same genotype controls was
signiﬁcantly more pronounced than that displayed by susceptible Cre−/fGrin1+ mice compared
to control Cre−/fGrin1+ mice. Together, these results demonstrate increased fear, social, and
stress responsiveness speciﬁcally in male Cre+/fGrin1+ mice. Our ﬁndings indicate that NMDAmediated glutamatergic regulation of CRF neurons is important for appropriately regulating
fear and social responses, likely functioning to promote survival under aversive circumstances.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
One of the key regulators of stress responsiveness across
species is the corticotropin releasing factor (CRF) system
(Backström and Winberg, 2013; Hostetler and Ryabinin,
2013; Jasnow et al., 2004b; Rodrigues et al., 2009; van
der Kooij and Sandi, 2012). Yet, how the CRF system is
modulated to elicit such stress responses remains unclear.
Previously we have demonstrated the necessity of the central amygdala (CeA), a CRF neuron-rich brain region (Martin
et al., 2010; Potter et al., 1994; Swanson et al., 1983),
in the acquisition and expression of social defeat stress
in Syrian hamsters (Jasnow and Huhman, 2001). Further,
we and others have reported that CRF antagonism in the
bed nucleus of the stria terminalis (BNST) can block the
behavioral expression of social defeat (Cooper and Huhman,
2005; Jasnow et al., 2004b). This brain region receives
heavy innervation from the CeA by neurons co-expressing
CRF and Grin1 (glutamate receptor, ionotropic N-methylD-aspartate 1; NR1) receptor subunits (Beckerman et al.,
2013). Blockade of this CRF-ergic projection also attenuates the behavioral effects of social defeat (Jasnow et al.,
2004b). The CeA is also important for the acquisition, consolidation and expression of Pavlovian fear conditioning
(Wilensky et al., 2006; Zimmerman et al., 2007) through
NMDA receptor-dependent mechanisms (Goosens and Maren,
2003). Both CRF and NMDA receptors have been implicated
in fear learning as well as acquisition and expression of
responses to social defeat (Campeau et al., 1992; Fanselow
and Kim, 1994; Goosens and Maren, 2003; Jasnow et al.,
2004a; Zimmerman and Maren, 2010), suggesting considerable overlap between these systems and regulation of
learning, memory, and stress responses.
Functional assembly of NMDA receptors requires Grin1
subunits (Monyer et al., 1992), therefore knockout of Grin1
produces a loss of NMDA receptor function. Recently, Grin1
deletion speciﬁcally in CRF neurons of male mice was found
to increase fear memory without affecting anxiety, locomotion, pain sensitivity, or novel object exploration (Gafford
et al., 2014). This effect was attributed to deletion of
Grin1 speciﬁcally within CRF neurons of the CeA, suggesting
NMDA-dependent regulation of CRF neurons in this region
may play an important role in regulating appropriate fear
responses. Global Grin1 hypomorphic mice show reduced
social engagement accompanied by deﬁciencies in aggression (Duncan et al., 2009, 2004). Decreases in fos activation
in the CeA and BNST were also observed in these socially
stressed Grin1 hypomorphs (Duncan et al., 2009). Conversely, social isolation of wildtype mice during adolescence
elevates membrane levels of adulthood Grin1 expression in
the basolateral amygdala (Gan et al., 2014). Such ﬁndings
indicate that Grin1 expression facilitates neural activation
after social interactions and is upregulated in the absence
of social stimuli.
Based on these data, we hypothesized that removal
of NMDA functionality from CRF-expressing neurons would
attenuate stress-mediated behavioral expression of social
defeat. We utilized the Cre/loxP system to explore how
NMDA-dependent activation of CRF neurons inﬂuences fear,
naïve social behavior, and responses to social stressors.
Mice with homozygous ﬂoxed Grin1 alleles (Tsien et al.,
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1996) were crossed with mice expressing Cre driven by the
CRF promoter (Martin et al., 2010). This permitted precise
cell-speciﬁc ablation of NMDA receptor function exclusively
in CRF-expressing neurons (Gafford et al., 2014), as the
Grin1 subunit is required for NMDA receptor functionality
(Moriyoshi et al., 1991; Nakanishi, 1992). First, we extended
previous work that detected enhanced fear expression in
knockout (Cre+/fGrin1+ ) male mice compared to their control
littermates (Cre−/fGrin1+ ; Gafford et al., 2014). Using different shock levels, we evaluated the ability of both male and
female knockouts and controls to discriminate auditory cues
paired or unpaired with foot shocks. This permits characterization of whether functional ablation of NMDA receptors
in CRF neurons inﬂuences ability to differentiate between
auditory stimuli that were or were not associated with physical stressors of varying intensity (Ito et al., 2009; Tang et al.,
2003; Verma et al., 2012). We also assessed the naïve social
characteristics of male and female knockout mice, as well as
the response of male knockout mice to social defeat stress.
Here, our goal was to identify how NMDA receptors specifically in CRF-expressing neurons inﬂuence social behaviors
and responsiveness to defeat stress.

2. Materials and methods
2.1. Animals
All mice were bred in-house. Male and female experimental
mice (6—8 weeks of age) on a C57BL/6 background were
generated by crossing mice expressing Cre driven by the
CRF promoter (CRF-Cre) (Martin et al., 2010) with mice possessing the Grin1 gene ﬂanked by loxP sites (ﬂoxed NR1,
fGrin1). Offspring from this ﬁrst cross were hemizygous negative (Cre−) or positive for Cre (Cre+), and heterozygous for
fGrin1. These F1 offspring were then crossed to produce an
F2 generation with homozygous fGrin1 mice that were Cre+
or Cre−. Pairing of F2 homozygous fGrin1 mice that are Cre+
or Cre− then produced experimental mice that were ≥F3.
Experimental mice tested for locomotor and anxietyrelated measures underwent testing in the open ﬁeld,
followed 48 h later by testing in the elevated plus maze.
Mice tested for social behavior underwent all three phases
of naïve social testing (habituation, sociability, social novelty) but did not undergo any other tests. Separate groups
of mice were used for each shock level tested during fear
conditioning, i.e., mice trained at 0.6 mA were different
from those mice trained at 0.8 mA. Similarly, experimental
male mice that underwent social defeats followed by subsequent post-defeat social interaction testing were not used
in any fear conditioning, naïve social behavior testing, or
locomotor/anxiety-related measures.
Male aggressor or control CD-1 mice (Charles River,
Wilmington, MA) were singly housed, while male and female
C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) for naïve
social interaction targets were group housed. Male CD-1
mice used for post-defeat social interaction were group
housed. All mice were housed on a 12:12 light:dark cycle
with ad libitum access to food and water. All experiments
were approved by the Kent State Institutional Animal Care
and Use Committee and conducted in accordance with the
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Figure 1 Grin1 deletion in CRF neurons does not alter anxiety-related behaviors. (A) Genotyping for fGrin1 produces mutant
bands around 400 bp, and wildtype bands at 232 bp. Only homozygous mutant mice were used in experiments. (B) Genotyping for
the Cre transgene produces a 408 bp band. Locomotor activity did not differ based on genotype in (C) male or (D) female mice.
Anxiety-related behaviors in the open ﬁeld (E,F) or elevated plus maze (G,H) also did not differ in a genotype-related manner. Data
are presented as means ± S.E.M.

NIH Guide for the Care and Use of Laboratory Animals, 8th
Ed.

experimental mice used were homozygous for fGrin1, and
are identiﬁed according to their Cre genotype.

2.2. Genotyping

2.3. Locomotor and anxiety-related measures

All experimental mice were genotyped for both Cre and
fGrin1 as described previously (Gafford et al., 2014).
Primers were obtained from IDT Technologies (Skokie, IL).
Genotyping PCRs were performed using an Eppendorf (Hamburg, Germany) Mastercycler pro and visualized on 1%
agarose gels with ethidium bromide (Figure 1A, B). All

Locomotor and anxiety-related behaviors were recorded
using LimeLight (Coulbourn Instruments, Whitehall, PA) or
AnyMaze 4.99 (Stoelting, Wood Dale, IL). Square testing boxes used for open ﬁeld measured 42 cm W × 42 cm
D × 39 cm H (Coulbourn Instruments, Whitehall, PA). The
elevated plus maze was obtained from PanLab|Harvard
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Apparatus (Barcelona, Spain). Arms were elevated 40.5 cm
above the ﬂoor, and measured 66 cm long × 6 cm wide.
Closed arms were surrounded by 15 cm high walls, while the
open arm had a 0.5 cm lip.

2.4. Fear conditioning
Fear conditioning protocols were performed in four identical
conditioning chambers (7 in W × 7 in D × 12 in H) containing two Plexiglas walls (front and back), two aluminum
sidewalls, and a stainless-steel shock-grid ﬂoor (Coulbourn
Instruments). All fear conditioning chambers were placed
inside sound-attenuating chambers and contained cameras
mounted on top of each chamber for automated measurements of freezing behavior (FreezeFrame 3, Coulbourn
Instruments). Ambient lighting, patterned or solid backgrounds, and cleaning product (Quatricide or 70% ethanol
in water) were used as contextual visual and olfactory
cues. Cued discriminatory fear conditioning to tones at
8 kHz (paired conditioned stimulus, CS+) and 2 kHz (unpaired
conditioned stimulus, CS−) was performed to shocks (1 s,
scrambled square wave) at 0.4, 0.6, and 0.8 mA (males),
or 0.8 and 1.0 mA (females). A single 5 min preexposure was
performed in context A (training context) 24 h prior to training. On the day of training, ﬁve CS+ and CS− tones (30 s each)
each were presented pseudorandomly with a minimum 30 s
intertone interval (ITI). Footshocks coterminated with the
CS+ during training. Fear retention testing and extinction
training (with 50 s ITIs) began 24 h after training, in context
B (extinction context), consisting of 30 CS+ and 5 CS− tone
presentations (30 s each). Extinction training bins analyzed
in results and presented in ﬁgures are the mean of three
consecutive CS+ tone presentations.

2.5. Defeat procedure
Pre-screened singly housed aggressor and control CD-1 mice
were used to defeat experimental mice as described previously (Meduri et al., 2013). Experimental mice encountered
8 different CD-1 mice total, with 4 defeats performed per
day. Each defeat involved 5 min of direct physical contact
followed by 55 min of sensory (non-physical) contact. After
the ﬁrst day of defeats, experimental mice were singly
housed for the remainder of the experiment. Post-defeat
social interaction testing was performed 24 h after the last
defeat session.
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2.7. Naïve social behavior testing
Naïve social interaction used a modiﬁed setup of the three
chamber test by the Crawley laboratory (Moy et al., 2004;
Nadler et al., 2004) with Galaxy cups placed in opposing
corners of testing boxes, and counter-balancing which corner contained novel social target mice. Testing consisted of
three 10 min phases with C57BL/6 mice as the sex-matched
social targets: habituation (no social targets), sociability
(Stranger 1 and Empty cup), and social novelty (Stranger
1 and Stranger 2). Difference scores were calculated to
compare the time spent interacting with a social target compared to an empty cup (Sociability = Stranger 1-Empty Cup),
or time spent interacting with a novel social target compared to the previously encountered social target (Social
Novelty = Stranger 2-Stranger 1).

2.8. Post-defeat social interaction testing
Post-defeat social interactions involved a single Galaxy cup
placed in a corner of the testing box, with two testing trials
lasting 150 s each: Trial 1 (target absent) and Trial 2 (target
present). In Trial 1, a male experimental mouse was placed
into the center of the open ﬁeld arena and allowed 150 s to
explore the arena in the absence of a social target. After
150 s, a social target (male, age-matched group housed CD1 mouse) was placed in the metal galaxy cup and Trial 2
commenced. For Trial 2, mice were allowed another 150 s
to explore with the social target now present. In order to
determine individual responses to social defeat stress, we
used an established interaction ratio calculation (Krishnan
et al., 2007; Meduri et al., 2013). The interaction ratio was
calculated as (time investigating social target)/(time investigating without social target)* 100. Defeated mice with
interaction ratios of less than 100 were deﬁned as susceptible and defeated mice with interaction ratios equal to or
greater than 100 were deﬁned as resistant to social defeat
(Krishnan et al., 2007; Meduri et al., 2013). For graphical
visualization, the interaction ratio had 100 subtracted from
all animals’ scores to indicate those animals investigating
more (>0) or less (<0) in the presence of a social target.
Because C57BL/6 female mice are not naturally territorial
nor aggressive, we were not able to investigate the effects
of social stress on female Cre+/fGrin1+ and wildtype mice
(Bourke and Neigh, 2012; Lukas and Neumann, 2014; Taylor
et al., 2000).

2.9. Statistics
2.6. Social behavior testing
All social behavior testing was performed during the last
4 h of the light cycle under dim lighting conditions. Behaviors were recorded by LimeLight (Coulbourn Instruments,
Whitehall, PA) or AnyMaze 4.99 (Stoelting, Wood Dale, IL).
Square testing boxes used for social interaction were the
same as those used for open ﬁeld, and measured 42 cm
W × 42 cm D × 39 cm H (Coulbourn Instruments). Galaxy cups
(Spectrum, Streetsboro, OH) were inverted to contain social
target mice for naïve and post-defeat social interaction testing.

Signiﬁcance was set a priori at p < 0.05. Prism 6.0f
(GraphPad, La Jolla, CA) was used for statistical analyses and graphing data. Fear training and expression
testing/extinction training data were analyzed by twoway repeated measures analysis of variance (ANOVA). Cue
discrimination, sociability and social novelty tests, and postdefeat social interaction comparisons were analyzed by a
two-way ANOVA and Tukey’s post hoc. Naïve social behavior
and post-defeat social interaction difference scores were
compared by using Student t-tests. All data are presented
as means ± S.E.M.
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3. Results
3.1. Anxiety-related behavior—–males
There was no effect of genotype on locomotor activity in
male mice [t(16) = 0.592, p > 0.59], indicating that changes
in fear behavior are not attributable to alterations in motor
behavior (Figure 1C). As previously reported (Gafford et al.,
2014), we also detected no anxiety-related behavioral differences in the elevated plus maze [t(17) = 1.48, p > 0.16] or
open ﬁeld test [t(16) = 1.22, p > 0.24] between genotypes in
male mice (Figure 1E, G).

3.2. Anxiety-related behavior—–females
We describe here the ﬁrst evaluation of female CRF-speciﬁc
Grin1 knockout mice in locomotor and anxiety-related
measures. Similar to male mice, we observed no genotype effects on locomotor activity [t(31) = 0.969, p > 0.34]
(Figure 1D), nor any differences in anxiety-related measures
measured by the elevated plus maze [t(31) = 0.829, p > 0.41]
or open ﬁeld test [t(31) = 1.03, p > 0.31] (Figure 1F, H).

3.3. Fear conditioning—–males
Previously, we have observed a signiﬁcant genotype effect
in male mice fear conditioned using a 1.0 mA footshock
(Gafford et al., 2014). Here, we tested lower shock levels in
these mice and used a cued fear discrimination paradigm,
where one tone is always paired with the footshock (CS+)
and another tone is never paired with footshock (CS−).
At a 0.6 mA shock level (Figure 2A), no effect of genotype was detected during training [F(1,15) = 0.206, p > 0.66],
nor was there an effect on fear expression or extinction [F(1,15) = 0.082, p > 0.78]. In addition, no genotype
effect was observed in cued discrimination [F(1,30) = 0.110,
p > 0.74]. Although there was also no interaction effect
between genotype x cue [F(1,30) = 0.170, p > 0.68], a main
effect of cue was detected [F(1,30) = 28.9, p < 0.001]. A
Tukey’s post hoc test revealed that male mice of both genotypes successfully discriminated between the CS+ and CS−
cues (Figure 2C).
During cued discrimination fear training at 0.8 mA,
no interaction between time and genotype was detected
[F(4,52) = 0.316, p > 0.86] (Figure 2E). When examining the
fear test and extinction session, there was no interaction observed with a repeated measures two-way ANOVA
[F(9,108) = 0.863, p > 0.56], but there was a signiﬁcant main
effect of genotype [F(1,12) = 6.46, p < 0.05], such that male
Cre+/fGrin1+ mice displayed enhanced freezing to the CS+
throughout the testing session (Figure 2E). Together with
previous literature (Gafford et al., 2014), these ﬁndings suggest that at higher shock levels, loss of NMDA function in
male CRF neurons results in a persistently elevated expression of fear over time.
We then examined cued fear discrimination by analyzing
freezing in response to the ﬁrst ﬁve tones of the CS+ and
CS− during expression testing/extinction training. Though
no signiﬁcant interaction of cue x genotype was observed,
signiﬁcant main effects of cue [F(1,24 = 20.69, p < 0.001]
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and genotype [F(1,24) = 26.28, p < 0.001] were detected.
Tukey’s post hoc analyses revealed signiﬁcant differences
of genotype within each cue, indicating an elevated freezing response of male Cre+/fGrin1+ to both cues (Figure. 2G)
demonstrating enhanced fear expression and increased fear
responses to the CS-. Both controls and knockouts were still
able to discriminate between the cues (Figure. 2G), indicating that these enhanced CS+ and CS− freezing responses
were not attributable to indiscriminate freezing to any auditory stimuli.

3.4. Fear conditioning—–females
Because we detected genotype-speciﬁc differences in male
mice fear conditioned at 0.8 (Figure 2E) and 1.0 mA (Gafford
et al., 2014), we investigated fear processing in female
mice by training at these two different shock levels. Female
mice fear conditioned to 0.8 mA shocks displayed no genotype × time interaction [F(4,124) = 0.144, p > 0.97] or main
effect of genotype [F(1,31) = 0.434, p > 0.51] during training. In contrast to male mice trained at 0.8 mA, female
mice exhibited no main genotype effect during expression testing/extinction [F(1,31) = 0.405, p > 0.53](Figure 2B).
Female mice also had no genotype x time interaction
effect [F(9,279) = 1.34, p > 0.22]. When the ﬁrst ﬁve CS+
and CS− cues during expression testing/extinction were
examined, a signiﬁcant main effect of cue was detected
[F(1,62) = 28.6, p < 0.001]. Tukey’s post hoc testing demonstrated that female mice of both genotypes signiﬁcantly
discriminated between the CS+ and CS− cues (Figure 2D). No
genotype x cue interaction effect [F(1,62) = 1.23, p > 0.27]
or main genotype effect [F(1,62) = 0.471, p > 0.50] was
observed.
We also evaluated the performance of female Cre+/fGrin1+
and Cre−/fGrin1+ mice during cued discriminatory fear
conditioning using the same shock level as previously
reported in males (1.0 mA; Gafford et al., 2014). Two-way
repeated measures ANOVA revealed no signiﬁcant interaction of genotype x time [F(4,64) = 0.524, p > 0.71] or main
effect of genotype in acquisition [F(1,16) = 0.068, p > 0.79].
Again, females exhibited no main genotype effect during expression testing/extinction training [F(1,12) = 0.171,
p > 0.68](Figure 2F), contrasting with our male observations here and in a previous report (Gafford et al.,
2014). Similar to training in this sex, during expression
testing/extinction there was no interaction effect of genotype × time [F(9,108) = 0.736, p > 0.67].
When responses to the ﬁrst 5 CS+ and CS− tones during
expression testing/extinction were analyzed after 1.0 mA
training, yet another sex difference was noted. Whereas
male mice exhibited a genotype effect in response to
both the CS+ and CS−, female mice demonstrated no
genotype effect [F(1,24) = 1.35, p > 0.25] and no interaction [F(1,24) = 0.118, p > 0.73]. A signiﬁcant effect of cue
was noted [F(1,24) = 28.9, p < 0.001], and a Tukey’s post
hoc indicated that female Cre+/fGrin1+ and their littermate
Cre−/fGrin1+ controls were all able to discriminate between
CS+ and CS− tones (Figure 2H). However, unlike male
Cre+/fGrin1+ mice, female Cre+/fGrin1+ did not differ from their
wildtype littermates in their freezing responses to these
cues.
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Figure 2 Cre+/fGrin1+ mice acquire fear normally but exhibit enhanced fear expression to CS+ and CS− cues as well as impaired
fear extinction. An earlier report (Gafford et al., 2014) has described male Cre+/fGrin1+ mice as exhibiting enhanced cued fear
expression after cued training with a 1.0 mA footshock. Here, when (A) males and (B) females were fear trained with ﬁve pairings
of the CS+ with a footshock at lower shock levels of 0.6 and 0.8 mA, respectively, no genotype differences were detected. Further,
no genotype effects were detected 24 h later during fear expression testing/extinction training, which is graphed data as bins of
freezing behavior during three consecutive tone CS+ presentations. (C,D) All mice regardless of sex or genotype were still able
to distinguish between CS+ and CS− cues when the ﬁrst ﬁve CS+ and CS− tones from fear expression testing/extinction training
were averaged. (E) Equivalent fear training of male Cre+/fGrin1+ and control Cre−/fGrin1+ mice occurred when training with a
higher shock level of 0.8 mA footshock as well. When tested 24 h later, knockout mice displayed elevated fear expression and impaired
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3.5. Naïve social behavior—–males
Using a modiﬁed setup of the three chamber test by
the Crawley laboratory(Moy et al., 2004; Nadler et al.,
2004), we evaluated here for the ﬁrst time the naïve
social behavior of male Cre+/fGrin1+ mice compared to
their control Cre−/fGrin1+ littermates (Figure 3). Cre+/fGrin1+
males demonstrated signiﬁcantly increased time spent
interacting with Stranger 1 and Stranger 2 during the
sociability [t(21) = 2.83, p < 0.01](Figure 3A) and social novelty [t(21) = 2.19, p < 0.05](Figure 3C) phases, respectively,
compared to their control littermates. Difference scores
were calculated to compare the time spent interacting
with a social target compared to an empty cup (Sociability = Stranger 1-Empty Cup), or time spent interacting with
a novel social target compared to the previously encountered social target (Social Novelty = Stranger 2-Stranger 1).
Importantly, positive difference scores illustrate that both
genotypes exhibited sociability and social novelty preferences (Figure 3E). These data suggest that deletion of Grin1
in CRF neurons enhances social behavior in males (suggesting
reduced social anxiety), despite enhancing fear responses.

3.6. Naïve social behavior—–females
Both female Cre+/fGrin1+ mice and their wildtype littermates
exhibited similar preferences for Stranger 1 as compared
to the Empty Cup during sociability testing (Figure 3B),
as demonstrated by a main effect of target [F(1,42) = 102,
p < 0.001]. No genotype differences in female mice were
detected for sociability, though a signiﬁcant interaction
effect of genotype × target was observed [F(1,42) = 4.30,
p < 0.05]. For social novelty, a main effect of target was
signiﬁcant [F(1,42) = 9.04, p < 0.01], and Tukey’s post hoc
indicated investigation of Stranger 1 vs. Stranger 2 was
signiﬁcantly different between female Cre+/fGrin1+ mice
(Figure 3D). Similar to males, all difference scores were positive, but no genotype differences were detected in females
during sociability [t(21) = 1.60, p > 0.12] or social novelty
[t(21) = 1.26, p > 0.22] using Student t-tests (Figure 3F). Similar to our observations with fear conditioning and cue
discrimination, these data indicate that CRF-speciﬁc knockout of Grin1 selectively affects social behavior in males but
not females.

3.7. Response to social defeat—–males
No signiﬁcant interaction between genotype and treatment was detected by two-way ANOVA [F(2,67) = 1.93,
p > 0.15], but the main effect of treatment was signiﬁcant [F(2,67) = 37.1, p < 0.001]. Tukey’s post hoc analyses
revealed signiﬁcant differences between the susceptible
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groups of both genotypes and the control and resistant
groups of the same respective genotypes (Figure 4). Thus,
despite Grin1 deletion in CRF neurons, Cre+/fGrin1+ mice
displayed similar responses to social defeat and similar
distribution of susceptible and resistant mice compared
to Cre−/fGrin1+ mice (Figure 4). However, to account for
the increased social behavior of Cre+/fGrin1+ mice, we analyzed the mean difference from controls of each respective
genotype resulting in a difference score. There was a signiﬁcant difference between genotypes for susceptible mice
when analyzed by Student’s t-test [t(29) = 3.99, p < 0.001],
whereas there was no signiﬁcant difference between the
resistant groups when normalized to their respective controls [t(10) = 0.804, p > 0.44]. Susceptible Cre+/fGrin1+ mice
displayed a more robust decrease in social interaction in
response to social defeat compared to Cre-/fGrin1+ defeated
mice. Taken together, these data suggest that Grin1 deletion
in CRF neurons increased naïve social interaction (Figure 3),
yet resulted in Cre+/fGrin1+ mice being more sensitive to
social stress because their overall response to defeat was
much greater than their wildtype littermates. As mentioned
previously, female mice do not naturally exhibit aggression
or territoriality as male mice do, and therefore females were
not investigated here for social response to defeat stress.

4. Discussion
Here we demonstrate for the ﬁrst time that functional
ablation of Grin1 selectively in CRF neurons produces sexspeciﬁc effects on fear expression, cue discrimination, and
social interaction. These data highlight the importance of
plastic excitatory input upon CRF neuron activation. For
example, the loss of this CRF-speciﬁc NMDA stimulation
impairs attenuation of fear responses to auditory cues selectively in males. Furthermore, the loss of NMDA activation
of CRF neurons moderately increases social investigative
behavior in naïve males while simultaneously exacerbating
their susceptibility to social stress. Finally, we observe no
genotype or sex differences in anxiety-related behavioral
measures, possibly due to low arousal conditions in these
tests.
CRF neurons are well established as key components
in circuitry inﬂuencing social behavior, fear, and stress
(Hagan, 2011; Hostetler and Ryabinin, 2013; Toufexis, 2007).
Two brain regions implicated in social and fear behaviors are the CeA and BNST (Jasnow et al., 2004b, 2006,
2005; LeDoux, 2000; Maren and Fanselow, 1996; Rodrigues
et al., 2009; Walker and Davis, 1997). Both of these brain
regions express CRF neurons and reciprocally modulate
each other (Choi et al., 2007; Dong et al., 2001; Herman
et al., 2003, 2005; Shammah-Lagnado et al., 2000; Ulrich-Lai
and Herman, 2009). The social and fear behavior alterations we observed in our male mice lacking NMDA function

fear extinction. (F) Cued fear acquisition with a higher shock level of 1.0 mA footshocks was measured in female Cre+/fGrin1+ and control
Cre−/fGrin1+ mice, and 24 h later female mice were tested for expression and extinction training. No signiﬁcant differences between female
Cre+/fGrin1+ and control Cre−/fGrin1+ littermates were detected on any of these measures. (G) Male mice all successfully discriminate
between CS+ and CS− tones. Cre+/fGrin1+ mice also exhibit elevated freezing behavior to both the CS+ and CS− compared to Cre−/fGrin1+
mice. (H) During expression testing/extinction training of females, no genotype effects were observed, but female mice of both genotypes
were successfully able to discriminate between the CS+ and CS− cues. Data are presented as means ± S.E.M. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3 Cre+/fGrin1+ male mice exhibit increased sociability and preference for social novelty. (A) Male Cre+/fGrin1+ mice exhibit
signiﬁcantly greater social investigation of a novel social target (Stranger 1) compared to Cre−/fGrin1+ littermates. (B) No significant genotype differences were observed between female Cre+/fGrin1+ and Cre−/fGrin1+ mice. (C) When a new stranger mouse is
introduced (Stranger 2) in the presence of the now familiar target mouse (Stranger 1), male Cre+/fGrin1+ mice again display enhanced
investigation compared to Cre−/fGrin1+ littermates. (D) Female mice exhibit no genotype-dependent differences in social investigation of Stranger 2. (E) Male difference scores between Stranger 1 and the empty cup (Sociability), or Stranger 2 and Stranger 1 (Social
Novelty) are compared to illustrate absolute time differences spent investigating the more salient social targets. Male Cre+/fGrin1+
mice consistently exhibited increased social investigation compared to their Cre−/fGrin1+ littermates. (F) Female difference scores
for Sociability and Social Novelty demonstrate no signiﬁcant genotype differences. All data are graphed as means ± S.E.M. * p < 0.05,
**
p < 0.01, *** p < 0.001.

in CRF neurons therefore support the behavioral roles of
these neurons. For example, CRF mRNA is increased in
the CeA and BNST following social defeat (Funk et al.,
2006), and exogenous CRF administered centrally reduces
social interaction (Dunn and File, 1987). Furthermore,
CRF receptor antagonism administered centrally and more
speciﬁcally in the BNST attenuates the effects of social
defeat (Cooper and Huhman, 2005; Jasnow et al., 2004b,
1999). Together these reports indicate that CRFrelease functions to promote social withdrawal, and are supported by
the enhanced social interaction we observe in naïve male
Cre+/fGrin1+ mice.
The pronounced social withdrawal we observe in susceptible defeated male Cre+/fGrin1+ mice compared to
their wildtype counterparts may be attributable to AMPA

receptor-mediated activation of CRF neurons. Indeed, AMPA
receptors are upregulated in the amygdala and BNST of
CRF-speciﬁc Grin1 knockouts (Gafford et al., 2014). This
upregulation has been suggested as a possible explanation
for the enhanced fear expression observed in male knockouts (Gafford et al., 2014). One alternative possibility is
that a reduction in CRF neuron excitation by NMDA receptors
results in decreased CRF release during fear conditioning and
thereby improves consolidation of fear memories. Exogenous CRF administration into the basolateral amygdala has
been shown to impair consolidation of both fear learning and
extinction learning (Abiri et al., 2014; Isogawa et al., 2013).
Indeed, NMDA receptor activation in the CeA is an important
component promoting long term potentiation of input from
the BLA (Fu and Shinnick-Gallagher, 2005).
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Figure 4 Male Cre+/fGrin1+ mice exhibit exaggerated social withdrawal following social defeat stress. Susceptible defeated mice,
characterized as spending less time in the interaction zone with the social target present versus absent, were signiﬁcantly different
from both control mice and resistant defeated mice of the same genotype. Though the relative percent changes in interaction of
susceptible mice are similar across genotype, when the sociability of the respective genotype controls is considered, the magnitude
decrease observed in susceptible Cre+/fGrin1+ mice is signiﬁcantly greater than for susceptible wildtypes. However, no signiﬁcant
difference in magnitude of change between resistant mice of either genotype was detected. Solid bars consist of data graphed as %
change from target absent = [(interaction time with target present)/(interaction time with target absent)100—100]. Textured bars
are susceptible or resilient % change from target absent subtracted from % change from target absent of same genotype controls.
All data are graphed as means ± S.E.M. * p < 0.05, ** p < 0.01, *** p < 0.001.

Potentiated freezing to the CS− in addition to the CS+
by male Cre+/fGrin1+ mice could further be attributable to
reduced inhibition of fear-promoting neurons within the
medial portion of the CeA by CRF-expressing lateral portion
CeA neurons. Importantly, male Cre+/fGrin1+ mice still successfully discriminate between CS+ and CS− cues, indicating
they do not arbitrarily freeze to any associated or nonassociated auditory cues. However, the increased freezing
to the CS− could indicate some level of generalization as the
loss of tonic inhibition of medial CeA neurons has been associated with increased freezing to CS− cues (Ciocchi et al.,
2010).
Another alternative is that Grin1 knockout in CRF neurons
has widespread, potentially confounding effects beyond
the amygdala and BNST. For example, CRF receptors are
expressed in sensory-specialized areas such as the colliculi
and olfactory bulbs (Van Pett et al., 2000). These mice could
therefore experience altered perceptions of fear and social
cues through their olfactory, auditory, and visual modalities.
When testing fear responses to the CS+ and CS−, the olfactory and visual cues present during training are absent during
testing, leaving the possibility that the enhanced freezing
displayed by male Cre+/fGrin1+ mice could be a result of differences in audition or auditory processing. However, the
persistence of enhanced fear behavior to an auditory CS+
in mice lacking NMDA function only within the CeA argues
against this interpretation (Gafford et al., 2014). The possibility remains that olfaction is altered in male Cre+/fGrin1+
mice in such a way that it inﬂuences their propensity to
investigate novel social targets. Selective knockout of Grin1
only within areas of the brain implicated in social behavior,
such as the BNST, would help address this limitation.

Overall, characterization of these Cre+/fGrin1+ mice has
demonstrated the important function of CRF signaling in
reducing social investigation and attenuating learned fear
behaviors in males. These ﬁndings indicate that the role of
CRF in response to stressors may actually be a homeostatic
attempt to diminish reactivity and reduce hypervigilance.
Further support for this hypothesis comes from existing literature demonstrating a bi-directional role for CRF in stress
regulation. For instance, mice deﬁcient in CRFR1 display
decreased anxiety-like behavior and an impaired stressresponse (Smith et al., 1998; Timpl et al., 1998), whereas
mice deﬁcient in CRFR2 exhibit hyper-responsivity to stress
and increased anxiety-like behavior (Bale et al., 2000). However, the stress reducing effects of CRFR2 have not been
replicated in all species, as blockade of CRFR2 receptors,
but not CRFR1 receptors speciﬁcally attenuate behavioral
responses to social stress in Syrian hamsters (Cooper and
Huhman, 2005; Jasnow et al., 2004b, 1999). Taken together,
these data suggest that CRF release plays an important role
in homeostatic regulation during stress, facilitating both
stress responsive behavior and the coping mechanisms that
enable recovery.
The lack of genotype differences in female mice stands
in contrast with the robust genotype-dependent characteristics observed in male Cre+/fGrin1+ mice. The female mice
we used here were all intact; therefore the phase of estrous
cycle was not controlled. This could contribute to the lack
of genotype differences observed in female mice. An alternative reason could be organizational, in that development
of the brain selectively results in females being less susceptible to reductions in CRF signaling. Sex differences exist
in androgen and estrogen receptor expression proﬁles in
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brain regions containing CRF neurons, including the CeA and
BNST (Laﬂamme et al., 1998; Ostlund et al., 2003; Roselli,
1991; Shughrue et al., 1997; Zhou et al., 1994). In addition, sex differences in activation of CRF neurons, CRF gene
transcription, and CRF receptor localization and expression
have been reported (Valentino et al., 2013; Vamvakopoulos,
1995; Weathington et al., 2014). The Grin1 transcript in the
hypothalamus of mice is reportedly not responsive to estradiol treatment (Ikeda et al., 2010), further suggesting that
the sex differences observed are attributable to CRF neuron
regulation.
Furthermore, evidence suggests that maternal CRF
receptor function can have sex speciﬁc effects on offspring
stress responsive behavior (Bale et al., 2002). Experiments
with gonadectomies could help evaluate whether this lack
of effect in females is due to circulating sex hormones, or
the sexually dimorphic development of CRF-inﬂuenced brain
circuitry. Because female Cre+/fGrin1+ mice do not differ in
their social behavior from wildtype littermates, we would
not hypothesize that dam genotype inﬂuences social behavior of offspring through non-genomic transmission. However,
considering the enhanced sociability of male Cre+/fGrin1+
mice, developmental studies could be performed to determine if behavioral and/or epigenetic changes arise from the
presence of Cre+/fGrin1+ versus Cre−/fGrin1+ sires and/or dams
during the pre-weaning period.
Just as important as the sex-dependent genotype differences we observed are those aspects that were not
altered in either sex by genotype. Genotype did not have
an impact on shock reactivity or on an ability to recognize novel objects (Gafford et al., 2014), and here we
further demonstrate that all mice are still capable of discriminating between CS+ and CS− cues as well as familiar
vs. novel mice. These ﬁndings demonstrate that the loss
of NMDA receptor function in CRF neurons does not globally increase reactivity to, or investigation of, all stimuli.
Rather, CRF activation by NMDA receptors seems to be necessary to appropriately regulate fear and social responses,
likely functioning to promote survival under aversive circumstances. This is particularly evident with the ethologically
relevant social interaction following social defeat. Defeated
inbred mice exhibit a spectrum of subsequent individual
social interaction tendencies that can be segregated in to
susceptible (interaction is reduced) and resistant (interaction persists) groups (Krishnan et al., 2007; Meduri et al.,
2013). Though all defeated mice regardless of group display
enhanced blood corticosterone levels, those mice classiﬁed as susceptible exhibit physiological (e.g., increased
nucleus accumbens BDNF) and behavioral (e.g., potentiated
cocaine place preference, increased anxiety-like behavior)
changes compared to their control and resistant defeated
counterparts (Krishnan et al., 2007). In contrast, resistant mice have elevated fear expression and impaired fear
extinction (Meduri et al., 2013). Thus, the dichotomous
behavioral responses to social defeat stress may mask underlying adaptive as well as detrimental changes in physiology
and behavior.
Here, the pronounced reduction in social interaction of
mice susceptible to defeat relative to same genotype controls could be maladaptive in that some level of social
interaction and defensive aggression, despite past experiences, is necessary for survival and reproduction. Because
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social withdrawal of susceptible defeated mice was not
different between genotypes, the primary contributor to
the magnitude of change is the enhanced sociability of
control Cre+/fGrin1+ mice. One alternative interpretation is
that genotype effects in defeated male mice are hidden
by the magnitude of the social stressor, such that glutamatergic excitation of CRF neurons by other receptors (e.g.,
AMPA) overwhelms the loss of NMDA-mediated excitation.
This would suggest less intense social stressors might reveal
genotype-dependent differences in social stress responsivity. Future investigations involving fewer defeat bouts might
uncover genotype-speciﬁc effects in social withdrawal or
phenotype distributions between resistant and susceptible
defeated mice (Meduri et al., 2013). Lack of territoriality
exhibited by virgin female mice makes examining the impact
of social stressors in females more challenging, and given
the lack of genotype effects observed in other parameters,
we would hypothesize female social stress would not generate discernable genotype differences. Additional follow-up
experiments will involve CeA- versus BNST-speciﬁc knockout of Grin1 to evaluate whether the behavioral differences
observed in males are attributable to differences in CRF
function within the CeA or in their downstream projections.
In addition, we can examine organizational or activational
effects of Grin1 knockout in CRF neurons (Gafford et al.,
2014).

5. Conclusion
These experiments demonstrate that loss of Grin1 speciﬁcally in CRF neurons signiﬁcantly enhances fear expression,
social investigation, and social stress susceptibility in male
but not female mice. These data are in agreement with previous ﬁndings (Gafford et al., 2014), but also suggest sex
differences in the CRF system and its regulation of fear and
social behavior. Taken together, the present data and those
of others suggest that CRF release during fear learning may
impair the consolidation of fear memories. The loss of NMDA
receptor function in CRF neurons in the present study may
have counteracted that effect and improved fear responses.
However, the Grin1 deletion in CRF neurons reduced social
anxiety, and at the same time increased sensitivity to social
stressors. Thus, CRF activation by NMDA receptors seems
to be necessary to appropriately regulate fear and social
responses, likely functioning to promote survival under aversive circumstances.
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