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Deficits in social and communication behaviors are common features of a number of neurodevelopmental disorders. However, the
molecular and cellular substrates of these higher order brain functions are not well understood. Here we report that specific alterations
in social and communication behaviors in mice occur as a result of loss of the EPAC2 gene, which encodes a protein kinase A-independent
cAMP target. Epac2-deficient mice exhibited robust deficits in social interactions and ultrasonic vocalizations, but displayed normal
olfaction, working and reference memory, motor abilities, anxiety, and repetitive behaviors. Epac2-deficient mice displayed abnormal
columnar organization in the anterior cingulate cortex, a region implicated in social behavior in humans, but not in somatosensory
cortex. In vivo two-photon imaging revealed reduced dendritic spine motility and density on cortical neurons in Epac2-deficient mice,
indicating deficits at the synaptic level. Together, these findings provide novel insight into the molecular and cellular substrates of social
and communication behavior.

Introduction
The ubiquitous second messenger molecule cAMP is an impor-
tant member of many signaling cascades in the CNS. cAMP sig-
naling has been shown to be crucial for many neuronal processes
and modulates a broad range of cognitive functions (Silva and
Murphy, 1999). Conversely, abnormal cAMP signaling has been
implicated in a range of neurodevelopmental and psychiatric dis-
orders (Nestler et al., 2002; Kelley et al., 2008). cAMP signaling
occurs via two main downstream pathways; one is protein kinase

A (PKA) dependent and the other PKA independent. PKA-
independent cAMP targets are comprised of Epac (exchange protein
directly activated by cAMP) proteins and cyclic-nucleotide-gated
channels. While much attention has focused on the role of the PKA-
dependent pathway in vivo, relatively little is known about the roles
of PKA-independent mechanisms in the brain.

The Epac proteins, Epac1 and Epac2 (also known as cAMP-
GEFI and II, or RapGEF3, or 4), are guanine-nucleotide exchange
factors (GEFs) for the small GTPase Rap. Epac2 is highly enriched
postnatal cortex while Epac1 has much lower expression in cortex
(Kawasaki et al., 1998). Epac2 is far more abundant than Epac1 in
cortical neurons (Woolfrey et al., 2009) and is the major Epac
protein beyond early developmental stages (Ulucan et al., 2007);
thus it might play a more prominent role in regulating cortical
function. Epac2 bidirectionally regulates dendritic spine shrink-
age and motility in vitro (Woolfrey et al., 2009), and rare missense
mutations found in individuals with autism (Bacchelli et al.,
2003) affected Epac2 Rap-GEF activity, synaptic protein distribu-
tion, and spine morphology (Woolfrey et al., 2009). In addition,
Epac2 is required for D1/D5 dopamine receptor-induced den-
dritic spine morphogenesis and glutamate receptor trafficking.
The postsynaptic adhesion protein neuroligin-3 (NL3) forms a
complex with Epac2, but not Epac1, and enhances its Rap-GEF
activity (Woolfrey et al., 2009). Interestingly, both dopamine and
NL3 signaling have been implicated in disorders involving dis-
rupted social and communication behaviors (Jamain et al., 2003;
Hettinger et al., 2008). Previous studies using the Epac-specific
cAMP analog 8-(4-chloro-phenylthio)-2�-O-methyladenosine-
3�,5�-cyclic monophosphate (8-CPT) have found that Epac acti-
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vation can modulate synaptic plasticity (Gelinas et al., 2008) as
well as memory retrieval in mice (Kelly et al., 2009). Recent work
has also shown that EPAC1/EPAC2 double-null mice on a 129sv
background exhibit deficits in spatial reference memory and so-
cial interactions (Yang et al., 2012b). However, the specific role of
Epac2 in complex behaviors remains unclear.

Because Epac2 is the major Epac form expressed in the cortex
and modulates cortical neuron structure and function in vitro, we
hypothesized that its loss may affect cortical phenotypes and
complex behaviors. Using an Epac2-null mouse generated on a
C57BL/6 background (Shibasaki et al., 2007), we found unex-
pected roles for Epac2 in specifically regulating social interac-
tions, ultrasonic vocalizations (USVs), and cortical columnar
organization in a brain region relevant for social behavior, in
addition to regulating dendritic spine motility in vivo. Our data
not only provide novel insight into PKA-independent cAMP and
neuroligin signaling in the cortex, but they also identify molecu-
lar and cellular substrates of social and communication behavior.

Materials and Methods
Reagents
8-CPT was purchased from Tocris Bioscience (R&D Systems). The fol-
lowing antibodies were purchased: rabbit anti-HA polyclonal (Enzo Life
Sciences), rabbit anti-Epac2 polyclonal and mouse anti-Epac2 monoclo-
nal (Cell Signaling Technology), rabbit anti-phospho-BRaf ( p-BRaf)
polyclonal (Abcam), mouse anti-Epac1 monoclonal (Cell Signaling
Technology), rabbit anti-Rap polyclonal antibody (Millipore), mouse
anti-�-actin monoclonal (Sigma), rabbit anti-neuroligin-3 polyclonal
(Santa Cruz Biotechnology), rabbit anti-neuroligin-1 polyclonal (Santa
Cruz Biotechnology), mouse anti-GluA2 monoclonal (Millipore), rabbit
anti-VGAT polyclonal (Millipore), mouse anti-VGluT1 monoclonal
(Millipore), rabbit anti-kalirin polyclonal (Millipore), and mouse anti-
PSD-95 monoclonal clone K28/43 (University of California Davis/Na-
tional Institutes of Health Neuromab Facility). The HA-Epac2-WT
construct was a kind gift from Lawrence Quilliam (Indiana University).

Neuronal cultures and quantitative immunofluorescence
Dissociated cultures of primary cortical neurons were prepared from
P0 –P1 mouse pups from either EPAC2 �/� � EPAC2 �/� or EPAC2 �/�

� EPAC2 �/� crosses, in a manner similar to embryonic rat cortical
cultures described previously (Woolfrey et al., 2009). On 21–23 d in vitro
(DIV), neurons were transiently transfected for 4 h with plasmid (1–3 �g
DNA) using Lipofectamine 2000 (Invitrogen). Endogenous Epac2 was
activated by incubating neurons for 1 h at 37°C with 50 �M 8-CPT (Toc-
ris Bioscience) in artificial CSF and then fixed immediately, immuno-
stained, and imaged by confocal microscopy as described previously
(Woolfrey et al., 2009; Srivastava et al., 2011). Cultures that were directly
compared were stained simultaneously and imaged with the same acqui-
sition parameters. Experiments were performed blind to condition.

Cortical tissue preparation, Rap activation assay, and
Western blotting
Activation of endogenous Rap1 in mouse cortical tissue was measured using
the GST-Ral-GDS affinity resin (Millipore) as previously described (Wool-
frey et al., 2009). Cortical tissue from 8-week-old male mice was dissected
after they were killed, and homogenized using 10 strokes of a Teflon-coated
homogenizer, followed by sonication, in either Rap1 activation lysis buffer,
magnesium lysis buffer, or radioimmunoprecipitation assay buffer. Lysates
were analyzed using SDS-PAGE and Western blotting. Intensities of bands
were quantified by densitometry using ImageJ (http://imagej.nih.gov/ij/).

Behavioral tasks
Mutant mice lacking the EPAC2 gene (EPAC2-null mice) were generated
by Professor Susumu Seino (Shibasaki et al., 2007). For each behavioral
test, 5–14 animals (male) per genotype were assessed. Mice were 8 –10
weeks of age at the start of testing.

Morris water maze. The Morris water maze procedures were described
previously (Cahill et al., 2009). Briefly, the maze consisted of a pool 1.2 m

in diameter filled with opaque water (maintained at 21°C) that was sur-
rounded by spatial cues. Before testing, all animals underwent training
with a visible platform (2 d of training, four trials per day). A trial-
independent Morris water maze task was used to assess spatial reference
memory. Animals were trained with a fixed platform location over a 5 d
period with six trials per day, and path length to platform was measured
with a video tracking system. Two hours after the final trial on the last
testing day, a probe trial was conducted in which the platform was re-
moved, and the percentage of time animals seek the proper pool quad-
rant was determined. To test learning flexibility, reversal learning was
measured. Following the fifth day of training, the platform was moved to
a different quadrant, and six trials per day for 2 d were conducted with the
platform in the new location. Impaired reversal learning is indicated by
consistently higher path errors over reversal learning days. Path length
error over days and over trials was analyzed using a 3 (genotype) � 5
(day) or 3 (genotype) � 6 (trial) mixed model ANOVA. Reversal learn-
ing was analyzed using a 3 (genotype) � 2 (day) mixed model ANOVA.
Path length to visible platform, percentage time floating, average swim
speed, and probe trial data were analyzed using one-way ANOVA with
Tukey’s post hoc tests.

Social approach. A social approach apparatus was used to quantify the
tendency of an experimental mouse to engage in social interaction with a
novel mouse. The behavioral testing apparatus was a glass rectangular
box (76.2 cm long � 30.5 cm wide � 30.5 cm tall). A mesh cylinder (11.4
cm diameter) was placed at each end of the chamber. The mesh cylinder
allowed for air exchange and for animal auditory, visual, and olfactory
interaction, but prevented fighting. For each animal, the assay consisted
of a 5 min habituation phase, in which two empty mesh cylinders were
present, a 5 min rest phase in a neutral cage, and a 5 min testing phase in
which a stimulus mouse was placed in one of the mesh cylinders (Fig.
1C). The end of the arena containing the enclosed stimulus mouse was
designated the social side, and was alternated for each test mouse. All
stimulus mice were 8-week-old wild-type mice, and a different stimulus
mouse was used for each test mouse. Animal position was logged via
automated video tracking (LimeLight software; Actimetrics). During
analysis, the arena was divided into three zones: social, nonsocial, and
intermediate. Time spent on each side during each phase of the test and
time spent in close proximity (within 5 cm) of the stimulus mouse during
the test phase was recorded for each mouse.

USVs. Using an established protocol (Wang et al., 2008), EPAC2 �/�,
EPAC2 �/�, and EPAC2 �/� males were paired with wild-type females in
a neutral home cage for 5 min. Both video and audio recordings of the
sessions were made. From the video, mean interaction time was quanti-
fied. Testing took place in autoclaved rectangular polyethylene cages
measuring 29 � 18 � 12.5 cm with standard bedding, covered by a metal
wire lid. Males and females were then introduced into this “neutral” cage
and allowed to freely interact for 5 min. USVs were recorded from the
high-frequency output of a Pettersson D980 bat detector and condenser
microphone (Pettersson Elektronik AB) by a Fostex FR2 field recorder.
Sonograms were produced using SAS Lab Pro (Avisoft Bioacoustics).
Discrete USVs were identified and counted by an experienced blinded
experimenter. Frequency-modulated USVs were defined as having a
bandwidth �5 kHz. Behavior was recorded using a video camera (Sony),
and total length of contact was quantified by an experienced observed
blind to condition. Social contact during the USV paradigm was defined
as paw, nose, or body contact with the female mouse. Nine to 12 animals
per genotype were analyzed.

Olfactory habituation/dishabituation. The ability of Epac2-deficient
mice to smell and distinguish between different odors was tested using an
olfactory habituation/dishabituation test (Yang et al., 2012a). Each test
mouse was placed in a clean standard housing cage with bedding, and was
allowed to acclimate for 45 min. A clean, dry cotton-tipped applicator
was inserted through a hole in the lid during the acclimation period. After
acclimation, odors were presented on cotton-tipped applicators inserted
through the cage lid in three consecutive 2 min trials each, with 1 min
inter-trial intervals. The odor presentation order used was 3 � water, 3 �
almond, 3 � strawberry, 3 � unfamiliar social cage A, and 3 � unfamiliar
social cage B. Almond and strawberry extracts (Frontier Natural Prod-
ucts Co-op) were diluted 1:100 in distilled water. Unfamiliar social cage
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odors were generated by swiping the bottom of dirty cages containing
mice that have never been exposed to the test mice. Time spent sniffing
the cotton-tipped applicator, indicated by the mouse’s head being ori-
ented toward the applicator and the nose within 2 cm, was quantified for
each trial of each odor.

Digigait. Locomotion was analyzed using digital gait analysis system
(Digigait; Mouse Specifics). Animals are placed on a transparent tread-
mill and filmed with a high-speed camera during locomotion. Software
then isolated the animals’ paws from the video images and allowed quan-
tification of stride frequency and length at belt speeds of 24 and 34 cm/s.
Four animals per genotype were tested.

Open field maze. Mice were placed in the center of an open field (56 �
56 cm), and ambulation activity was collected by the LimeLight software
(Actimetrics) for 5 min. The software provides the total distance traveled
as well as the percentage of time/distance within different parts of the
open field by dividing the open field into a 5 � 5 grid of squares and
defining outer, middle, and inner regions. The mean percentage of time
spent in each region for each genotype, normalized to the area of the
zone, was calculated.

Zero maze. The zero maze (Cook et al., 2002) consisted of a round
track (56 cm diameter) divided into four sections of equal area by two sets
of walls along the track, separated by 180 degrees around the track. Mice
were placed on the track in the center of the open area and were examined
for a preference for the closed or open arms during a 5 min session using
LimeLight software (Actimetrics). Mean time spent in the closed quad-
rants was compared among genotypes.

Y-maze. Y-maze spontaneous alternations task was performed in a
similar manner as described previously (Cahill et al., 2009). Briefly, mice
were placed in the Y-maze and allowed to enter any of the three arms for
5 min while being recorded by a video tracking system and LimeLight
software. The order of arm entries was recorded and analyzed for spon-
taneous alternation. An alternation was scored for each set of three con-
secutive choices where no repeated entries occur. The number of
successive three-arm alternations was divided by the maximum number
of arm entries within 5 min to yield the percentage of spontaneous alter-
nations. Chance level of alternation is 50%. This task requires working
memory, as animals must maintain and update a mental log of recent
arm entries.

Nissl staining
Behaviorally naive mice were anesthetized with a ketamine/xylazine mix-
ture and perfused transcardially with PBS followed by 4% paraformalde-
hyde (PFA) in PBS. Brains were removed, postfixed overnight in 4%
PFA/PBS, and cryoprotected in 30% sucrose/PBS. Brains were then cryo-
sectioned at 50 �m and mounted on slides. Slides were passed through a
graded series of ethanol solutions before being stained with a solution
containing 0.625% cresyl violet acetate and 0.375% acetic acid. Slides
were then dehydrated and mounted with Permount (Fisher Scientific).

Cortical column analysis
Cortical minicolumns were quantified using semiautomatic image anal-
ysis (Buxhoeveden et al., 2000). The anterior cingulate cortex (ACC) of 2
Nissl-stained sections (corresponding to bregma 1.70 and 1.94 mm), on
either side of the midline, and the somatosensory cortex (corresponding
to bregma �1.28 and �1.64 mm) were imaged with a 10� objective (NA
0.17, lateral resolution 0.633 �m/pixel). Z-stacks of layers 1–3 of each
section were obtained using a Zeiss MRm CCD camera on a Zeiss LSM5
Pascal confocal microscope, and collapsed using the “Best Focus” stack
arithmetic function in MetaMorph (Molecular Devices). Analysis was
performed remotely using ImageJ, with the experimenter blind to con-
ditions. Images of layer 2/3 from both brain regions were first thresh-
olded to separate neurons from background. Because of possible
variations in staining, images were thresholded automatically on a per-
image basis. Images were then made into binary images; subsequently a
Watershed algorithm was used to define cell borders. The density of cells
and the mean soma size within layer 2/3 of each image was quantified for
each genotype. Both hemispheres from two sections for both the ACC
and the somatosensory cortex were analyzed from five to six mice per
genotype.

Minicolumn regions of interest (ROIs) were defined as having a width
of 60 �m, twice the size of minicolumns previous reported (Di Rosa et al.,
2008). The density of cells within column regions was automatically
counted: only cells with an area of 100 –350 �m 2, and those that did not
touch the edges of the defined column, were included in quantification.
Up to 10 ROIs per section, placed at regular, nonoverlapping intervals
across the image of layer 2/3, were used, and the mean number of cells per
column and cell spacing (defined as the total area of somas divided by the
total area of the defined column) were calculated for each column. To
calculate total path length ratio (TPLR), the total path length was first
determined by measuring the sum of Euclidean distances between con-
secutive cells within a column. The total path length was then divided by
the linear depth of the column, such that TPLR of a hypothetical column
where all cells lie along a central line would be equal to 1.0, while TPLR of
real columns is �1.0 (Buxhoeveden et al., 2000).

A number of assumptions were made in our calculations. First, our
method requires a vertical orientation of minicolumns. Due to the cur-
vilinear nature of the cortex, it is likely that minicolumns are not linear
within our sections, and may even move between z-planes. Therefore, it
is possible that our calculations are an underestimate of cell density
within minicolumns. Second, to restrict measurements to only include
pyramidal neurons, only somas with an area of 100 –350 �m 2 were ana-
lyzed. This allowed for the filtering of nonpyramidal cells (glia and in-
terneurons), and the removal of multiple cells too close together for the
Watershed algorithm to distinguish as separate cells. Finally, as minicol-
umns are defined as a dense core of cell bodies, it is assumed that a
decrease in the average number of cells within these columns represents
a disorganization of columns. Using this approach, it is not possible to
measure a number of other columnar parameters, such as the width of
columns and the neuropil space. However, it is possible to measure cell
spacing (defined as the total area of somas divided by the total area of the
defined column).

In utero electroporation
C57BL6 female mice were checked for vaginal plugs (E0) and electropo-
ration was performed at E14.5, as previously described (Srivastava et al.,
2012). Briefly, after sedation, both uterine horns were removed and
placed on sterile, warm, and PBS-wetted pads. DNA solution (either
Epac2-shRNA or pGSuper as an empty vector control) was loaded into
beveled glass micropipettes and injected into the lateral ventricle through
the uterus wall using a nanojector (Drummond Nanoject II). FastBlue
(0.05%) was added to visualize DNA. DNA was electroporated into the
neural precursor populations that reside on the ventricular zone by di-
rected electroporation by placing the (�) end of the electrode toward the
developing neocortex. Unipolar electric pulse of 40 V was generated
(BTX ECM830), and a total of five 50 ms pulses at an interval of 100 ms
were applied to the cerebral wall. After electroporation, embryos were
placed back into the abdominal cavity. At P0 –P1, pups were killed and
their brains were removed and fixed overnight in 4% PFA/4% sucrose in
PBS. Fixed brains were embedded in agar and coronal sections at a thick-
ness of 50 �m were made and placed under coverslips. Electroporated
sections were imaged using a 10� objective (NA � 0.17) and a Zeiss
LSM5 Pascal confocal microscope. The efficiency of the Epac2-shRNA
has been previously reported in vitro and in vivo (Woolfrey et al., 2009;
Srivastava et al., 2012).

Surgical preparation for in vivo imaging
EPAC2 �/�,�/�,�/� mice (C57BL/6) expressing green fluorescent pro-
tein (GFP) under the control of the thy1 promoter in a subset of cortical
layer 5 neurons were used [Tg(Thy1-GFPM)2Jrs/J transgenic line] (The
Jackson Laboratory). Animals were 4 weeks old (P28) at time of imaging.
Mice were anesthetized using 1.5% isoflurane, and a body temperature of
37°C maintained throughout the experiment. The skull was exposed, and
M2 association cortex (frontal association cortex) was identified accord-
ing to stereotaxic coordinates (�2.8 mm bregma, �1 mm midline). A
skull plate was then fastened to the skull using dental acrylic, and was
then attached to a metal base that connected directly to the microscope
stage for imaging. The skull over the frontal cortex was thinned by using
a high-speed dental drill (Osada) and then removed with forceps to
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create a small (2 � 2 mm) craniotomy. The skull was periodically bathed
in saline to keep brain from dehydrating during the procedure. Neurons
could be imaged up to 5 h postsurgery. The craniotomy was filled with
1.5% agar and sealed with a No. 0 coverslip to ensure stability during
imaging. During imaging, anesthesia was maintained by a continuous
supply of 1.5% isoflurane.

Two-photon imaging
A custom-built two-photon laser scanning microscope and image acqui-
sition software was used for in vivo imaging (Jack Waters, Northwestern
University). The microscope is based on an optical rail, and consisted of
a coherent laser (Ti:sapphire laser) at a wavelength of 950 nm. Fluores-
cence z-stack images were collected by photomultiplier tubes positioned
in the epi-fluorescence beam path. The craniotomy over the frontal cor-
tex was initially detected under low magnification (4� air lens; Zeiss),
and areas with superficial dendrites were identified using a 40� water-
immersion lens (NA 0.8; Zeiss) by two-photon microscopy. The 40�
lens with a digital zoom of X4 was used to collect images of dendritic
spines. Only dendritic spines on dendrites 15– 40 �m from the pia sur-
face were imaged to minimize optical aberrations in the z-plane. Z-stacks
(25–50 planes), at a pixel resolution of 400 � 400, were taken at 1 �m
intervals every 5 min for 30 min. Two to five neurons per animal and
three to four animals per genotype were imaged.

Analysis of dendritic spine motility in vivo
Images were imported to ImageJ (http://rsbweb.nih.gov/ij/), aligned us-
ing the StackReg plug-in, and each z-stack was collapsed as a 2D maxi-
mum projection image. Each time point was arranged as a stack of 2D
images (each image equals a single time point), and spines were then
analyzed at each time point; movements of spines in the z dimension
were not analyzed. Spine motility was defined as the average change in
length per unit time (micrometers per minute). Dendritic spine length
(base to tip) was measured for each spine at each time point in ImageJ,
and the absolute difference between each time point was calculated and
averaged for each dendrite analyzed giving a motility index (micrometers
per minute). Only spines that were clearly visible were analyzed. No
obvious rotational drift was seen.

Statistical analysis
For quantitative immunofluorescence, quantitative Western blotting,
spine morphology, and cortical column analysis, differences among con-
dition means were identified by Student’s unpaired t tests or one-way
ANOVAs performed in GraphPad Prism and SPSS. Tukey’s or Bonfer-
roni post hoc analysis was used for multiple comparisons. For the social
approach task, olfactory behavior, Morris water maze, and open field
measurements, mixed model ANOVAs were performed as indicated. For
all other behavioral tasks, one-way ANOVA with Tukey’s post hoc tests
were used, unless otherwise stated. Data are represented as means and
SEM. Values of p � 0.05 were considered significant.

Results
Specific deficits in social and communication behaviors in
Epac2-deficient mice
A general characterization of the EPAC2�/� mouse line used
herein has been performed previously (Shibasaki et al., 2007);
hence here we investigated only neurological phenotypes.
EPAC2�/� mice were similar to wild-type (EPAC2�/�) in
appearance and did not display qualitatively abnormal gross
morphology (Fig. 1A). We established EPAC2�/� � EPAC2�/�

crosses to generate littermates of EPAC2�/�, EPAC2�/�, and
EPAC2�/� genotypes. These crosses were viable, bred normally,
and exhibited normal Mendelian ratios at weaning. Because
Epac2 has been implicated in insulin secretion (Shibasaki et al.,
2007), we examined body weight in Epac2-deficient mice. The
trajectories of body weight of Epac2-deficient mice (EPAC2�/�

and EPAC2�/�) at 7–21 weeks of age were not significantly dif-
ferent compared with EPAC2�/� littermates [n � 4 –9 mice;
mixed model (genotype � age) ANOVA; genotype: F(2,20) �

0.285, p � 0.755; age: F(6,20) � 16.947, p � 0.0001; interaction:
F(12,20) � 1.484, p � 0.2100; Figure 1B]. Epac2 expression is low
during early postnatal development and high after 3– 4 weeks
postnatal (Ulucan et al., 2007); thus, we performed all behavioral
experiments in 8-week-old littermate mice.

Because Epac2 is a downstream target of dopamine receptors
and NL3, both of which have been implicated in social behaviors
and communication (Burgdorf et al., 2007; Wang et al., 2008;
Muller et al., 2009; Radyushkin et al., 2009), we hypothesized that
Epac2 might also be involved in these behaviors. To determine
whether Epac2-deficient mice displayed impaired sociability, we
measured the tendency of a subject mouse to approach another
unfamiliar mouse and engage in social investigation in a modi-
fied social approach paradigm (Cahill et al., 2009; Silverman et
al., 2010) (Fig. 1C). Following 5 min of habituation of the “test”
mouse to the social approach arena, a “stimulus” wild-type (age-
matched) mouse was placed within a wire chamber on one side of
the social approach arena, and the amount of time the test mouse
spent investigating the stimulus mouse was recorded during this
social phase. As expected, wild-type mice spent more time within
the social side during the social phase compared with the habit-
uation phase. On the contrary, Epac2-deficient mice did not
spend more time within the social side during the social period
compared with the habituation period [social investigation, habit
vs social (sec): EPAC2�/�, 87.1 � 7.6 vs 172.3 � 12.6;
EPAC2�/�, 98.8 � 10.6 vs 114.9 � 9.0; EPAC2�/�, 105.9 � 8.5 vs
111.8 � 7.2; mixed model (genotype � test phase) ANOVA:
genotype: F(2,78) � 3.868, p � 0.025; test phase: F(1,78) � 22.26,
p � 0.0001; interaction: F(2,78) � 10.78, p � 0.0001; Figure 1D].
No preference was seen in the amount of time spent in the non-
social side between the habituation and social periods for any of
the genotypes. Measurement of the amount of time each animal
spent in close interaction during the social phase revealed that
wild-type mice spent more time investigating the stimulus mouse
compared with Epac2-deficient mice (social investigation during
social phase (sec): EPAC2�/�, 163.3 � 10.4; EPAC2�/�, 108.7 �
9.0; EPAC2�/�, 99.8 � 11.5; one-way ANOVA with Tukey’s post
test; F(2,39) � 11.01, p � 0.0002; Figure 1E). These data suggest
that Epac2-deficient mice display impaired sociability relative to
wild-type mice.

Adult male mice emit USVs (50 – 80 Hz) as a means for com-
munication during social interactions and in courtship (Burgdorf et
al., 2007; Fischer and Hammerschmidt, 2011). Because the dopa-
minergic system and NL3 have been previously implicated in the
regulation of USVs (Burgdorf et al., 2007; Wang et al., 2008;
Radyushkin et al., 2009; Fischer and Hammerschmidt, 2011), we
tested whether Epac2-deficient mice displayed altered USVs. We
paired wild-type or Epac2-deficent mice, aged 8 –12 weeks old,
with age-matched wild-type females in a neutral home cage for 5
min, and recorded USVs emitted by the male and social interac-
tions between the male and female (Holy and Guo, 2005;
Burgdorf et al., 2007). In agreement with our social approach
data, Epac2-deficient male mice exhibited reduced social interac-
tions with females relative to wild-type during the 5 min USV
recording session (mean social contact time (sec)/5 min:
EPAC2�/�, 172.2 � 7.9; EPAC2�/�, 126.9 � 9.2; EPAC2�/�,
118.64 � 9.1; one-way ANOVA with Tukey’s post test; F(2,29) �
11.58; p � 0.01, 0.001; Figure 1F). Furthermore, Epac2-deficient
mice emitted significantly fewer calls over a 5 min session (mean
USVs/5 min: EPAC2�/� 204.6 � 14.1; EPAC2�/� 80.7 � 11.2;
EPAC2�/� 75 � 8.8; one-way ANOVA with Tukey’s post test;
F(2,29) � 39.33; p � 0.0001; Fig. 1G). In this paradigm, male mice
typically produce bouts of frequency-modulated USVs (Holy and

Srivastava et al. • Sociability and Cortical Deficits in Epac2 KO Mice J. Neurosci., August 22, 2012 • 32(34):11864 –11878 • 11867



Guo, 2005; Wang et al., 2008); therefore, we
also assessed the complexity of emitted calls.
As expected, wild-type mice emitted com-
plex, frequency-modulated calls. Con-
versely, calls emitted by Epac2-deficient
mice were greatly simplified (percentage
frequency-modulated USVs: EPAC2�/�,
18.8 � 8.8; EPAC2�/�, 1.1 � 0.4;
EPAC2�/�, 1.7 � 0.5; Kruskal–Wallis test
with Dunn’s multiple-comparison test;
Kruskal–Wallis statistic � 12.52; p �
0.0019; Fig. 1H), suggesting that not only
were Epac2-deficient mice emitting fewer
calls, but that the structure and complexity
of these calls were abnormal compared with
wild-type mice.

Impairments in sociability could arise
due to disabilities in detecting social olfac-
tory cues. As Epac2 is expressed in the ol-
factory bulb, we tested Epac2-deficient
mice in an olfactory habituation/dishabitu-
ation task (Yang et al., 2012a). All genotypes
exhibited similar abilities to detect and dif-
ferentiate nonsocial and social odors (Fig.
1I). Two-way repeated-measures ANOVA
reveals a significant main effect of odor on
sniff time, but no effect of genotype on sniff
time [mixed model (genotype � odor)
ANOVA; odor: F(14,224) � 13.9, p � 0.0001;
genotype: F(2,224) � 1.007, p � 0.3896;
interaction: F(28,224) � 0.8157, p �
0.7337]. All three genotypes exhibited
dishabituation to the first exposure of
social A compared with the third expo-
sure of strawberry, and EPAC2�/� and
EPAC2�/� mice exhibited significant ha-
bituation to social A by the third exposure
(p � 0.05; Bonferroni post test after
mixed model ANOVA; Fig. 1 I). These
data suggest that loss of Epac2 does not
disrupt the detection of novel social odor
cues and habituation to repeated expo-
sures to the same social odor.

Collectively, these data demonstrate
that loss of Epac2 results in abnormal so-
cial interaction, assessed by social ap-
proach and male-female interactions, and
that Epac2-deficient mice emit fewer and
less complex USVs when paired with age-
matched female mice, similar to the ef-
fects observed in NL3 knock-out mice
(Radyushkin et al., 2009). Furthermore,
impaired olfactory detection of novel so-
cial cues is not likely to contribute to al-
tered social behaviors in Epac2-deficient
mice.

Normal performance in spatial memory
and anxiety tasks in Epac2-deficient
mice
Because both cAMP and Rap signaling
have been implicated in spatial learning
and working memory (Morozov et al.,

Figure 1. Social approach behavior and USVs are disrupted in Epac2-deficient mice. A, EPAC2 �/� and EPAC2 �/� mice are similar in
gross morphology. B, Body weight is unchanged across genotypes. C, Schematic of social approach assay. A 5 min habituation phase in the
social approach apparatus, without the stimulus mouse present, was followed by a 5 min rest phase in the home cage, and then followed
by the test phase, in which the stimulus mouse was placed under the cage on the previously designated “social” side of the apparatus.
Dashed lines indicate delineation of social, neutral (center), and nonsocial regions during post-testing analysis. Time spent in each region
(social, nonsocial, and neutral) was recorded. D, Quantification of time spent on social side of social approach apparatus during habituation
and test phases. EPAC2 �/� mice spent more time on the social side during the test phase of social approach than during the habituation
phase, while time spent on social side during habituation phase and test phases did not differ in EPAC2 �/� and EPAC2 �/� mice. A 3
(genotype) � 2 (phase) mixed model ANOVA with Bonferroni post tests was used. E, Quantification of time spent in close proximity to
stimulus mouse during social phase of social approach task. EPAC2 �/� and EPAC2 �/� mice spent less time socially investigating the
stimulus mouse during the test phase than EPAC2 �/� mice. One-way ANOVA with Tukey’s post hoc. F, Quantification of social contact
time during USV measurement between males of all three genotypes with a wild-type female for 5 min in a neutral home cage. One-way
ANOVA with Tukey’s post hoc. G, Quantification of number of USVs during 5 min of exposure to wild-type female mouse. One-way ANOVA
with Tukey’s post hoc. H, Quantification of percentage of frequency-modulated USVs during 5 min of exposure to wild-type female mouse.
Kruskal–Wallis test with Dunn’s multiple-comparison test. I, Quantification of time spent sniffing nonsocial odors (water, almond, and
strawberry) and social odors (swabs of used cages of unfamiliar mice) during three consecutive presentations of each odor. While odor had
a significant effect ( p � 0.0001), genotype has no significant effect on time spent sniffing ( p � 0.05). Mixed model (genotype � trial)
ANOVA with Bonferroni post tests. All three genotypes exhibited significantly increased sniff time during social A1 compared with straw-
berry 3 (i.e., dishabituation; #), while EPAC2 �/� and EPAC2 �/� mice exhibited reduced sniff time upon the third exposure of social A
compared with the first (i.e., habituation; *). #p � 0.05; *p � 0.05; **p � 0.01; ***p � 0.001. n � 6 –14 animals/genotype.
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2003), and because Epac2 modulates spine morphology and
synaptic function (Woolfrey et al., 2009), we hypothesized
that cognitive functions, including spatial working and reference
memory, might be altered in Epac2-deficient mice. To test
whether loss of Epac2 affected spatial reference learning and
memory, we used the Morris water maze (Cahill et al., 2009).
During initial training, there were no differences across geno-
types in path error to the visible platform, percentage time float-
ing, or swim speed during the visible platform trials. Utilizing a
trial-independent Morris water maze task (Cahill et al., 2009), we
measured the ability of animals to find a hidden platform, repre-
sented as path error to locate the platform over 5 d of training
with six trials per day. We found that while day had a significant
effect on path error, there was no effect of genotype on path error
across testing days [mixed model (genotype � day) ANOVA;
day: F(4,48) � 9.455; p � 0.0001; genotype: F(2,48) � 1.282, p �
0.3130; Figure 2A]. During a probe trial (platform removed from
water maze) on the final day of testing, Epac2-deficient mice
spent a similar amount of time in the target quadrant as wild-type
mice (one-way ANOVA with Tukey’s post test; F(2,10) � 1.047,
p � 0.3864; Fig. 2B). To assess behavioral flexibility, we per-
formed a reversal learning task using the Morris water maze:
following the fifth day of training we moved the platform to a new
quadrant, and calculated the path error to locate the newly posi-
tioned platform over 2 additional days of training (six trials per
day). While day had a significant effect on time spent in target
quadrant, there was no effect of genotype [mixed model (geno-
type � day) ANOVA; day: F(1,12) � 6.867; p � 0.0224; genotype:
F(2,12) � 1.558; p � 0.2504; Figure 2C]. These data indicated that
reversal learning had occurred, and that all genotypes were able to
learn a new target location to a similar degree.

We next assessed working memory using an arm recognition
task in the Y-maze. Assessment of spontaneous alternation be-
havior revealed no difference across genotype (one-way ANOVA
with Tukey’s post test; F(2,25) � 0.3219, p � 0.7277; Fig. 2D), and
all animals entered a similar number of arms during the course of
testing (one-way ANOVA with Tukey’s post test; F(2,25) � 2.623,

p � 0.0924; Fig. 2E). Finally, to assess anxiety levels in Epac2-
deficient mice, we tested all genotypes in an elevated zero maze.
Epac2-deficient mice spent a similar amount of time within the
closed quadrants as wild-type mice (one-way ANOVA with
Tukey’s post test; F(2,12) � 1.595, p � 0.2430; Fig. 2F), and did not
differ in the total distance traveled (one-way ANOVA with
Tukey’s post test; F(2,12) � 0.3105, p � 0.7388; Fig. 2G).Together,
these data demonstrated that Epac2-deficient mice had normal
spatial reference learning and memory, had intact spatial work-
ing memory, and displayed normal levels of anxiety-related be-
haviors, suggesting that altered cognition or elevated anxiety is
not likely to contribute to the observed alterations in social ap-
proach and USVs.

Unaltered locomotor activity and repetitive behaviors in
Epac2-deficient mice
Because Epac2 is highly expressed in the motor cortex, cerebel-
lum, and striatum, we assessed motor function in Epac2-deficient
mice. We tested wild-type and Epac2-deficient mice in an open
field test, a combined test for general locomotor activity, explor-
atory behavior, and anxiety. Epac2-deficient mice did not differ
significantly from wild-type mice in distance traveled in a 5 min
open field task (one-way ANOVA with Tukey’s post test; F(2,12) �
0.5271, p � 0.6034; Fig. 3A). Epac2-deficient mice also displayed
similar levels of thigmotaxis over a period of 5 min in the open
field, with no differences across genotypes in the time spent
within the outer, middle, or inner regions of the open field
[mixed model (zone � genotype) ANOVA; zone: F(2,36) � 40.22,
p � 0.0001; genotype: F(2,36) � 0.5666, p � 0.5724; Figure 3B],
suggesting that Epac2-deficient mice had intact exploratory be-
havior. Analysis of gait using an automated treadmill test (Digi-
gait; Mouse Specifics) revealed that Epac2-deficient mice
displayed normal stride frequency and stride length [mixed
model (genotype � paw) ANOVA; genotype: p � 0.05; Fig.
3C,D]. Because previous studies have reported disruptions in
cAMP and Rap1 signaling in patients with obsessive-compulsive
disorder (Tardito et al., 2001), we hypothesized that Epac2-

Figure 2. Loss of Epac2 does not alter anxiety, spatial reference memory, or spatial working memory. A, Quantification of path error across days of training of EPAC2 �/� EPAC2 �/� and
EPAC2 �/� mice (8 weeks postnatal) in the Morris water maze spatial reference memory test (fixed platform). Data are means of six trials for each day. A 3 (genotype) � 5 (day) mixed model ANOVA
revealed a main effect of day on path error, but no difference across genotype was observed. B, Water maze probe trail as a test of spatial reference memory at the end of day 5 shows the percentage
of time animals search the target quadrant. No difference across genotypes in percentage of time searching in the target quadrant was observed (one-way ANOVA, p � 0.05). Dashed line indicates
chance performance (25%). C, Quantification of path error of Morris water maze reversal learning task. After the sixth trial on the fifth day, the platform is moved to a different location from previous
five trials, and two additional trials are conducted. Mixed model ANOVA revealed a significant effect of day on path error ( p � 0.05), but no effect of genotype ( p � 0.05). D, Quantification of
percentage of three-arm alternation events during 5 min of Y-maze spontaneous alternation task. Line indicates chance performance (50%). One-way ANOVA ( p � 0.05). E, Quantification of the
number of possible alternations during 5 min of Y-maze spontaneous alternation task, as a measure of locomotor activity. One-way ANOVA ( p � 0.05). F–G, Quantification of time spent in enclosed
quadrants (F ) and distance traveled (G) during 5 min in a zero maze task. One-way ANOVA, *p � 0.05. n � 5 animals/genotype.
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deficient mice might display repetitive be-
haviors. We measured the number of
grooming, wall leaning, and sitting events
within a 5 min period in an open field
(Silverman et al., 2010). However, we did
not detect a difference across genotypes in
these parameters (one-way ANOVA;
grooming: F(2,11) � 0.1011, p � 0.9046;
wall leanings: F(2,11) � 0.3770, p � 0.6944;
sittings: F(2,11) � 1.136, p � 0.3561; Figure
3E–G). Collectively, these data suggest
that Epac2-deficient mice have normal
gait, locomotor, and exploratory activ-
ity, and do not display repetitive behav-
iors, highlighting the specificity of their
deficits in social and communication
behaviors.

Region-specific alterations in cortical
organization in Epac2-deficient mice
Specific cortical regions, such as the fron-
tal cortex in general and the ACC in par-
ticular, are thought to play an important
role in social behavior and in the control
of vocalization in mammals (Rushworth
et al., 2007; Jürgens, 2009; Fischer and
Hammerschmidt, 2011). It has been hy-
pothesized that neurons organized into
columns form the functional working
unit within this area (Casanova et al.,
2009; Rakic, 2009). We thus reasoned that
the specific impairments in social and communication behaviors
seen in Epac2-deficient mice may be associated with disruptions
of cellular organization of the ACC. To examine the cytoarchitec-
ture of Epac2-deficient mice, we performed Nissl (cresyl violet)
staining of coronal brain slices taken from age-matched
EPAC2�/�, EPAC2�/�, or EPAC2�/� littermates, and analyzed
columnar organization in the ACC in these mice, as well as in the
somatosensory cortex as an internal control (Fig. 4A). We first
examined gross anatomical structures in brains of these mice.
Overall brain weight was similar across genotypes (one-way
ANOVA with Tukey’s post test; F(2,18) � 1.753, p � 0.2016; Fig.
4B), and no differences in the thickness of the ACC,
somatosensory cortex, or hippocampus were observed between
EPAC2�/� and EPAC2�/� mice (Student’s t tests; p � 0.05; Fig.
4C,D). Based on previously established methodology (Buxhoeve-
den et al., 2000), we first assessed the number of cells within a
defined column in layer 2/3; a layer where columnar organization
is readily evident (Casanova et al., 2009; Oblak et al., 2011). Our
working hypothesis was that disruption of columnar organiza-
tion would be represented by an altered number of cells within
these defined columns (see Materials and Methods for an ex-
panded explanation of methodology). There were no differences
in overall cell number or soma size within layer 2/3 of the ACC
or somatosensory cortex in EPAC2�/�, EPAC2�/�, or EPAC2�/�

mice (one-way ANOVA; ACC: cells/mm2, F(2,37) � 1.223, p �
0.3060; avg. soma size: F(2,37) � 1.189, p � 0.3158; somatosensory:
cells/mm2, F(2,34) � 0.9111, p � 0.4117; avg. soma size: F(2,34) �
2.924, p � 0.0673; Figure 4E–G). Subsequent examination of the
number of cells within a defined column in layer 2/3 (see Materials
and Methods for an expanded explanation of analysis and assump-
tions made) revealed that EPAC2�/� and EPAC2�/� mice exhibited
fewer cells within columns compared with EPAC2�/� mice in the

ACC (one-way ANOVA with Tukey’s post test; F(2,37) � 17.47, p �
0.0001; Fig. 5A,B). In addition, EPAC2�/� and EPAC2�/� mice
had significantly increased cell spacing within cell columns com-
pared with EPAC2�/� mice within the ACC (one-way ANOVA with
Tukey’s post test; F(2,37) � 14.33, p � 0.0001; Fig. 5C). Surprisingly,
this result was specific to the ACC, as we found no difference in cell
numbers per column or spacing within columns in the somatosen-
sory cortex (one-way ANOVA; cells per column: F(2,31) � 0.3906,
p � 0.6799; cell spacing: F(2,32) � 0.2594, p � 0.7731; Figure 5D–
F).Together, these data suggest that cell column organization is dis-
rupted in the ACC, but not the somatosensory cortex, of Epac2-
deficient mice.

To expand on these findings, we next measured the TPLR
between cells within a column, a measurement of linearity of cell
columns (Buxhoeveden et al., 2000). The path between cells is
divided by the linear depth of a column, and the assumption is
that an organized column would have a TPLR close to 1 (the
TPLR of a hypothetical column where all the cells lie on a central
line), whereas a disorganized column would have a TPLR larger
than 1 (Buxhoeveden et al., 2000). This analysis revealed that
EPAC2�/� and EPAC2�/� mice had a larger TPLR in cell col-
umns from layer 2/3 of the ACC compared with wild-type litter-
mates (TPLR: EPAC2�/�, 1.2 � 0.02, EPAC2�/�, 1.5 � 0.02,
EPAC2�/�, 1.6 � 0.2; one-way ANOVA with Tukey’s post test;
F(2,39) � 36.21, p � 0.0001; Fig. 5G,H). We did not detect any
differences in the TPLR of layer 2/3 cell columns in the somato-
sensory cortex across genotypes (TPLR: EPAC2�/�, 1.3 � 0.02,
EPAC2�/�, 1.3 � 0.2, EPAC2�/�, 1.3 � 0.2; one-way ANOVA
with Tukey’s post test; F(2,35) � 1.823, p � 0.1766; Fig. 5 I, J).

Abnormal organization of cortical columns may be caused by
defects in neuronal migration (Torii et al., 2009). To investigate
whether loss of Epac2 could affect neuronal migration, we compared

Figure 3. Unaltered locomotor activity and repetitive behaviors in Epac2-deficient mice. A, Quantification of distance traveled
during 5 min in an open field. B, Quantification of time spent in outer, middle, and inner zones of open field during 5 min, as a
measure of anxious behavior. Mixed model (zone � genotype) ANOVA revealed a significant effect of zone ( p � 0.0001), but no
effect of genotype ( p � 0.05) on time spent in each zone. C, Quantification of stride frequency at belt speeds of 24 and 34 cm/s
revealed no effect of genotype. D, Quantification of stride length at belt speeds of 24 and 34 cm/s revealed no effect of genotype.
E–G, Grooming (E), wall leaning (F ), and sitting (G) events during 5 min of open field task were not different across genotypes.
Error bars indicate SEM. n � 5 animals/genotype. One-way ANOVA.
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the migration pattern of Epac2-deficient neurons with neurons ex-
pressing normal Epac2 levels in the frontal association cortex. We
electroporated in utero a plasmid encoding a previously described
Epac2-specific shRNA (Epac2-shRNA) (Woolfrey et al., 2009),
which coexpresses GFP, into the developing cortex of E14.5 embryos
and examined localization of GFP-expressing neurons at P0. We
have previously shown that this shRNA construct effectively knocks
down Epac2 expression both in vitro and in vivo (Woolfrey et al.,
2009; Srivastava et al., 2012). We did not detect any obvious abnor-
mal localization of fluorescent neurons within the ventricular/sub-
ventricular zones, intermediate zone, or cortical plate in Epac2-
shRNA positive brains compared with control brains (Fig. 5K),

suggesting that migration deficiencies are not likely to account for
the observed disorganized columnar organization.

Collectively, these data demonstrate that Epac2-deficient
mice exhibit alterations in columnar organization in the ACC, a
cortical area implicated in social interactions, but not in the so-
matosensory cortex.

General characterization of cellular phenotypes in
Epac2-deficient mice
To explore possible changes in Epac2-dependent signaling at the
cellular level, we examined Epac2, Epac1, and Rap1 expression in
cortex of 8-week-old wild-type and Epac2-deficient mice. As ex-

Figure 4. Gross cortical organization is not disrupted in Epac2-deficient mice. A, Nissl-stained coronal sections from EPAC2 �/�, EPAC2 �/�, and EPAC2 �/� mice. Yellow lines delineate ACC, and
red boxes indicate regions imaged for cortical column measurements. B, Brain weight at 8 weeks postnatal is not different across genotypes. One-way ANOVA. n � 11 animals/genotype. C, Shows
4� images of Nissl-stained coronal sections from EPAC2 �/� and EPAC2 �/� mice. Yellow boxes indicate regions used for cortical thickness measurements in D. Hippocampal regions in EPAC2 �/�

and EPAC2 �/� mice have similar gross morphologies. D, Cortical thicknesses of frontal, somatosensory, and hippocampal regions in EPAC2 �/� and EPAC2 �/� coronal sections are not changed
between genotypes. Student’s t tests. E, Nissl staining and binarized images of ACC (left) and somatosensory cortex (right) from EPAC2 �/�, EPAC2 �/�, and EPAC2 �/� mice. F, Cell density and
average soma size do not differ across genotypes. One-way ANOVA. G, Quantification of cell density and average soma size in the somatosensory cortex. One-way ANOVA. n � 5– 6 animals/
genotype, two sections per animal. Scale bars: A, C, 1 mm; E, 100 �m.
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pected, Epac2 protein was not detectable in EPAC2�/� mice,
while EPAC2�/� mice had 50% of wild-type levels of Epac2 (one-
way ANOVA with Tukey’s post test; F(2,6) � 358.2, p � 0.0001;
Fig. 6A,B). We did not observe differences in Epac1 or Rap1
expression between genotypes, indicating the absence of com-
pensatory mechanisms through upregulation of either protein
(one-way ANOVA; p � 0.05; Fig. 6A,B). Examination of major

synaptic proteins and Epac2-interacting proteins (Woolfrey et
al., 2009) in wild-type and EPAC2�/� mice did not detect overall
changes in the levels of any of these proteins (Student’s t tests, p �
0.05; Fig. 6B).

As Epac2 is a GEF for the small GTPase Rap, we assessed the
impact of Epac2 loss on levels of total and active Rap1 in homog-
enates of frontal cortex of wild-type and Epac2-deficient mice

Figure 5. Cortical columnar organization in the ACC is disrupted in Epac2-deficient mice. A, Layer 2/3 of Nissl staining (left) and binarized (right) images of ACC in EPAC2 �/�, EPAC2 �/�, and
EPAC2 �/� mice. Red boxes indicate representative cortical columns from Figure 4 E. B, Average cell density per column in the ACC is reduced in EPAC2 �/� compared with EPAC2 �/�. One-way
ANOVA with Tukey’s post hoc test. C, Cell spacing in the ACC is increased in EPAC2 �/� and EPAC2 �/� compared with EPAC2 �/�. One-way ANOVA with Tukey’s post hoc test. D, Nissl staining (left)
and binarized images (right) of layers 1–3 of somatosensory cortex from EPAC2 �/�, EPAC2 �/�, and EPAC2 �/� mice. Red boxes indicate representative cortical columns from Figure 4 E. E,
Average cell density per column in somatosensory cortex is not different across genotypes. One-way ANOVA with Tukey’s post hoc test. F, Cell spacing in somatosensory cortex is not different across
genotypes. One-way ANOVA with Tukey’s post hoc test. G, Cortical column analysis in the ACC from EPAC2 �/�, EPAC2 �/�, and EPAC2 �/� mice. Binarized images were filtered by area for
pyramidal cell bodies and excluded cell bodies that were touching the cortical column edge. The TPLR was calculated for cells within each column. H, Quantification of TPLR in the ACC revealed an
increase in TPLR in EPAC2 �/� cortical columns. One-way ANOVA with Tukey’s post hoc tests. I, Binarized images of cortical columns in the somatosensory cortex from EPAC2 �/�, EPAC2 �/�, and
EPAC2 �/� mice. J, Quantification of TPLR in somatosensory cortex revealed no difference across genotypes. One-way ANOVA with Tukey’s post hoc test. ***p � 0.001; 7–10 columns per section,
two sections per animal, 5– 6 animals per genotype. K, In utero electroporation of control vector or Epac2-shRNA, along with pCAG-eGFP, into EPAC2 �/� cortex reveals no change in neuronal
migration upon Epac2 knockdown. Animals were electroporated at E14.5 and fixed and sectioned at P0 –P1. Scale bars: A,D,G,I, 100 �m; K, 500 �m.
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(Fig. 6D,E). Surprisingly, we did not observe any differences in
overall total Rap1 or Rap1-GTP levels between genotypes (one-
way ANOVA; F(2,9) � 0.2212, p � 0.8058; Fig. 6D,E). To test in
situ whether Epac1 could be activated to compensate for Epac2
loss in Epac2-deficient neurons, we treated mature cultured cor-
tical neurons from either EPAC2�/� or EPAC2�/� mice with
8-CPT (50 �M, 1 h), and measured the levels of p-BRaf immuno-
fluorescence, an in situ readout for Rap and Ras activation
(Woolfrey et al., 2009) (Fig. 6F–I). As expected, p-BRaf levels
were significantly increased in response to 8-CPT treatment in
EPAC2�/� neurons (one-way ANOVA with Tukey’s post test;
F(3,15) � 42.26, p � 0.0001; Fig. 6F,G). Furthermore, overexpres-
sion of Epac2 was sufficient to increase basal levels of p-BRaf,
which could be further activated by 8-CPT (Fig. 6F,G). In con-
trast, EPAC2�/� neurons were not responsive to 8-CPT treat-
ment (one-way ANOVA with Tukey’s post test; F(3,21) � 30.00,
p � 0.0001; Fig. 6H, I), suggesting that Epac1 function was not
upregulated in Epac2-deficient mice. However, ectopic expres-
sion of Epac2 in EPAC2�/� cultures increased basal levels of
p-BRaf and rescued the lack of p-BRaf in response to 8-CPT
treatment (Fig. 6H, I). These data indicate that Epac1 activity is
not compensating for Epac2 loss in Epac2-deficient neurons in

response to 8-CPT, suggesting that the behavioral, morphologi-
cal, and molecular phenotypes observed in EPAC2�/� mice are
due to the loss of Epac2 and not Epac1 upregulation.

Abnormal dendritic spine dynamics in vivo in
Epac2-deficient mice
Abnormalities in excitatory synapse morphology have been re-
ported in several transgenic mouse lines that also display social
and communication deficits (Hines et al., 2008; Cahill et al., 2009;
Bangash et al., 2011). Furthermore, dendritic spine numbers and
morphology are thought to be important determinants of con-
nectivity within and between cortical columns (Chklovskii,
2004). Because in cultured neurons Epac2 regulated dendritic
spine morphology and motility (Woolfrey et al., 2009), we hy-
pothesized that Epac2 deficiency might alter spine morphology
and motility in vivo. We thus used intravital two-photon micros-
copy to examine the role of Epac2 in controlling dendritic spine
dynamics in vivo. We crossed EPAC2�/� mice with a thy1-
GFP-M strain of mice, which sparsely express GFP in cortical
pyramidal neurons (Feng et al., 2000), for at least seven genera-
tions to produce EPAC2�/�, GFP mice. EPAC2�/�, GFP �

Figure 6. Loss of Epac2 does not alter cortical Epac1 or Rap1 levels, but impairs 8-CPT-induced activation of BRaf in dendrites. A, Epac2 protein levels are decreased in cortical lysates from
EPAC2 �/� mice and absent in lysates from EPAC2 �/� mice. Epac1 and Rap1 protein levels are unchanged. B, Relative intensity of Epac2, Epac1, and Rap1 protein levels in A. n � 3 animals/
genotype. One-way ANOVA with Tukey’s post test ( p � 0.0001). C, Quantification of synaptic protein levels normalized to �-actin in cortical lysates from mice with the indicated genotypes.
Genotype has no effect on levels of any proteins examined. Student’s t tests; n�5 animals/genotype. D, Rap activation assay from cortical tissue reveals no change in active Rap levels with genotype.
E, Quantification of active Rap levels in C. One-way ANOVA; n � 3– 6 animals/genotype. F–G, Treatment of cultured cortical neurons from EPAC2 �/� mice (P0 � DIV 24) with 8-CPT (1 h, 50 �M)
increased p-BRaf immunofluorescence intensity in dendrites. Epac2-WT overexpression in EPAC2 �/� neurons induced an enhancement of p-BRaf fluorescence in response to 8-CPT treatment.
One-way ANOVA with Tukey’s post test; n � 4 – 6 cells/condition from two independent cultures. H–I, 8-CPT treatment of EPAC2 �/� neurons did not increase p-BRaf fluorescence. Overexpression
of Epac2-WT in EPAC2 �/� neurons (P0 � DIV 24) increased p-BRaf intensity, and 8-CPT treatment induced an additional increase in p-BRaf fluorescence in Epac2-WT-expressing EPAC2 �/�

neurons. One-way ANOVA with Tukey’s post test; n � 5–10 cells/condition from two independent cultures. # indicates comparison between Epac2-WT and Epac2-WT � 8-CPT. #,**p � 0.01;
***p � 0.001. Error bars indicate SEM. Scale bars: F, H, 5 �m.
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EPAC2�/�, GFP were established to generate EPAC2�/�, GFP,
EPAC2�/�, GFP and EPAC2�/�, GFP littermate mice.

We first assessed dendritic spine morphology in mice by imaging
apical tufts, perpendicular to the pia and lying between 15 and 40�m
from the pia surface, of GFP-positive neurons in the frontal cortex of
EPAC2�/�, GFP, EPAC2�/�, GFP, and EPAC2�/�, GFP (Fig. 7A).
Quantitative analysis of images revealed that EPAC2�/�, GFP mice
had significantly reduced dendritic spine density compared with
wild-type littermates (one-way ANOVA with Tukey’s post test;
F(2,33) � 3.818, p � 0.0322; Fig. 7A,B). Interestingly, when we ex-
amined linear density according to spine classification (stubby,
mushroom, thin, and filopodia), we found that both EPAC2�/�, GFP

and EPAC2�/�, GFP mice had significantly fewer filopodia, and that

EPAC2�/�,GFP] mice had significantly fewer thin spines [mixed
model (genotype � spine class) ANOVA with Bonferroni post test;
genotype: F(2,132) �7.229, p�0.001; spine class: F(3,132) �70.44, p�
0.0001; interaction: F(6,132) � 3.436, p � 0.0035; Figure 7C]. There
were no changes in spine length, either by examining the total num-
ber of spines or according to spine class [one-way ANOVA; F(2,33) �
0.1178, p � 0.8892; mixed model (genotype � spine class) ANOVA;
genotype: F(2,699) � 2.844, p � 0.0589; Figure 7D, E].

The morphology of spines often correlates with their dynamic
properties. Thinner spines and filopodia are highly dynamic and
display high levels of motility, while stubby or larger mushroom-
shaped spines are more stable and thus less motile (Holtmaat et
al., 2006). As Epac2 has been shown to control motility of spines

Figure 7. Altered linear density and abnormal dendritic spine dynamics in vivo in Epac2-deficient mice. A, Representative 2PLSM images of dendritic spines on apical tuft from EPAC2 �/�, �/�, �/� �
thy1-GFP mice. Mice underwent a craniotomy, which was filled with 1.5% agar and sealed with a coverslip, followed by multiphoton in vivo imaging. B, Quantification of average spine linear density
in A. One-way ANOVA with Tukey’s post hoc test. C, Quantification of average linear density of spines classified by morphology (stubby, mushroom, thin, and filopodia); 3 (genotype)�4 (spine class)
mixed model ANOVA with Bonferroni post test. D, Quantification of average spine length in A. One-way ANOVA with Tukey’s post hoc test. E, Quantification of average length of spines classified by
morphology (stubby, mushroom, thin, and filopodia). F, Representative time-lapse images of dendritic spines from each genotype during 30 min imaging session. Red arrows indicate spines that
exhibit motility. G, EPAC2 �/�,GFP and EPAC2 �/�, GFP mice exhibit decreased dendritic spine motility indices. One-way ANOVA with Tukey’s post hoc test. H, Quantification of motility index of
dendritic spines classified by morphology (stubby, mushroom, thin, and filopodia); 3 (genotype) � 4 (spine class) mixed model ANOVA with Bonferroni post test. *p � 0.05, ***p � 0.001; 2–5
neurons per animal, 3– 4 animals per genotype. Scale bars: A, 5 �m; F, 1 �m.
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in vitro (Woolfrey et al., 2009), and due to the specific loss of thin
and filopodia spines, we assessed the motility of dendritic
spines in vivo in all genotypes. All types of motility, including
retraction, elongation, and formation, were evident in wild-
type animals. We calculated a motility index by determining
the average absolute change in length per unit time: a high
index represents a high level of motility, whereas a low index
would indicate reduced motility. Time-lapse imaging of den-
dritic spines revealed that EPAC2 �/�, GFP and EPAC2 �/�, GFP

mice had significantly reduced motility compared with
EPAC2 �/�, GFP mice (one-way ANOVA with Tukey’s post test;
F(2,708) � 33.05, p � 0.0001; Fig. 7 F, G). When we examined
motility according to spine class, we observed a reduction in
the motility of stubby, mushroom, and thin spine types in
EPAC2 �/�, GFP and EPAC2 �/�, GFP mice (two-way ANOVA
with Bonferroni post test; genotype: F(2,693) � 25.92, p �
0.0001; spine class: F(3,693) � 126.7, p � 0.0001; Figure
7H ).Together, these data indicate that loss of Epac2 reduces
spine numbers and impairs spine motility in the frontal
cortex.

Discussion
Here we report that mice lacking one or both copies of the EPAC2
gene, encoding a PKA-independent cAMP target, exhibited spe-
cific impairments in social and communication behavior. In con-
trast, these mice did not show motor abnormalities, olfactory
disruption, repetitive behaviors, working or reference memory
deficits, or altered anxiety levels. Epac2-deficient mice also dis-
played specific alterations in cortical columnar organization in
the ACC, a cortical region associated with social and communi-
cation behavior, but not in the somatosensory cortex. In addi-
tion, we observed reduced dendritic spine numbers and motility

in cortical neurons in Epac2-deficient mice. These findings point
toward a role for Epac2 signaling in regulating social behaviors
and cortical organization and connectivity, providing novel in-
sight into the molecular and cellular substrates of social and com-
munication behavior (Fig. 8).

The specificity of social behavioral deficits in Epac2-
deficient mice, with intact spatial reference and working
memory, was unexpected. Manipulations of a number of
genes, including NLGN3 and SHANK3, have been linked to
social and communication phenotypes in mice (Radyushkin et
al., 2009; Peça et al., 2011; Wang et al., 2011). These mouse
lines also exhibit deficits in spatial and working memory, mak-
ing it difficult to dissect the relationship between these phe-
notypes and the underlying genotypes. In contrast, in an
enhanced polyubiquitinated Shank3 mouse model, mutant
mice performed equally well as wild-type mice in cognitive
tasks, but displayed deficits in social behaviors (Bangash et al.,
2011), similar to Epac2-deficient mice. As Epac2-deficient
mice exhibit specific impairments in sociability, but not in
cognitive or motor behaviors, our data might provide insight
into the molecular and cellular bases of social and communi-
cation behavior, distinct from other cognitive behaviors. Im-
portantly, Epac2-deficient mice displayed normal responses
to both social and nonsocial odor cues. This finding suggests
that abnormal sociability in Epac2-deficient mice does not
occur at the level of olfaction, but may be due to perturbations
in higher level processing. Furthermore, our finding that both
heterozygous and homozygous knock-out genotypes dis-
played the same degree of deficits in sociability suggests that
near-wild-type levels of Epac2 signaling might be required to
mediate normal social processing and behavioral output.

Figure 8. Social communication deficits and abnormal cortical structure and synapses in Epac2-deficient mice. In mice lacking Epac2 (EPAC2 �/�), the link between cAMP signaling
and activation of the downstream target of Epac2, called Rap, is disrupted. Examination of a number of behavioral abilities of these mice revealed a specific deficit in social and
communication behaviors, while learning and memory behaviors were intact. Furthermore, these mice exhibited disorganized cortical columns in a region of the brain that is thought to
underlie social behaviors. Finally, dendritic spines in mice lacking Epac2 were fewer in number and less motile than in normal mice, suggesting a structural disruption at the site of
connections between neurons.
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Epac2-deficient mice displayed region-specific alterations
in the columnar organization of the cortex. Dysfunction and
structural alterations of specific cortical regions have been
linked to deficits in social and communication behaviors, in
humans, nonhuman primates, and rodents (Casanova et al.,
2009; Jürgens, 2009). A number of studies have demonstrated
that the frontal cortex, specifically the ACC, plays an impor-
tant role both in social behavior and control of vocalization in
mammals (Rushworth et al., 2007; Jürgens, 2009; Fischer and
Hammerschmidt, 2011). It is hypothesized that neurons orga-
nized into columns, sometimes called minicolumns, form the
functional working unit within this area (Casanova et al.,
2009; Rakic, 2009). Indeed, several human postmortem stud-
ies of subjects with autism spectrum disorder, disorders
comorbid with autism, or schizophrenia, have reported ab-
normalities in the columnar organization of the ACC (Benes et
al., 2001; Casanova et al., 2003). Minicolumnar alterations
have also been reported in dyslexia (Casanova et al., 2002),
suggesting a potential role in language circuits. Our cytoarchi-
tectural data reveal an unexpected role for Epac2 in the orga-
nization of cortical columns specifically in the ACC, and
suggest that disruption of cortical organization in this region
might be related to social and communication behavioral def-
icits. The lack of any alteration in laminar organization sup-
ports our finding that neuronal migration was not altered in
Epac2-deficient mice. The concordance of these data empha-
sizes the specificity of the alteration at the level of columnar
organization in Epac2-deficient mice.

The molecular underpinnings of spine motility and stability in
vivo are not well understood. As differences in spine dynamics
have been observed between in vitro and in vivo conditions, in
vivo analysis is likely to provide a much more physiological indi-
cation of spine plasticity. We observed that Epac2-deficient mice
had fewer spines and significantly reduced motility compared
with wild-type mice. This is consistent with our previous findings
in vitro, where Epac2 bidirectionally regulates spine shrinkage
and increased spine motility (Woolfrey et al., 2009). It is pos-
ited that spine morphology correlates with spine dynamic
properties; thinner and filopodia-like spines are more dy-
namic than stubby or mushroom-shaped spines (Holtmaat et
al., 2006). Epac2-deficient mice displayed reduced motility in
all spine types. This suggests that Epac2 plays a role in deter-
mining the overall level of motility in all spine types, and that
motility of more “mature” spine morphologies was still readily
observed at 4 weeks postnatal in our preparation. In addition,
loss of Epac2 in vivo caused spine loss, indicating a role for
Epac2 in maintaining normal synapse density in vivo. To-
gether these data indicate that Epac2-deficient mice display
fewer dendritic spines and reduced overall spine motility in
the frontal cortex, which may contribute to connectivity or
behavioral deficits seen in these mice. Furthermore, our data
provide a molecular mechanism for spine motility in vivo, and
further establish the link between PKA-independent cAMP
and Rap signaling with spine dynamics.

A recently published study provided strong evidence sup-
porting a role for Epac in hippocampal function. Loss of both
EPAC1 and EPAC2 genes, in EPAC-null mice, resulted in def-
icits in presynaptic release and long-term potentiation in the
hippocampus, social interaction and juvenile play, and spatial
reference memory (Yang et al., 2012b). Interestingly, Yang et
al. (2012b) did not observe any impairment in social interac-
tion in EPAC2-null mice, contrasting from the results in the

current study. Importantly, differences between the back-
ground strain used, and methodology used to test sociability
may underlie the differences between the current study and
Yang et al. (2012b). Robust differences in sociability between
C57BL/6 (background strain used in the current study) and
129sv (background stain used by Yang et al., 2012b) mice have
been reported. Specifically, C57BL/6 displayed significant lev-
els of sociability, whereas 129sv mice did not (Moy et al.,
2007). Low sociability in 129sv mice may be due, in part, to
high anxiety-like behaviors and low exploratory locomotion
(Moy et al., 2007). Thus, low sociability in the 129sv back-
ground strain may occlude all but the most drastic genetic
effects on sociability, such as loss of both EPAC genes. Fur-
thermore, as Epac1 is expressed highly in the olfactory bulb
(Kawasaki et al., 1998), it is not clear whether loss of this gene
has an impact on olfaction, and thus on sociability, in EPAC-
null mice. Another distinction between the two studies is the
differences seen in dendritic spine structure. No differences in
spine density were seen in Golgi-Cox stained CA1 hippocam-
pal neurons in EPAC-null mice (Yang et al., 2012b). On the
other hand, in the current study, intravital imaging of den-
dritic spines of cortical neurons in the frontal association cor-
tex demonstrated a reduction in spine density and reduced
motility in Epac2-deficient mice, consistent with previous in
vitro studies (Woolfrey et al., 2009). It is likely that a combi-
nation of methodology used to image dendritic spines and
brain region examined are the basis for the differences in spine
morphology between the two studies.

Here we focus on cortical organization, cortical spine mo-
tility, and cortically based behaviors. Additionally, we analyze
spatial working memory, a behavior that relies on the frontal
cortex as well as the hippocampus in mice (Goldman-Rakic,
1995), and measurement of social contact and USVs in the
context of naive male–female interactions, providing addi-
tional behavioral data that underscore the specificity and se-
verity of social deficits in Epac2-deficient mice. Furthermore,
we find that while gross morphology of brain regions, includ-
ing the hippocampus, was unaltered, detailed analysis revealed
disruptions in columnar organization in EPAC2 �/� and
EPAC2 �/� mice in a particular cortical region relevant for
social behaviors. Specifically, we find that organization and
spacing of cells within cortical columns is altered in the ab-
sence of Epac2. Together with the evidence for altered den-
dritic spine motility in vivo, these data emphasize a role for
Epac2 in regulating cortical structure and function.

The EPAC2 gene has been implicated in a number of psychi-
atric disorders. It is located at 2q31– q32, a region identified by
several genome-wide linkage studies as an important autism sus-
ceptibility locus (Buxbaum et al., 2001; Shao et al., 2002). Recent
studies also identified several copy number variants (CNVs) in
this region in patients with autism, as well as enrichments of
CNVs disrupting genes involved in GTPase/Ras signaling in au-
tistic patients (Marshall et al., 2008; Pinto et al., 2010). Several
rare mutations in the EPAC2 gene have been identified in subjects
with autism (Bacchelli et al., 2003), and interestingly, several of
the mutations altered protein function and spine morphology
(Woolfrey et al., 2009). Because abnormal social and communi-
cation behavior is characteristic for a number of neurodevelop-
mental and neuropsychiatric disorders, understanding Epac2
function in vivo may provide insight into the pathogenesis of
these diseases.
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