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Abstract

Impaired social interaction is a key feature of several major psychiatric disorders including
depression, autism and schizophrenia. While, anatomically, the prefrontal cortex (PFC) is known
as a key regulator of social behavior, little is known about the cellular mechanisms that underlie
impairments of social interaction. One etiological mechanism implicated in the pathophysiology
of the aforementioned psychiatric disorders is cellular stress and consequent adaptive responses in
the endoplasmic reticulum (ER) that can result from a variety of environmental and physical
factors. The ER is an organelle that serves essential roles in protein modification, folding, and
maturation of proteins, however, the specific role of ER stress in altered social behavior is
unknown. In this study, treatment with tunicamycin, an ER stress inducer enhanced the
phosphorylation level of inositol-requiring ER-to-nucleus signal kinase 1 (IRE1) and increased X-
box-binding protein 1 (XBP1) mRNA splicing activity in the mouse PFC, whereas inhibition of
IRE1/XBP1 pathway in PFC by a viral particle approach attenuated social behavioral deficits
caused by tunicamycin treatment. Reduced estrogen receptor beta (ERp) protein levels were found
in the PFC of male mice following tunicamycin treatment. Pretreatment with an ERp specific
agonist, ERB-041 significantly attenuated tunicamycin-induced deficits in social behavior, and
activation of IRE1/XBP1 pathway in mouse PFC. Moreover, ERB-041 inhibited tunicamycin-
induced increases in functional connectivity between PFC and hippocampus in male mice.
Together, these results show that ERB agonist attenuates ER stress-induced deficits in social
behavior through the IRE-1/XBP1 pathway.
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Introduction

Impaired social interaction is a key feature of several major psychiatric disorders including
depression, autism and schizophrenia [1]. Previous studies have shown the role of various
genetic as well as epigenetic factors in social behaviors in both nonhuman primates and
rodents [2]. Convergent research from animal models to human disease implicates the
prefrontal cortex (PFC) as a key regulator in social behavior [3]. Postmortem studies have
linked changes in the expression of various genes in PFC involved in synaptic plasticity to
social behavior alterations in the above psychiatric conditions [4,5,6]. Furthermore,
functional magnetic resonance imaging (fMRI) studies have shown altered functional
connectivity between cortical regions across a variety of diseases with social behavior
deficits, including autism [7], schizophrenia [8], and major depression [9]. The above
findings are further supported by /in vivo electrophysiology studies in rodents linking
abnormal PFC-hippocampus connectivity to social behavior deficits [10]. In addition, other
animal studies suggest that changes in social behavior are sex-specific. Ovariectomized rats
spent less time interacting with a novel rat than familiar ones [11]. Additional studies
suggest a potential role of sex hormones, in particular estrogen in social behavior [12, 13,
14]. For example, social behavioral deficits have been reported in estrogen receptor  (ERp)
KO mice [15] whereas estradiol replacement improves social memory in ovariectomized
animals [16]. While the studies described above suggest the role of sex hormones in social
behaviors, the cellular mechanisms mediating these effects are unknown.

The endoplasmic reticulum (ER) is an intracellular organelle that serves key functions
involving in the biosynthesis of membrane and secretory proteins, synthesis of lipids, and
maintenance of intracellular calcium homeostasis [17]. A number of pathophysiological
stimuli such as viral infections, environmental toxins, inflammatory cytokines, and genetic
mutations such as H246N and Y2518, in the gene-encoding synaptic cell adhesion
molecule-1 can impose stress on the ER and subsequently interrupt the protein folding
process in the ER, leading to accumulation of unfolded or misfolded proteins in the ER
lumen called ER stress [18, 19]. Three ER-resident proteins have been identified as sensors
of ER stress: IRE1 (inositol-requiring protein 1), PERK [PKR (double-stranded-RNA-
dependent protein kinase)-like ER kinase] and ATF6 (activating transcription factor [20].
IREL is a type 1 transmembrane serine/threonine receptor protein kinase which functions as
a sensor for misfolded/unfolded proteins in the ER lumen. Activated IRE1 induces the
splicing of XBP1 (X-box-binding protein 1) mMRNA by cleaving off its intron [21]. PERK is
a type 1 transmembrane protein kinase that transmits stress signals in response to the
perturbation of protein folding [22]. When activated, PERK phosphorylates thea subunit of
elF2 (eukaryotic initiation factor 2) leading to the translation of ATF4 and activation of the
C/EBP homologous protein (CHOP) promoter [23]. ER stress activates ATF6 by
translocating it from the ER to Golgi complex, where it is cleaved by the Golgi-resident
serine proteases S1P and S2P (site 1 and site 2 proteases respectively) resulting in the
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activation of the transcription of unfolded protein response (UPR) targets such as 78 kDa
glucose-regulated protein (GRP78), CHOP and XBP1 [24]. The UPR is generally a pro-
survival mechanism, mediated by translation arrest and the induction of a number of
transcription factors and chaperone proteins that function to restore ER homeostasis and
help the cells adapt to ER stress conditions. However, when ER stress is prolonged or the
degree of ER stress is too severe, UPR signaling can initiate programmed cell death by
activating stress-induced pro-apoptotic factors [25, 26]. A number of studies have
demonstrated that ER stress is involved in autism [27], depression [28] and schizophrenia
[29]. However, it remains unclear whether elevated ER stress leads specifically to impaired
social interaction.

To investigate the role of ER stress in social behavior, we induced ER stress in mice by
tunicamycin administration. Tunicamycin is an inhibitor of the UDP-N-acetylglucosamine-
dolichol phosphate N-acetylglucosamine-1-phosphate transferase (GPT), therefore blocking
the initial step of glycoprotein biosynthesis in the ER leading to ER stress [30]. We found
that tunicamycin treatment induces social interaction deficits and alterations in functional
brain connectivity in male mice. We observed a significant reduction in ERB protein levels
in the PFC of male mice following tunicamycin treatment, while pretreatment with ERP
agonist, ERB-041 attenuated tunicamycin—induced social interaction deficits and changes in
brain connectivity. Indeed, pretreatment with ERB-041 significantly decreased the ER
stress-induced increase in IRE1 activation and CHOP (a downstream target of IRE-1/XBP1
pathway) mRNA levels in mouse PFC suggesting that inhibition of IRE1/XBP1 signaling
could be a potential mechanism involved in the ERp signaling mediated rescue of impaired
social behavior.

Materials and Methods

Animals

Adult (8-10 week old) C57BL/6J male and female mice were purchased from Charles River
Laboratories (Wilmington, MA, USA). Mice ovariectomized at 4-weeks of age were
purchased from Jackson Laboratory (Bar Harbor, Maine, USA). Mice were housed in groups
of 4 mice in standard polypropylene cages in 12-h light-dark cycle. All behavior
experiments were performed at 8—-10 weeks of age. Separate cohorts of animals were used
for different behavioral analyses due to the acute response of tunicamycin and the length of
time needed to perform behavioral testing. The same animals that were used for behavioral
analysis were used for molecular studies.

Drug treatment

Mice were injected intraperitoneally with 1mg/kg tunicamycin (catalog #T7765; Sigma, St.
Louis, Missouri) dissolved in DMSO (vehicle control). Tunicamycin is known to cross blood
brain barrier [31] and previous studies have shown that tunicamycin administration (1
mg/kg; IP) induces increases in ER stress markers in mouse brain [32, 33]. The behavioral
effects of ERB-041 are less well characterized than those of other ER subtype agonists, such
as propyl pyrazole triol (PPT) and diarylpropionitrile (DPN). The few behavioral studies
used 0.9 mg/kg of DPN and PPT; and showed that both drugs enhanced novel object
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recognition [34] and object placement [35]. Given the high affinity and selectivity of
ERB-041 for ERB [36], we chose 1 mg/kg to use in our study. It is known that ERB-041
reaches maximum brain levels 30 minutes after injection [36]. Therefore, ERB-041 (catalog
#PZ0183; Sigma, St. Louis, Missouri) was administered 30 minutes before tunicamycin
injection.

Surgery and EEG recordings

Anesthesia was induced with ketamine-xylazine (80mg/kg-5mg/kg) in sterile distilled water.
The mouse was then placed in a stereotaxic frame with heating pad (Kopf, Tujunga,
California). The skull was exposed and perfluoroalkoxy-coated tungsten wire electrodes
were placed into bur holes in mPFC (1.8mm anterior, 0.5mm lateral, 1.5mm deep), dorsal
hippocampus (1.9mm posterior, 1.4mm lateral, 1.35mm deep), and ventral hippocampus
(3.2mm posterior, 3.1mm lateral, 3.85mm deep) relative to bregma. Reference and ground
screws attached to electrodes were placed at neutral locations superficial to parietal and
occipital cortex, respectively. Electrodes were soldered to a 7 pin adaptor and fixed to the
skull with dental cement (Co-oral-Ite Dental Manufacturing Company, Diamond Springs,
California). Once the cement had dried, animals were removed from the stereotaxic
instrument, injected intraperitoneally with 0.1 mL saline and buprenorphine (0.2 mg/kg) and
returned to a clean cage and singly housed. Mice were given an additional buprenorphine
injection (0.2 mg/kg) the following day. Mice were monitored daily for 2 weeks to assure
proper recovery. Experiments were performed 2 weeks post-surgery. Recording quality was
tested and animals with poor signals were excluded from the study.

EEG recordings were performed 12 hours after vehicle (DMSO, i.p.), tunicamycin (1mg/kg,
i.p.), or ERB-041 (1mg/kg, i.p.) + tunicamycin (1mg/kg i.p.), between 9am and 12pm. For
recording purposes wireless Neurologger 2a (Evolocus LLC, Tarrytown, NY) was used to
monitor EEG activity. The Neurologger 2a apparatus was attached to the mounted 7 pin
adaptor of the animal and allowed recording from up to 4 channels at a sampling rate of
1600Hz (reference assignment 2:2; oversampling x4). Recordings were downloaded offline
to a PC for analysis. Data were analyzed in MATLAB (MathWorks, Natick, Massachusetts)
using custom scripts.

Stereotaxic Injection of Lentivirus or drugs

IRE1 shRNA (m) Lentiviral (LV) particles and its control ShRNA LV particles were
purchased from Santa Cruz, CA, USA. LV-IRE1-shRNA is a pool of concentrated,
transduction-ready viral particles containing 4 target-specific constructs that encode 19-25
nt (plus hairpin) shRNA designed to knock down gene expression. ShRNA lentiviral
particles frozen stock contains a concentration of 1.0 x 108 infectious units of virus in
Dulbecco’s Modified Eagle’s Medium with 25 mM HEPES pH 7.3. Lentiviral particles were
infused into mouse PFC (anterior-posterior AP=+1.8 mm, mediolateral ML= 0 mm; dorso-
ventral DV=-2.5 mm) or hippocampus (coordinates: 2.3 mm posterior to bregma, 1.3 mm
lateral to the midline, and 2.0 mm below dura) by stereotaxic microinjection at a rate of 0.2
ul/min at each site (Stoelting Co) [37]. In separate set of experiments, mice were
stereotaxically microinjected with vehicle or tunicamycin into PFC under anesthesia as
described above. In the pretreatment groups, ERB041 or vehicle was injected into PFC 30
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min before tunicamycin administration. Behavior studies were performed 12 h post
tunicamycin treatment.

Behavior experiments

Behavioral testing was performed in a room with constant background sound and ambient
lighting approximately 25-30 Lux (lumen/m2) unless noted. Temperature and pressure in
behavioral rooms are monitored and kept constant. Animals are transferred in their home
cages to behavioral rooms at least 1 hour before testing and allowed to habituate to the
testing room. All behavioral experiments were scored blind to treatment.

Three Chamber Test

This test was performed to measure sociability and social deficits. The test mouse was
placed in a box with 3 chambers. Each chamber is 19 cm x 45 cm x 22cm and the dividing
walls are made from clear Plexiglas®, with openings on each wall for free access to the
other two chambers. Two identical wire containers that were large enough to house a single
mouse were placed vertically inside the apparatus with one in each side chamber and
weighted down. The test mouse was habituated to the apparatus for 5 minutes while freely
exploring. After the habituation period, the stranger mouse was placed in one of the wire
containers while the test mouse was still allowed to freely move outside of the container.
The wire containers allow air exchange between the interior and exterior, but the holes are
small enough to prevent direct physical contact between the stranger mouse and test mouse.
The free test mouse was allowed to interact through the wire container with the stranger
mouse for 5 minutes. During this time, time spent in chambers (stranger mouse, empty cage,
and center) was recorded by an examiner with a stopwatch. The stranger mouse chamber is
defined as the chamber containing the wire container with the stranger mouse inside. The
empty cage chamber is the chamber containing an empty wire container. The stranger mouse
was a mouse of similar age, same sex, and similar weight as the test mouse.

Reciprocal Social Interaction Test

This test was performed to measure sociability and social deficits. The test mouse was
placed in a neutral box (57cm x 45cm x 22cm) made from clear Plexiglas® and allowed to
habituate for 5 minutes. After habituation, a stranger mouse was placed in the box and the
test mouse was allowed to freely interact with the stranger mouse. Interaction is defined as
close physical contact, nose to nose sniffing, anogenital sniffing, and grooming. Time spent
interacting (initiated by the test mouse) was recorded by an examiner with a stopwatch. The
stranger mouse was a mouse of similar age, same sex, and similar weight as the test mouse.

Western blotting

Animals were sacrificed by cervical dislocation after being anesthetized using isoflurane.
PFC tissue was homogenized in a tissue lysis buffer containing 50 mM Tris-HCI (pH 7.5),
150 mM NaCl, 1.0% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 2 mM
EDTA, 6 uM PMSF, and 1.0% Triton X-100 supplemented with protease inhibitor cocktail
(Sigma, St. Louis, Missouri). The homogenate was centrifuged at 13,000 rpm for 10 min at
4°C and the supernatant was used for protein estimation by the bicinchoninic acid method
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(BCA Protein Assay Kit, Sigma, St. Louis, Missouri). Samples (30 g) were subjected to
SDS-PAGE and transferred onto a nitrocellulose membrane. The membrane was blocked for
1 hour in PBS with Tween 20 and 5%-10% non-fat milk followed by overnight incubation
with a primary antibody. Blots were incubated in the appropriate primary antibody specific
for IRE1 (Santa Cruz Biotechnology, Dallas, TX, catalog #SC-20790, 1:200 and Cell
Signaling, Boston, MA, catalog #3294, 1:500), phospholRE1 (Novus Biologicals, Littleton,
CO, catalog#NB100-2323, 1:1000), tubulin (Cell Signaling, Boston, MA, catalog#2144,
1:10,000), ERB (Abcam, Cambridge, UK; 3576; 1:1,000); ERa (Santa Cruz Biotechnology,
Dallas, Texas; 71064; 1:1,000); and developed with the SuperSignal West Pico
Chemiluminescent substrate system (Thermo Fisher Scientific, West Columbia, SC). Optical
densities of the bands were analyzed using ImageJ software (NIH). For analysis, protein
levels were normalized to tubulin levels, and then expressed as a fold change of that in
control animals. For figure panels, contrasts have been adjusted linearly for easier viewing
of bands.

Quantitative reverse transcriptase PCR (qRT-PCR)

RNA was purified using a commercially available kit (SV RNA Isolation, Promega,
Madison, WI, USA), gRT-PCR was performed on a MasterCycler (Eppendorf, Hamburg,
Germany) using a SuperScript 111 Platinum SYBR Green One-Step gRT-PCR kit (Invitrogen,
Carlsbad, CA, USA). Gene-specific primers were synthesized by Integrated DNA
Technologies. Primers used are: CHOP-FP: 5’- CATACACCACCACACCTGAAAG -3’,
CHOP-RP: 5’- CCGTTTCCTAGTTCTTCCTTGC-3’, sSXBP1-FP: 5’-
CTGAGTCCGAATCAGGTGCAG-3’, sXBP1-RP: 5’-
GTCCATGGGAAGATGTTCTGG-3’, RPS3-FP: 5’- AATGAACCGAAGCACACCATA-3’,
and RPS3-RP: 5’- ATCAGAGAGTTGACCGCAGTT-3’. Ct values of genes of interest were
normalized to that of housekeeping gene (RPS3).

Statistical analysis

Results

All data are presented as mean + s.e.m. (error bars). Statistical results, along with tests used,
are summarized in Supplementary Table 1. p < 0.05 was considered significant. For
behavioral studies we used a two-way ANOVA or one-way ANOVA with a Bonferroni
multiple comparison post-hoc test unless otherwise specified in the figure legend or
Supplementary Table 1. For quantification of western blots or RT-PCR experiments, we used
a one-way ANOVA with Bonferroni’s post-hoc test or Student’s #-fest. To compare changes
in group means in frequency in EEG recordings, a one-way ANOVA with Bonferroni’s post-
hoc test was used. All analyses were performed using SPSS Statistics 20 software (IBM).

IRE1/XBP1 pathway mediates ER stress-induced social interaction deficits in male mice

The IRE1/XBP1 pathway is the most conserved ER stress-response pathway. The activation
of IREL1 results in non-conventional splicing of the mRNA encoding the transcription factor
XBP1, generating a spliced active form of XBP1 (sXBP1) to initiate a major UPR program.
To determine whether IRE1/XBP1 pathway is altered in PFC following ER stress, we first
examined the phosphorylation status of IRE1 in PFC of mice treated with tunicamycin
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(Figure 1a). We found significant increase in phospho-IREL levels in the PFC of
tunicamycin-treated mice indicating activation of IRE1 following ER stress (Figure 1b).
Also, we found significant increase in splicing of XBP1 as determined by the mRNA levels
of sXBP1 in PFC of tunicamycin-treated mice (Figure 1c).

To determine the effects of ER stress on social behavior, we performed three chamber test
and reciprocal interaction test in mice treated with tunicamycin or vehicle. In Three-chamber
test, we found that whereas vehicle-injected mice spent more time in the chamber housing
stranger mouse than the empty cage chamber, tunicamycin-injected mice had no preference
for either chamber (Figure 1d). In Reciprocal Social Interaction test, tunicamycin-injected
mice showed decreased interaction with a stranger mouse when compared with those from
vehicle-treated group (Figure 1e).

To determine the direct role of IRE1 in ER stress-induced social interaction deficits in male
mice, we silenced IRE1 expression in mouse PFC using lentiviral vectors expressing IRE1
shRNA (Figure 1f). A significant reduction in IRE1 protein levels was found in mouse PFC
following IRE1 shRNA administration (Figure 1g). We found that tunicamycin induced
deficits in three chamber test (Figure 1h) and reciprocal interaction test (Figure 1i) in control
shRNA-treated mice, but not in IRE1 shRNA-injected mice. However, IRE1 shRNA
administration into hippocampus failed to attenuate tunicamycin-induced social behavior in
three chamber (Figure S1a) and reciprocal interaction tests (Figure S1b). Together, these
results indicate the important role of IRE1 in PFC in ER stress-induced changes in social
behavior.

Tunicamycin treatment does not induce social behavior deficits in female mice

Next, we examined the effects of tunicamycin treatment on IRE-1 phosphorylation and
social interaction in female mice (Figure 2a). Tunicamycin treatment induced a significant
decrease in IRE1 phosphorylation in PFC of female mice (Figure 2b). In behavior tests,
tunicamycin treatment did not result in any significant changes in three chamber test (Figure
2c) and reciprocal interaction test (Figure 2d) in female mice as compared to vehicle treated
mice.

Tunicamycin treatment induces decrease in ERp protein levels in PFC of male mice

Since we did not find any significant effect of tunicamycin on social behavior in female
mice, we examined whether ovariectomy influences the behavior in mice. Ovariectomized
mice showed significant deficits in the social behavior in three chamber test (Figure 3a) and
reciprocal interaction test (Figure 3b) suggesting a potential role of ovarian hormones in
social behavior in mice. In order to examine whether tunicamycin treatment influences
estrogen signaling, we examined the levels of the key estrogen receptors, ERa and ERp in
male mouse PFC following tunicamycin treatment. ERp total protein levels were found to be
significantly decreased in PFC (Figure 3c) of mice treated with tunicamycin as compared to
vehicle treated mice. No change in ERa protein levels was found in PFC following
tunicamycin treatment (Figure 3d). We did not find any significant change in ERB protein
levels in the PFC of female mice (Fig 3e).
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ERP agonist ERB-041 attenuates ER stress-induced social interaction deficits in male mice

If a reduction in ERp signaling mediates the tunicamycin-induced deficits in social behavior
in mice, activation of ERP should ameliorate the behavioral signs. ERB-041 (2-[3-fluoro-4-
hydroxyphenyl]-7-vinyl-1,3-benzoxazol-5-ol) is a selective ERP agonist. Adult male mice
were treated with ERB-041 30 min prior to tunicamycin injection and behavioral tests were
performed 12 h later (Figure 3f). We examined the effects of ERB-041 on IRE1/XBP1
pathway in PFC samples from tunicamycin-treated male mice. We found that ERB-041
pretreatment significantly attenuated tunicamycin-induced increase in IRE1 activation in
PFC of tunicamycin-treated mice (Figure 3g). It is known that CHOP is a downstream target
of IRE1/sXBP1 pathway and is induced following ER stress [24, 38]. To determine whether
tunicamycin-induced increase in IRE1 pathway is accompanied by increase in CHOP levels,
we examined CHOP mRNA levels in mouse PFC following tunicamycin administration. We
found significant increases in CHOP mRNA levels in the PFC of male mice treated with
tunicamycin (Figure 3h). Moreover, CHOP mRNA levels in ERB-041+tunicamycin-treated
mice were significantly lower than those of both tunicamycin and vehicle-treated groups
(Figure 3h). In the behavioral tests, the tunicamycin-induced deficits in social behavior in
three chamber test (Figure 3i) and reciprocal interaction test (Figure 3j) were significantly
reduced by ERB-041 pre-treatment. To further understand the relationship between IRE1land
ERB in tunicamycin-induced ER stress, we examined whether silencing IRE1 in PFC
prevents tunicamycin-induced reduction in ER protein levels. We found that IRE1 shRNA
failed to attenuate the tunicamycin-induced reduction in ERB protein levels in mouse PFC
(Fig S2).

To determine whether ER stress in the PFC is necessary for social behavior deficits, we
injected tunicamycin into PFC and social behavior was examined. We found significant
increase in phospho-IREL levels in the PFC of tunicamycin-injected mice (Figure 4a).
Whereas vehicle-injected mice spent more time in the chamber housing stranger mouse than
the empty cage chamber, tunicamycin-injected mice had no preference for either chamber
(Figure 4b). In addition, tunicamycin-injected mice showed decreased interaction with a
stranger mouse when compared with those from vehicle-treated group (Figure 4c).
Furthermore, ERB-041 pretreatment into PFC could significantly attenuate tunicamycin-
induced increase in phospho-IRE1 levels (Figure 4a) and deficits in social behavior (Figure
4b,c) in mice. Together, these results strongly suggest that reduced ERp signaling in PFC is
involved in the social interaction deficits observed in tunicamycin-treated mice.

ERP agonist ERB-041 attenuates ER stress-induced PFC-hippocampus hyperconnectivity
in male mice

Social behavior deficits are known to be associated with alterations in brain functional
connectivity. Since we found deficits in social behavior in male mice following tunicamycin
treatment, we examined whether ER stress induces changes in brain functional connectivity.
Male mice (3 months old) were implanted with depth electrodes, and local field potentials
(LFPs) were recorded with a wireless Neurologger 2A device mounted on the head of the
animal (Figure 5a). To quantify long-range functional connectivity, we measured the
coherence of LFPs between the medial PFC (mPFC) and dorsal hippocampus (dHIPP) in
mice treated with tunicamycin or vehicle. Coherence spectra indicated a significant increase
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in functional connectivity between mPFC and dHIPP in the theta (4-12 Hz), beta (15-25
Hz) and gamma (2670 Hz) bands (Figure 5b—c). Interestingly, ERB-041 pretreatment could
significantly attenuate tunicamycin-induced increase in mPFC-dHIPP coherence (Figure S5b—
c). Also, we examined whether tunicamycin alters brain connectivity between mPFC and
ventral HIPP (vHIPP) in mice. We found a decrease in coherence in theta band, but increase
in gamma band between mPFC-vHIPP in mice treated with tunicamycin (Figure 5d—€). No
significant change was found in mPFC-vHIPP beta band between vehicle and tunicamycin-
treated mice. Moreover, the ERB-041 pretreatment significantly reduced the coherence in
beta and gamma bands in tunicamycin-treated mice (Figure 5d—e).

Discussion

Emerging evidence suggests that ER stress may be one potential mechanism of the synaptic
deficits and social behavioral alterations that are observed in several neuropsychiatric
disorders including schizophrenia, depression and ASD [27, 28, 29, 39, 40]. Moreover,
increases in ER stress markers have been found in restraint stress [10] and learned helpless
[28] rodent models of depression. In the present study, we used the glycosylation inhibitor,
tunicamycin to induce ER stress [41, 42] in mice to determine if induction of this cellular
response results in social behavior deficits. Glycosylation is of great physiological
significance since changes in glycans significantly alter the structure and function of
polypeptide parts of glycoproteins [43]. Proper glycosylation of membrane receptors is
critical for adaptive properties of the cell and affects communication between cells [44].

The lack of deficits in social behavior in female mice following tunicamycin treatment
suggests that ER stress induced deficits in social behavior in mice are sex specific. Our data
on the social behavior deficits in ovariectomized mice further suggest a potential role of
estrogen in social behavior. Moreover, the above data are in agreement with a number of
previous studies where ovariectomized rats were shown to spend less time interacting with a
novel rat than familiar ones did with their intact counterparts [11]. In addition, estradiol
replacement has been shown to improve social memory in ovariectomized animals [16]. The
decrease in ERp protein levels in the PFC of tunicamycin-treated male mice observed in this
study is consistent with the increasing evidence for the role of estrogen signaling in the
social deficits seen in schizophrenia and ASD [12, 13, 14]. In rodent studies, social
behavioral deficits have been reported in ERB KO mice [15]. ERB mediates some of the
effects of estrogens on anxiety, locomotor activity, fear responses, and learning behavior
[45]. ERp knockout mice showed defects of neuronal migration [46], and ERB knockdown
abolished E2-induced reductions in depressive behavior in mice [47]. Moreover,
administration of an ERp agonist has been shown to reduce anxiety and depressive-like
behavior in rats [47]. Our data from experiments using an ERP agonist (ERB-041) further
strengthened the role of ERp in social behavior.

Our data indicating a significant decrease in IRE1 phosphorylation in the PFC of female
mice following tunicamycin treatment are intriguing. It is known that IRE1 activation is
inhibited in unstressed ER lumen through its interaction with GRP78, an ER molecular
chaperone, whereas during ER stress GRP78 releases IRE1 leading to its activation [48].
Interestingly, 17 B-estradiol has been shown to protect cells from ER stress-induced
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apoptosis by promoting GRP78 induction [49]. Therefore, it is possible that in females, high
estradiol levels (as compared to males) increases the protein levels of GRP78 and/or
promotes GRP78 interaction with IRE-1, which prevents its dissociation leading to
inhibition of the IRE1 pathway. However, additional studies are warranted to test this
mechanism.

We found hyperconnectivity as indicated by an increase in coherence between mPFC and
dorsal hippocampus in theta, beta and gamma bands in tunicamycin-treated mice. Brain
hyperconnectivity has been linked to impairments in social behavior. For example, ASD
children with greater connectivity exhibited more severe impairment in the social domain
[50]. In addition, a number of studies have shown neural network oscillatory abnormalities
such as abnormal gamma oscillations in ASD and schizophrenia [51, 52]. Gamma
oscillations are instrumental for the synchronization of neuronal discharges in cortical
networks and sensory processing [53]. Hyperconnectivity has been observed among the
frontal, temporal, and subcortical regions in gamma frequency ranges in subjects with ASD
or schizophrenia [54, 55]. The hyperconnectivity in tunicamycin-treated mice in our study
could be a result of aberrant balance of excitation and inhibition in local neural circuits [56].
An imbalance between excitation and inhibition has been postulated as a neurophysiological
mechanism underlying the social behavior deficits [56]. Together, the brain-behavior
relationship found in mice following ER stress suggests that aberrant functional connectivity
may underlie the deficits in social behavior.

An important question is: How does ERB041 protect mice from ER stress-induced deficits
in social behavior? Activation of ER stress transducer IRE1a. is known to produce the
spliced form of XBP1 [21]. We investigated whether ERB041 treatment is associated with
inhibition of ER stress-induced activation of IREL. Indeed, pretreatment with ERB-041
significantly decreased the ER stress-induced increase in IRE1 activation in mouse PFC
suggesting that inhibition of IRE1/XBP1 signaling could be a potential mechanism involved
in ERP signaling mediated rescue of deficits in social behavior (Figure 6). Moreover, we
found a significant reduction in the ER stress-induced increase in CHOP mRNA levels in
mice pretreated with ERB-041. It is important to note that ERB-041 not only blocks
tunicamycin-induced increases in CHOP mRNA, but it decreases the levels significantly
below those of the vehicle-treated group. These data suggest that ERB-041 may act through
protective mechanisms in addition to those associated with the tunicamycin-induced
signaling pathway. At the cellular level, ER stress via IRE1 signaling has been implicated in
mitochondrial dysfunction and oxidative stress [57, 58]. Mitochondria act as a platform for
integrating nucleotide-binding domain and leucine-rich repeat containing (NLRP3)
inflammasome activation and innate immune signaling [59]. Interestingly, estrogen has been
shown to preserve mitochondrial function via increased/enhanced oxidative phosphorylation
and reduced ATPase activity [60]. In particular, ERp activation leads to the translocation of
ERB to the mitochondria and increased expression of mtDNA-encoded cytochrome oxidase
I, a critical subunit of the electron transport chain terminal in the brain [61]. Thus, the
observed protective effects of ERB-041 in social behavior could be a result of ERp-mediated
improvements in the functional efficiency of mitochondria and reduced oxidative damage.
ER stress activates NLRP3 inflammasomes via thioredoxin-interacting protein (TXNIP),
leading to increases in proinflammatory cytokine levels [62]. Also, ER stress is known to
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induce transglutaminase 2, an enzyme involved in proinflammatory signaling [63] and
depressive behavior [37] in rodents. Estrogens have been shown to modulate all subsets of T
cells that include CD4+ (Th1, Th2, Th17, and Tregs) and CD8+cells [64]. It is important to
note that IRE1 shRNA failed to prevent the tunicamycin-induced reduction in ERp levels in
the mouse PFC. Such a data suggest that ERp functions upstream of IRE1 in the
tunicamycin-induced signaling pathway. This model is further supported by our data
showing that activation of ERP could attenuate the tunicamycin-induced increase in IRE1
activation.

Collectively, these studies suggest that ERp signaling plays an important role in ER-stress
induced changes in brain connectivity and social behavior. It is possible that the lack of
effects of tunicamycin on social behavior in females could be due to the difference in the
rate at which tunicamycin is metabolized in females compared to males. Future studies
should examine whether higher dose of tunicamycin could induce changes in social behavior
in female mice. Although the above data on the effects of pharmacological induction of ER
stress on social behavior deficits in adult mice are interesting, further studies are warranted
to understand the role of ER stress during neurodevelopment on social behavior. While ERB
is known to be present in neurons and glial cells [65, 66], and our study found a protective
role of ERB-041 in ER stress-induced social behavior, the cell type/s involved in ERB
signaling needs further investigation. Also, it is important to determine whether ER stress
induces changes in connectivity between PFC and brain regions other than hippocampus
such as amygdala which is also implicated in social behavior. At the translational level,
while selective ERp agonists have estrogen-like effects in the brain including improvement
in cognitive performance and social behavior, they appear to be relatively free of estrogenic
side effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IRE-1in PFC mediates ER stress-induced deficitsin social behavior in male mice
A) Treatment paradigm. Young adult male mice were injected intraperitoneally with

tunicamycin (1mg/kg in dimethyl sulfoxide, DMSO) or vehicle (DMSO). Behavior tests
were performed 12 h after tunicamycin injection. B) Tunicamycin treatment induced
activation of IRE1. Phospho-IRE1 and IRE1 protein levels were determined in the mouse
prefrontal cortex (PFC) 12 h after tunicamycin injection. 7op. Representative blot. Bottom.
Quantification of phospho-IRE1 to IRE1 ratio. Protein levels were measured by western blot
analysis. **p < 0.01; Student's £test. C) Tunicamycin treatment induced increase in spliced
XBP1 (sXBP1) mRNA levels. mRNA levels of sXBP1 were determined by gRT-PCR in the
mouse PFC 12 h after tunicamycin injection. The Cycle threshold (Ct) values were
normalized to ribosomal protein S3 (RPS3). *p < 0.05; Student's £test. D—E) Tunicamycin
treatment induced deficits in social behavior. D) The three-chamber social interaction test.
Left, time in chamber. ***p<0.001 vs. stranger mouse chamber. Two-way ANOVA (n=7 per
group). Right, the discrimination index calculated as the difference in the time spent in the
social and non-social chambers, divided by the sum of the time spent in both chambers.
*p<0.05; Student's #test (=7 per group). E) Reciprocal social interaction test. *p<0.05;
Student's £test (n=7 per group). F) Schematic representation of stereotaxic injection of
control or IRE1 shRNA lentiviral particles into mouse PFC followed by tunicamycin
treatment for 12 h. G) Representative immunoblot data showing decrease in IRE1 expression
in the PFC of mice injected with IRE1 shRNA particles in the presence or absence of
tunicamycin. Tubulin was used as loading control. H-I) IRE1 shRNA administration
attenuated tunicamycin-induced deficits in social behavior. H) The three-chamber social
interaction test. Left, time in chamber. ***p<0.001 vs. stranger mouse chamber. Two-way
ANOVA (n=6 per group). Right, the discrimination index calculated as the difference in the

Mol Neurobiol. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Crider et al.

Page 17

time spent in the social and non-social chambers, divided by the sum of the time spent in
both chambers. *p<0.05 vs. con shRNA group; One-way ANOVA (n=6 per group). I)
Reciprocal social interaction test. *p<0.05 vs. con ShRNA group; One-way ANOVA (n=6
per group). Data are expressed as mean +s.e.m. M, chamber housing stranger mouse; E,
chamber housing an empty cage; C, center. ns, non-significant.
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Figure 2. ER stress by tunicamycin treatment does not induce social behavior deficitsin female
mice

A) Treatment paradigm. Young adult female mice were injected intraperitoneally with
tunicamycin (1mg/kg in dimethyl sulfoxide, DMSO) or vehicle (DMSQ) and behavioral
testing was performed 12 hours after injection. B) Tunicamycin treatment induced decrease
in phospho-IRE1 protein levels. Phospho-IRE1 and IRE1 protein levels were determined in
the mouse PFC 12 h after tunicamycin injection. 7gp. Representative blot. Bottom.
Quantification of phospho-IRE1 to IRE1 ratio. Protein levels were measured by western blot
analysis. *p < 0.05; Student's #test. C-D) No change in social behavior following
tunicamycin treatment. C) The three-chamber social interaction test. Left, time in chamber.
***p<0.001 vs. stranger mouse chamber. Two-way ANOVA. Right, the discrimination index
calculated as the difference in the time spent in the social and non-social chambers, divided
by the sum of the time spent in both chambers. D) Reciprocal social interaction test. Data
are expressed as mean +s.e.m (n=6-8 per group). M, chamber housing stranger mouse; E,
chamber housing an empty cage; C, center.
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Figure 3. Peripheral administration of ERP agonist ERB-041 attenuates ER stress-induced social
behavior deficitsin male mice

A-B) Ovariectomy induces changes in social behavior. Adult sham-operated (SHAM),
ovariectomized (OVX) mice and OV X-mice treated intraperitoneally with tunicamycin
(Img/kg) were tested for social behavior. A) The three-chamber social interaction test. Left,
time in chamber. **p<0.01 vs. stranger mouse chamber. Two-way ANOVA (n=5 per group).
Right, the discrimination index calculated as the difference in the time spent in the social
and non-social chambers, divided by the sum of the time spent in both chambers. **p<0.01
vs. SHAM; One-way ANOVA (n=5 per group). B) Reciprocal social interaction test.
**p<0.01 vs. SHAM; One-way ANOVA (n=5 per group). C-D) Adult male mice were
injected intraperitoneally with tunicamycin (1mg/kg in DMSO) or vehicle (DMSO).
Tunicamycin treatment induced decrease in (C) ERp, but not (D) ERa protein levels in
mouse PFC 12 h after injection. 7op. Representative blot. Bottom. Quantification of ERp
protein. Protein levels were measured by western blot analysis and normalized to tubulin.
***p<0.001 vs. vehicle; Student's ztest. E) No change in ERp protein levels in PFC of
female mice following tunicamycin injection. 7op. Representative blot. Bottom.
Quantification of ERP or ERa protein. Protein levels were measured by western blot
analysis and normalized to tubulin. F) Treatment paradigm. Adult male mice were injected
intraperitoneally with tunicamycin (1mg/kg in dimethyl sulfoxide, DMSO), vehicle
(DMSOQ), or ERB-041 (1mg/kg in DMSO, 30 minutes before tunicamycin injection) and
tunicamycin (1mg/kg in DMSO). Behavior was performed 12 hours after tunicamycin
injection. G) ERB-041 pretreatment attenuated tunicamycin-induced IRE1 activation.
Phospho-IRE1 and IRE1 protein levels were determined in the mouse PFC 12 h after
tunicamycin injection. 7op. Representative blot. Bottom. Quantification of phospho-IRE1 to
IRE1 ratio. Protein levels were measured by western blot analysis. **p<0.01 vs. vehicle,
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##p<0.01 vs. tunicamycin group. One-way ANOVA. H) ERB-041 pretreatment attenuated
tunicamycin-induced increase in CHOP (CCAAT/enhancer-binding protein homologous
protein) mRNA levels. mRNA levels of CHOP were determined by qRT-PCR in the mouse
prefrontal cortex (PFC) 12 h after tunicamycin injection. The Ct values were normalized to
RPS3. **p<0.01 and ***p<0.001 vs. vehicle; ##p<0.001 vs. tunicamycin group. One-way
ANOVA. Data are expressed as mean +s.e.m. |-J) ERB-041 pretreatment attenuated
tunicamycin-induced deficits in social behavior. I) The three-chamber social interaction test.
Left, time in chamber. ***p<0.001 vs. stranger mouse chamber. Two-way ANOVA (n=8-10
per group). Right, the discrimination index calculated as the difference in the time spent in
the social and non-social chambers, divided by the sum of the time spent in both chambers.
*p<0.05 vs. vehicle, #p<0.01 vs. tunicamycin group; One-way ANOVA (n=8-10 per group).
J) Reciprocal social interaction test. *p<0.05 vs. vehicle, #p<0.01 vs. tunicamycin group.
One-way ANOVA (n=8-10 per group). Data are expressed as mean s.e.m. M, chamber
housing stranger mouse; E, chamber housing an empty cage; C, center. ns, non-significant.
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Figure 4. ERB-041 administration into PFC attenuates ER stress-induced social behavior deficits
in male mice

Tunicamycin (1mg/kg in dimethyl sulfoxide, DMSO), vehicle (DMSO), or ERB-041
(1mg/kg in DMSO, 30 minutes before tunicamycin injection) and tunicamycin (1mg/kg in
DMSO) was injected into mouse prefrontal cortex (PFC), and social behavior was examined
at 12 h after tunicamycin administration. A) ERB-041 pretreatment attenuated tunicamycin-
induced IREL1 activation. Phospho-IRE1 and IRE1 protein levels were determined in the
mouse PFC 12 h after tunicamycin injection. 7op. Representative blot. Bottom.
Quantification of phospho-IRE1 to IRE1 ratio. Protein levels were measured by western blot
analysis. *p < 0.05; On-way ANOVA. B-C) ERB-041 pretreatment attenuated tunicamycin-
induced deficits in social behavior. B) The three-chamber social interaction test. Left, time in
chamber. ***p<0.001 vs. stranger mouse chamber. Two-way ANOVA (n=7-8 per group).
Right, the discrimination index calculated as the difference in the time spent in the social
and non-social chambers, divided by the sum of the time spent in both chambers. *p<0.05
vs.vehicle; One-way ANOVA (n=7-8 per group). C) Reciprocal social interaction test.
**p<0.01 vs. vehicle; One-way ANOVA (n=7-8 per group). Data are expressed as mean
+s.e.m. M, chamber housing stranger mouse; E, chamber housing an empty cage; C, center.
ns, non-significant.
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Figure 5. ERP agonist ERB-041 attenuates ER stress-induced brain hyperconnectivity in male
mice

Adult male mice were injected intraperitoneally with tunicamycin (1mg/kg in dimethyl
sulfoxide, DMSO), vehicle (DMSO), or ERB-041 (1mg/kg in DMSO, 30 minutes before
tunicamycin injection) and tunicamycin (1mg/kg in DMSO). Local field potential (LFP)
recordings were performed 12 hours after injection. A) Electrode diagram. REF = reference
electrode, mPFC = medial prefrontal cortex electrode, dHIPP = dorsal hippocampal
electrode, vHIPP = ventral hippocampal electrode, GND = ground electrode. (B) Coherence
v. frequency of mPFC-dorsal HIPP. (C) Coherence in theta (4-12 Hz), beta (15-25 Hz) and
gamma (26—70 Hz) bands in mPFC-dorsal HIPP. (D) Coherence v. frequency of mPFC-
ventral HIPP. (E) Coherence in theta, beta and gamma bands in mPFC-ventral HIPP.
Coherence was determined using values from 3 seconds before and 3 seconds after (for a
total of 6 seconds) a novel social interaction with a stranger mouse. *p<0.05, **p<0.01 and
***n<(,001 vs. vehicle; #p<0.05, #p<0.01 and ##p<0.001 vs. tunicamycin groups. One-
way ANOVA. Data are expressed as mean +s.e.m.
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Figure 6. Schematic Diagram of ERp regulation of the IRE/XBP1 pathway in social behavior
Tunicamycin treatment leads to the activation of IRE1 that promotes splicing of XBP1

mRNA. This results in increased levels of the transcription factor sXBP1, which triggers the
expression of unfolded protein response (UPR) genes that induces alterations in brain
connectivity and social behavior. The activation of ERp signaling inhibits IRE1 activation,
downregulates sXBP1 and attenuates ER stress-induced changes in brain connectivity and
social behavior.
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