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Serotonin (5-HT) modulates neural responses to socioaffective cues and can bias approach or avoidance behavioral decisions, yet the
cellular mechanisms underlying its contribution to the regulation of social experiences remain poorly understood. We hypothesized that
GABAergic neurons in the dorsal raphe nucleus (DRN) may participate in socioaffective regulation by controlling serotonergic tone
during social interaction. We tested this hypothesis using whole-cell recording techniques in genetically identified DRN GABA and 5-HT
neurons in mice exposed to social defeat, a model that induces long-lasting avoidance behaviors in a subset of mice responsive to
serotonergic antidepressants. Our results revealed that social defeat engaged DRN GABA neurons and drove GABAergic sensitization that
strengthened inhibition of 5-HT neurons in mice that were susceptible, but not resilient to social defeat. Furthermore, optogenetic
silencing of DRN GABA neurons disinhibited neighboring 5-HT neurons and prevented the acquisition of social avoidance in mice
exposed to a social threat, but did not affect a previously acquired avoidance phenotype. We provide the first characterization of GABA
neurons in the DRN that monosynaptically inhibit 5-HT neurons and reveal their key role in neuroplastic processes underlying the
development of social avoidance.

Introduction
Studies in numerous species support a conserved role for the
neurotransmitter serotonin (5-HT) in the modulation of social
approach or avoidance behaviors (Canli and Lesch, 2007). In
humans, pharmacological manipulations of 5-HT have been
shown to shift appraisal and responses to social cues along an
“affiliative-aggressive” axis (Young, 2013), with 5-HT depletion
consistently facilitating socially defensive responses such as
avoidance and aggression (Liu et al., 2010; Passamonti et al.,
2012). In contrast, enhancement of 5-HT has been shown to

induce rapid positive shifts in the perception of socioaffective
stimuli, often promoting affiliation and dominance (Raleigh et
al., 1991; Bilderbeck et al., 2011). These 5-HT-mediated effects
could contribute to the therapeutic action of monoaminergic
antidepressants by facilitating interpersonal function and pro-
moting resilience to psychosocial threats such as social rejection,
a common precipitant of the onset or relapse of affective disor-
ders in vulnerable individuals (Charuvastra and Cloitre, 2008;
Slavich et al., 2010; Cusi et al., 2012; Meyer-Lindenberg and Tost,
2012; Phan et al., 2013; Hames et al., 2013). Despite the existence
of a large body of research on 5-HT, surprisingly little is known
about the precise circuitry through which 5-HT neurons regulate
cognitive processes associated with social approach or avoidance
behaviors in mammals. Most ascending 5-HT neurons are found
in the median and dorsal raphe nuclei (DRN) of the brainstem;
however, these two nuclei are neuronally heterogeneous and a
large proportion of raphe neurons are nonserotonergic (Bang
and Commons, 2012; Bang et al., 2012). Local GABAergic neu-
rons in the DRN are thought to provide an inhibitory relay for
converging inputs that exert top-down control over 5-HT func-
tion (Freedman et al., 2000; Celada et al., 2001; Chiba et al., 2001;
Varga et al., 2001; Varga et al., 2003; Amat et al., 2005). Pharma-
cological evidence further suggests that modulating GABA activ-
ity in the DRN has a dramatic impact on affiliative or aggressive
behaviors (Takahashi et al., 2010; Takahashi et al., 2012); how-
ever, our understanding of these mechanisms on a microcircuit
level remains limited.

To analyze the interplay between GABAergic and 5-HT neu-
rons in the DRN microcircuit and their regulation during social-
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stress-adaptive processes, we used transgenic mouse lines for
genetic identification of these neuronal populations and selective
targeting of optogenetic effectors for functional studies. We ex-
amined these mechanisms in the context of social defeat, a model
of psychosocial stress that results in long-lasting social avoidance
and is sensitive to the effects of antidepressants (Berton et al.,
2006; Tsankova et al., 2006). Our results provide direct func-
tional evidence for the existence of DRN GABA neurons
that monosynaptically inhibit 5-HT neurons and implicate
experience-driven neuroplastic adaptations in these GABA neu-
rons during the development of social avoidance. By providing
novel insights about the cellular underpinnings of social ap-
proach or avoidance decision biases, our results have important
implications for the understanding and treatment of affective
disorders.

Materials and Methods
Animal subjects. Eight- to 12-week-old male mice bred onto a C57BL/6
background were used for all experiments. Mice were housed on a 12 h
light/dark cycle with food and water available ad libitum. All studies were
conducted according to protocols approved by the University of Penn-
sylvania institutional animal care and use committee. All procedures
were performed in accordance with institutional guidelines. To generate
a mouse line with fluorescently labeled GAD65-containing GABAergic or
serotonergic neurons, male knock-in GAD2-Cre mice (Gad2 tm2(cre)Zjh/J;
JAX stock number 010802; Taniguchi et al., 2011) or BAC transgenic
Pet1-Cre mice (B6.Cg-Tg(Fev-cre)1Esd/J; JAX stock number 012712;
Scott et al., 2005) were respectively crossed to floxed-stop controlled
tdTomato (RFP variant) mice (B6.Cg-Gt(ROSA)26Sor tm9(CAG - tdTomato)Hze/
J; JAX stock number 007908; Madisen et al., 2010) to achieve fluorescent
labeling of Cre-containing cells. We also obtained BAC-transgenic
GAD1-GFP mice (CB6-Tg(Gad1-EGFP)G42Zjh/J; JAX stock number
007677; Chattopadhyaya et al., 2004) for fluorescent labeling of GAD67-
containing GABAergic neurons. In our behavioral experiments, we used
the GAD2-Cre mice and the generated GAD2-tdTomato and Pet1-
tdTomato mice, with the exception of the limited sensory contact defeat
experiment, for which we used C57BL/6J (JAX stock number 000664)
mice. All strains were procured from The Jackson Laboratory.

Viruses and surgery. To express optogenetic or fluorescent proteins in
GABAergic neurons, adeno-associated virus (AAV) vectors were pro-
duced by and purchased from the University of Pennsylvania vector core
(Philadelphia, PA) and injected into GAD2-Cre mice. In this work, we
used AAVs for the Cre-inducible expression of the inhibitory optogenetic
probe Archaerhodopsin (AAV2/9.flex.CBA.Arch-GFP.W.SV40, catalog
#22222; Addgene) and Cre-inducible expression of the fluorescent pro-
tein tdTomato (AAV2/1.CAG.FLEX.tdTomato.WPRE.bGH, catalog
#864; Allen Institute ). For tracing of excitatory vmPFC terminals in the
DRN, we used an AAV for the CaMKIIa-driven expression of YFP fused
to Channelrhodopsin (AAV2/9.CaMKII.ChR2-YFP.SV40, Stanford Uni-
versity, Stanford, CA; Mattis et al., 2012).

For viral injections, mice were anesthetized with isoflurane and stereo-
taxically injected unilaterally in the DRN (from lambda, in mm: 0.0 AP,
�0.8 ML, �3.3 DV, 15° angle) or prelimbic region of the vmPFC (from
bregma, in mm: �1.8 AP, �0.8 ML, �2.7 DV, 15° angle) with 1 �l of
virus. Viral yields (in GC) were 6.962 � 10 11 for Arch-GFP, 2.049 � 10 12

for tdTomato, and 4.347 � 10 12 for CaMKIIa-ChR2-YFP. Social defeat
began 4 weeks after surgery for noncannulated mice to allow time for
recovery and viral expression.

For in vivo optical stimulation, precut guide cannulae (Plastics One)
targeting the DRN were secured to the skull using the coordinates men-
tioned above. Cannulae were secured using stainless steel skull screws
and acrylic cement. A fitted dust cap dummy was secured atop the guide
cannula and mice were placed back in their home cages and allowed 6
weeks to recover. Body weight and behavior were monitored during
recovery. Three days before the start of experiment, a homemade fiber
optic with ferrule connector (described below) was inserted into the
guide cannula and secured with acrylic cement.

Preparation of optical fibers. A 200 �m core, 0.37 numerical aper-
ture (NA) standard multimode fiber (Thorlabs) was stripped of clad-
ding, passed through a 230 �m multimode ceramic zirconia ferrule
(Precision Fiber Products), and secured in place using fiber optic
connector epoxy (Fiber Instrument Sales). Ferrules were then pol-
ished and cut to length to target the DRN, tested for light output, and
sterilized with 70% ethanol.

Repeated social defeat training and interaction testing. The social defeat
paradigm consisted of alternating periods of physical contact with a
trained CD1 aggressor (5 min) and protected sensory contact via separa-
tion by a perforated Plexiglas partition (24 h). In trials in which sensory
contact was limited, mice were separated for only 20 min before being
returned to their home cages overnight. This continued for 10 consecu-
tive days, with exposure to a novel aggressor each day, as described pre-
viously (Golden et al., 2011; Espallergues et al., 2012). Control animals
were housed in similarly partitioned cages with a paired mouse from the
same genotype and switched to opposite sides of the partition daily. On
day 11, social approach or avoidance behavior toward an unfamiliar CD1
social target was assessed in a two-trial social interaction task. In the first
2.5 min trial (“no target”), experimental mice explored a dimly lit (55
lux) open-field arena containing an empty wire mesh cage on one edge of
the arena (Fig. 6A). In the second 2.5 min trial (“target present”), exper-
imental mice were reintroduced to the arena, now with an unfamiliar
CD1 aggressor positioned in the mesh cage. TopScan video tracking
software (CleverSys) was used to measure the time spent in the interac-
tion zone surrounding the target box. Interaction ratios (IRs) were cal-
culated as the time spent in the interaction zone in the “target present”
condition as a percentage of the time spent in the zone in the “no target”
condition. Susceptible (SUS, IR � 100) and Resilient (RES, IR � 100)
mice were determined as described previously (Krishnan et al., 2007).

Open field test and elevated plus maze. For the open field test (OFT),
mice were placed in the center of an arena identical to that which was
used for the social interaction test described above, but lacking the mesh
wire cage. The test lasted for 5 min and TopScan video-tracking software
was used to determine the amount of time spent in the center of the
arena. OFT was conducted under 55 lux illumination. The elevated plus
maze (EPM) consisted of 2 perpendicular, intersecting platforms, each
7.6 cm wide and 60 cm long, positioned on a pedestal 30 cm from the
floor. TopScan was also used to measure the time spent and number of
entries in open and closed arms. Illumination of the open arms of the
EPM was measured to be 10 lux.

Immunohistochemistry. Animals were transcardially perfused with 4%
paraformaldehyde and brains were processed for standard single or dual
immunolabeling methods as described previously (Espallergues et al.,
2012). For detection of cFos, we used an affinity purified rabbit poly-
clonal antibody raised against the N terminus of human cFos (SC-52;
Santa Cruz Biotechnology). To label 5-HT neurons, we used a sheep
anti-TPH antibody (AB1541; Millipore). For dual labeling of cFos and
�FosB, we used affinity-purified goat anti-cFos (SC-52; Santa Cruz Bio-
technology) and rabbit anti-�FosB (SC-48; Santa Cruz Biotechnology)
antibodies. To enhance GFP expression, we used a chicken anti-GFP
antibody (GFP-1020; Aves Laboratories). Primary antibodies were de-
tected using fluorescent secondary antibodies obtained from Jackson
ImmunoResearch Laboratories. For the processing of the brain slices
from electrophysiology, we used mouse anti-TPH (T067; Sigma-
Aldrich), along with either a donkey anti-mouse Alexa Fluor 488
(A21202; Invitrogen) or donkey anti-mouse Alexa Fluor 647 (A31571;
Invitrogen), and the biocytin was visualized by streptavidin Alexa Fluor
647 (S32357; Invitrogen) or streptavidin 594 (S11227; Invitrogen).

Cell counting. To quantify cFos or �FosB colocalization with tdTo-
mato � or GFP � neurons, 30 �m serial sections of the DRN were col-
lected every 120 �m between �4.36 mm and �4.96 mm from bregma.
Slices were stained for cFos or �FosB and labeled neurons were manually
counted in the DRN of each section. Colocalization with tdTomato or
GFP was defined as nuclear localization of the cFos or �FosB signal and
was counted manually. There were no significant variations in the total
numbers of tdTomato � or GFP � cells within each strain.

Electrophysiology. Brain slices were prepared as described previously
(Crawford et al., 2010; Calizo et al., 2011; Espallergues et al., 2012; Craw-
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ford et al., 2013). The 200 �m coronal slices containing DRN were placed
in aCSF containing the following (in mM): 124 NaCl, 2.5 KCl, 1.25
NaH2PO4, 2.0 MgSO4, 2.5 CaCl2, 10 dextrose, and 26 NaHCO3 at 37°C
aerated with 95% O2/5% CO2. After 1 h, slices were kept at room tem-
perature. Tryptophan (2.5 mM) was included in the holding chamber to
maintain 5-HT synthesis, but was not in the aCSF perfusing the slice in
the recording chamber. Individual slices were placed in a recording
chamber (Warner Instruments) and perfused with aCSF at 2 ml/min
maintained at 32°C by an in-line solution heater (TC-324; Warner In-
struments). Neurons were visualized using a Nikon E600 upright micro-
scope fitted with a 60� water-immersion objective and targeted under
differential interference contrast or fluorescent filters. Resistance of elec-
trodes was approximately 8 –10 M� when filled with a recording solu-
tion composed of the following (in mM): 130 K-gluconate, 5 NaCl, 10 Na
phosphocreatine, 1 MgCl2, 0.02 EGTA, 10 HEPES, 2 MgATP, and 0.5
Na2GTP with 0.1% biocytin and a pH of 7.3. Whole-cell recordings were
obtained using a Multiclamp 700B amplifier (Molecular Devices). Cell
characteristics were recorded using current-clamp techniques, as de-
scribed previously (Crawford et al., 2010; Espallergues et al., 2012). Sig-
nals were collected and stored using Digidata 1320 analog-to-digital
converter and pClamp 9.0 software (Molecular Devices). Collection of
EPSC data was as described previously (Crawford et al., 2011) and per-
formed with bath application of 20 �M bicuculline to block GABA syn-
aptic activity. Collection of IPSC data was performed as described
previously (Crawford et al., 2013), with bath application of 20 �M DNQX
to block AMPA/kainate synaptic activity. All drugs were made in stock
solutions, diluted on the day of the experiment, and added directly to the
ACSF.

Electrophysiology data analysis. Cellular characteristics were analyzed
using Clampfit 9.0 (Molecular Devices). Synaptic properties were ana-
lyzed using MiniAnalysis (Synaptosoft) as described previously (Craw-
ford et al., 2011; Crawford et al., 2013). Frequency-intensity plots were
generated by measuring the number of action potentials generated by
depolarizing current steps ranging from 0 to 100 pA for GAD2-tdTomato
and from 0 to 120 pA for Pet1-tdTomato neurons in 20 pA increments.
The average firing rate for each condition was determined by the number
of action potentials generated over the 500 ms current pulse. Synaptic
events were analyzed using parameters optimized for each cell with the
detection threshold set beyond the maximum values of the all points
noise histogram for a portion of the trace containing no detectable syn-
aptic events. This threshold generally ranged from 5 to 8 pA. MiniAnaly-
sis generates a summary table containing the mean and median values for
the frequency, amplitude, rise time (10 –90%), decay time, and event
half-width (50%). For each cell, at least 200 events were chosen at ran-
dom, filtered manually to exclude multiple peaks, and then combined to
obtain an averaged EPSC or IPSC for each cell to obtain values for decay
time, event area, and event time half-width. The Kolmogorov–Smirnov
test was used to determine whether the histograms and cumulative prob-
ability plots of the synaptic activity characteristics were different between
each group. Additional statistical analysis is described below. Data are
reported as means � SEM.

Optical stimulation. For in vivo stimulation, mice with previously im-
planted fiber optic ferrules were connected to a 200 �m, 0.37 NA patch
cord via a zirconia sleeve that was then connected to a diode-pumped
solid-state laser through an FC/PC adaptor and rotary joint. We used a
yellow (561 nm, GR-561– 00100-CWM-SD-05-LED-F) diode-pumped
solid-state laser obtained from OEM Laser Systems. For stimulation of
Arch-expressing GAD2 neurons in the DRN, we performed constant
yellow light stimulation for 20 min. Power output was determined using
an optical sensor (Thorlabs) to be approximately 10 mW. Intensity was
calculated using a model predicting irradiance in mammalian tissues
(http://www.stanford.edu/group/dlab/cgi-bin/graph/chart.php). From
a 200 �m tip, the estimated intensity was 7.05 mW mm �2 for yellow laser
stimulation.

For stimulation of brain slices expressing Arch in GAD2 neurons, a
prepared 200 �m core, 0.37 NA standard multimode fiber was lowered
into the recording chamber and submerged below the ACSF. The tip of
the fiber was positioned 	1 mm from the DRN, illuminating the entire

region. Constant 10 mW yellow light stimulation was performed in 5 s
epochs every 20 s. Laser intensity was estimated to be 10.01 mW mm �2.

Data analysis and statistics. For multiple group comparisons, all vari-
ables were distributed normally based on Bartlett’s test and analyzed
using parametric statistics (i.e., one- or two-way ANOVAs, between
group or with repeated measures, followed by Fisher’s PLSD test as ap-
propriate). Comparisons between two groups were performed using Stu-
dent’s t test. Statistical analysis was performed using Statistica (StatSoft).
Statistical significance was defined as p � 0.05. All data are presented as
means � SEM. Outlying values (3 SDs from the mean) were excluded
from group means.

Results
Induction of FOS proteins in the DRN by social defeat
predominates in GAD2-containing GABA neurons
Prior studies using immediate early gene mapping have docu-
mented the activation of DRN neurons by stress (Roche et al.,
2003; Paul et al., 2011). Our previous multilabel studies combin-
ing in situ hybridization detection of cell-type-specific mRNA
markers and immunohistochemical labeling of FOS family pro-
teins showed that 5-HT neurons represent only a minority
(�10%) of DRN cells undergoing FOS-mediated neuroadapta-
tions after repeated exposure to two models of depression
(learned helplessness and social defeat), whereas a comparatively
higher proportion of FOS-labeled cells expressed GAD mRNA
(Berton et al., 2007). Here we investigated whether transgenic
mouse lines with genetically labeled neurons would reveal a com-
parable distribution of cFos in the DRN after being subjected to
social defeat. To assess the engagement of two major GABA neu-
rons subtypes (i.e., GAD1� and GAD2�) in the DRN, we exam-
ined defeat-induced cFos in GAD1-GFP BAC transgenic mice that
have fluorescently labeled GAD67 neurons (Chattopadhyaya et
al., 2004; Fig. 1A) and also GAD2-tdTomato mice that were gen-
erated by crossing mice expressing Cre recombinase at the GAD2
(GAD65) locus (Taniguchi et al., 2011) with a double-floxed td-
Tomato reporter strain (Madisen et al., 2010; Fig. 1D). A Pet1-
tdTomato line was similarly generated to label 5-HT neurons
(Scott et al., 2005; Fig. 1G).

We subjected cohorts of adult male mice from these three lines
to 10 consecutive days of social defeat, as described previously
(Berton et al., 2006; Golden et al., 2011). No differences were
observed among GAD1-GFP, GAD2-tdTomato, and Pet1-
tdTomato lines regarding their expression of social avoidance af-
ter defeat (data not shown). Twenty-four hours after testing,
mice were exposed to an additional social defeat experience and
perfused 1 h later. DRN slices from each strain were immunola-
beled for cFos (Fig. 1B,E,H). A significant increase in total num-
ber of cFos-labeled cells was observed in the DRN of defeated
mice versus undefeated controls (two-way ANOVA, main effect
of defeat, F(1,26) 
 60.22, p � 0.001; for GAD1-labeled mice n 

3 for undefeated, 3 for defeated; for GAD2-labeled mice n 
 4 for
undefeated, 7 for defeated; for Pet1-labeled mice n 
 3 for unde-
feated, 7 for defeated), without a significant difference between
strains (Fig. 1J). Topographic distribution of cFos after repeated
social defeat, which was circumscribed to the ventrolateral por-
tions of the DRN where 5-HT cells are sparse, resembled the
previously reported distribution of �FosB, which is another FOS
variant induced by stress and is particularly enriched in DRN
substance P neurons (Berton et al., 2007). Because topographical
similarity suggests that the same cell population may be express-
ing both cFos and �FosB after social defeat, we examined the level
of colocalization between these two proteins in DRN neurons
using immunolabeling. We found that 77.3 � 6.9% of cFos� cells
also expressed �FosB (n 
 3), making it likely that the defeat-
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activated cells identified in this study overlap with the cellular
population identified in our previous study (Berton et al., 2007).
The relatively restricted localization of cFos to the lateral areas of
the DRN also suggests that it may be driven by descending inputs
that are topographically distributed in this area. Viral tracing
studies from the Allen Brain Atlas (Sunkin et al., 2013), corrobo-
rated by our own anterograde tracing data (Fig. 1L), indicate that
one such afferent input originates from the ventromedial pre-
frontal cortex (vmPFC), an area thought to be important for
social cognition (Roy et al., 2012). Indeed, we observed a striking
similarity between the distribution of anterogradely traced
vmPFC axons and defeat-induced cFos in the DRN (Fig.
1C,F, I,L).

Quantification of cFos colocalization with native GAD1-GFP
(Fig. 1C), GAD2-tdTomato (Fig. 1F), or Pet1-tdTomato (Fig. 1I)
fluorescence revealed significantly greater cFos induction in
GAD2-labeled compared with GAD1- and Pet1-labeled cells
(two-way ANOVA, genotype � condition, F(2,24) 
 12.79, p 

0.004; Fig. 1K). These results reinforce the notion that social
defeat induces activation of DRN neurons and further demon-
strates that GABAergic neurons, more specifically GAD2� neu-

rons, are a predominant social-stress-activated cell type in the
DRN.

Sensitization of DRN GABA neurons in SUS mice after social
defeat coincides with increased 5-HT inhibition
Given the significant increase in GAD2-specific GABAergic cFos
induction after social defeat, we next examined functional adap-
tations after defeat in this cell type by conducting whole-cell
patch-clamp recordings in midbrain slices from control and de-
feated mice. The use of the GAD2-tdTomato mouse line allowed
us to unequivocally identify GABA cells for recordings. After de-
feating GAD2-tdTomato mice, we determined their social inter-
action, distinguishing between RES (high social interaction) and
SUS (low social interaction) subpopulations, and prepared brain
slices for whole-cell patch-clamp electrophysiology. We focused
recordings in the ventrolateral area (i.e., lateral wings; Fig. 2A) of
the DRN, which shows the highest-density GABA cell distribu-
tion and cFos induction after social defeat (Fig. 1D–F) and is also
a region that receives strong excitatory input from the vmPFC
(Figs. 1L, 2A, inset; Jankowski and Sesack, 2004).

Figure 1. Social defeat-induced cFos expression predominated in GAD2-expressing GABAergic neurons in the DRN. A–I, Distribution of defeat-induced cFos in the DRN of GAD1-GFP mice with
fluorescently tagged GAD67 � GABA neurons (A–C; pseudocolored red for consistency), GAD2-tdTomato mice with fluorescently tagged GAD65 � GABA neurons (D–F ), or Pet1-tdTomato mice with
fluorescently tagged 5-HT neurons (G–I ). Note the striking overlap between cFos- and GAD2-labeled GABAergic neurons. Aq, aqueduct. Scale bar, 50 �m. High-magnification (63�) images
depicting cFos colocalization with fluorescently labeled neurons can be found in the insets of C, F, and I. Examples of colocalized neurons are marked with a solid arrowhead. J, Lack of overall
difference in total number of cFos �-labeled DRN neurons after social defeat among GAD2-tdTomato, Pet1-tdTomato, and GAD1-GFP mouse lines. Within strains, there was a significant increase in
total cFos � neurons after defeat compared with controls (two-way ANOVA, Fisher’s post hoc; GAD2 ***p � 0.001; Pet1 ***p � 0.001; GAD1 ***p � 0.001; per genotype n 
 3–5 for undefeated,
n 
 3–7 for defeated). K, Quantitation of cFos colocalization in GABA and 5-HT neurons of control and defeated mice. The defeated mice demonstrated significantly higher GABAergic cFos induction
versus controls. Overall cFos induction in GAD2-labeled neurons was significantly greater than in Pet1- or GAD1-labeled neurons (two-way ANOVA, Fisher’s post hoc; GAD2/defeat vs GAD1/defeat
*p 
 0.033; GAD2/defeat vs Pet1/defeat ***p � 0.001; GAD2/defeat vs GAD2/undefeated §p � 0.001; n 
 3–7 per group). L, Confocal image depicting the distribution of vmPFC axon terminals
in the DRN after anterograde tracing of excitatory vmPFC neurons using AAV-mediated expression of ChR2-YFP driven by the CaMKIIa promoter. Note the dense clustering of tagged terminals in the
lateral portion of DRN corresponding to the areas rich in cFos expressing GABAergic neurons after social defeat (dashed circles).

Challis et al. • Raphe GABA Neurons Mediate Social Avoidance J. Neurosci., August 28, 2013 • 33(35):13978 –13988 • 13981



The intrinsic properties of DRN GAD2� GABA neurons were
distinct from those of identified 5-HT cells (Crawford et al.,
2010): they displayed a higher membrane resistance {GAD2 

944 � 75 M� vs Pet1 
 583 � 39 M�; GAD2 number of mice
(number of cells) 
 7(29), Pet1 
 3(16)] and had shorter-
duration action potentials (GAD2 
 1.68 � 0.11 ms vs Pet1 

2.4 � 0.1). The GABA characteristics were similar to those of
previously reported recordings from GABA neurons (Brown et
al., 2008; Wierenga et al., 2010; McKenna et al., 2013). Further-
more, in contrast to 5-HT cells, which are silent in brain slice
preparations, 	40% of recorded GABA neurons displayed spon-
taneous firing activity at an average rate of 6.6 � 1.1 Hz. We next
determined the membrane responses of these cells to 20 pA steps
of depolarizing injected current (Fig. 2B) and found that DRN
GABA neurons in SUS mice had a significant increase in the
number of action potentials elicited versus controls. In contrast,
cell excitability of GABA neurons in RES mice did not signifi-
cantly differ from undefeated mice [repeated-measures ANOVA,
defeat � input current, F(2,460) 
 2.40, p 
 0.010; number of mice
(number of neurons) {N(n)} 
 7(29) for control, 4(20) for RES,
10(37) for SUS; Fig. 2B,D]). We then investigated whether excit-
atory synaptic inputs to these neurons had been changed by social
defeat using voltage-clamp techniques (Crawford et al., 2011).
Recording of spontaneous glutamatergic EPSC activity from
GAD2-tdTomato neurons in each behavioral group revealed a
significant increase in the overall EPSC frequency in DRN GABA
neurons of SUS mice compared with controls, but not in RES
mice (one-way ANOVA, F(2,78) 
 4.08, p 
 0.021; Fig. 2C,E, inset
histogram). This was confirmed by a significant shift in the cu-
mulative probability plot of interstimulus intervals (Kolmogorov–
Smirnov test, Z 
 7.14, p � 0.001; Fig. 2E). In the presence of
TTX, mEPSC frequency was not altered, implying that the re-

corded excitatory events were not due to local, actively firing
neurons [data not shown; N(n) 
 3(13)]. Analysis of synaptic
current kinetics for individual events revealed a significant de-
crease in event decay time in SUS mice, leading to the possibility
of altered AMPA receptor conformation or phosphorylation
(one-way ANOVA, F(2,78) 
 3.13, p 
 0.049; Fig. 2F,G, inset
histograms). This was also confirmed by a significant shift in the
cumulative probability plot of decay times (Kolmogorov–Smir-
nov test, Z 
 6.40, p � 0.001; Fig. 2F).

To determine whether social defeat also induced adaptations
in 5-HT neurons, we next conducted recordings in slices from
defeated Pet1-tdTomato mice, focusing on neurons in the dorso-
medial and ventromedial DRN (Fig. 3C). Similar to DRN GABA
neurons, we found that social defeat altered the membrane prop-
erties and synaptic activity of genetically identified 5-HT neu-
rons, with differences between the SUS and RES subgroups. In
contrast to the sensitization observed in GABA neurons, we
found that 5-HT neurons of SUS mice had reduced intrinsic
excitability [repeated-measures ANOVA, defeat � input current,
F(12,228) 
 2.79, p 
 0.001; N(n) 
 3(15) for control, 3(16) for
RES, 3(21) for SUS; Fig. 3A,D]. In the 5-HT neurons, IPSC ac-
tivity was measured as described previously (Crawford et al.,
2013). In SUS mice, mIPSC frequency was increased compared
with controls (one-way ANOVA, F(2,28) 
 3.52, p 
 0.043; Fig. 3B
and E, inset). The change in frequency was confirmed by a signif-
icant shift in the cumulative probability plot of inter-IPSC intervals
(Kolmogorov–Smirnov, Z 
 8.65, p � 0.001; Fig. 3E). In addi-
tion, there was a trend toward a significant increase in EPSC
frequency in Pet1-tdTomato neurons of RES mice compared with
controls (one-way ANOVA, F(2,28) 
 2.82, p 
 0.076; data not
shown). These results support the hypothesis that expression of
social avoidance in stress SUS mice was associated with sensitized

Figure 2. Social defeat sensitized excitatory input and excitability of vmPFC-innervated DRN GABAergic neurons in SUS mice but not in RES mice. A, Schematic of DRN topography in recorded slices
from GAD2-tdTomato mice. vlDR, ventrolateral DRN; Aq, aqueduct. Recorded neurons were purposely selected in ventrolateral subregions of the DRN that are rich in afferents from the vmPFC. Inset
depicts a high-magnification confocal image of a biocytin-filled recorded GAD2-tdTomato neuron (red) in close contact with axon terminals from vmPFC neurons (green) anterogradely traced using
AAV-CaMKIIa-ChR2-YFP. B, Raw data traces of membrane potential changes recorded from DRN GABA neurons in response to hyperpolarizing and depolarizing injection of current in control, RES,
and SUS mice. Scale bar, 20 mV, 50 ms. C, Representative voltage-clamp traces of mEPSC synaptic activity in DRN GABA neurons from control, RES, and SUS mice. Scale bar, 20 pA, 500 ms. D,
Frequency-intensity plots showed increased excitability of DRN GABA neurons in SUS mice [repeated-measures ANOVA, Fisher’s post hoc; SUS vs CTRL, 20 pA *p 
 0.030, 40 pA *p 
 0.034, 60 pA
**p 
 0.008, 80 pA *p 
 0.012, 100 pA *p 
 0.025; N(n) 
 7(29) for control, 4(20) for RES, 10(37) for SUS]. E, Cumulative probability plot shows a shift to shorter interstimulus intervals of mEPSC
synaptic activity in DRN GABA neurons of SUS mice versus control or RES mice (Kolmogorov–Smirnov test, Z 
 7.1402, p � 0.001). Inset displays summary histogram showing significantly higher
average mEPSC frequency in SUS mice (one-way ANOVA, Fisher’s post hoc; SUS vs CTRL **p 
 0.006). F, Cumulative probability plot of mEPSC decay time shows the shift to faster decay times in DRN
GABA neurons of SUS mice (Kolmogorov–Smirnov test, Z 
 6.4021, p � 0.001). Inset shows summary histogram depicting the significantly lower average mEPSC decay times in SUS mice versus
control and RES mice (one-way ANOVA, Fisher’s post hoc; SUS vs CTRL *p 
 0.014). G, Enlarged depiction of averaged individual EPSC synaptic events in GABA neurons for each group. Scale bar, 4 pA, 2 ms.
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descending excitatory input onto DRN GABAergic neurons,
which in turn carried into an enhanced inhibition of neighboring
5-HT neurons.

Optogenetic silencing of ventrolateral DRN GABA neurons
disinhibits midline 5-HT neurons
To determine the causal involvement of DRN GABA neuron
sensitization in the expression of behaviors associated with the
SUS phenotype, we adopted an optogenetic silencing ap-
proach that we applied in slices and in freely moving animals.
To achieve GABA neuron silencing, we expressed a GFP-
tagged version of the inhibitory optogenetic effector
Archaerhodopsin (Arch-GFP; Chow et al., 2010). We infused a
Cre-recombinase-inducible AAV vector into the DRN of GAD2-
Cre mice to selectively target Arch-GFP to GABA neurons. In
mice perfused 6 weeks after injection, counting of GFP� cells
along the entire rostrocaudal extent of the DRN showed that
	21% of GAD2� DRN neurons (248.5 � 8.8 per field of view)
were transduced and expressed Arch-GFP (51.75 � 8.7; n 
 4).
No Arch-GFP�/GAD2� cells were detected, confirming the se-
lectivity of viral targeting (Student’s t test, t(6) 
 6.37, p � 0.001;
data not shown). Numerous GAD2�/Arch-GFP � neurons were
found in ventrolateral portions of the DRN (Fig. 4Ai). These cells
were clearly distinct from, but in close proximity to, 5-HT neu-
rons identified using immunolabeling of tryptophan hydroxy-
lase (TPH; Fig. 5Aii–Aiv). To validate Arch-mediated silencing of
GABA neurons, we conducted whole-cell recordings in DRN
slices 6 weeks after viral stereotaxic injection. When recording
from visually identified GABA neurons that were spontaneously
firing (Fig. 4D), application of 543 nm light at an irradiance of ap-

proximately 10.01 mW mm�2 resulted in
time-locked silencing (Fig. 4B). Firing was
completely abolished when the laser was on
and returned upon cessation of illumina-
tion, with activity often rebounding at an
increased firing rate [repeated-measures
ANOVA, F(2,53) 
 3.53, p � 0.001; N(n) 

3(18); Fig. 4E].

We then investigated whether identi-
fied GAD2� cells in the ventrolateral
DRN form local connections with nearby
5-HT neurons present on the same slice.
To our knowledge, despite multiple refer-
ences in the literature indicating that
DRN GABA neurons synapse with 5-HT
neurons (Celada et al., 2001; Varga et al.,
2001; Hou et al., 2012), there is currently
no direct evidence demonstrating mono-
synaptic inhibition of DRN 5-HT cells by
neighboring GABA neurons. To investi-
gate this, we applied the same silencing
protocol as above, but recorded from td-
Tomato�/GFP� neurons located in the
5-HT-rich midline area of the DRN (Fig.
4D). For this experiment, 5-HT cell type
was predicted primarily based on identifi-
cation of firing patterns typical of 5-HT
neurons (Crawford et al., 2010). How-
ever, because this electrophysiological
criterion is not entirely reliable, neuro-
chemical identity was also confirmed a
posteriori using biocytin filling and TPH
immunolabeling (Fig. 4Av). Laser illumi-

nation resulted in a significant decrease in IPSC frequency in
17% of recorded 5-HT cells and, as noted previously for GABA
neurons, rebounded to levels greater than baseline upon ces-
sation of laser illumination [repeated-measures ANOVA,
F(2,14) 
 7.33, p � 0.001; N(n) 
 2(5); Fig. 4C,F]. Those 5-HT
neurons responsive to the laser inhibition of GABA synaptic activity
were located in the dorsomedial DRN. These results provide defini-
tive evidence of DRN GABA neurons that locally synapse on and
inhibit 5-HT neurons.

Silencing DRN GABA neurons interferes with the
development of but not the expression of social aversion
DRN circuits might contribute to the development of social avoid-
ance in SUS mice by affecting a number of different processes. For
example, DRN output could mediate negative perceptive biases in
which detection and processing of threatening socioemotional in-
formation (e.g., body postures, auditory and olfactory cues) become
sensitized after defeat (Todorov, 2008; Passamonti et al., 2012; Roy et
al., 2012). Alternatively, these circuits could also affect the threshold
for the execution of approach/avoidance responses through effects
on decisions to engage in actions (i.e., execution of approach; Miller
and Cohen, 2001; Rogers, 2011; Volman et al., 2011). To dissociate
these two potentially distinct roles, we manipulated DRN GABA
neurons optogenetically, either during the phase corresponding to
the associative encoding of social threat (physical defeat/sensory
contact; Fig. 6A, top row) or execution of a previously acquired social
avoidance response (social interaction testing; Fig. 6A, bottom row).

We hypothesized that a critical encoding period may be when
mice are maintained in sensory contact with their aggressor after
physical aggression. To investigate this, we compared avoidance

Figure 3. Social defeat decreased excitability and enhanced inhibitory input of DRN 5-HT neurons of SUS mice. A, Raw data
traces of membrane potential changes recorded from DRN 5-HT neurons in response to hyperpolarizing and depolarizing current
injection in control, RES, and SUS mice. Scale bar, 20 mV, 50 ms. B, Representative traces of mIPSC activity in DRN 5-HT neurons
from control, RES, and SUS mice. Scale bar, 20 pA, 2 s. C, Schematic of DRN topography in recorded slices from Pet1-tdTomato mice.
dm/vmDR, dorsomedial/ventromedial DRN; Aq, aqueduct. D, Frequency-intensity plots show decreased excitability of DRN 5-HT
neurons in SUS mice [repeated-measures ANOVA, Fisher’s post hoc; SUS vs CTRL, 60 pA *p
0.043, 80 pA *p
0.024, 100 pA *p

0.023, 120 pA *p 
 0.033; N(n) 
 3(15) for control, 3(16) for RES, 3(21) for SUS]. E, Cumulative probability plots show the shift to
shorter interstimulus intervals of mIPSC activity in DRN 5-HT neurons of SUS mice versus control or RES mice (Kolmogorov–Smirnov
test, Z 
 8.652, p � 0.001). Inset displays summary histogram depicting the significantly higher average mIPSC frequency in SUS
mice (one-way ANOVA, Fisher’s post hoc; SUS vs CTRL *p 
 0.035).
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behavior of mice that underwent 10 d of standard defeat (5 min of
physical contact � 24 h of sensory contact with aggressor through
a Plexiglas partition) to mice that experienced a physical defeat
experience without subsequent sensory contact with the aggres-
sor (5 min of physical contact � 24 h home cage; Fig. 5A). This
comparison revealed that a sensory contact period is required for
the subsequent expression of the avoidance response (one-way
ANOVA, F(3,37) 
 8.34, p 
 0.002; n 
 9 –12 per group; Fig. 5B).
We then determined the minimal duration of sensory contact
necessary for the expression of social avoidance. Comparing var-
ious durations, we found that 20 min of postdefeat sensory expo-
sure to the aggressor was sufficient to allow full expression of
avoidance behavior (Fig. 5B). These results reveal the existence of

a critical period after physical defeat during which key sensory
and associative processes establish the intensity and stability of
subsequent avoidance behaviors.

We next investigated the role of DRN GABA neurons by si-
lencing them either during the daily sensory contact period (en-
coding) or during the 5 min interaction test when mice were
evaluated for approach-avoidance decisions in the presence of an
unfamiliar social target (execution). Cohorts of mice injected
with AAV vectors coding for Cre-dependent expression of Arch-
GFP or tdTomato in DRN GABA neurons, as described above,
were implanted chronically with a fiber optic ferrule used to sub-
sequently connect to an external light source. Mice were exposed
to 5 min of physical contact with aggressors, followed by 20 min
of sensory contact, during which time they were connected to the
light source. For the entire duration of the sensory contact period,
DRN GABA neurons were silenced (543 nm, 10 mW) and then
mice were returned to their home cages overnight (Fig. 6A, top
row). A cohort of mice expressing tdTomato in GABA neurons
was exposed to the identical defeat and laser illumination proto-
col. Groups of undefeated control mice, injected with Arch-GFP
or tdTomato and exposed to identical procedures apart from the
5 min of physical contact, were also included as controls in sub-
sequent tests to evaluate possible effects of GABA silencing inde-
pendently of defeat experience. Like the social defeat procedure
described above, this procedure was conducted for 10 d.

When subsequently tested for social interaction, defeated mice
receiving the tdTomato virus showed typical social avoidance re-
sponses, indicating that the laser illumination procedure per se does
not influence development of social avoidance. In contrast, defeated
mice exposed to DRN GABA silencing during sensory contact ex-
hibited similar levels of social interaction as undefeated mice (two-
way ANOVA, virus � defeat, F(7,38) 
 8.07, p � 0.001; n 
 6–8 per
group; Fig. 6B, left). The effects of DRN GABA silencing were spe-
cific to the regulation of social experience because neither virus nor
laser condition had significant effects on total movement (data not
shown) or the time spent in the interaction zone in the absence of a
social target (Fig. 6B, right).

Finally, having shown that DRN GABA neurons contribute to
the encoding of avoidance behavior, we investigated whether
they also influence processes related to the execution of social
avoidance responses (i.e., decision or ability to avoid social inter-
action). We tested this by silencing DRN GABA neurons after
defeat-induced social avoidance had already been established
(Fig. 6A, bottom). In contrast to our previous observation, we
found that the time spent in the social interaction zone after
defeat remained low in both Arch and tdTomato groups (two-way
ANOVA, main effect of defeat, F(3,13) 
 24.39, p � 0.001; n 
 5– 6
per group; Fig. 6C). These results indicate that the activity of
DRN GABA neurons is critical during the appraisal or neural
encoding of social threat, but is dispensable during the execution
of previously established social avoidance responses.

DRN GABA neurons do not mediate increased anxiety-related
behaviors after social defeat
Studies have reported a high rate of comorbidity between depres-
sion and anxiety disorders (Pollack, 2005). Because GABA activ-
ity within the DRN has been implicated in anxiety-related
behaviors (Ettenberg et al., 2011; Crawford et al., 2013), we also
investigated whether GABA inhibition during the sensory con-
tact phase of social defeat blocked the anxiogeneic effect of defeat,
another known consequence of the social defeat paradigm
(Krishnan et al., 2007). We investigated this using the OFT and
EPM tests. In agreement with previous studies, social defeat had

Figure 4. Archaerhodopsin-mediated photoinhibition of DRN GABAergic neurons silenced their
spontaneous firing and decreased IPSC activity of neighboring 5-HT neurons. Ai–Aiv, Confocal image
of Arch-GFP-expressing GABAergic neurons (green) and TPH labeled 5-HT neurons (red) in the DRN.
Scale bar, 50�m. Av, Example of a 5-HT neuron recorded in the DRN that was filled with biocytin and
its neurochemical identity was confirmed a posteriori using TPH immunostaining. B, Current-clamp
trace of a spontaneously firing, Arch-expressing GAD2 � GABA neuron. Exposure to 318 mW mm �2

of 593 nm light inhibited the tonic firing. Scale bar, 20 mV, 1 s. C, Voltage-clamp recording from a later
identified 5-HT neuron. Illumination of the DRN with 318mW mm �2 of 593 nm light resulted in a
reduction of IPSC frequency that returned upon cessation of laser stimulation. Scale bar, 10 pA, 1 s. D,
Schematic of recording experiments. Whole-cell patch-clamp was performed on either GABA or 5-HT
neurons while Arch-expressing GABA neurons were photoinhibited via laser stimulation. E, Summary
histogram showing that laser illumination resulted in complete silencing of spontaneous firing of
GAD2 � GABA neurons [N(n) 
 3(18)] that was restored upon laser cessation (repeated-measures
ANOVA, Fisher’s post hoc; baseline vs laser, ***p � 0.001; laser vs post-stim ***p � 0.001; baseline
vs post-stim *p 
 0.030). F, Summary histogram showing that laser stimulation reduced IPSC fre-
quency in 5-HT neurons [N(n) 
 2(5)] that was restored after laser cessation (repeated-measures
ANOVA, Fisher’s post hoc; baseline vs laser ***p�0.001; laser vs post-stim ***p�0.001; baseline vs
post-stim *p 
 0.047).
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an anxiogenic effect in both tests because defeated mice spent less
time in the center of the OFT arena compared with undefeated
controls (two-way ANOVA, main effect of defeat, F(1,46) 
 21.60,
p � 0.001; n 
 6 – 8 per group; Table 1). However, there was no
distinction between mice receiving DRN GABA neuron inhibi-
tion during social defeat and unstimulated mice. A similar lack of
effect of optogenetic stimulation was also observed in the EPM
test, where both stimulated and unstimulated mice displayed
similar levels anxiety-like behaviors (i.e., decreased time spent in

open arms, increased entries into closed arms; Table 2). This
suggests that DRN GABA neurons play a specific role in social
avoidance, but are dispensable for the encoding of social defeat-
mediated anxiety-related behaviors.

Discussion

Our primary finding showed that social defeat sensitized DRN
GABA neurons and increased GABA-mediated inhibition of
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Figure 5. Sensory contact was necessary for encoding of avoidance behavior. A, Experimental conditions used to evaluate the contribution of sensory contact to acquisition of social avoidance
behavior. During social defeat, all groups received 5 min of physical contact with an aggressor, followed by variable durations of sensory exposure through a Plexiglas divider. The “Regular Defeat”
group remained in sensory contact overnight with the aggressor, whereas the “Limited Sensory” group was maintained in sensory contact only for 20 min before being transferred into single housing
overnight. In the “No Sensory” group, mice were individually housed immediately after physical contact. These conditions were repeated for 10 d, with exposure to a novel aggressor each day. Social
avoidance was tested on day 11, 24 h after last physical defeat exposure. B, Compared with undefeated controls, mice from the Limited Sensory group displayed a level of social avoidance comparable
to the Regular Defeat group. In contrast, mice from the No Sensory group did not display a significant decrease in interaction compared with undefeated controls (one-way ANOVA, Fisher’s post hoc;
limited vs no sensory **p 
 0.005; limited vs control **p 
 0.005; n 
 8 –13 per group). Without a novel target present, durations in the interaction zone did not differ between groups.

Figure 6. Photoinhibition of DRN GABA neurons prevented the acquisition but not the expression of social avoidance behavior. Two cohorts of GAD2-Cre mice were injected in the DRN with Cre-dependent
AAV vectors, driving expression of Arch-GFP or a sham tdTomato protein selectively in DRN GABA neurons. The first cohort (A, top row: photoinhibition during training) received daily photoinhibition during 20
min of sensory contact after physical aggression. The second cohort (A, bottom row: photoinhibition during testing) received photoinhibition only during the social interaction task. Heat maps depict represen-
tative behavioral effects of DRN GABA photoinhibition. Corresponding group averages are shown for the time spent in the interaction zone in Control and Defeated mice receiving photoinhibition during the
sensory contact period (B) or during the social interaction task (C). Light application during daily sensory contact period abrogated social avoidance in Arch-GFP-targeted but not in tdTomato-targeted mice
(two-way ANOVA, Fisher’s post hoc; defeated Arch/stim vs defeated Arch/no stim *p 
 0.011; defeated Arch/stim vs defeated tdTomato ***p � 0.001; n 
 6 – 8 per group). In contrast, no significant effects
were observed when light was applied during the social interaction task (two-way ANOVA, Fisher’s post hoc; Arch CTRL vs DEF ***p � 0.001). Note that GABA photoinhibition had no effect on the behaviors of
mice tested in the absence of a social target and that laser illumination per se was devoid of effect in mice expressing tdTomato.
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5-HT neurons in SUS mice. In contrast, RES mice escaped this
effect and displayed unaltered GABA and 5-HT neuronal excit-
ability. Furthermore, GABA silencing disinhibited 5-HT cells and
promoted a RES phenotype in mice exposed to social defeat.
Therefore, we have established a role for DRN GABA neurons in
the neural encoding of social threats. By identifying cellular mech-
anisms underlying stable social approach/avoidance decision biases
in mice exposed to social defeat, our results contribute to a better
neurobiological understanding of the neural circuitry underlying
socioemotional deficits increasingly conceived as part of the cogni-
tive core of mood and anxiety disorders (Beck, 2008; Cusi et al., 2012;
Roiser et al., 2012).

GABAergic neurons provide inhibitory control of 5-HT
neurons in the DRN microcircuit
Aside from 5-HT neurons, the DRN contains a large proportion
(estimated 50 –75%) of non-5-HT cells comprised primarily of
GABA- and glutamate-producing neurons (Fu et al., 2010; Bang
and Commons, 2012). Pharmacological and neuroanatomical
evidence supports the notion that, in concert with 5-HT
autoreceptor-mediated mechanisms, GABA neurons are key to
the inhibitory control of 5-HT systems (Liu et al., 2000; Varga et
al., 2001). Based on converging data from previous in vivo record-
ing and tracing studies, GABA neurons located within the DRN
may serve as local inhibitory relays for several major descending
excitatory inputs converging onto the DRN, including those orig-
inating from the vmPFC and lateral habenula (Celada et al., 2001;
Varga et al., 2001; Varga et al., 2003). Using Archaerhodopsin-
mediated silencing, we have shown here that DRN GAD2�

GABA neurons connect monosynaptically to local 5-HT neu-
rons, providing a source of postsynaptic inhibitory currents to
	20% of 5-HT cells probed in the medial DRN. This proportion,
however, is almost certainly an underestimate considering that
the brain slice preparation used for electrophysiology likely dis-
rupted axonal connections for at least some GABA neurons. Our
results provide evidence confirming that this hypothetical orga-
nization of DRN microcircuits exists and confirms the role of
GABA neurons in affective regulation.

Defeat drives adaptations in DRN GABA and 5-HT neurons
that discriminate RES from SUS mice
Our previous study demonstrated that DRN 5-HT neurons iden-
tified using postrecording immunolabeling underwent social
defeat-induced physiological adaptations (Espallergues et al.,
2012); however, it did not reveal clear distinctions between RES
and SUS subpopulations. Here, using a genetic labeling method
that facilitated cell typing, we observed differences between be-
havioral subgroups and found that DRN neurons in SUS mice
undergo clear adaptations, whereas the properties of the neurons
in RES mice more closely resemble those of undefeated controls.
In SUS mice, the DRN 5-HT neuronal population had decreased
excitability and increased inhibitory input. The source of this
inhibitory synaptic activity is likely from local DRN GABA neu-
rons, which we found were hyperexcitable and also driven by
increased excitatory input in SUS mice. These adaptations in
both GABA and 5-HT neurons, when coupled together, suggest
an overall decrease in 5-HT excitability in SUS mice, which is
consistent with literature describing the role of 5-HT in socioaf-
fective regulation (Raleigh et al., 1991; Liu et al., 2010; Bilderbeck
et al., 2011; Passamonti et al., 2012).

Alhough we did not formally demonstrate the source of the
increased excitatory input on DRN GABAergic neurons, our
tracing results indicate that the likely driving brain region is the
ventral mPFC. Indeed, the distribution of CaMKIIa-driven YFP
labeling of vmPFC axonal terminals in the DRN shows a striking
overlap with the distribution of defeat-activated GABA neurons.
Furthermore, ultrastructural studies of vmPFC axons in the DRN
have shown that they preferentially target GABA neurons over
5-HT neurons (Jankowski and Sesack, 2004). The vmPFC is
thought to play a role in determining social valence (Roy et al.,
2012), so it is plausible that vmPFC afferents to the DRN modu-
late 5-HT tone via GABAergic neurons, affecting socioaffective
judgment. Our results are consistent with the antidepressant-like
effects of vmPFC DBS in rats, which increases 5-HT output in
certain forebrain projection areas (Hamani et al., 2010; Hamani
et al., 2012). However, recent studies further emphasized the
complex role of vmPFC-DRN pathways in depression-related
behaviors by reporting similar antidepressant-like effects in the
forced swim test in rats after direct optogenetic activation of glu-
tamatergic vmPFC terminals in the DRN or direct stimulation of
a mixed GABA/5-HT DRN neuronal population (Warden et al.,
2012). Based on this, it is likely that partially distinct vmPFC-
DRN subcircuits modulate escape behaviors to noxious stimuli
versus social approach/avoidance and antagonistic behaviors.
This view is supported by the fact that a regimen of chronic
optogenetic stimulation of Thy1� layer V vmPFC neurons in
mice that enhanced DRN activity did not influence social avoid-
ance after social defeat, even though this treatment produced
long-lasting antidepressant-like effects in the forced swim test
(Kumar et al., 2013).

DRN GABAergic neurons mediate associative encoding of
social aversion, but are dispensable for the execution of
avoidance decisions
Social defeat is a model of psychosocial stress with predictive
validity that has proved useful in examining modes of action of
antidepressant therapeutics and the neurobiology of depression-
like behaviors (Kudryavtseva et al., 1991; Krishnan et al., 2008;
Golden et al., 2011). An essential aspect of the specific paradigm
used in the present study is the application of a daily sensory
exposure period, during which time mice were maintained in
protected sensory contact with an aggressor after a brief but se-

Table 1. DRN GABA inhibition effects on anxiety-related behaviors: OFT

Time in center of arena (s)

GAD2-Cre/Arch GAD2-Cre/tdTomato

Stim (�) � � � �

Defeated 28.94 � 7.19*** 28.89 � 6.61*** 25.56 � 7.38*** 25.54 � 9.34***
Control 56.09 � 10.47 46.86 � 8.59 50.50 � 4.13 42.81 � 8.79

Data are expressed as mean time in the center of arena � SEM.

***Significant difference in defeated mice from undefeated controls of the same virus (GAD2-Cre/Arch or GAD2-Cre/
tdTomato) and stimulation (� or �) condition ( p � 0.01, two-way ANOVA, Fisher’s post hoc, control vs defeated).

Table 2. DRN GABA inhibition effects on anxiety-related behaviors: EPM

Defeated mice

GAD2-Cre/Arch GAD2-Cre/tdTomato

Stim (�) � � � �

Time in open arms (s) 6.30 � 2.27 5.66 � 3.77 4.69 � 1.48 4.77 � 2.94
Time in closed arms (s) 267 � 6.5 254.50 � 7.76 273.42 � 6.86 271.65 � 8.00
Open arm entries (no.) 6 � 1 4 � 1 5 � 2 3 � 1
Closed arm entries (no.) 15 � 2 11 � 2 13 � 4 11 � 3

Data are expressed as mean time spent in arms or the number of arm entries � SEM. There were no significant
differences between conditions.
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vere experience of physical aggression (Berton et al., 2006). After
this associative process, an initially positively valenced social
stimulus (i.e., an unfamiliar CD1 social target that uncondition-
ally induces approach in control mice) acquires aversive motiva-
tional value and triggers social avoidance in the social interaction
testing for most defeated mice. This social avoidance response
after social defeat observed in SUS mice is generalized and ob-
served independently of the degrees of familiarity, physical ap-
pearance, or genetic strain of the social target (Berton et al.,
2006). Although the specific sensory modalities of salient social
cues involved during the acquisition and expression of avoidance
behavior have yet to be determined, our previous studies have
shown that the social target actively emits these cues, because the
use of an anesthetized target leads to a complete loss of the avoid-
ance response (Krishnan et al., 2007).

In the present study, we identified the critical period during
which sensory associations necessary for subsequent expression
of social avoidance were established. We showed that these asso-
ciations occurred during a defined time lapse that spans the first
20 min after the end of physical contact with the aggressor and
demonstrated that this period is both necessary and sufficient for
the development of long-lasting social avoidance. Further, we
demonstrated using Arch-mediated optogenetic silencing of
DRN GAD2� neurons in vivo that activation of DRN GABA
neurons was required for acquiring the avoidance response, but
were not involved in the expression of a previously acquired
avoidance response. The mechanism by which silencing DRN
GABA neurons impaired the socioaffective encoding without in-
fluencing the execution of social avoidance response remains un-
certain. Increases in 5-HT output in the vmPFC after GABA-B
receptor activation in the DRN and disinhibition of 5-HT neu-
rons has been shown consistently to promote social approach and
offensive behaviors of defeated mice (Takahashi et al., 2010;
Takahashi et al., 2012). This is in general agreement with data
linking enhancement of forebrain 5-HT output with resilience to
social stress and maintenance of dominant social status in various
species (Raleigh et al., 1991; Malatynska et al., 2005; Alekseyenko
et al., 2010; Penn et al., 2010; Bruchas et al., 2011). Our study
identifies the role of GABAergic neurons embedded within DRN
microcircuits as that of a pivotal cellular population to regulate
mood-affecting 5-HT neurons. By revealing a striking influence
of social experiences on the basic neurophysiological character-
istics and synaptic properties of these GABA neurons, our results
introduce a novel circuitry relevant to affective resilience and
treatment of affective disorders.
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