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The lateral habenula (LHb) is a small part of the epithalamus that projects to monoamine centers in the brain. Previously, neurotrans-
mission onto the LHb was shown to be abnormally potentiated in animal models of depression. However, synaptic plasticity in this brain
area and the effect of stressor exposure on synaptic plasticity of the LHb have not been investigated. Thus, we explored whether the LHb
undergoes dynamic changes in synaptic efficacy or not. First, we observed that a moderate LTP occurs in a fraction of LHb neurons
obtained from naive Sprague Dawley rats. Interestingly, a single exposure to acute stressors, such as inescapable foot shock or restraint
plus tail shock (RTS), significantly enhances the magnitude of LTP in the LHb. We also observed an increased number of LHb neurons
expressing phosphorylated cAMP response element-binding protein (pCREB) after exposure to stressors, which may contribute to
determine the threshold for LTP induction. LTP induction in the LHb resulted in an additional increase in the number of pCREB-
expressing neurons in stress-exposed animals but not in naive control animals. Together, we showed that LHb neurons have heteroge-
neous propensity for synaptic potentiation at rest; however, a single exposure to stressors greatly facilitates LTP induction in the LHb,
suggesting that fundamental alterations in synaptic plasticity in the LHb may occur in animal models of depression or post-traumatic
stress disorder.
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Introduction
Several brain areas undergo synaptic changes in animal models of
depression (Duman, 2002; Krishnan and Nestler, 2008; Duman
and Aghajanian, 2012). One such region is the lateral habenula
(LHb), a part of the epithalamus. The LHb receives inputs from
areas of the forebrain, such as the ventral pallidum, globus pali-

dus, and lateral preoptic area through the stria medularis, and
projects to midbrain structures, such as the ventral tegmental
area, rostromedial tegmental nucleus, and dorsal raphe nucleus
(Herkenham and Nauta, 1977; Semba and Fibiger, 1992; Gon-
çalves et al., 2012; Shabel et al., 2012; Sego et al., 2014). Several
lines of recent evidence suggest that the LHb is likely to play a
critical role in depressive disorders (Sartorius and Henn, 2007;
Sartorius et al., 2010; Li et al., 2011, 2013; Meng et al., 2011;
Shabel et al., 2014). Importantly, metabolic activity in the LHb
increases both in rodent models of depression and in human
patients with major depressive disorder (Caldecott-Hazard et al.,
1988; Shumake and Gonzalez-Lima, 2003). Excitatory synaptic
inputs onto the LHb are abnormally potentiated in acute and
congenital learned helpless animal models of depression. Thus,
the potentiation of the LHb could likely mediate helplessness
behaviors in rodents (Li et al., 2011, 2013), whereas lesions or
deep brain stimulation of the LHb were reported to ameliorate
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Significance Statement

Stress exposure is known to cause depression in human patients and animal models, although explanations at the cellular level
remain to be elaborated. Here, we show that the lateral habenula (LHb) exhibits LTP after a pattern of brief strong stimulation. In
addition, we show that stress exposure facilitates LTP in the LHb by lowering the threshold for LTP induction. We observed a
selective increase in the number of neurons expressing pCREB in the LHb of animal models of depression. LTP induction results
in a further increase in the density of pCREB-expressing neurons only after stress exposure. Our study provides the first evidence
that animal models of depression exhibit altered synaptic plasticity of the LHb.
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depression-like symptoms in animal models and a treatment-
resistant human patient (Yang et al., 2008; Sartorius et al., 2010;
Li et al., 2011; Meng et al., 2011).

It has been suggested that stressful experiences disrupt synap-
tic plasticity in brain areas implicated in depressive disorders,
including the hippocampus and PFC (Krishnan and Nestler,
2008; Duman and Aghajanian, 2012). Exposure to behavioral
stressors, including repeated restraint stress and social defeat
stress, was shown to impair LTP in the hippocampus (Foy et al.,
1987; Garcia et al., 1997; Shors et al., 1997; Artola et al., 2006).
Acute stress exposure has also been reported to facilitate LTP
induction in the hippocampus-PFC pathway (Goto and Grace,
2006), whereas chronic stress exposure was shown to impair LTP
induction in the PFC (Cerqueira et al., 2007).

It is well established that plastic changes in synapses accom-
pany changes in the expression of cAMP response element-
binding protein (CREB) (Dash et al., 1990; Pittenger et al., 2002;
Ahmed and Frey, 2005; Benito and Barco, 2010; Gruart et al.,
2012; Kandel, 2012). Classically, long-term facilitation of Aplysia
neurons is impaired following microinjection of cAMP response
element (CRE), which interacts with CREB and competes with
endogenous CRE sites to bind to CREB (Dash et al., 1990). Cer-
tain types of LTP are impaired in the dorsal hippocampus of
dominant-negative mutant CREB transgenic mice (Bourtchul-
adze et al., 1994; Pittenger et al., 2002), whereas hippocampal
LTP is enhanced by the constitutively activated form of CREB
(Du et al., 2000; Suzuki et al., 2011). Molecular studies have
shown that patients with depression who are unmedicated have
decreased CREB levels in the cerebral cortex (Dowlatshahi et al.,
1998), whereas viral-mediated overexpression of CREB in the
hippocampus ameliorates helpless behaviors in rodents (Chen et
al., 2001). These studies suggest that restoring impaired synaptic
plasticity may contribute to improvements in helpless behaviors
in rodent models of depression.

Given that LHb activity is correlated with negative affective
states in animals (Matsumoto and Hikosaka, 2007; Li et al.,
2011), we hypothesized that synaptic efficacy in the LHb under-
goes alterations depending on the emotional valence of experi-
ences. We used two well-established acute stress paradigms: the
inescapable, unpredictable foot shock (FS) paradigm, an animal
model of learned helplessness (Maier, 1984; Li et al., 2011) and
the restraint plus tail shock (RTS) paradigm, an animal model of
post-traumatic stress disorder (Kim et al., 1996; Brennan et al.,
2005). We investigated whether LTP occurs in the LHb as in other
brain areas, and how exposure to stressful experiences may alter
the capacity for synaptic plasticity in this brain area.

Materials and Methods
Subjects
Six- to 8-week-old male Sprague Dawley rats (Orient Bio, a branch of
Charles River) were group-housed (4 rats per cage) under standard lab-
oratory conditions on a 12 h light-dark cycle (lights on at 7:00 A.M., 45%
humidity, 23 � 1°C). Animals had free access to food and water. This
study was performed in strict accordance with the recommendations in
the National Institutes of Health Guide for the care and use of laboratory
animals. All experimental procedures involving animals were approved
by the Institutional Animal Care and Use Committee of Konkuk Univer-
sity, Seoul, Korea.

Behavioral procedures
Exposure to stressors. Rats were subjected to either inescapable, unpre-
dictable FS stress or RTS stress 24 h before behavioral tests or slice prep-
aration. For the FS model, the animals were placed in inescapable

chambers (12 width � 10 depth � 12 height, Coulbourn Instruments)
and received unpredictable electrical FSs (120 unpredictable electric FSs
at 0.8 mA over 40 min, controlled by precision adjustable shockers) (Li et al.,
2011). For the RTS model, the animals were restrained in triangle-shaped
plastic bags and received uncontrollable electrical shocks (60 unpredictable
electric tail shocks at 1.2 mA, controlled by precision adjustable shockers) to
the tail for an hour (Foy et al., 1987; Kim and Diamond, 2002; Kim et al.,
2005). After exposure to the stressors, the rats were housed individually.
Nonstressed animals remained group-housed until 24 h before behavioral
testing.

Sucrose preference test. A two-bottle sucrose preference test was used to
test the animals’ anhedonic behavior. Rats were singly caged during this
test and deprived of water for 4 h before the test. Both bottles with tap
water and 1% sucrose solution were presented to the single caged rat for
1 h at the beginning of the dark cycle for 2 consecutive days. The amount
of consumption for each solution was measured by comparing the weight
of the bottle before and after the test. Sucrose preference was quantified
as the amount of sucrose consumption divided by total amount of liquid
consumption on day 2.

Elevated plus maze. To test the level of anxiety, we conducted an elevated
plus maze task. This apparatus consisted of a central platform (10 cm � 10
cm), 50 cm off the ground with four branching arms (50 cm�10 cm), where
two of the arms facing each other are open and the other two arms are
enclosed by Plexiglas walls (40 cm high). Rats were placed at the center of
the plus maze and allowed to freely explore the maze for 5 min. The entire
sessions were recorded by a video camera mounted at the top of the maze.
The time spent and the number of entries in open arms and close arms were
measured manually in offline. The percentage of time an animal spent in the
open arms was quantified as the amount of open arm retention time divided
by the total test time (5 min).

Forced swim test (FST). To test despair behavior in the rat, we mea-
sured immobility within an inescapable water bath (25 � 50 cm). A
cylinder-shaped water bath was filled with 26 � 1°C water to height of 35
cm. Rats remained in the water for 15 min, and we measured their im-
mobility during this time. The animals were then removed from the
cylinder and dried using a towel. On the next day, the same protocol was
repeated. The FST sessions were recorded by a video camera from the side
of the cylinder, and the amount of time that the animal spent immobile,
passively floating in the water was scored manually by a trained scorer.
The scorer was blinded to the condition of behavioral manipulation.
Immobility was quantified as the length of immobile time during the last
5 min of the FST on the second test day (Li et al., 2011).

Slice preparation and electrophysiology
Animals were killed for electrophysiological recordings 24 h after FS or
RTS. Sagittal brain slices containing the LHb (350 �m thick) were pre-
pared using a Leica VT 1000S with ice-cold choline dissection buffer (in
mM as follows: 110 choline chloride, 25 NaHCO3, 1.25 NaH2PO4, 2.5
KCl, 11.6 Na-ascorbic acid, 3.1 pyruvic acid, 7 MgCl2, 0.5 CaCl2, 25
glucose) bubbled with 95% O2/5% CO2 mixed gas. Brain slices were
placed in a recovery chamber containing aCSF (in mM as follows: 1
NaH2PO4, 26.2 NaHCO3, 118 NaCl, and 2.5 KCl, 11 glucose, 2 CaCl2,
and 1 MgCl2 with bubbling), kept for 45 min in a 35°C water bath, and
then stored at room temperature. LHb neurons were voltage clamped at
�60 mV using Axopatch 200B and Clampex 10.3 (Molecular Devices),
filtered at 5 kHz, and sampled at 10 kHz. Recording pipettes with resis-
tances of 2– 6 M� were filled with internal solution (in mM as follows: 115
Cs-methanesulphonate, 20 CsCl, 10 HEPES, 2.5 MgCl2, 0.6 EGTA, 5
QX314, 4 Na2-ATP, 0.4 Na2-GTP, and 10 Na-phosphocreatine). To iso-
late EPSCs, picrotoxin (50 �M in DMSO) was added to the aCSF. Evoked
EPSCs (eEPSCs) were elicited by placing a bipolar stimulator (FHC) on
the stria medullaris. All electrophysiological recordings were obtained at
a holding potential of �60 mV at 30°C-32°C. Recordings that showed a
�20% change in the amplitude of eEPSCs during the baseline in either
pathway were discarded from further analysis. The magnitude of LTP
was determined by the averaged eEPSC amplitudes during the 25–30 min
after LTP induction compared with those during the 5 min baseline.
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Immunohistochemistry
For c-fos immunoreactivity experiments, 45 min after the end of expo-
sure to the stressor, the animals were deeply anesthetized using isoflurane
and transcardially perfused with 0.01 M PBS, followed by cold 4% PFA in
0.01 M PBS. Brains were postfixed with 4% PFA for 24 h and transferred
to a 30% sucrose solution until they sank for cryoprotection. Free float-
ing brain sections (thickness: 50 �m, 8 sections/animal, 6 or 7 animals/
group) were incubated with 3% FBS/0.3% BSA/0.2% Triton X-100 in 0.1 M

phosphate buffer for an hour at room temperature. They were then incu-
bated with anti-c-fos antibody (1:1000, Santa Cruz Biotechnology) over-
night. After wash, sections were incubated with fluorescence-conjugated
secondary antibody (1:500, AlexaFluor-488 or -594, Invitrogen) in 0.3%
BSA/0.3% Triton X-100/0.1 M phosphate buffer for 1 h. After 5 times of
washes, sections were mounted on slides and protected using ProLong Gold
antifade reagent (Invitrogen). Images were obtained using an FV1000 spec-
tral microscope (Olympus) and analyzed with ImageJ software.

For projection-specific c-fos analysis, a retrograde tracer, cholera toxin
subunit B conjugated with AlexaFluor-488 (1 �l, Invitrogen) was in-
jected into the ventral tegmental area (VTA, anteroposterior: �5.6, me-
diolateral: �1, dorsoventral: �8.55), rostromedial tegmental nucleus
(RMTg, anteroposterior: �5.6, mediolateral: �1, dorsoventral: �8.55),
or dorsal raphe nucleus (DRN, anteroposterior: �7.44, mediolateral: �3.8,
dorsoventral: �6.6, � � 303). Three days after the injection, the animals
were exposed to stress and prepared for c-fos immunohistochemistry
experiments.

For phosphorylated CREB immunoreactivity experiments, 1 d after
application of either the stress or no behavior paradigm, rats were anes-
thetized with isoflurane and whole brains were removed for preparation
of acute brain slices. After 1 h of recovery, LTP was induced by theta burst
stimulation (TBS) on stria medullaris. Habenular-containing brain slices
were fixed immediately with 4% PFA for 2 d and sectioned at 50 �m
using a microtome. Endogenous peroxidase activity was quenched by

Figure 1. Mild long-term potentiation occurs in the LHb. A, Recording configuration. B, Examples of TBS-induced (5 stimuli at 100 Hz, repeated 20 times with 200 ms intervals) synaptic
potentiation in the LHb obtained from naive animals. Left, Example of a potentiated LHb neuron. Right, Nonpotentiated LHb neuron. Calibration: 20 ms, 100 pA. C, Summary of compiled
data for normalized amplitudes of eEPSCs before and after TBS (117.7 � 6.9% of baseline for stimulated pathway, n � 16, p � 0.05 compared with before TBS or the control pathway).
D, Averaged magnitude of LTP after TBS in naive animals (CTRL: unstimulated control pathway; TBS: stimulated pathway). E, The distribution of probability plot for the magnitude of LTP
in naive animals. *p � 0.05.
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incubating in 3% H2O2/10% MeOH in PBS for
30 min. After incubation in a blocking solution
containing 10% FBS/0.3% Triton X-100/0.01
M PBS for an hour, brain sections (5 sections/
animal, 4 animals/group) were then incubated
with phosphorylated CREB antibody (pCREB,
1:1000, Millipore) for an hour at room temper-
ature and overnight at 4°C. After washing, sec-
tions were incubated for 1 h with biotinylated
anti-rabbit IgG (1:1000, Vector Laboratories)
and then for 1 h in ExtrAvidin-peroxidase con-
jugate (1:1000, Sigma-Aldrich). A diamino-
benzidine peroxidase substrate kit (Vector
Laboratories) was used for staining. After
mounting, sections were dried for at least 5 d
and protected with Permount reagent (Fisher
Scientific). Images were obtained using a mi-
croscope (BX51, Olympus) with an attached
digital microscope camera (DP72, Olympus)
and analyzed using ImageJ software.

Statistical analysis
The data were analyzed using Student’s t tests,
ANOVA tests with Bonferroni correction, and
F tests unless specified otherwise. p values
�0.05 were considered significant. The data
are shown as mean � SEM.

Results
Long-term synaptic potentiation occurs
in a subset of LHb neurons
The LHb has been shown to be highly po-
tentiated during negative affective states,
such as the absence of expected reward
(Matsumoto and Hikosaka, 2007) or
chronic depression (Li et al., 2011; Proulx
et al., 2014). To investigate whether syn-
aptic plasticity occurs in the LHb, we re-
corded eEPSCs from LHb neurons in
sagittal brain slices while stimulating the
stria medullaris (Fig. 1A). Upon TBS (5
stimuli at 100 Hz, repeated 20 times with
200 ms intervals), the amplitude of the
eEPSCs of the LHb showed only a very
moderate potentiation of 	 20% (n � 16,
p � 0.05; Fig. 1C,D). The magnitudes of
LTP exhibited a bimodal distribution,
suggesting that there are two populations
of cells with different capacities for LTP
induction (Fig. 1E). The median of the
LTP magnitude was 115.9% of baseline
(n � 16, all recordings included). Eight of
16 cells exhibited no potentiation upon TBS (Fig. 1B, right, repre-
sentative recording of a cell with no potentiation, 94.9 � 4.5% of
baseline), whereas the remaining cells exhibited significant potenti-
ation upon TBS (Fig. 1B, left, representative recording of a cell with
potentiation, 140.5 � 5.6% of baseline). The magnitude of LTP was
significantly different between the potentiated and nonpotentiated
neurons (p � 0.001). The peak amplitudes of eEPSCs do not deter-
mine whether potentiation occurs upon TBS. Baseline eEPSC am-
plitudes between control versus stimulated pathway, as well as
between potentiated versus nonpotentiated neurons were not differ-
ent (p � 0.1). Our observations suggest that there is a heterogeneous
propensity for induction of synaptic plasticity in the LHb (Fig. 1E):
moderate LTP occurs in a subset of LHb neurons (Fig. 1B, left),

whereas no LTP occurs in another subpopulation of LHb neurons
(Fig. 1B, right). Overall, TBS induces mild synaptic potentiation in
LHb neurons (Fig. 1C,D).

Stress exposure activates LHb neurons with
limited specificity
A growing body of literature indicates that stressful experiences
may alter synaptic efficacy or synaptic plasticity in many brain
areas that are reportedly involved in stress regulation or reward
processing (Pittenger and Duman, 2008). We therefore investi-
gated whether stressor exposure may shift the propensity for LTP
induction in the LHb. We used two behavioral paradigms: ines-
capable FS stress and uncontrollable RTS stress. It has been
shown that the FS paradigm induces helpless behaviors in rodents

Figure 2. Both stress paradigms induce depression-like behaviors in rodents. A, Experimental scheme. B, FS and RTS animals
exhibited significantly reduced preference for 1% sucrose solution compared with naive animals in the sucrose preference test
(n � 8 –14, F(2,29) � 8.07, p � 0.01, one-way ANOVA with Bonferroni post hoc analysis; p � 0.05 compared with naive and FS
animals; p � 0.01 compared with naive and RTS animals). C, The amount of time spent in the open arm in elevated plus maze was
significantly decreased in RTS animals (F(2,29) � 5.44, p � 0.01). However, this was comparable in the naive and FS groups
( p � 0.9). RTS animals entered the open arms less frequently than naive animals (F(2,29) � 7.05, p � 0.01). The FS group had a
tendency for less open arms entries ( p � 0.1). D, FS and RTS animals showed comparable immobility times on the first day of the
FST (F(2,29) � 0.33, p � 0.7). However, both groups of stressed animals spent significantly prolonged immobility times on day 2
in the FST compared with naive animals (F(2,29) � 7.71, p � 0.01, one-way ANOVA; p � 0.01, Bonferroni post hoc analysis
compared with naive and FS animals; p � 0.05 compared with naive and RTS animals). *p � 0.05. **p � 0.01.

6024 • J. Neurosci., June 21, 2017 • 37(25):6021– 6030 Park et al. • LTP in the LHb after Acute Stress Exposure



(Li et al., 2011). To examine whether a single exposure to FS or
RTS induces depressive-like behaviors, either inescapable and
unpredictable FSs were administered to the animals (120 shocks,
0.8 mA for 10 s each) or unpredictable tail shocks were given for
1 h (60 shocks, 1.2 mA for 1 s each) while the animals were
restrained (Kim et al., 1996). A series of behavioral tests per-
formed 24 h after exposure to FS or RTS (Fig. 2A) showed that the
animals exhibited a significantly reduced preference for sucrose
(F(2,29) � 8.07, p � 0.01 by one-way ANOVA with Bonferroni
correction; Fig. 2B), time on the open arm of elevated plus
maze (F(2,29) � 5.44, p � 0.05; Fig. 2C, left), and open arm entry
(F(2,29) � 7.05, p � 0.01; Fig. 2C, right). Moreover, increased
immobility during the FST was observed (F(2,29) � 7.71, p � 0.05;
Fig. 2D). These data suggest that both FS and RTS paradigms
induce helpless behaviors in rodents. RTS-exposed animals spent
notably less time in the open arms of the elevated plus maze (p �
0.01 compared with naive animals, p � 0.05 compared with FS
animals; Fig. 2C, left, by Bonferroni post hoc analysis). Time spent
in the open arms in FS-exposed animals was comparable with
that in unstressed naive animals (p � 0.9; Fig. 2C, left). The FS
group showed a tendency for a decreased number of entries to the
open arms (p � 0.078; Fig. 2C, right), whereas the RTS group had

a significantly decreased number of en-
tries to the open arms (p � 0.01; Fig. 2C,
right). These observations suggest that
both types of stressors induce anxiety-like
behavior with helplessness, although FS
exposure may induce milder anxiety com-
pared with RTS exposure.

In another set of animals, we obtained
brain samples 45 min after each stress par-
adigm and quantitatively analyzed c-fos
immunoreactivity in the habenula com-
plex (Fig. 3). The density of c-fos-positive
neurons was selectively increased after FS
or RTS in the LHb but not in the medial
habenula (mHb), compared with un-
stressed naive animals (6 or 7 animals per
group, 8 sections averaged per animal,
F(2,17) � 2.3, p � 0.1 for mHb; F(2,17) �
31.40, p � 0.001 for LHb; Fig. 3B; one-way
ANOVA with Bonferroni correction). In
addition, there were significantly more
c-fos-expressing neurons in the LHb after
RTS than after FS (p � 0.01 by Bonferroni
post hoc analysis). These observations sug-
gest that exposure to stressors activates a
subpopulation of LHb neurons and that the
activation of the LHb may be correlated
with the intensity of the stressor.

To examine whether there is any spec-
ificity in the LHb neurons responding to
stress, we quantified the density of c-fos-
expressing neurons in the medial part of
the LHb and the lateral part of the LHb,
separately (Fig. 3). Even though the total
numbers of c-fos-expressing neurons
following FS and RTS are significantly dif-
ferent, the distribution of c-fos-positive
neurons remained comparable following
the two stress paradigms used (F(1,16) �
2.41, p � 0.1 two-way ANOVA; Fig. 3C).
After FS and RTS, 57.5% and 66.6% of the

c-fos-expressing neurons were found in the medial part of the
LHb, respectively. Both stressors seem to recruit more neurons in
the medial part than the lateral part of the LHb, although this
difference was not statistically significant (p � 0.09 for FS, p �
0.12 for RTS).

Next, we analyzed the origins of the stress-activated LHb neu-
rons using c-fos immunoreactivity analysis combined with a ret-
rograde tracer injection. We injected a retrograde tracer, cholera
toxin subunit B, conjugated with Alexa-488 into the VTA, RMTg,
and DRN. This was followed by staining using c-fos antibody
with or without stress exposure (Fig. 4). We found that the LHb
sends stronger projections to the VTA than the RMTg or the
DRN (Fig. 4A,B; two-way ANOVA, F(2,63) � 89.34, p � 0.001).
Acute stress exposure did not alter the ratios of neurons project-
ing to these areas (Fig. 4B; two-way ANOVA, F(2,63) � 2.11, p �
0.1). We repeatedly observed an increased number of c-fos-
expressing neurons after stress exposure (Fig. 4A,C; one-way
ANOVA, F(2,63) � 65.182, p � 0.001). When we quantified the
colabeled neurons, we failed to observe any significant preference
for activation depending on the projection sites (Fig. 4D; two-
way ANOVA, F(2,63) � 1.12, p � 0.3). Therefore, stress-induced

Figure 3. Exposure to stressors activates LHb neurons. A, Representative images of c-fos immunoreactivity in each group.
B, The density of c-fos-positive cells in the LHb (right) was significantly increased after exposure to FS or RTS but not in the mHb
(left) (one-way ANOVA, F(2,17) � 2.3, p � 0.1 for the mHb; F(2,19) � 38.26, p � 0.001 for the LHb, p � 0.001 when comparing
naive vs FS animals, p � 0.001 when comparing naive vs RTS animals, Bonferroni post hoc analysis). In addition, the LHb showed
significantly more c-fos-positive cells following RTS than after FS exposure ( p � 0.01, Bonferroni post hoc analysis). C, Densities of
c-fos-positive cells in the medial part of the LHb (medial LHb) and the lateral part of the LHb (lateral LHb) were analyzed 45 min
after exposure to FS and RTS. The distributions of c-fos-positive cells do not differ in FS versus RTS animals (5 animals per group, 10
sections averaged per animal, two-way ANOVA, F(1,16) � 2.41, p � 0.1). **p � 0.01. ***p � 0.001.
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Figure 4. The activation of LHb neurons following stress exposure is independent of where they project. A, Representative images showing cholera toxin subunit B (CTX) and c-fos-colabeled cells
in the habenular complex of naive, FS-exposed, and RTS-exposed animals. B, The density of CTX-positive cells in the LHb was significantly different depending on the LHb projection site (two-way
ANOVA, F(2,63) � 89.41, p � 0.001). The strongest projection to the LHb was found to originate at the VTA, whereas the weakest projection was from the DRN. Stress exposure did not alter
CTX-positive cell density depending on projection site (two-way ANOVA, F(2,63) � 2.11, p � 0.1). C, Density of c-fos-expressing neurons in the LHb. FS- and RTS-exposed animals exhibited
significantly higher levels of c-fos (one-way ANOVA, F(2,69)�3.13, p�0.001). D, The numbers of colabeled cells were increased after exposure to stress (two-way ANOVA, F(2,63)�30.31, p�0.001). However,
there was no significant difference in the ratio of colabeled LHb neurons depending on projection site after stress exposure compared with naive controls (two-way ANOVA, F(2,63) � 1.12, p � 0.3). There was
no interaction effect (two-way ANOVA, F(2,63) � 0.69, p � 0.6). *p � 0.05. **p � 0.01. ***p � 0.001.
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LHb activation does not seem to be specific to either any subnu-
cleus (Fig. 3) or projection site (Fig. 4).

Exposure to stressors facilitates the induction of long-term
synaptic potentiation in the LHb
Next, we investigated whether the stress-induced activation of
LHb neurons altered the induction of LTP. Surprisingly, upon
TBS onto the stria medullaris, the amplitudes of eEPSCs of the
LHb obtained from FS- or RTS-exposed animals was greatly po-
tentiated compared with that obtained from naive animals (n �
8 –13, p � 0.05; Fig. 5A,B,D,E). A one-way ANOVA of the mag-
nitude of LTP showed that the between-group effects (naive, FS,
and RTS) were significant (F(2,36) � 5.44, p � 0.01). As shown in
Figure 5C, F, there is an increased propensity for potentiation

after exposure to stressors compared with the nonstressed naive
group (shown in Fig. 1E). Moreover, exposure to stressors re-
duced the frequency with which no potentiation was observed.
The magnitude of potentiation in those recordings showing po-
tentiation higher than the median of naive group (115.9%) was
larger following stressor exposure than when there were no stres-
sors (40.5% potentiation in naive group vs 80.3% and 106.4%
potentiation in the FS and RTS groups, respectively) (Fig. 5C,F).
The median LTP magnitudes were 129.2% and 197.7% of base-
line for the FS- and RTS-exposed groups, respectively. In addition,
the magnitude of the LTP plot shows that there is a significantly
higher variance in the stressed groups compared with the naive
group (p � 0.001 for naive vs FS group, p � 0.01 for naive vs RTS
group, F test; Fig. 5G). When we plotted the averaged magnitudes of

Figure 5. Exposure to stressors facilitates the induction of LTP in the LHb and alters the propensity for potentiation in the LHb. A, Summary of normalized amplitudes of eEPSCs before and after
TBS in FS-exposed animals. Calibration: 20 ms, 100 pA. B, Averaged magnitude of LTP measured 30 min after TBS. After TBS, the amplitude of eEPSC was further potentiated in FS animals compared
with naive animals (154.7 � 20% of baseline, n � 13, p � 0.05). C, The probability plot for the magnitude of LTP in FS-exposed animals compared with naive animals. D, Summary of normalized
amplitudes of eEPSCs before and after TBS in RTS-exposed animals. Calibration: 20 ms, 100 pA. E, Averaged magnitude of LTP measured 30 min after TBS. After TBS, the amplitude of eEPSC was
further potentiated in RTS animals compared with naive animals (191.1 � 19% of baseline, n � 8, p � 0.05). F, The probability plot for the magnitude of LTP in RTS-exposed animals compared
with naive animals. G, Comparison of the magnitude of LTP in the stimulated pathway in individual experiments between naive, FS-exposed, and RTS-exposed groups (one-way ANOVA test,
F(2,36) �5.44, p�0.01). The sample variances were 0.08, 0.52, and 0.29 for the naive, FS-, and RTS-exposed groups, respectively (F test, p�0.01). H, Correlation between c-fos-positive cell density
and magnitude of LTP (R 2 � 0.987). *p � 0.05. **p � 0.01. ***p � 0.001.
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LTP for each group against the average numbers of c-fos-positive
cells in the LHb, we found a strong correlation between LTP magni-
tude and the number of c-fos-expressing neurons (R2 � 0.987; Fig.
5H). This observation suggests that the activation of the LHb may
correlate with the propensity for LTP induction in the LHb.

The number of neurons expressing phosphorylated CREB is
increased in the LHb of RTS-exposed animals after LTP
induction
LTP induction is known to be accompanied by an increase in the
expression levels of CREB and/or the phosphorylation of CREB
(Pittenger and Kandel, 1998). To examine whether TBS at the
LHb increases the levels of previously known synaptic plasticity-
related molecules, we measured the levels of pCREB in the LHb.
One day after exposure to the stressors, acute brain slices contain-
ing the LHb were obtained from naive and RTS animals. Forty-
five minutes after TBS, control or LTP-induced LHb slices from
naive, FS-, or RTS-exposed animals were fixed for immunohis-
tochemical analysis of pCREB (Fig. 6). We observed that stress
exposure per se increased the density of pCREB-positive neurons
in the LHb (4 animals per group, 5 sections averaged per animal,
F(2,114) � 9.37, p � 0.001 two-way ANOVA; F(2,57) � 3.85, p �

0.05 one-way ANOVA with Bonferroni correction; Fig. 6B). The
densities of pCREB-expressing neurons after TBS are also differ-
ent after stress exposure (p � 0.01 one-way ANOVA with Bon-
ferroni correction; Fig. 6B). In addition, the magnitude of LTP
was strongly correlated with the density of pCREB-expressing
neurons before TBS (R 2 � 0.969) and after TBS (R 2 � 0.997).
These analyses suggest that stress exposure lowers the threshold
for LTP, thus facilitating LTP induction in the LHb. The density
of pCREB-positive neurons in the mHb remained unchanged
upon exposure to stressors (F(2,114) � 0.42, p � 0.7 two-way
ANOVA) or TBS (F(1,114) � 0.45, p � 0.5, two-way ANOVA; Fig.
6C). Our observations suggest that exposure to stressful events
may facilitate phosphorylation of CREB, accompanied with fur-
ther long-term synaptic potentiation of LHb synapses.

Discussion
Here we investigated the principles of synaptic plasticity in the
LHb and stress-induced alterations in synaptic plasticity using
electrophysiological and molecular approaches. First, we ob-
served a heterogeneous propensity for synaptic plasticity in the
LHb: LTP occurs only in a subpopulation of LHb neurons,
whereas the majority of neurons in the LHb exhibit little poten-

Figure 6. Stress exposure increased the density of neurons expressing phosphorylated CREB in the LHb. A, Representative images showing pCREB immunoreactivity in the habenular complex of
naive, FS-, and RTS-exposed animals. B, The density of pCREB-expressing cells in the LHb was significantly increased upon exposure to stressors (two-way ANOVA, F(2,114) � 9.37, p � 0.001). Stress
exposure per se increased pCREB-positive cell density in the LHb in the absence of any stimulation (F(2,57) � 3.85, p � 0.05, one-way ANOVA with Bonferroni post hoc analysis). C, No significant
differences in the density of pCREB-positive cells were observed in the mHb upon stress exposure (two-way ANOVA, F(2,114) � 0.42, p � 0.7) or TBS (two-way ANOVA, F(1,114) � 0.45, p � 0.5).
*p � 0.05. **p � 0.01.
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tiation, if any, even after TBS. To our knowledge, our observation
provides the first evidence showing that long-lasting synaptic po-
tentiation can occur in LHb neurons following a brief, strong
stimulation. We also examined how exposure to stressors may
acutely alter the efficacy of long-term synaptic plasticity in this
particular brain area. Interestingly, a single exposure to an ines-
capable FS or a restrain plus tail shock significantly facilitates LTP
induction and increases the number of neurons expressing phos-
phorylated CREB protein in the LHb. Our observations suggest
that stressor exposure may have lowered the threshold for induc-
tion of LTP in the LHb and shifts the propensity of LHb neurons
toward more potentiation.

A previous study reported that synaptic activity of the subpop-
ulation of LHb neurons was abnormally potentiated in animal
models of depression (Li et al., 2011). Given that stressors can
lead to increased transmission onto the LHb, we expected that
synaptic plasticity might be reduced following stress; that is, if in
vivo stressors would increase transmission via a limited amount
of plasticity factors, it is expected to occlude subsequent in vitro
plasticity. However, we found increased synaptic potentiation
following stress. This suggests that stressors change the states of
synapses, making them more sensitive to plasticity. Thus, a stim-
ulus that activates an input to the LHb, which normally would
not be potentiated, will become potentiated if activated following
stress. Our observations of increased pCREB expression after
stress exposure even without TBS (Fig. 6) may provide further
support for this idea.

The LHb may encode different valences of affective states in
distinct circuitry. The activity of the LHb is known to be altered
by addictive drugs or reward prediction errors (Matsumoto and
Hikosaka, 2007; Hikosaka, 2010; Maroteaux and Mameli, 2012;
Proulx et al., 2014; Meye et al., 2015). While neurons in the LHb
projecting to the VTA are selectively potentiated in animal mod-
els of depression, cocaine potentiates the activity of LHb neurons
projecting to the RMTg, an inhibitory area of the dopaminergic
system, but not to the VTA (Maroteaux and Mameli, 2012).
Therefore, synaptic plasticity in the LHb may be distinctively
controlled depending on affective state as well as on the targeted
projection sites.

We showed that stress exposure directly activates LHb neu-
rons (Fig. 3). However, stress exposure seems to activate LHb
neurons with limited specificity. Even though the densities of
c-fos-expressing neurons are significantly different following FS
and RTS, there is no topographic difference in the distribution of
activated neurons following the use of these stress paradigms
(Fig. 3). In addition, stress-responsive LHb neurons were not
projection-specific (Fig. 4). Despite previous studies reporting
distinctive roles for LHb neurons depending on their target sites
(Maroteaux and Mameli, 2012), we found no significant differ-
ences in c-fos-expressing neurons depending on projection site
(Fig. 4, two-way ANOVA, F(2,69) � 1.63, p � 0.2). We cannot rule
out the possibility that the principles of synaptic plasticity in the
LHb differ depending on the projection site. Future studies may
investigate input-specific modulation of synaptic plasticity.

To induce synaptic potentiation, a number of synaptic pro-
teins need to be activated. These include PKC and CaMKII (Ma-
linow et al., 1988; Malinow et al., 1989; Wang and Kelly, 1995;
Sweatt, 1999; Ahmed and Frey, 2005). It is well established that
phosphorylation of CREB via the signaling cascades of PKC or
CaMKII is critical to maintaining potentiated synaptic transmis-
sion (Bourtchuladze et al., 1994; Sweatt, 1999). A previous study
reported that congenitally learned helpless animals express in-
creased levels of �CaMKII in the LHb and that LHb-specific

knockdown of �CaMKII is sufficient to reverse helpless behav-
iors in congenitally learned helpless animals (Li et al., 2013).
Therefore, it is possible that exposure to stressors may have led to
increased �CaMKII levels, thereby contributing to the facilita-
tion of LTP induction in the LHb, although this proposal requires
further examination.

Recent molecular studies have suggested that CREB-expressing
neurons are preferentially recruited during fear memory formation
(Han et al., 2007) and that CREB contributes to increase intrinsic
neuronal excitability and synaptic plasticity (Dash et al., 1990; Benito
and Barco, 2010; Suzuki et al., 2011; Gruart et al., 2012). Interest-
ingly, we observed that exposure to stressors per se selectively in-
creased the density of pCREB-positive neurons in the LHb. Given
that neuronal excitability before training and CREB expression levels
determine whether given neurons will be used for memory forma-
tion or not (Yiu et al., 2014), stressor exposure may increase neuro-
nal excitability and thereby lower the threshold for synaptic plasticity
following TBS. The magnitude of LTP correlates with the number of
c-fos-positive cells (Fig. 5H). Notably, we observed a very strong
correlation between the magnitude of LTP and the density of
pCREB-expressing neurons before as well as after TBS, suggesting
that the neuronal excitability before TBS may contribute to the mag-
nitude of synaptic potentiation by lowering the threshold for LTP.
These results may provide explanations for long-standing clinical
observations that stressor exposure facilitates or causes the onset of
depressive disorders at the cellular level (Cassem, 1995; Kendler et
al., 1999; Hammen, 2005; Schneiderman et al., 2005).

Together, these data indicate that the LHb exhibits increased
expression of synaptic potentiation-related molecules and facili-
tated long-term synaptic potentiation in helpless animals. Future
investigation will uncover the underlying mechanisms and mo-
lecular mediators that may enhance synaptic efficacy in the LHb
upon exposure to stressful experiences.
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