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Glial Dysfunction in the Mouse Habenula Causes Depressive-
Like Behaviors and Sleep Disturbance
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The lateral habenula (LHb) regulates the activity of monoaminergic neurons in the brainstem. This area has recently attracted a surge of
interest in psychiatry because studies have reported the pathological activation of the habenula in patients with major depression and in
animal models. The LHb plays a significant role in the pathophysiology of depression; however, how habenular neurons are activated to
cause various depression symptoms, such as reduced motivation and sleep disturbance, remain unclear. We hypothesized that dysfunc-
tional astrocytes may cause LHb hyperactivity due to the defective uptake activity of extracellular glutamate, which induces depressive-
like behaviors. We examined the activity of neurons in habenular pathways and performed behavioral and sleep analyses in mice with
pharmacological and genetic inhibition of the activity of the glial glutamate transporter GLT-1 in the LHb. The habenula-specific inhibi-
tion of GLT-1 increased the neuronal firing rate and the level of c-Fos expression in the LHb. Mice with reduced GLT-1 activity in the
habenula exhibited a depressive-like phenotype in the tail suspension and novelty-suppressed feeding tests. These animals also displayed
increased susceptibility to chronic stress, displaying more frequent avoidant behavior without affecting locomotor activity in the open-
field test. Intriguingly, the mice showed disinhibition of rapid eye movement sleep, which is a characteristic sleep pattern in patients with
depression. These results provide evidence that disrupting glutamate clearance in habenular astrocytes increases neuronal excitability
and depressive-like phenotypes in behaviors and sleep.
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Introduction
Major depression is a pervasive disorder that displays a combina-
tion of symptoms, including reduced motivation, appetite loss,

and sleep disturbance (Kessler et al., 2003). This heterogeneity of
depressive symptoms complicates the identification of the under-
lying neural pathways.

The lateral habenula (LHb) has been implicated in the regu-
lation of monoaminergic systems (Hikosaka, 2010), which play
major roles in the efficacy of antidepressant reagents in depres-
sion (Berton and Nestler, 2006). This nucleus has recently at-
tracted a surge of interest as a neural substrate for the underlying
pathophysiology of depression because studies have reported in-
creased activity in the habenula in major depression (Morris et
al., 1999; Roiser et al., 2009) and in a helpless rat model for
depression (Li et al., 2011). These findings, together with the
antidepressant effects of LHb lesions in rats (Yang et al., 2008) or
deep brain stimulation (DBS) of the habenular circuit in rats (Li
et al., 2011) and humans (Sartorius et al., 2010), support the
hypothesis that hyperactivation of the habenula plays a role in the
pathophysiology of depression.

The molecular and cellular mechanisms that upregulate habe-
nular activity remain unclear, despite accumulating evidence for
a pivotal role of hyperactivated habenula in depression. Previous
studies have reported that LHb neurons are heterogeneous in
their pattern of activity, such as spontaneously generated tonic
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firing, burst oscillations of action potentials, and silence in vitro
(Wilcox et al., 1988; Kim and Chang, 2005). These firing patterns,
which are outputs from the LHb, are under the influence of the
excitatory and inhibitory inputs from structures, such as the en-
topeduncular nucleus (the rodent homolog of the internal seg-
ment of the globus pallidus), the lateral hypothalamus, and the
diagonal band of Broca (Meye et al., 2013).

Interactions between neurons and glia affect neuronal excit-
ability via the modulation of synaptic transmissions in local cir-
cuits (Fields and Stevens-Graham, 2002). Glutamate at the
synapse mediates excitatory transmission in the habenula (Li et
al., 2011) and is cleared primarily by astrocytes expressing gluta-
mate transporters, such as GLT-1 (EAAT2 in humans) (Tanaka et
al., 1997; Popoli et al., 2011). We hypothesized that defects in
glutamate uptake activity by astrocytes would increase the excit-
ability of habenular neurons due to excessive glutamate at the
synapse.

We demonstrate that mice lacking GLT-1 specifically in habe-
nular astrocytes exhibit hyperactivation of the habenula leading
to multiple symptoms characteristic of a depressive-like pheno-
type, such as behavioral despair, avoidant behaviors under stress,
and the disinhibition of rapid eye movement (REM) sleep.

Materials and Methods
Subjects
All of the experiments were performed in accordance with the Animal
Experiment and Recombinant DNA Experiment Plans approved by the
Committees of Tokyo Medical and Dental University. The animals were
maintained throughout the experiments on a 12 h light/dark cycle (lights
on at 8:00 and off at 20:00).

Male C57BL/6J (8- to 12-week-old, 24 –28 g, CLEA Japan) and floxed
GLT-1 mice (see below) were used. Mice carrying a floxed GLT-1 allele
(GLT-1 flox/�) were generated via the insertion of one loxP site into in-
tron 3 and another loxP site into intron 4 of embryonic stem cells from
the 129Sv strain. GLT-1 flox/flox mice were obtained by crossing heterozy-
gotes that had previously been outbred with a wild-type C57BL/6J strain
(CLEA Japan) for more than six generations before this study. We used
12- to 16-week-old male mice for all of the behavioral tests.

Genotyping the animals
Animal genotypes were determined via amplification of the DNA frag-
ments peculiar to the modified allele using genomic DNA as a template
with the following primer sets: forward primer, 5�-CCCATCCTTAC
ACCAGAAAC-3� and reverse primer, 5�-TCTTTCTACCAGGCTGGC
TT-3�.

Quantitative RT-PCR
Mice were killed using pentobarbital (100 mg/kg, i.p.) and perfused with
cold PBS. Using a surgical blade, the habenula was dissected from 1-mm-
thick coronal sections of the brain, which were prepared using a brain
matrix (RBM-2000c, ASI Instruments). Total RNA (1 �g) was isolated
using TRIzol reagent (Invitrogen) and used for RT (PrimeScript RT with
gDNA Eraser, Takara Bio). The quantitative PCRs were performed and
analyzed using a LightCycler 480 System II (Roche Applied Bioscience)
with SYBR Premix ExTaq II (Takara Bio). The following primers were
used: solute carrier family 1, member 2 (Slc1a2, synonym for GLT-1,
GenBank accession number NM_001077514.3), forward 5�-GGT-
CATCTTGGATGGAGGTC-3� and reverse 5�-ATACTGGCTGCAC-
CAATGC-3�; solute carrier family 1, member 3 (Slc1a3, synonym for
GLAST, GenBank accession number NM_148938.3), forward 5�-
GTCGCGGTGATAATGTGGTA-3� and reverse 5�-AATCTTCCCTGC-
GATCAAGA-3�. Every sample was run in duplicate.

We used a DNA plasmid containing one copy of murine partial cDNAs
for GLT-1 and GLAST as the template for mRNA quantification. Partial
cDNAs for each gene were PCR-amplified using the above primer sets
and tandemly subcloned into the XhoI-EcoRI sites of pcDNA3.1 (�)
(Invitrogen). Serial dilutions of the plasmid DNA ranging from 1.2 �

10 �8 to 1.92 � 10 �11 pmol were used as templates to make standard
curves for these two genes. The amount of each target gene in 50 ng of
total RNA was calculated based on the threshold cycle (Ct) value refer-
encing the standard curve.

Generating the AAV vectors
Constructing the plasmid DNA. A NotI-EcoRI fragment of EGFP and an
EcoRI-HindIII fragment of Cre cDNAs were PCR-amplified and sub-
cloned into the corresponding sites of the pBluescript II vector (Agilent
Technologies) to generate pBSII-EGFP-Cre. A NotI-HindIII fragment of
EGFP cDNA in pZac-Gfa104-EGFP (Ortinski et al., 2010) was replaced
with an EGFP-Cre cDNA fragment excised from pBSII-EGFP-Cre to
generate pZac-Gfa104-EGFP-Cre.

Viral vector production. Adeno-associated virus vectors (AAVs) were
produced by triple-plasmid transfection of 293 cells (Agilent Technolo-
gies) using either pZac-Gfa104-EGFP or pZac-Gfa104-EGFP-Cre, the
helper plasmid for adenovirus genes (Agilent Technologies) and the
helper plasmid for AAV8 (Yagi et al., 2011). The vector stocks were
purified using cesium chloride density gradient ultracentrifugation, and
the titer was determined using dot blotting and real-time PCR as de-
scribed previously (Ishiwata et al., 2009). The AAV vector stocks con-
tained �4 –9 � 10 12 genome copies/ml.

Histology
Animals were deeply anesthetized with pentobarbital (100 mg/kg, i.p.)
and fixed using transcardiac perfusion of 4% PFA in 0.1 M PBS, pH 7.4.
After postfixation overnight in the same fixative, 50-�m-thick sections
(100 �m apart) were cut using a vibratome and processed for immuno-
histochemistry. Polyclonal rabbit anti-GLAST (1:1000 dilution, a gift
from Professor Watanabe, Hokkaido University) (Shibata et al., 1997),
polyclonal rabbit anti-GLT-1 (Yamada et al., 1998), polyclonal goat anti-
GLT-1 (1:1000, a gift from Professor Watanabe, Hokkaido University),
monoclonal mouse anti-NeuN (1:1000, MAB377, Millipore), monoclo-
nal mouse anti-neurofilament 200 (1:400, N0142, Sigma-Aldrich),
mouse monoclonal anti-S100� (1:500, S2532, Sigma-Aldrich), rabbit
polyclonal anti-GFAP (1:1000, Z0334, Dako), polyclonal rabbit anti-c-
Fos (1:1000, sc-52, Santa Cruz Biotechnology), polyclonal goat
anti-serotonin (1:1000, 20079, ImmunoStar), monoclonal mouse anti-
tyrosine hydroxylase (1:2000, 22941, ImmunoStar), goat anti-rabbit
IgG-AlexaFluor-488 (1:500, A-11034, Invitrogen), donkey anti-goat
IgG-AlexaFluor-488 (1:500, A-11055, Invitrogen), goat anti-mouse IgG-
AlexaFluor-594 (1:500, A-11005, Invitrogen), goat anti-rabbit IgG-
AlexaFluor-594 (1:500, A-11012, Invitrogen), donkey F(ab�)2 fragment
anti-rabbit IgG-peroxidase (1:800, ab98493, Abcam), donkey anti-goat
IgG-peroxidase (1:1000, 705– 035-147, Jackson ImmunoResearch Labo-
ratories), and donkey anti-mouse IgG-peroxidase (1:1000, 715-035-150,
Jackson ImmunoResearch Laboratories) antibodies were used. For single
staining, the c-Fos signal was visualized using a DAB-nickel substrate,
and sections were counterstained with neutral red. For double-labeling,
first, we visualized immunoreactivity against serotonin or tyrosine hy-
droxylase with DAB and then processed the tissues with the same proce-
dure used in the single-staining of c-Fos. Some sections with fluorescent
labeling were counterstained with DAPI.

The number of c-Fos-positive cells was counted by a person blinded to
the group assignment. We confirmed that the entire extent of the brain
structures, which include the LHb, the rostromedial tegmental nucleus
(RMTg), the ventral tegmental area (VTA), the substantial nigra pars
compacta (SNc), the median raphe (MR) and the dorsal raphe (DR),
were covered by 4 (for RMTg) or 5 (for LHb, VTA/SNc, MR, and DR)
consecutive 50-�m-thick sections with 100 �m intervals, which were
prepared from fixed brain samples. Sections from different groups were
carefully matched between subjects using anatomical landmarks, such as
the ventricular and pial surfaces. The total number of c-Fos-positive cells
was counted in 4 (from 4.1 to 4.6 mm posterior to the bregma for RMTg)
or 5 serial sections at 100 �m intervals (from 1.2 to 2.1 mm posterior to
the bregma for LHb; 4.1 to 4.9 mm posterior to the bregma for MR and
DR; from 2.9 to 3.8 mm posterior to the bregma for VTA/SNc) according
to the brain atlas (Paxinos and Franklin, 2008).
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Experiment 1: effect of a glutamate transporter inhibitor on the
activity of LHb neurons
To determine the effect of the glutamate transporter inhibitor dihydro-
kainic acid (DHK) (D1064, Sigma-Aldrich) or of PBS on the activity of
LHb neurons, male C57BL/6J mice were anesthetized with urethane (1.4
g/kg) for single-unit recordings, and their body temperature was main-
tained with a heating pad. A glass electrode (BF150-75-10, Sutter Instru-
ment) with a blunt tip (5-10 M�) was filled with PBS or with 10 mM DHK
in PBS and inserted into the LHb (1.65 mm posterior and 0.45 mm lateral
to the bregma, 2.45-2.70 mm deep) using a vertical micromanipulator
(MO-10, Narishige). The signal was amplified using an amplifier (EX4-
400, Dagan) and sampled at 20 kHz (final gain, 2000; bandpass filter,
300 –10 kHz). At the end of each experiment, a glass pipette filled with
2% pontamine sky blue (C8679-25G, Sigma-Aldrich) was inserted to the
LHb with the same coordinate and marked the recording site by applica-
tion of �10 �A direct current for 15 min. The center of the resulting dye
mark was used as a reference point to identify the locations of other
recording sites in the animal on 50 �m vibratome sections stained with
neutral red (see above).

Experiment 2: effect of bilateral intra-LHb injection of glutamate
transporter inhibitor on c-Fos expression in the brainstem nuclei
To study the effect of DHK (Sigma-Aldrich) on c-Fos expression, wild-
type C57BL/6J mice were anesthetized with urethane (1.4 g/kg, i.p.) and
immobilized in a stereotaxic apparatus (SR-8N, Narishige). Two tiny
holes were made in the skull and dura mater (1.65 mm posterior and 0.9
mm lateral to the bregma). A fine glass pipette filled with a solution
containing PBS or 10 mM DHK in PBS ( pH adjusted to 7.0) was placed
2.65 mm deep to target the LHb using a 10° tilted micromanipulator
(model 1760 – 61, David Kopf Instruments). Solutions were iontopho-
retically applied using a �2 �A direct current for 7 min. We killed the
animals 2 h after the injection to perform c-Fos immunohistochemistry
(see above).

Experiment 3: effect of bilateral intra-LHb injection of a
glutamate transporter inhibitor on behavior in the tail suspension
test
To enable DHK injection to the bilateral LHb in awake mice without
anesthesia, we inserted a glass pipette filled with DHK or PBS solution to
the LHb of awake mice whose heads were transiently fixed to the stereo-
taxic apparatus (SR-8N, Narishige).

For the head-restrained preparation, a 30 � 15 � 1 mm aluminum
alloy plate with a single hole (8 mm in diameter) at the center was surgi-
cally attached to the skull as described previously under pentobarbital
anesthesia (50 mg/kg, i.p.) (Isomura et al., 2009). The animals were kept
in their home cages for �7 d after recovery from surgery. The day before
the DHK solution injection, the animals were subjected to a second sur-
gery in which two tiny holes were made in the skull and dura mater (1.65
mm posterior and 0.9 mm lateral to the bregma) under 2% isoflurane
anesthesia (v/v). The hole was covered with silicon sealant until the in-
jection began. The injection was administered as described above to the
animals, which were accommodated in a custom-made container with a
head restraint. The animals were subjected to the tail suspension test 30
min after injection.

For the tail suspension test, the mice were suspended by the tail and
attached to a bar 30 cm above the floor. Movement was monitored for
6 min using a charge-coupled device camera, and the duration of their
immobility was scored and analyzed using ImageJ TS software
(O’Hara & Co.).

Experiment 4: effect of GLT-1 gene deletion in the bilateral LHb
on the activity of LHb neurons
To delete the GLT-1 specifically in the LHb astrocytes, we injected 0.15 �l
of AAV solution diluted in PBS (2.25–2.40 � 10 12 genome copies/ml) to
each side of the LHb (1.65 mm posterior and 0.9 mm lateral to the
bregma, 2.65 mm deep using a 10° tilted micromanipulator) in 8-week-
old male GLT-1 flox/flox mice using a fine glass electrode connected to an
infusion pump (KDS101, KD Scientific) using the same procedure de-
scribed in Experiment 2 under pentobarbital anesthesia (50 mg/kg, i.p.).

After incubation for 4 weeks, the mice were subjected to single-unit
recordings.

For the single-unit recording in the mice after AAV injection, all the
recordings were conducted using the same procedure described in Ex-
periment 1, except that the glass electrodes with higher resistance (10 –15
M�) were filled with 2% pontamine sky blue in 0.5 M sodium acetate.
The recording sites were labeled by iontophoretical application of pon-
tamine sky blue using a �10 �A direct current for 15 min.

Experiment 5: effect of GLT-1 gene deletion in the bilateral LHb
on the despair- and conflict-based behavioral tests
We generated the mice with AAV injection using the same procedure
described in Experiment 4. After incubation for 4 weeks, the mice were
subjected to a series of behavioral tests, which were all performed after
habituation of the mice to the test room for at least 1 h, in the following
order:

Open-field test. The animals were placed in the corner of an open field
(50 � 50 � 40 cm) at 70 lux illumination. Animal movement was de-
tected for 30 min using a charge-coupled device camera to record an
image every 0.5 s. The images were processed with custom software
(O’Hara & Co.).

Tail suspension test. This test was performed using the procedure de-
scribed in Experiment 3. To determine the effect of fluoxetine (F132,
Sigma-Aldrich), which is a serotonin-selective reuptake inhibitor, the
mice were injected with either vehicle (saline) or fluoxetine (concentra-
tion, 2 mg/ml in saline; injection volume 0.24 – 0.30 ml) intraperitoneally
at a dose of 20 mg per kg of body weight, 30 min before the test. We killed
some of the animals for c-Fos analysis 2 h after the test.

Novelty-suppressed feeding test. This test was performed as described
previously (Santarelli et al., 2003), with slight modifications. Briefly, the
animals were deprived of all food in the home cage 24 h before testing.
One food pellet was placed on a piece of round filter paper (12.5 cm in
diameter) at the center of the acrylic testing chamber (50 � 50 � 40
cm), with the floor covered with bedding. Then, the animal was
placed in a corner of the chamber. The latency to approach and to
begin feeding on the food was measured for a maximum of 5 min
under 140 lux illumination.

Social avoidance test after chronic social defeat stress. A daily defeat stress
was applied for 10 d as described previously (Berton et al., 2006). Briefly,
an intruder male mouse was subjected to physical contact for 10 min,
followed by nonphysical and sensory contact for 24 h using a perforated
Plexiglas partition with an unfamiliar aggressor ICR mouse in each defeat
episode. For the non-defeated control, the mice were housed in pairs and
were separated by the partition. The social avoidance test was performed
in an arena (50 � 50 � 40 cm) with a mesh cage in the presence or
absence of an unfamiliar aggressor ICR mouse on day 11 as reported
previously (Berton et al., 2006). The interaction ratio was calculated as
100 � (interaction time, unfamiliar aggressor)/(interaction time, empty
cage) (Krishnan et al., 2007). After this behavioral test, we killed the
animals to perform GLT-1 and c-Fos immunohistochemistry (see
above).

Experiment 6: effect of GLT-1 gene deletion in the bilateral LHb
on sleep
We generated the mice with AAV injection using the procedure de-
scribed in Experiment 4. After incubation for 4 weeks, electroencephalo-
grams (EEGs) and electromyograms (EMGs) were recorded in freely
behaving mice to analyze the sleep pattern in the mice with AAV injec-
tion. We implanted a Teflon-coated silver wire above the primary so-
matosensory cortex (1.5 mm posterior and 1.5 mm lateral to the
bregma), two electrodes in the trapezius muscle and one electrode above
the cerebellum, which is a reference electrode for EEG recording for sleep
staging, under 2% isoflurane anesthesia (v/v). The animals were
transferred to the recording chamber in a sound-attenuating box after
a recovery period of at least 5 d. Signals were amplified using a pre-
amplifier (TLC2774c, Texas Instruments) and a primary amplifier
(EX4 – 400, Dagan) and sampled at 1000 Hz (final gain, 2000; band-
pass filter, 0.1–500 Hz).
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Data analysis
Evaluation of intra-LHb injection. We initially
conducted a pilot experiment to optimize the
coordinate for intra-LHb injection of the solu-
tion using a glass pipette filled with dyes, such
as 2% pontamine sky blue and 2% biotinylated
dextran amine (BDA-10000, Invitrogen) (data
not shown) and found that the coordinate used
in Experiments 2– 6 (1.65 mm posterior and
0.9 mm lateral to the bregma, 2.65 mm deep
using a 10° tilted micromanipulator) provided
the maximal success rate to target the LHb (19
of 22, 86.4%). To identify the case with success-
ful targeting of the LHb, we examined the dis-
tribution of c-Fos- and EGFP-positive cells to
determine the areas affected by intra-LHb in-
jections of DHK and AAV, respectively. The
criterion for successful injection was that the
center of distribution in c-Fos- and EGFP-
positive cells was within the LHb on both sides.
We only analyzed the cases with successful in-
jection in all experiments.

We analyzed all the samples with intra-
LHb injection of PBS due to the absence of
markers indicating the area affected by the
PBS solution.

Analysis of sleep stages. The behavioral states
of the animals were classified as awake, REM
sleep, or non-REM sleep according to previ-
ously described procedures (Aizawa et al.,
2013b). To determine whether the circadian
data displayed unimodal distribution, we ana-
lyzed the sleep stage data with 4 s epochs using
Rayleigh’s test of randomness against a uni-
modal distribution (Fisher, 1993). We used
circStat MATLAB (MathWorks) scripts to cal-
culate Rayleigh’s Z value (Berens, 2009). The
approximation p 	 e�Z was adopted because
the number of samples invariably exceeded 50
(Fisher, 1993).

Spike sorting. Single-unit recording data were processed to isolate spike
events using an automatic spike-sorting program, which combined prin-
cipal component analysis with a robust variational Bayesian analysis for
spike clustering (Takekawa et al., 2012). The sorted spike clusters were
combined, divided, and discarded manually to refine single-neuron clus-
ters using Klusters and NeuroScope (Hazan et al., 2006). Analyses of
unit-recording data, except for spike sorting, were conducted using
custom-made scripts for MATLAB.

Statistical analysis. All the statistical analyses were performed using
SPSS Statistics 19 software (IBM). The binary comparisons were tested
using the two-tailed Mann–Whitney U test, and comparisons between
more than two groups were tested using one-way ANOVA, followed by
Tukey’s post hoc test for multiple comparisons. Statistical significance
was defined as a value of p 
 0.05.

Results
Glial glutamate transporter inhibition increased lateral
habenular neuron firing in mice
We examined the expression of known astrocyte markers in the
LHb to gain molecular insight into astrocyte function. The LHb
expressed a much lower level of GFAP than the medial habenula
(MHb); however, S100� was expressed uniformly in the MHb
and in the LHb (Fig. 1A). The LHb expressed glutamate trans-
porters, such as GLT-1 (Fig. 1B) and GLAST (Fig. 1C), to a
greater extent compared with the MHb (asterisks in Fig. 1B,C).
Quantitative RT-PCR analysis revealed that GLT-1 mRNA was
expressed more abundantly than GLAST in the habenula (Fig.
1D; Mann–Whitney U test, U4,4 	 0.0, p 	 0.0286), suggesting a

dominant role of GLT-1 in regulating LHb excitability via its
ability to clear glutamate from the synaptic cleft. Previous studies
have provided evidence that GLT-1 is specifically expressed in the
astrocytes but not in neurons in many brain regions, except for
hippocampus (Danbolt et al., 1992; Levy et al., 1993; Rothstein et
al., 1994; Chaudhry et al., 1995; Lehre et al., 1995; Chen et al.,
2004). To examine whether GLT-1 is specifically expressed in the
astrocytes but not in neurons in the LHb, we performed double-
labeling of GLT-1 and the neuronal marker proteins, such as
NeuN (Mullen et al., 1992) and neurofilament (Debus et al.,
1983) or the astrocyte markers, such as GLAST (Chaudhry et al.,
1995; Shibata et al., 1997) and S100� (Ludwin et al., 1976; Haan
et al., 1982). The results demonstrated that GLT-1 protein distri-
bution (Fig. 1E,F, green) rarely overlapped with that of NeuN
(Fig. 1E, red) and neurofilament (Fig. 1F, red), whereas immu-
noreactivity in neuropils of the LHb displayed colocalization of
GLT-1 (Fig. 1G,H, green) with GLAST (Fig. 1G, red) and S100�
(Fig. 1H, red). These results suggested that GLT-1 was specifically
expressed in the astrocytes but not in neurons of the LHb.

Next, we investigated the effects of GLT-1 inhibition on LHb
neuronal activity by measuring the responses of the LHb neurons
to the GLT-1 inhibitor DHK (Arriza et al., 1994). Single-unit
activity in the LHb neurons was recorded using a glass pipette
filled with PBS or DHK solution, which passively diffuses toward
the region surrounding the electrode tip (Ji and Shepard, 2007).
LHb neurons responded to DHK with higher firing rates (Fig.
1K,M; Mann–Whitney U test, U14,10 	 33.0, p 	 0.0326) com-
pared with those rates in response to PBS (Fig. 1 I,M). We did not

Figure 1. Inhibition of the glutamate transporter GLT-1 activates lateral habenular neurons. A–C, Coronal sections of the mouse
habenula showing the expression of the glial markers S100� (red in A–C), GFAP (green in A), GLT-1 (green in B), and GLAST (green
in C) in the medial (white asterisks) and LHb (white brackets). D, Gene expression analysis of the glial glutamate transporters in the
habenula using the quantitative RT-PCR. Bar graphs represent mean values for the absolute amount of Slc1a2 (synonym for GLT-1,
blue) and Slc1a3 (synonym for GLAST, red) expressed in the habenula (N 	 4). E–H, High magnification of coronal sections of the
mouse LHb showing the localization of GLT-1 (green in E–H ), NeuN (red in E), neurofilament (red in F ), GLAST (red in G), and
S100� (red in H ). E, H, Asterisks indicate the neuronal and astrocytic cell bodies, respectively. I, K, Representative activities of the
LHb neurons in wild-type animals, which were recorded with electrodes filled with PBS (I ) or with 10 mM DHK (K ). J, L, Average
spike shape of the neurons shown in I (blue solid line in J ) and K (red solid line in L). Shaded areas represent SEM. M, N, Bar graphs
showing the mean firing rate (M ) and mean spike width (N ) of the spikes recorded with PBS (blue, N 	 14) and with DHK (red,
N 	 10). *Significant difference ( p 
 0.05, two-tailed Mann–Whitney U test). Error bars indicate SEM. NS, Not significant. Scale
bars: A (applies to B, C), 200 �m; E (applies to F–H ), 10 �m.
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observe significant differences in the other unit activity charac-
teristics, such as the shape (Fig. 1 J,L) and width (Fig. 1N; Mann–
Whitney U test, U14,10 	 58.0, p 	 0.501) of spikes between
groups, suggesting that DHK increases the firing rate of LHb
neurons.

Reduced c-Fos expression in the serotonergic and
dopaminergic neurons in the brainstems of mice with
hyperactivation of the habenula
To observe a trans-synaptic effect of the increased firing activity
in the LHb, we injected PBS or DHK into the LHb via iontophoresis
under anesthesia and examined the expression of the immediate
early gene c-Fos to investigate the influence of the intra-LHb injec-
tion of DHK on the activity of the habenular circuit. DHK increased
the number of c-Fos-positive cells (Fig. 2F,K) compared with PBS
(Fig. 2A,K; Mann–Whitney U test, U5,5 	 0.0, p 	 0.0079) in the
LHb but not in the MHb. We also observed that DHK increased the
number of c-Fos-expressing cells in the RMTg (Fig. 2G,L), which
receives an axonal projection from the LHb (Jhou et al., 2009;
Kaufling et al., 2009), compared with PBS (Fig. 2B,L; Mann–Whit-
ney U test, U6,6 	 0.0, p 	 0.0022).

Previous studies have reported that GABAergic neurons in the
RMTg project to the dopaminergic VTA/SNc and to the seroto-
nergic raphe nuclei (Jhou et al., 2009; Kaufling et al., 2009). The
results of double-labeling the neurons with c-Fos and the mark-
ers for serotonergic (serotonin [5-HT] in Fig. 2C,D,H,I) and
dopaminergic neurons (tyrosine hydroxylase [TH] in Fig. 2E, J)
indicated that the DHK group displayed a smaller number of
c-Fos-positive cells in the serotonergic neurons of the MR (Fig.
2C,H,M; Mann–Whitney U test, U5,5 	 0.0, p 	 0.0119) and of
the DR (Fig. 2D, I,O; Mann–Whitney U test, U6,6 	 0.0, p 	
0.005) and in the dopaminergic neurons of the VTA/SNc (Fig.
2E, J,Q; Mann–Whitney U test, U5,7 	 0.0, p 	 0.0025) compared
with those numbers in the PBS group, suggesting decreased acti-

vation of the dopaminergic and serotonergic neurons in the ani-
mals with hyperactivated habenular neurons. Intriguingly, we
also observed that intra-LHb injection of DHK increased c-Fos
expression in the nondopaminergic neurons in the VTA/SNc
(Fig. 2E, J,R; Mann–Whitney U test, U5,7 	 4.0, p 	 0.0303),
whereas this injection decreased c-Fos expression in the nonse-
rotonergic neurons of the MR (Fig. 2C,H,N; Mann–Whitney U
test, U5,5 	 2.0, p 	 0.0317) and of the DR (Fig. 2D, I,P; Mann–
Whitney U test, U6,6 	 0.0, p 	 0.0022) compared with intra-
LHb injection of PBS.

These results suggested that GLT-1 inhibition activated LHb
neurons and increased the excitability of their direct target of
LHb efferents, such as GABAergic neurons in the RMTg, which
project to the brainstem monoaminergic neurons.

Acute and chronic GLT-1 inhibition exacerbated
unconditioned immobility behavior in the tail suspension test
Next, we examined despair behavior using the tail suspension test
in animals with pharmacological GLT-1 inhibition in the habe-
nula to investigate the hypothesis that a hyperactivated habenula
leads to a depressive-like phenotype (Fig. 3A). Bilateral LHb ac-
tivation was induced via PBS (Fig. 3B) or DHK (Fig. 3C) injection
under head-restrained awake conditions 30 min before the be-
havioral test. The tail suspension test revealed that animals with
acute LHb activation by DHK injection displayed longer immo-
bility duration (Fig. 3D, red; Mann–Whitney U test, U9,5 	 5.0,
p 	 0.0190) and shorter latency to the first immobility episode
(Fig. 3E, red; Mann–Whitney U test, U9,5 	 5.0, p 	 0.0190)
compared with mice with PBS injection (Fig. 3D,E, blue).

The duration of major depressive episodes varies in humans;
however, the median duration of a major depressive episode has
been reported to be 24.3 weeks in the United States (Solomon et
al., 1997), indicating that the alterations in neural activity that are
responsible for these symptoms are likely to be chronic. To ad-

Figure 2. Effect of the activated LHb on c-Fos expression in the brainstem nuclei. A–J, Coronal sections of the LHb (A, F ), the RMTg (B, G), the MR (C, H ), the DR (D, I ), and the VTA/SNc (E, J ) of
the animals that received injections of PBS (A–E) or DHK (F–J ) to the LHb showing the expression of c-Fos (A–J, black), serotonin (5-HT, C, D, H, I, brown), and tyrosine hydroxylase (TH, E, J, brown).
C–E, H–J, Insets, Representative cells labeled by 5-HT (C, D, H, I ) or by TH (E, J ). A, F, Asterisks indicate the medial habenula. G, H, Brackets indicate the RMTg and the MR, respectively. A, B, F, G,
Sections were counterstained with neutral red. Aq, Cerebral aqueduct; IPN, interpeduncular nucleus. K–R, Bar graphs represent the mean number of c-Fos(�) cells in the LHb (K ) and in the RMTg
(L); c-Fos(�)/5-HT(�) cells (M ) and c-Fos(�)/5-HT(�) (N ) in the MR; c-Fos(�)/5-HT(�) cells (O) and c-Fos(�)/5-HT(�) (P) in the DR; and c-Fos(�)/TH(�) cells (Q) and c-Fos(�)/TH(�)
cells (R) in the VTA/SNc of the animals that received injections of PBS (blue, N 	 6) or DHK (red, N 	 7) to the LHb. *p 
 0.05 (two-tailed Mann–Whitney U test). **p 
 0.01 (two-tailed
Mann–Whitney U test). Error bars indicate SEM. Scale bars: A (applies to B–J ), 200 �m; C, inset (applies to D–E, H–J ), 10 �m.

Cui et al. • Habenular Astrocytes and Depressive-Like Behavior J. Neurosci., December 3, 2014 • 34(49):16273–16285 • 16277



dress whether prolonged inhibition of GLT-1 activity leads to
depressive-like behaviors, we generated conditional knock-out
mice lacking the GLT-1 gene specifically in the habenula. We
injected AAVs expressing EGFP or the EGFP-Cre fusion protein
under the control of the GFAP promoter (Gfa104) into floxed
GLT-1 mice (GLT-1 flox/flox), in which exon 4, which encodes the
transmembrane domain of GLT-1, was flanked by two loxP ele-
ments (Fig. 4A). The injection of AAVs-expressing EGFP-Cre
(Hb-GLT-1 cKO in Fig. 4E–G), but not EGFP only (Hb-control
in Fig. 4B–D), into the habenula of GLT-1 flox/flox mice resulted in
the complete disappearance of the GLT-1 protein in the LHb 4
weeks later (Fig. 4C,F, brackets).

To determine the effect of GLT-1 deletion in the astrocytes on
the activity of LHb neurons, we recorded single-unit activity in
LHb neurons in the Hb-control and Hb-GLT-1 cKO mice. These
analyses revealed that Hb-GLT-1 cKO mice displayed higher fir-

ing rates (Fig. 4 J,L; Mann–Whitney U test, U51,46 	 580.5, p 	
1.11 � 10�5) compared with the firing rates of Hb-control mice
(Fig. 4H,L), without significant differences in the other charac-
teristics of the unit activity, such as the shape (Fig. 4 I,K) and
width (Fig. 4M; Mann–Whitney U test, U51,46 	 951.0, p 	 0.110)
of spikes between groups. These results suggested that chronic
GLT-1 deletion increased the neuronal activity in LHb.

The tail suspension test revealed that Hb-GLT-1 cKO mice
exhibited longer immobility duration (Fig. 4N, red; F(3,45) 	
11.223, Tukey’s post hoc test, p 	 0.0226) and shorter latency to
the first immobility episode (Fig. 4O, red; F(3,45) 	 15.298,
Tukey’s post hoc test, p 	 0.0404) compared with Hb-control
mice (Fig. 4N,O, blue). Interestingly, the administration of the
selective serotonin reuptake inhibitor fluoxetine, but not vehicle,
improved the immobility duration (Fig. 4N; F(3,45) 	 11.223,
Tukey’s post hoc test, p 	 6.12 � 10�5) and latency to immobility

Figure 3. Acute inhibition of GLT-1 activity in habenular astrocytes exacerbates despair behavior in the tail suspension test. A, A schematic diagram showing the experimental design. After
implantation of the receptacle for head restraint and recovery, DHK was bilaterally injected into the LHb via stereotaxic injection under awake conditions 30 min before the tail suspension test (TST).
B, C, Coronal sections showing c-Fos expression (black) in the LHb after injections of PBS (B) or DHK (C). Sections were counterstained with neutral red. D, E, Bar graphs showing the mean immobility
duration (D) and the mean latency to the first immobility episode (E) of the animals injected with PBS (blue, N 	 9) or with DHK (red, N 	 5) in the tail suspension test. *p 
 0.05 (two-tailed
Mann–Whitney U test). Error bars indicate SEM. Scale bars: B (applies to C), 400 �m.
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(Fig. 4O; F(3,45) 	 15.298, Tukey’s post hoc test, p 	 1.10 � 10�6)
in Hb-GLT-1 cKO mice, suggesting that the observed depressive-
like phenotype of Hb-GLT-1 cKO mice in the tail suspension test
was mediated by excessive inhibition of the serotonergic systems.

Consistent with the effect of the pharmacological blockade of
GLT-1, a larger number of c-Fos-expressing cells were observed
in the LHb of Hb-GLT-1 cKO mice (Fig. 4P,R) than of Hb-
control mice (Fig. 4Q,R; Mann–Whitney U test, U8,6 	 7.0, p 	
0.0330) after the tail suspension test.

Together, persistent GLT-1 inhibition increased excitability in
the LHb, resulting in the observed depressive-like behaviors in
the tail suspension test.

Habenula-specific GLT-1 deletion elicited depressive-like
phenotypes in conflict-based behavioral tests without
affecting locomotor activity
Restraint-basedandunconditionedtests,suchasthetailsuspensiontest,
are useful for screening antidepressant drugs; however, the rapid effect
of many antidepressants in these tests may not simulate the time course
of clinical depression treatment, which typically requires �14 d for the
antidepressants to be effective (Berton and Nestler, 2006).

We tested whether GLT-1 deletion in the LHb affects
depressive-like behaviors relevant to major depression in hu-
mans using novelty-suppressed feeding (Merali et al., 2003; San-
tarelli et al., 2003) and the social avoidance test (Berton et al.,

Figure 4. Virus-mediated deletion of the GLT-1 gene in habenular astrocytes elicited depressive-like behaviors in the tail suspension test, with increased neuronal excitability. A, A schematic
diagram showing the strategy for GLT-1 gene deletion in cells transduced with an AAV vector expressing an EGFP-Cre fusion protein under the control of a GFAP promoter (Pgfap). B–G, Coronal
sections of the LHb of GLT-1 flox/flox mice with the injection of an EGFP-expressing vector (Hb-control in B–D) or EGFP-Cre-expressing vector (Hb-GLT-1 cKO in E–G) showing the expression of GLT-1
(C, D, F, G, red) and EGFP (B, D, E, G, green). Sections were counterstained with DAPI (D, G, blue). C, F, White brackets indicate the LHb. H, J, Representative activities of the LHb neurons in the
Hb-control (H ) and Hb-GLT-1 cKO mice (J ). I, K, Average spike shape of the neurons shown in H (blue solid line in I ) and J (red solid line in K ). Shaded areas represent SEM. L, M, Bar graphs represent
the mean firing rate (L) and mean spike width (M ) of the spikes recorded from the Hb-control (blue, N 	 51) and Hb-GLT-1 cKO mice (red, N 	 46). N, O, Bar graphs showing the mean immobility
duration (N ) and latency to the first immobility episode (O) of the Hb-control mice (blue, N 	 12), Hb-GLT-1 cKO mice without treatment (red, N 	 16), and Hb-GLT-1 cKO mice with vehicle (pink,
N 	 10) or fluoxetine (purple, N 	 11) treatment in the tail suspension test. P, Q, Coronal sections of the LHb of Hb-control (P) and Hb-GLT-1 cKO (Q) mice showing c-Fos expression (black). Sections
were counterstained with neutral red. R, Bar graph represents the mean number of c-Fos-expressing cells in the LHb of Hb-control (blue, N 	 8) and Hb-GLT-1 cKO (red, N 	 6) mice. *p 
 0.05
(Tukey’s post hoc test for multiple comparisons following one-way ANOVA for four group data and two-tailed Mann–Whitney U test for two group data). **p
0.01 (Tukey’s post hoc test for multiple
comparisons following one-way ANOVA). ***p 
 0.0001 (two-tailed Mann-Whitney U test). NS, Not significant. Error bars indicate SEM. Scale bars: B (applies to C–G), 200 �m; and P (applies to
Q), 200 �m.
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2006), which are conflict-based behav-
ioral tests that are responsive to chronic,
but not acute, antidepressant treatment.

In novelty-suppressed feeding, we mea-
sured the latency for the food-deprived ani-
mals to consume the food at the center of
an unfamiliar arena. This analysis re-
vealed that Hb-GLT-1 cKO mice (Fig. 5A,
red) fed later in a novel environment
compared with Hb-control mice (Fig. 5A,
blue; Mann–Whitney U test, U15,15 	
57.0, p 	 0.0225). This change could not
be attributed to decreased locomotor ac-
tivity in Hb-GLT-1 cKO mice because we
observed no significant difference be-
tween groups in the total distance moved
in the open-field test (Fig. 5B; Mann–
Whitney U test, U9,11 	 29.0, p 	 0.129).

Recent studies have demonstrated that
the susceptibility of the behavioral re-
sponses to chronic social defeat stress
could be a useful measure of depressive-
like behaviors and responses to chronic,
but not acute, antidepressant treatment
(Berton et al., 2006). Therefore, we ad-
dressed the influence of GLT-1 deletion
on the susceptibility to chronic stress us-
ing this model. Nondefeated Hb-control
and Hb-GLT-1 cKO mice displayed com-
parable behaviors in interactions with ag-
gressors in the mesh cage during the social
avoidance test (Fig. 5C,E,G; Mann–Whit-
ney U test, U9,10 	 36.0, p 	 0.497). How-
ever, after the chronic social defeat stress,
Hb-GLT-1 cKO mice approached the
mesh cage less frequently (Fig. 5F, red)
and displayed a lower interaction ratio
(Fig. 5H, red) than Hb-control mice (Fig.
5D,H, blue; Mann–Whitney U test,
U11,10 	 13.0, p 	 0.0076) during the so-
cial avoidance test, suggesting that
Hb-GLT-1 cKO mice had increased suscep-
tibility to chronic stress.

These analyses indicated that GLT-1
deletion in the LHb sensitized the animals
and provoked a depressive-like pheno-
type in conflict-based behavioral tests that
were reported to respond only to chronic
antidepressant treatment, as in major de-
pression in humans.

Hyperactivation of the habenula led to
the disinhibition of REM sleep
Sleep disturbance is a core symptom of
depression and is found in 90% of pa-
tients with depression (Riemann et al.,
2001). Previous studies have repeatedly
reported that depression is associated
with longer REM sleep periods and with
a shorter latency to the onset of REM
sleep, which suggests that altered REM
sleep is an endophenotype of depression
(Hasler et al., 2004; Gottesmann and

Figure 5. Habenula-specific GLT-1 deletion leads to depressive-like behaviors under stress without affecting locomotion. A, B,
Bar graphs represent the mean latency to feeding in novelty-suppressed feeding of Hb-control (blue, N 	 15) and Hb-GLT-1 cKO
mice (red, N 	 15) (A) and the total distance traveled during the open-field test of the Hb-control (blue, N 	 9) and Hb-GLT-1 cKO
mice (red, N 	 11) (B). C–F, Representative traces of movement during the social avoidance test in the presence of aggressors
(white asterisks) of the Hb-control (C, D, blue lines) and Hb-GLT-1 cKO mice (E, F, red lines) after nondefeated (C, E) and defeated
(D, F ) treatments. Dark and light gray areas represent the mesh cage and interaction zone, respectively. G, H, Bar graphs represent
the mean interaction ratio during the social avoidance test after nondefeated (G) and defeated (H ) treatments of the Hb-control
(blue, N 	 9 and 11 for nondefeated and defeated groups, respectively) and Hb-GLT-1 cKO mice (red, N 	 10 for nondefeated and
defeated groups). *p 
 0.05 (two-tailed Mann–Whitney U test). **p 
 0.01 (two-tailed Mann–Whitney U test). Error bars
indicate SEM. NS, not significant.
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Gottesman, 2007; Modell and Lauer, 2007; Steiger and
Kimura, 2010). The molecular mechanisms responsible for the
alteration of REM sleep remain elusive possibly because of the
lack of analysis in model animals amenable to genetic
manipulations.

Recently, we found that synchronous activity in the LHb is
essential for maintaining REM sleep (Aizawa et al., 2013b).
Therefore, we hypothesized that the animals with a hyperacti-
vated habenula, such as Hb-GLT-1 cKO mice, might show
REM sleep deficits reminiscent of the sleep disturbances ob-
served in depression. We measured EEGs (Fig. 6 A, B, top) and
EMGs (Fig. 6 A, B, bottom) to classify the recording periods as
awake, REM sleep, and non-REM sleep periods over 48 h.

The sleep stage analysis revealed that Hb-GLT-1 cKO mice
spent more time in REM sleep (Fig. 6E, red; Mann–Whitney U
test, U7,6 	 7.0, p 	 0.0455) but not awake (Fig. 6C, red; Mann–
Whitney U test, U7,6 	 15.0, p 	 0.391) or in non-REM sleep (Fig.
6D, red; Mann–Whitney U test, U7,6 	 13.0, p 	 0.253) com-
pared with Hb-control mice (Fig. 6C,D,E, blue). Intriguingly, we
observed that the latency to the onset of REM sleep in each sleep
episode was significantly shorter in Hb-GLT-1 cKO mice (Fig. 6F,

red; Mann–Whitney U test, U7,6 	 6.0, p 	 0.00664) than in
Hb-control mice (Fig. 6F, blue). We performed a circular
analysis to determine whether these sleep-awake data dis-
played a circadian rhythm with unimodal distribution of the
each sleep stages (Fisher, 1993). Analyses of the sleep stages
revealed that both the Hb-control and Hb-GLT-1 cKO mice
displayed significantly unimodal distributions for all three
sleep stages, including awake (Fig. 6G; Rayleigh’s test, Z69315 	
1544.5, p 	 0 for Hb-control mice; Z61793 	 1925.7, p 	 0 for
Hb-GLT-1 cKO mice), non-REM sleep (Fig. 6H; Rayleigh’s
test, Z71529 	 1084.0, p 	 0 for Hb-control mice; Z57488 	
1367.0, p 	 0 for Hb-GLT-1 cKO mice), and REM sleep (Fig.
6I; Rayleigh’s test, Z6818 	 370.0, p 	 2.14 � 10 �161 for Hb-
control mice; Z7291 	 608.4, p 	 5.74 � 10 �265 for Hb-GLT-1
cKO mice), suggesting that Hb-control and Hb-GLT-1 cKO
mice exhibited a typical light-entrained circadian rhythm of
sleep and wakefulness, with longer durations of REM and non-
REM sleep during the light period, indicating that the disin-
hibited REM sleep in Hb-GLT-1 cKO mice was not likely the
result of impaired circadian rhythms.

Figure 6. Disinhibition of REM sleep by GLT-1 deletion in the habenular astrocytes. A, B, Representative sleep pattern in Hb-control (A) and Hb-GLT-1 cKO (B) mice, which is classified
into the awake (A), non-REM (NREM), and REM sleep periods according to the spectrogram of EEG (top) and EMG power (bottom). C–F, Bar graphs represent the mean duration spent
awake (C), in NREM sleep (D), and in REM sleep (E) and the mean latency to the onset of REM sleep (F ) in Hb-control (blue, N 	 7) or Hb-GLT-1 cKO (red, N 	 6) mice. G–I, Line plots
represent the mean probability for being awake (G), in NREM sleep (H ), and in REM sleep (I ) along Zeitgeber time in Hb-control (blue, N 	 7) and Hb-GLT-1 cKO (red, N 	 6) mice. The
probability for each stage category was calculated for each 2 h bin. *p 
 0.05 (two-tailed Mann–Whitney U test). **p 
 0.01 (two-tailed Mann–Whitney U test). C–F, Error bars indicate
SEM. G–I, Shaded areas represent SEM. NS, not significant.
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Discussion
The present study demonstrating that Hb-GLT-1 cKO mice ex-
hibited multiple depressive-like behaviors under stress provided
the first evidence that glial dysfunction is sufficient to elicit path-
ological activation of the LHb, resulting in depressive-like phe-
notypes, such as frequent despair-like and avoidance behaviors
under stress and enhanced REM sleep. Below, we discuss how the
reduced GLT-1 activity in the habenula leads to behavioral defi-
cits that are reminiscent of depressive symptoms.

Role of astrocyte dysfunction in the hyperactivation of
the habenula
Growing evidence has indicated that glial cell dysfunction is in-
volved in the pathophysiology of depression (Rajkowska and
Miguel-Hidalgo, 2007). However, the lack of useful tools for gene
modification in glial cells complicates the delineation of their
roles in the specific neural pathways relevant to the core symp-
toms of depression, such as reduced motivation, anhedonia, and
sleep disturbance.

In the current study, the combination of a novel viral vector
expressing Cre recombinase predominantly in astrocytes with
GLT-1 flox/flox mice allowed us to identify the role of GLT-1 in
depressive-like behaviors and sleep in mice. Because of the spec-
ificity of GLT-1 expression to the astrocytes in LHb, the EGFP-
Cre-expressing AAV most likely did not affect the neuronal
activity via GLT-1 gene deletion in neurons. We did not rely on
the specificity of the human GFAP promoter Gfa104, which was
used in the AAV injections to target the astrocytes, because pre-
vious studies reported that the Gfa104 promoter drove reporter
gene expression in the neurons (to a lesser extent) and astrocytes
(Ortinski et al., 2010). However, the AAV harboring Gfa104 pro-
moter remained a useful tool to transduce the gene of interest to
the astrocytes because of the much higher specificity of the trans-
duction to the astrocytes than to the neurons. Thus, the combi-
nation of AAV vectors driving Cre recombinase preferentially in
the astrocytes and the specificity of GLT-1 expression to the as-
trocytes in the LHb allowed us to perform astrocyte-specific gene
manipulation. Using this technology, we can examine the behav-
ioral changes in animals with genetically manipulated astrocytes
in specific neural pathways and gain greater insight regarding
glial pathology in psychiatric disorders.

Despite the low endogenous expression of GFAP protein in
the LHb compared with the MHb, we observed successful expres-
sion of the AAV transgene using the Gfa104 promoter in the LHb
astrocytes. The Gfa104 promoter is derived from a combination
of multiple regulatory elements within the human GFAP pro-
moter (Lee et al., 2008). When considering the synthetic nature of
the Gfa104 promoter and the species difference, the Gfa104 pro-
moter might drive reporter expression in a broader population
of murine astrocytes compared with those expressing GFAP en-
dogenously.

Recent studies have reported reduced GLT-1 in patients with
major depression (Choudary et al., 2005; Medina et al., 2013; Oh
et al., 2014) and in rat models of depression (Zink et al., 2010),
suggesting that reduced glial glutamate transport activity under-
lies depression. In support of this view, ceftriaxone, which en-
hances the transcriptional activity of GLT-1 (Rothstein et al.,
2005), has antidepressant effects in animal models (Mineur et al.,
2007). Interestingly, a study recently reported a significant asso-
ciation between the allelic variability in GLT-1 (SLC1A2 in hu-
man) and suicidal attempts (Murphy et al., 2011), suggesting that
GLT-1 may influence susceptibility to suicidal attempts, which
frequently occurs in the patients with depression (Mann et al.,

1999). Our results provided direct evidence that the pharma-
cological and genetic inhibition of glial activity, such as gluta-
mate transport, is sufficient to cause multiple depressive-like
behaviors.

For neuronal signaling that modifies neuronal excitability in
the LHb, a recent report has demonstrated that overexpression of
the calcium/calmodulin-dependent kinase �CaMKII increased
synaptic and spike output in mouse LHb neurons and elicited
depression-like behaviors (Li et al., 2013). However, the mecha-
nisms of �CaMKII upregulation remain unknown. Neurons in
the LHb were activated when the animals were presented with
stressful and aversive stimuli (Matsumoto and Hikosaka, 2009).
Because treatment with glucocorticoids, which are increased by
chronic stress, leads to reduced GLT-1 mRNA transcription
(Gourley et al., 2012), alterations in glutamate transporter activ-
ity in LHb astrocytes may upregulate �CaMKII expression by an
increase in the firing rate of LHb neurons, resulting in the expres-
sion of depressive-like behaviors.

Regulation of the monoaminergic systems by increasing the
firing activity of the LHb during behaviors under stress
According to the projection of LHb neurons to the RMTg and the
dense GABAergic inhibitory inputs from the RMTg to the raphe
nuclei and to the VTA/SNc (Jhou et al., 2009; Kaufling et al.,
2009), activation of RMTg may have led to the reduced c-Fos
expression observed in the monoaminergic neurons after intra-
LHb injection of DHK. In contrast, GABAergic neurons consti-
tute the majority of the nondopaminergic populations in the
VTA/SNc (Nair-Roberts et al., 2008). Because LHb axons pro-
jecting directly to the VTA/SNc are glutamatergic (Geisler et al.,
2007; Aizawa et al., 2012), increased c-Fos expression in nondo-
paminergic neurons due to intra-LHb DHK is consistent with the
idea that the excitatory glutamatergic inputs from the hyperacti-
vated LHb activated GABAergic neurons in the VTA/SNc, which,
in turn, led to reduced c-Fos expression in the dopaminergic
neurons. Thus, these direct and indirect inputs to the VTA/SNc
may act in a synergistic way to affect the activity of the midbrain
dopaminergic neurons. Nonserotonergic neurons in the raphe
nuclei consist of glutamatergic and GABAergic neurons, as well
as a variety of peptidergic neurons, displaying heterogeneity in
the cell types (Fu et al., 2010; Hioki et al., 2010). The identifica-
tion of the specific cell types in nonserotonergic neurons under
the influence of the LHb inputs will clarify the role of the LHb in
the modulation of the serotonergic system.

Behaviors, such as social avoidance of conflicts and immobil-
ity under acute stress, are recognized as passive coping behaviors
in response to a stressful environment (Coppens et al., 2010) and
are frequently observed in depression (Taylor and Stanton,
2007). Accumulating evidence suggests that the serotonergic dor-
sal raphe plays a critical role in modulating stress coping behav-
iors (Franklin et al., 2012). Indeed, two independent studies
consistently provided evidence that the serotonergic neurons in
the dorsal raphe displayed reduced neural activity, which was
associated with passive coping behaviors after repeated exposure
to stress (Bambico et al., 2009; Espallergues et al., 2012). In con-
trast, impairments in dopaminergic transmission also suppress
motor behavior (Wise, 2004), and repetitive stressors, such as
aversive stimuli, sensitize LHb neurons and increase baseline ac-
tivity, which may lead to persistent reductions in the firing activ-
ity of midbrain dopaminergic neurons and decreased motor
behavior (Hikosaka, 2010). In support of a role of dopamine in
depressive-like behavior, a recent study reported that optogenetic
inhibition of the midbrain dopaminergic neurons exaggerated
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immobile behavior with less struggling under tail suspension
(Tye et al., 2013). Because GLT-1 inhibition in the LHb reduced
c-Fos expression in the dopaminergic and serotonergic neurons
in the brainstem, activated LHb may have forced the animals to
shift toward the passive coping strategy in multiple behaviors
under stress by altering the serotonergic and dopaminergic levels
in the brains of Hb-GLT-1 cKO mice.

Hyperactivation of the habenula as a link between behavioral
deficits and sleep disturbance in depression
Serotonin has been implicated in the transition to REM sleep,
according to the evidence that serotonergic neurons in the raphe
cease to fire during REM sleep (Jouvet, 1969) and that inhibition
of serotonergic dorsal raphe neurons increases REM sleep pro-
duction (Portas et al., 1996; Nitz and Siegel, 1997). Considering
the regulatory role of the LHb in the central serotonergic activity
as described above, the LHb is in a strategic position that affects
REM sleep through modulating neuronal activity in the seroto-
nergic system. Indeed, we recently found that the LHb plays a role
in maintaining REM sleep (Aizawa et al., 2013b).

Despite the coincidence of behavioral changes and sleep dis-
turbance in depression, whether sleep disturbance is a cause or an
outcome of the behavioral changes remains unanswered. The
induction of depressive-like behaviors and enhanced REM sleep
by hyperactivation of the habenula in our study support an alter-
native hypothesis that common dysfunction in a specific pathway
may modulate the activities in diffuse serotonergic and dopami-
nergic systems, which act on multiple neural systems, each of
which is responsible for individual behavioral and sleep deficits in
depression (Aizawa et al., 2013a).

A recent study reported that DBS of the axonal bundles pro-
jecting to the habenula led to the amelioration of the symptoms
in the patients with treatment-resistant depression (Sartorius et
al., 2010). It is assumed that the effect of DBS in the habenular
circuit in depressive patients may result from functional inhibi-
tion of the habenula because of the high frequency of afferent
axons (Kiening and Sartorius, 2013). This hypothesis is based on
the observation that the DBS protocol used in patients effectively
reduces excitatory synaptic transmission in the rat LHb (Li et al.,
2011). Because we showed that hyperactivity in the habenula
disinhibited REM sleep in animals, it would be interesting to
examine whether DBS of the habenula ameliorates REM sleep
dysregulation in Hb-GLT-1 cKO.
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