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The rapid antidepressant effect of ketamine is arguably one of the most significant advances in the mental health field in the last
half century. However, its mechanism of action has remained elusive. Here, we describe our latest discovery on how ketamine
blocks N-methyl-D-aspartate receptor (NMDAR)-dependent burst firing of an “antireward” center in the brain, the lateral
habenula (LHb), to mediate its antidepressant effects. We also discuss a novel structure–function mechanism at the glia–neuron
interface to account for the enhanced LHb bursting during depression. These results reveal new molecular targets for the
therapeutic intervention of major depression.

According to theWorld Health Organization (WHO), in
2017, major depressive disorder (MDD) surpassed heart
disease and cancer to become the number one disabling
disease in the world. Depression is characterized by low
mood, loss of motivation, feelings of despair, and an in-
ability to feel pleasure, also known as anhedonia (Holtz-
heimer and Mayberg 2011; Russo and Nestler 2013;
Wohleb et al. 2016). Modern views on the cause of
MDD suggest that the neural activities of specific brain
circuits are altered in response to external stimuli, such
as stress, as a result of maladaptive molecular and cellular
changes (Banasr et al. 2011; Duman and Li 2012; Wohleb
et al. 2016).
The lateral habenula (LHb), a pair of nuclei that relays

information from the limbic forebrain to multiple mono-
amine centers, has attracted exponentially growing interest
in the last 10 years (Hikosaka et al. 2008; Hikosaka 2010;
Proulx et al. 2014; Hu 2016; Nuno-Perez et al. 2018; Yang
et al. 2018b). A series of studies suggest that the LHb
encodes negative emotions, such as disappointment and
stress (Matsumoto and Hikosaka 2007; Li et al. 2011,
2013; Lammel et al. 2012; Shabel et al. 2012; Stamatakis
and Stuber 2012; Warden et al. 2012; Root et al. 2014;
Tian and Uchida 2015; Lecca et al. 2016; Proulx et al.
2018; Seo et al. 2018; Huang et al. 2019). The habenula
may have initially escaped the attention of clinicians in
brain imaging studies, perhaps because its volume is too
small for the resolution of 3-tesla functional magnetic
resonance imaging (fMRI). However, there is compelling
evidence, from both human positron emission tomogra-
phy (PET) imaging and animal autoradiography and elec-
trophysiology studies, showing that LHb hyperactivity is a

hallmark of depression (Caldecott-Hazard et al. 1988;
Morris et al. 1999; Li et al. 2011, 2013). For example,
in three animal models of depression, the LHb shows
most significant up-regulation of metabolic activity in an
unbiased whole-brain screen (Caldecott-Hazard et al.
1988).
LHb neurons show different patterns of spiking activity

and can be divided into silent, tonic-firing, and burst-fir-
ing types (Weiss and Veh 2011). Burst firing, as a spike
pattern with clusters of high-frequency action potentials
(APs), provides a robust form of information coding in the
central nervous system (Livingstone 1996; Lisman 1997;
Harris et al. 2001; Izhikevich et al. 2003; Kepecs and
Lisman 2003; Belykh et al. 2005). Bursting activities
have been associated with coding of important physiolog-
ical signals such as reward prediction error in the dopami-
nergic (DA) neurons (Schultz et al. 1997; Bromberg-
Martin and Hikosaka 2009) and with pathological condi-
tions such as epilepsy (Sorokin et al. 2017). However,
whether bursting activity contributed to the coding of
negative emotions and depressive emotion disorders re-
mains unclear.
The discovery of the rapid antidepressant effects of ke-

tamine represents one of the most important milestones in
the psychiatric field in the last half century (Berman et al.
2000). Unlike conventional antidepressants, which often
take weeks or months to show efficacy, ketamine causes
rapid antidepressant effects within one hour of administra-
tion (Zarate et al. 2006; DiazGranados et al. 2010a,b;
Zarate et al. 2012). Ketamine is a known blocker of N-
methyl-D-aspartate receptor (NMDAR) (Thomson et al.
1985), but the exact target of ketamine, including which
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brain regions and cell groups, is yet to be illuminated
(Zanos et al. 2018; Cui et al. 2019). Addressing these
issues and understanding ketamine actions both at the cel-
lular and neural circuit level are crucial to unravel the core
mechanism of depression and to develop new treatments
with fewer side effects.
In this review, we outline our recent attempt to explore

the molecular and cellular mechanisms underlying LHb
hyperactivity in depression. We identified a new form of
glia–neuron interaction in setting the neuronal firing mode
in the LHb under a depression-like state. Furthermore, we
unraveled LHb burst firing as a neural substrate of depres-
sion etiology and a crucial target of ketamine’s rapid
antidepressant actions. Based on these findings, we dis-
covered the therapeutic potential of targeting the inwardly
rectifying potassium channel (Kir4.1), NMDAR, and low-
voltage-sensitive T-type calcium channels (T-VSCCs) in
the LHb for treating major depression.

UP-REGULATION OFASTROGLIAL Kir4.1
CHANNEL IN DEPRESSION-LIKE ANIMALS

To explore the molecular mechanism underlying LHb
hyperactivity in depression, we used an unbiased, high-
throughput, quantitative proteomic screen to compare
habenular protein expression between congenitally learned
helpless (cLH) (Henn and Vollmayr 2005) and wild-type
Sprague–Dawley (SD) rats (Li et al. 2013; Cui et al. 2018).

We identified eight up-regulated and four down-regulated
candidate proteins (Fig. 1A). One up-regulated protein was
Kir4.1 (gene name: kcnj10) (Fig. 1B), an inward rectifying
potassiumchannel foundonastrocytes andmajorly respon-
sible for setting their resting membrane potentials (RMPs)
(Djukic et al. 2007; Olsen and Sontheimer 2008; Chever
et al. 2010; Hibino et al. 2010; Sibille et al. 2015). Further-
more, it is proposed to buffer extracellular potassium in the
tripartite synapses, where astrocytes wrap around synaptic
sites (Halassa et al. 2007; Bedner and Steinhäuser 2013;
Navarrete and Araque 2014; Papouin et al. 2017).
We then confirmed by western blot analysis and elec-

trophysiology that the expression and conductance of
Kir4.1 were indeed enhanced in two well-accepted animal
models of depression: that is, cLH rats (Fig. 1B–E) and
lipopolysaccharide (LPS)-induced depressive-like Wistar
rats (Cui et al. 2018).

BIDIRECTIONAL MODULATION OF
DEPRESSION-LIKE BEHAVIORS BY GAIN
AND LOSS OF FUNCTION OFASTROCYTIC

Kir4.1 IN THE LHb

To test the consequences of the specific up-regulation
of Kir4.1 in the LHb astrocytes, we used a strategy based
on adeno-associated viruses 2/5 (AAV2/5) and gfaABC1D,
an astrocyte-specific human glial fibrillary acidic pro-
tein (GFAP) promoter (Fig. 2A). Viral infection of AAV-
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Figure 1. Up-regulation of Kir4.1 in the LHb in rat models of depression. (A) Volcano plot of high-throughput proteomic screen
identifying proteins that are differentially expressed in the habenulae of cLH rats versus wild-type rats. Ln (fold change) is the ln-
transformed value of the normalized protein ratio of cLH and control. Significance value was calculated as the average normalized ratio
minus twofold SD. Proteins in the shaded areas exhibited >50% significant change. Kir4.1 was one of the eight up-regulated proteins
identified. Horizontal dashed lines indicate fold change of 50%. (B) Western blot analysis showing up-regulation of the Kir4.1 protein in
the membrane fraction of the habenula of cLH rats. (C ) I–V plot and bar graph showing Ba2+-sensitive Kir currents in the astrocytes of
cLH and wild-type control rats at the age of P60–90. (D,E) Forced swim test (FST) (D) and learned helplessness test (LHT)
(E) phenotypes of cLH rats.
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GFAP::Kir4.1 led to its overexpression in astrocytes
throughout the LHb (Fig. 2B). Infected mice displayed
severe depression-like behaviors, including increased im-
mobility in the forced swim test (FST; Fig. 2C) and de-
creased sucrose preference in the sucrose preference test
(SPT; Fig. 2D), which model behavioral despair and an-
hedonia aspects of depression, respectively.
To test whether loss of function of Kir4.1 in the LHb

could reverse depressive-like phenotypes, we devised two
strategies, expressing either a short hairpin RNA (shRNA)
to knock down Kir4.1 (AAV-H1::Kir4.1-shRNA) or a
dominant-negative form ofKir4.1 (AAV-GFAP::dnKir4.1)

to block its function (Fig. 2A). Both strategies caused a
pronounced reduction in the depression-like phenotypes of
cLH rats in three depression paradigms, including FST,
learned helplessness (LH), and SPT (Fig. 2E–H).

INCREASED LHb BURSTING ACTIVITY
UNDERLYING ANIMAL MODELS

OF DEPRESSION

Consistent with the robust behavioral effects, at the
cellular level, Kir4.1 gain and loss of function also
caused strong phenotypes. When specifically overexpress-
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Figure 2. Bidirectional modulation of depression-like behaviors by gain and loss of function of astrocytic Kir4.1 in the LHb. (A)
Schematics of AAV vectors engineered to overexpress Kir4.1, Kir4.1 shRNA, or dominant-negative Kir4.1 and their corresponding
controls. (B) Bilateral viral injection of AAV-GFAP::Kir4.1 in mouse LHb (stained with antibody against GFP and Hoechst). (C,D)
Behavioral effects of expression of Kir4.1-viral construct in the LHb in the FST (C ) and SPT (D). (E–H) Behavioral effects of expression
of Kir4.1 loss-of-function-viral constructs in the LHb of cLH rats in the FST (E), LHT (F,G), and SPT (H ). (G) Percentage of rats in each
category. (LH) Learned helpless rats with fewer than five lever presses; (NLH) non-learned helpless rats with more than 10 lever presses.
(I,J ) Scatter plots and pie charts showing that overexpression of Kir4.1 in LHb astrocytes leads to hyperpolarization of RMP (I ) and
enhanced bursting in LHb neurons (J ). (K,L) AAV-Kir4.1-shRNA viral infection in LHb astrocytes depolarizes neurons (K ) and
abolishes neuronal bursting (L).
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ing Kir4.1 just in the astrocytes of the LHb, we observed
decreased RMP and increased burst firing in the LHb neu-
rons (Fig. 2I,J). Vice versa, loss of Kir4.1 function depo-
larized neurons and eliminated bursting (Fig. 2K,L).
To investigate the potential link between increased

LHb bursting activity and depression, we recorded sponta-
neous neural activity in LHb brain slices in several animal
models of depression, including cLH rats and mice after
chronic restraint stress (CRS). As shown previously, LHb
neurons are intrinsically active and fall into three catego-
ries: silent, tonic firing, and burst firing (Fig. 3A–C;Weiss
and Veh 2011). We found that in the LHb of cLH rats and
CRS mice, the percentage of bursting neurons is signifi-
cantly increased, by more than 100%, compared with that
in the control animals (Fig. 3D,E). Similar increased burst
firing and enhanced network synchronization were also
observed with in vivo recordings in CRS mice (Yang
et al. 2018a).
To investigate whether the increased LHb burst firing

was sufficient to induce depressive-like behaviors, we
used optogenetics to drive LHb bursts (Fig. 3F). Based
on the rebound mechanism (see below) of LHb bursts,
we used an inhibitory opsin (eNpHR3.0, an enhanced var-
iant of halorhodopsin) and short pulsed yellow light (1 Hz,
100 msec) to transiently hyperpolarize LHb neurons. At
each termination of yellow light, as themembrane potential
rebounded, bursts were induced with a high success rate
(Fig. 3G,H). Behaviorally, this optogenetic protocol in-
duced both real-time place aversion (RTPA) (Fig. 3I,L)
and depressive-like behaviors in the FST (Fig. 3J,M) and
SPT (Fig. 3K,N).

LHb BURSTS AS NOVELTARGETS FOR
RAPID ANTIDEPRESSANT KETAMINE

To test the effects of rapid antidepressant ketamine on
LHb bursts, we administered systemic injections of keta-
mine before animal sacrifice for brain slice recordings. We
found ketamine reversed bursting to the control level in
both cLH rats and CRS mice (Fig. 3D,E). These results
provide the first hint that ketamine may act on LHb bursts.
A second hint came from a challenging LHb cannular

experiment, in which we infused drugs into the LHb and
tested the effects on depressive-like behaviors. For the
positive control, we reasoned that as the LHb is hyperactive
in depression, blocking most of its excitatory inputs with
the α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic
acid receptor (AMPAR) blocker NBQX (1,2,3,4-tetra-
hydro-6-nitro-2,3-dioxo-benzo[f] quinoxaline-7-sulfona-
mide) should theoretically cause antidepressant effects.
Out of curiosity, we tested the NMDAR blocker, AP5 (2-
amino-5-phosphonopentanoic acid), in a parallel experi-
ment. Surprisingly, AP5 but not NBQX produced a strong
antidepressant effect in the FSTwhen locally infused into
the LHb (Fig. 4A–D). Knowing that ketamine is also a
blocker of NMDAR, we then tested the behavioral effects
caused by local infusion of ketamine into the LHb. In both
the FST and SPT, ketamine rapidly alleviated depressive-
like symptoms within 1 h of local bilateral infusion into the

LHb of cLH rats (Fig. 4E,F). This was achieved at a behav-
iorally relevant dose (∼5 µM), as shown by liquid chro-
matography-tandem mass spectrometry (Fig. 4G). To the
best of our knowledge, this is the first evidence that keta-
mine can cause rapid antidepressant effects within this
short interval from within just one brain area.
Given that NMDAR-mediated calcium influx plays a

pivotal role in burst generation in several brain regions
(Grillner et al. 1981; Schiller et al. 2000; Zhu et al.
2005), and considering the above two findings, we next
tested whether NMDARs were directly required for the
LHb bursting activity. Bath application of ketamine (100
µM), as well as the more specific NMDAR antagonist
AP5, completely eliminated spontaneous burst firingwith-
in seconds of application (Fig. 5A,B). At more behavior-
ally relevant concentrations (∼1–10 µM), ketamine still
blocked LHb bursts but takes minutes to cause complete
blockade (Yang et al. 2018a). The classical selective sero-
tonin reuptake inhibitor (SSRI)-type antidepressant, fluox-
etine, does not instantly block LHb bursts (Yang et al.
2018a) but reduces bursts after chronic treatment (data
unpublished), suggesting that reduced burst firing of
LHb neurons may be a common end point for antidepres-
sant drugs to exert their efficacy.
Interestingly, consistent with the modest behavioral ef-

fects of cannular infusion (Fig. 4C,D), full blockade of
AMPARs with NBQX (10 μM) only reduced bursts mod-
erately (by 20%; Fig. 5C). In addition, the application of
AMPA or blockade of GABA receptors (GABARs) also
increased LHb burst firing by a similar extent (Yang et al.
2018a). These results indicate that LHb bursting was
mostly driven by the intrinsic properties of the neuron
and only moderately modified by synaptic inputs from
AMPARs or GABARs. This is consistent with previous
research showing multiple mechanisms for the generation
of burst firing (McCormick and Huguenard 1992; Kepecs
and Lisman 2003; Krahe and Gabbiani 2004; Peña et al.
2004; Major et al. 2013).

IONOIC MECHANISM OF LHb BURSTS

In addition to NMDARs, we also found that LHb bursts
were dependent on a hyperpolarized membrane potential
and the T-VSCC. The membrane potential of LHb burst-
ing neurons is more hyperpolarized than that of the silent
or tonic-firing types (Wilcox et al. 1988; Weiss and Veh
2011; Yang et al. 2018a). A hyperpolarizing or depolariz-
ing current injection can convert originally tonic-firing
neurons into bursting mode or vice versa, respectively
(Yang et al. 2018a).
The average RMPof bursting neurons was 61.3± 1.9mV

in SD and cLH rats, within a range that can de-inactivate
the T-VSCCs. One prominent feature of the pacemaker
channel T-VSCC is that it inactivates quickly after opening
but can be de-inactivated to initiate burst firing when the
membrane potential is hyperpolarized below −55 mV for
>100 msec (McCormick and Huguenard 1992). Indeed,
bath application of the specific T-VSCCblockermibefradil
(10 µM) onto the LHb brain slices effectively decreased
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the bursting probability and reduced the amplitude of the
plateau potentials of spontaneous bursts (Fig. 5D), without
significantly changing the RMPs (Yang et al. 2018a).
To understand how NMDARs and T-VSCCs work syn-

ergistically to mediate LHb burst firing, we constructed a
minimal biophysical model that successfully recapitulated

the key characteristics of LHb bursts, including the voltage
dependency and in silico knockout effects of T-VSCCs
and NMDARs (Yang et al. 2018a). Briefly, activation of
T-VSCCs removes the Mg2+ blockade of NMDARs, and
the opening of these two channels synergistically drives
membrane potential toward the threshold for a burst of
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Figure 3. Enhanced LHb bursting in animal models of depression is sufficient to drive aversion and depression-like behaviors.
(A–C) Representative traces showing spontaneous activity of silent (A), tonic-firing (B), and burst-firing (C ) LHb neurons recorded
with whole-cell patch clamps. (D,E) Pie charts illustrating the percentage abundance of the three types of LHb neurons. (F–N)
eNpHR3.0-induced rebound bursting drives behavioral aversion and depressive-like symptoms that are reversible by ketamine. (F)
Construct of AAV2/9-eNpHR3.0 (left top), example site of viral injection and optic fiber implantation (left bottom), and illustration of
optetrode recording (right). (G,H ) Representative traces showing rebound bursts reliably elicited by pulsed yellow light in LHb brain
slices in vitro (G) and in vivo (H ) from mice infected with AAV2/9-eNpHR3.0. Spikes in bursting and tonic-firing mode are shown in
blue and black, respectively. Percentage of successfully induced bursts is shown at bottom right. (I,L) RTPA induced by eNpHR3.0-
driven bursts (I ) reversed by i.p. injection of ketamine (1 h prior; L). (Left) Representative heat maps of RTPA; (right) quantitative
aversion score. (J,K,M,N) Depression-like behaviors in the FST (J ) and SPT (K ) induced by eNpHR3.0-driven bursts reversed by i.p.
injection of ketamine (1 h prior; M,N ).
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APs. As the RMP falls below−55mV, it de-inactivates the
T-VSCCs, resulting in the intrinsic propensity of the LHb
neurons to initiate another burst cycle (Fig. 5E).
One strong prediction from the above results is that

blockade of T-VSCC may also be rapidly antidepressant.
Indeed, both systematic injection of the T-VSCC blocker
2-ethyl-2-methylsuccinimide (ethosuximide), which can
cross the blood–brain barrier, in CRS mice and bilateral
infusion of mibefradil (10 nmol) into the LHb of cLH rats
both caused rapid antidepressant effects in the FST and
SPT (Fig. 4H–L).

Kir4.1 BUFFERS PERISOMATIC POTASSIUM
TO REGULATE RMPAND BURSTING

ACTIVITY OF LHb NEURONS

The final issue is how an astrocytic K channel regulates
the RMP and burst firing of LHb neurons to cause depres-
sion. Several previous studies have indicated that astro-
cytes may play a key role in neuronal rhythmic bursting
activity in the central pattern generator: for example, as-
trocytes have been found to regulate bursting activity
by adjusting extracellular calcium concentration (Okada
et al. 2012; Morquette et al. 2015) or by controlling pH-

dependent release of ATP (Gourine et al. 2010). Here we
found a new form of glia–neuron interaction in setting the
neuronal firing mode in the LHb under a depression-like
state.
When we examined the expression pattern of Kir4.1, we

found that unlike in the hippocampus, the Kir4.1 immuno-
histochemical signals in the LHb showed a unique pattern,
wrapping around the NeuN signals at neuronal cell bodies
(Fig. 6A). Electron microscopy imaging further confirmed
that Kir4.1-positive gold particles encircled the membrane
of neuronal soma (Fig. 6B). We propose that this periso-
matic expression and the highly confined extracellular
space in the LHb ensure that Kir4.1 can efficiently buffer
the potassium released from bursting neurons. Specifi-
cally, we predicted that reducing Kir4.1 function should
lead to increased extracellular potassium (K[out]) and, ac-
cording to the Nernst equation, more depolarized RMP.
Indeed, blocking Kir4.1 with Ba2+ increased the RMPs
and stopped neurons from burst firing (Cui et al. 2018).
Furthermore, by increasing astrocytic Kir4.1 expression or
decreasing K[out], we were able to phenocopy in wild-type
animals several key neuronal properties observed in the
LHb of animal models of depression—namely, hyperpo-
larized RMPs and enhanced bursts. These results indicate
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Figure 4. Local infusion of ketamine and mibefradil into LHb causes rapid antidepressant effects. (A–F) Acute effects of local bilateral
LHb infusion of AP5 (A,B), NBQX (C,D), or ketamine (E,F) in FSTand SPT. Infusion sites of drugs verified by cholera toxin subunit B
(CTB) (A,C,E). (G) Concentration of ketamine in habenula (Hab) or ventral hippocampus (vHip) 1 h after i.p. injection or intra-LHb
infusion of ketamine, as measured by LC–MS/MS. (H–L) Antidepressant effects caused by systemic ethosuximide injection (200 mg
kg−1, i.p.; H,I ) or local bilateral infusion of mibefradil into the LHb (J–L) in the FST (H,K) and SPT (I,L) 1 h after treatment. Infusion
sites verified by CTB (J ).
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Figure 5. LHb bursts rely on synergistic activation of NMDAR and T-VSCC. (A–D) Example traces (left) and statistics (right) (sampled
within 3 min before and 1 min after drug application) showing effects of ketamine (A), AP5 (B), NBQX (C ), and mibefradil (D) on
spontaneous bursts in the LHb of wild-type and cLH rats. Spikes in bursting and tonic-firing mode are shown in blue and black,
respectively. (E) Example trace summarizing the hypothetical ionic components and channel mechanisms involved in LHb bursting:
hyperpolarization of neurons to membrane potentials negative to −55 mV de-inactivates T-VSCC. Calcium current continues to grow as
the de-inactivated T-VSCCs increase, leading to a transient Ca2+ plateau potential. The Ca2+ plateau helps remove the magnesium
blockade of NMDARs, whereas T-VSCC inactivates rapidly during the depolarization. After the Ca2+ plateau reaches approximately
−45 mV, NMDA current dominates the driving force to further depolarize RMP to the threshold for Na+ spike generation. As RMP falls
back to below −55 mV, it de-inactivates T-VSCC, priming LHb neurons to generate the next cycle of bursting.

BA

Figure 6. Kir4.1 is expressed on astrocytic processes enveloping neuronal soma in the LHb. (A) Kir4.1 envelope neuronal somata as
indicated by white arrows (three independent experiments). (B) Immunogold electron microscopy of Kir4.1. Red arrows indicate gold
signals surrounding a neuronal soma (three independent experiments).
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that enhanced extracellular K+ clearance resulting from the
up-regulation of Kir4.1 might underlie the neuronal hyper-
polarization required for burst initiation in the LHb.
Much previous work on neuron–glia interaction and

Kir4.1 function has focused on the tripartite synapses,
where astrocytes wrap around synaptic sites (Halassa
et al. 2007; Bedner and Steinhäuser 2013; Navarrete and
Araque 2014; Papouin et al. 2017). Here we identified a
new mechanism operating at neuronal somata, which
powerfully regulates neuronal excitability.

CONCLUDING REMARKS

By combining an unbiased, high-throughput, quantita-
tive proteomic screen with pharmacology, in vitro and in
vivo electrophysiology recording, viral manipulation, and
behavioral analysis, we identified a critical function of the
glia-specific ion channel, Kir4.1, operating in the highly
specialized perisomatic extracellular space in the LHb, as
a powerful molecular determinant of depression. We re-
vealed a novel form of glia–neuron interaction in setting
theneuronal firingpattern, inparticular theburstingpattern,
which is crucial in driving depressive-like behaviors. Our
results also suggest a simple and plausible model in which
ketamine exerts its rapid antidepressant effects by blocking
bursting activity of LHb neurons to disinhibit downstream
monoaminergic centers (Fig. 7). In addition, these results
revealed T-VSCCs and Kir4.1 as promising targets for the
development of new rapid-acting antidepressants.
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released potassium. After prolonged emotional stress, the up-regulation of Kir4.1 leads to lowered extracellular potassium and hyper-
polarized neuronal RMP. Consequently, de-inactivation of T-VSCCs initiates NMDAR-dependent bursts. As bursts can reduce synaptic
failure and synchronize network output, they will generate stronger output to inhibit downstream aminergic centers. Finally, blockade of
NMDARs by ketamine eliminates LHb burst firing, thereby releasing the break onto the reward centers to improve mood.
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