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Editorial on the Research Topic

The Habenula and Its Role in Neuropsychiatric Symptoms

The habenula (Hb) is a small epithalamic structure that, through its downstream connectivity
controls major neurotransmitters, such as the cholinergic and monoaminergic systems (Hikosaka,
2010; Hu et al., 2020). The Hb contributes to a wide range of behaviors e.g. social behavior (van
Kerkhof et al., 2013; Ogawa and Parhar, 2021), circadian rhythms (Liu et al., 2021; Salaberry
and Mendoza, 2022), reward processing (Lalive et al., 2022; Mondoloni et al., 2022), decision-
making (Stopper et al., 2014; Baker et al., 2015, 2017; Nuno-Perez et al., 2021), cognitive flexibility
(Vadovičová, 2014; Baker et al., 2015, 2017), and is implicated in the neurobiology of a number of
psychiatric disorders and neuropsychiatric symptoms (Hu et al., 2020). Recent findings confirmed
the importance of the Hb in schizophrenia (Schafer et al., 2018; Li et al., 2019; Germann et al., 2020;
Wang et al., 2020), bipolar disorder (Schafer et al., 2018; Zhang et al., 2019; Germann et al., 2020;
Sonkusare et al., 2022), autism (Germann et al., 2021; Murru et al., 2021), depression (Yang et al.,
2018; Barreiros et al., 2022; Zhang et al., 2022; Young et al.), and eating disorders (Maldonado et al.,
2018; Wills et al., 2020; Carlson et al., 2022), and implicated the Hb in neuropsychiatric symptoms
such as sleep disturbances (Aizawa et al., 2013; Ge et al., 2021), and agitation/aggressive behavior
(Flanigan et al., 2017, 2020; Gan et al., 2019).

Thus, this timely special issue provided the space and opportunity for both clinical and pre-
clinical researchers to have an up to date discussion of the important and broad role of the Hb
in the various neuropsychiatric disorders and symptoms. In total, 60 authors from 8 different
countries participated.

Emphasizing the broad role of the Hb, Baker et al. highlight some of the less explored
aspects of lateral habenula (LHb) function in contextual memory, sleep, and behavioral flexibility,
by providing evidence that the LHb is well-situated to integrate different internal states and
multimodal sensory information. The authors focus on the impact of early life stress on LHb
function to illustrate how dysregulations on LHb systems promote anhedonia and motivational
deficits, and stress the importance of ethologically-relevant behaviors to further understand LHb
involvement in a wide range of psychiatric illnesses. Illustrating the important role of the LHb in
motivation Sevigny et al. using a unique behavioral paradigm that requires rats to climb a physical
barrier in order to receive a large reinforcement or to opt for a smaller reward without the need
to climb a barrier, show that pharmacological inactivation of the LHb results in fewer choices for
the high-effort-high-reward option, demonstrating that the LHb is part of the circuit responsible
for integrating external information on a trial-by-trial basis. This work points to the involvement
of the LHb in the ability to discriminate rewards specifically when contingencies change in an
unpredictable manner. This supports a growing body of experimental evidence arguing for a
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relevant contribution of the Hb in diverse facets of reward
encoding (Stopper et al., 2014; Lalive et al., 2022).

Considering the important role of eye contact as the starting
point of interactions in many social animals, Lee and Hikosaka
recorded eye movement and LHb activity while monkeys
viewed faces in the context of Pavlovian and instrumental
conditioning tasks. The results show that faces associated with
larger rewards elicited longer periods of eye contact and are
associated with suppression of LHb neurons. Faces signaling
low values are associated with excitation of LHb neurons. The
authors conclude that the reward encoding of LHb contributes
to social behavior and disorders, as a sequential goal-directed
behavior. Webster et al., in their review, provide an up-to-date
summary of the current state of knowledge on LHb neuronal
activity and its association with Major Depressive Disorder
(MDD). They discuss the growing body of literature on LHb
excitatory and inhibitory neurons, downstream connections with
the rostromedial tegmental nucleus, and involvement of the
reward system, arguing that normalizing inhibitory signaling
within the LHb may be a potential therapeutic strategy for
MDD. Further studies are necessary to better understand the
exact pharmacological and neural circuit mechanisms underlying
inhibitory signaling within the LHb.

Another line of research associating Hb activity and MDD,
involves circadian rhythms and light signals that affect the LHb.
Young et al. review the literature regarding neuronal activity
in the LHb during altered circadian rhythms and link it to
mental disorders, including depression. The authors, however,
highlight the need for further research before firm conclusions
can be drawn regarding the importance of changes in the
circadian function of the LHb in the etiology of depression
and antidepressant treatments. New research by Elias et al.
on the role of the Hb in the therapeutic effect of Deep
Brain Stimulation (DBS) for MDD, showed clinical response
to treatment was significantly associated with Hb volume
changes, with responders showing increased Hb volume over
time, and non-responders showing the opposite. Furthermore,
functionalMRI analysis showedDBS treatment to be significantly
associated with increased Hb connectivity to several prefrontal
and corticolimbic regions, areas previously implicated in the
neurocircuitry of depression.

DBS targeting the Hb has been trialed for a number of
psychiatric disorders as outlined in the review article by Germann
et al. Merging the knowledge from pre-clinical and clinical
observations, and using both the published literature as well
as registered clinical trials the work highlights the important
role of the Hb in mental health. The outcomes of the ongoing
clinical trials for treating schizophrenia, depression, obsessive-
compulsive disorder, and bipolar disorder will provide further
knowledge that will be necessary to confirm the clinical benefit of

this promising intervention. To investigate possible mechanisms
of action of Hb-DBS, Zhang et al. explored the transient
effects of Hb stimulation in patients with bipolar disorder and
schizophrenia. Commonly elicited effects of stimulation were
numbness, heart rate changes, pain, and involuntary movements
and these showed a pattern suggesting a potential somatosensory
organization of the Hb.

Expanding on the involvement of the Hb in psychiatric
disorders, Lee and Goto in their perspective review hypothesize
that an initially hypoactive Hb during childhood in individuals
with Attention-Deficit-Hyperactivity-Disorder (ADHD) may
undergo compensatory changes during development, priming
the Hb to be hyperactive in response to stress exposure and
thereby increasing vulnerability to MDD in adulthood. They
suggest that the Hb is involved in the neural network of both
MDD and ADHD, via direct and indirect connections with
dopaminergic and serotonergic neurons in midbrain nuclei.
Suggesting a role of the Hb in anxiety disorders, Liu et al.
find that ovariectomized (OVX)-induced anxiety-like behavior is
associated with increased LHb activity. Moreover, their results
showed that estrogen-treated OVX rats present less anxiety-
like behavior, higher levels of monoamines in dopaminergic and
serotonergic nuclei, and reduced neuronal activity in the LHb, as
compared to non-treated OVS rats. This effect is also observed
following intra-LHb injections of estrogen receptor agonist
in OVX rats. Gouveia and Ibrahim explore the anatomical
organization of the Hb and discuss several distinct mechanisms
by which the Hb is involved in the modulation of aggressive
behaviors. They propose new investigations for the development
of innovative neuromodulatory techniques targeting the Hb to
reduce aggressive behaviors. Along those lines, Marks et al.
propose that the LHb plays a critical role in the transition
from suicidal ideations to self- harm. The authors argue that
a multidisciplinary group of researchers is necessary to better
understand the role of the LHb, and its long-term modulation,
in response to the negative affect in suicidal behavior, to discern
the underlying neural mechanisms of this contribution.

The studies presented in this special topic, highlight
broad and important roles of the Hb in the neural-networks
of several psychiatric disorders and neuropsychiatric
symptoms, in both animal models and humans. This
body of research points to the new experimental actions
needed to further shed light on Hb cellular and molecular
mechanisms, and its repercussions for physiological and
pathological behaviors.
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The habenula, located in the epithalamus, has been implicated in various psychiatric

disorders including mood disorders and schizophrenia. This study explored the transient

effects of deep brain stimulation in the habenula. Each of the four patients (two with

bipolar disorder and two with schizophrenia) was tested with eight deep brain stimulation

contacts. Patients were examined via transient electrical stimulation 1 month after deep

brain stimulation surgery. The pulse width was 60 µs and the voltage ranged from 0V to

a maximum of 10V, increasing in increments of 1 V. Each patient received stimulation

at two frequencies, 60 and 135Hz. A total of 221 out of 385 active trials elicited

stimulation-induced effects. The three most common transient effects were numbness,

heart rate changes, and pain. The incidence of numbness, heart rate changes, pain,

and involuntary movements increased with the increase in stimulation voltage. Through

contralateral stimulation, numbness was triggered in all parts of the body except the

scalp. The obtained stimulus-response maps suggested a possible somatosensory

organization of the habenula.

Keywords: deep brain stimulation, habenula, acute electrical stimulation, bipolar disorder, schizophrenia

INTRODUCTION

The habenula is a paired, evolutionarily conserved structure located in the epithalamus. It connects
more recently evolved structures in the neocortex and limbic forebrain that are responsible for
executive functions with ancient areas in the midbrain and hindbrain that process sleep, pain, and
reward (1). Many preclinical studies have acknowledged this structure in psychiatric disorders such
as mood disorders and schizophrenia (2).

Deep brain stimulation (DBS) involves the implantation of electrodes within specific areas
of the brain and the generation of electrical impulses that control abnormal brain activity. The
amount of stimulation in DBS is controlled by a pacemaker-like device which is usually placed
under the skin in the upper chest. A wire traveling beneath the skin connects the device to the
electrodes in the brain. DBS has been approved for the treatment of various conditions including
dystonia, epilepsy, essential tremor, obsessive-compulsive disorder, and Parkinson’s disease (3).
DBS is also investigated as a potential treatment for addiction (4), major depression (5), and
Tourette syndrome (6). Physicians may use DBS to treat movement disorders or neuropsychiatric
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disorders if medications become less effective or if poorly
tolerated. Unlike other surgical options, an advantage of DBS is
that it is reversible and does not cause permanent damage to any
part of the brain (7). Therefore, deep brain stimulation is seen as
a promising treatment for psychiatric disorders. In two clinical
trials targeting the habenula (5, 8), we systematically assessed
transient responses to focal electrical stimulation.

METHODS

Four patients with refractory psychiatric disorders [Table 1,
two with schizophrenia (8) and two with bipolar disorder (5)]
underwent DBS placement in the bilateral habenula (Figures 1,
2A,B). All the patients were male with a mean age of 31
years. The test was conducted at 1 month after surgery. The
stimulation pulse width was fixed at 60 µs and the voltage was
systematically increased from 0V to a maximum of 10V in
increments of 1V. Our test stimulation was delivered unilaterally
on each contact in each patient. The contact was tested from
ventral to dorsal areas and the frequency was set at low
frequency (60Hz) and titrated to high frequency (135Hz)
later in the test. If the patient reported an unacceptable side-
effect, trials with higher voltage amplitudes at that contact
were waived. Meanwhile, expecting that 0V stimulation (no
stimulation) would cause little effects on the patients, we
decided to reduce the number of sham trials to facilitate
the progression of the experiment. Patients underwent single
blind tests during which they sat in a chair facing a video
camera and their heart rates were recorded. A programmer
sat behind the patient and a recorder sat behind the camera.
The programmer used gestures to inform the recorder of the
voltage used. At the beginning of each trial, parameters of
DBS were changed, and the patient was asked to describe what
they felt in a time window of 2min. The association between
stimulation parameters and different stimulation-induced effects
was examined using logistic regression and a two tailed p <

0.05 was considered significant. Positions of the electrodes in
the nucleus were reconstructed using the Lead-DBS toolbox in
MATLAB according to the methods described by Horn et al.
(9). For each patient, we also explored the affected body parts
in numbness trials. All participants provided written consent
and the experimental protocol was approved by the ethics
committee of Ruijin Hospital, Shanghai Jiao Tong University
School of Medicine.

RESULTS

A total of 385 active and 9 sham trials were tested (Table 2); 219
active and no sham trials induced transient stimulation-induced
effects. The most common responses were numbness (66.7% of
219 trials), heart rate changes (36.1%), pain (16.9%) and dizziness
(16.0%). Other transient effects included eye closure (11.0%),
involuntary movements (8.2%), giddiness (8.2%), chest pain
(6.4%), nausea (5.5%), discomfort (3.2%), a feeling of relaxation
(2.3%), and a feeling of heaviness in some body parts (0.9%). One

TABLE 1 | Conditions of the different trials.

Variables Specific conditions Trials Proportion (%)

Frequency (Hz) 60 195 50.6%

135 190 49.4%

Diagnosis BP 211 54.8%

SZ 174 45.2%

Voltage (V) 1 25 6.5%

2 58 15.1%

3 38 9.9%

4 60 15.6%

5 41 10.6%

6 56 14.5%

7 26 6.8%

8 39 10.1%

9 18 4.7%

10 24 6.2%

Patient NO. 1 127 33.0%

NO. 2 84 21.8%

NO. 3 91 23.6%

NO. 4 83 21.6%

Cathode 0 42 10.9%

1 51 13.2%

2 49 12.7%

3 47 12.2%

8 42 10.9%

9 51 13.2%

10 51 13.2%

11 52 13.5%

BP, bipolar disorder; SZ, schizophrenia.

patient with bipolar disorder also reported in some trials a feeling
of electrical shock (5.9%) and palpitation (1.8%) (Table 3). No
severe adverse events were observed.

The incidence of numbness (p = 0.015), heart rate change
(p = 0.071), pain (p = 0.425), and involuntary movements (p
= 0.534) increased as the DBS voltage increased. It appeared
more often for the 60-Hz voltage pulse to evoke an increase in
heart rate (p < 0.0001) and less often to induce dizziness than
for the 135-Hz voltage pulse (p = 0.003). DBS elicited heart
rate change (p < 0.0001) and pain (p < 0.0001) more often in
patients with schizophrenia than with bipolar disorder. On the
other hand, patients with bipolar disorder exhibited giddiness
(p = 0.001) and involuntary movements (p = 0.001) more
often. Specifically, under active stimulation, one patient with
schizophrenia reported feelings of pain in almost all trials (36 out
of 37= 97.3%); the other patient with schizophrenia experienced
eye closure in more than half of the trials (15 out of 24 =

62.5%); one patient with bipolar disorder reported involuntary
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FIGURE 1 | Lead location. Postoperative computed tomography images fused with preoperative magnetic resonance imaging demonstrating the position of the

implanted electrodes in the habenula in one patient.

FIGURE 2 | Possible sensory projections in the habenula. Overview (A) and detailed view (B) of the deep brain stimulation lead placement. The letters marked beside

the cathodes (C–F) indicate the most frequently reported body part affected by numbness. The colors box indicated the percentage of numbness occurrence at

different contact and body parts in numbness trials for each patient. The contacts 0, 1, 2, and 3 were located in the right habenula from ventral to dorsal, and the

contacts 8, 9, 10, and 11 were located in the left habenula from ventral to dorsal.

movements in 12 out of 18 trials (66.7%). The experience
of numbness except on scalp was predominantly triggered by
contralateral stimulation. The most frequently affected body

parts in these four patients were face (26 out of 35= 74.3%), arm
(19 out of 41 = 46.3%), hand (13 out of 22 = 59.1%) and trunk
(26 out of 48= 54.2%), respectively (Figures 2C–F).
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DISCUSSION

Somatosensory Organization of the
Habenula
The safety and feasibility of DBS in the habenula for various
refractory psychiatric disorders have been demonstrated in
previous studies. In this study, we observed a lateralized pattern

TABLE 2 | Relationships of trial conditions with responses.

Response Number of

responses

Prop. of

responses

(%)

Lead

contact

Voltage Frequency Diagnosis Patient

Numbness 146 66.7 0.197 0.015* 0.702 0.848 <0.0001***

Changes in

heart rate

79 36.1 0.635 0.071 <0.0001*** <0.0001*** <0.0001***

Pain 37a 16.9 0.573 0.425 0.454 <0.0001*** <0.0001***

Dizziness 35 16 0.002** 0.001** 0.003** 0.447 0.001**

Eye closure 24b 11 0.595 0.335 0.157 0.058 <0.0001***

Giddiness 18 8.2 0.036* <0.0001*** <0.0001*** 0.001** <0.0001***

Involuntary

movements

18c 8.2 0.008** 0.534 0.553 0.001** <0.0001***

Responses that occurred in <5% of the trials or in only one patient were omitted. Prop, proportion. *p < 0.05; **p < 0.01; ***p < 0.001. The total number of trials was 219. a36 reported

in a patient with schizophrenia; b15 reported in another patient with schizophrenia; c12 reported in a patient with bipolar disorder.

of stimulation-induced responses: the left side of the habenula
appeared to correlate only with sensations in the right arm,
while the right side of the habenula correlated with sensations
in the left face, leg, and hand. Subject variability in the location
of the active contact of each electrode could be a confounding
factor. Unfortunately, the post-surgical imaging was not helpful
in clarifying this issue.

TABLE 3 | Demographic and clinical information.

Patient NO.1 NO.2 NO.3 NO.4

Diagnosis Bipolar

disorder I

Bipolar disorder I Schizophrenia Schizophrenia

Comorbidity No Substance

dependence

(clonazepam, alcohol

gambling disorder)

No No

Age at surgery 41 46 26 21

Gender Male Male Male Male

Education (years) 12 9 10 10

Marriage Married Divorced Single Single

Duration of disease (years) 21 10 9 4

Current episode duration

(years)

3.5 10 9 4

Past ETC Yes Yes Yes Yes

Medications per day Clomipramine

hydrochloride,150m;

Ozanpine,

5mg

Lamotrigine, 100mg;

seroquel, 100mg;

magnesium valproate,

0.75 g; amfebutamone,

0.3 g; clonazepam,

16–20mg

Ozanpine,10mg;

lithium carbonate,

0.25 g

Quetiapine, 0.2 g;

benzhexol, 4mg;

ziprasidone

hydrochloride, 60 mg

HAMD 24 23 NA NA

YMRS 0 11 NA NA

PANSS NA NA 74 66

Positive subscale NA NA 13 14

Negative subscale NA NA 23 19

General subscale NA NA 38 33

HAMD, Hamilton depression rating scale; YMRS, Yong mania rating scale; PANSS, Positive and negative syndrome scale; ECT, Electroconvulsive therapy; NA, Not available.
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Various Effects Induced by Different
Combination of Stimulation Parameters
Parameter settings have been discussed extensively in terms of
movement disorders. For instance, 130Hz is used as a standard
frequency for DBS in Parkinson’s disease because it balances
between power consumption and clinical efficiency. A different
choice of frequency may be applied to treat mood disorders,
especially when the electrodes are placed at newly discovered
brain targets. Low frequency or high frequency DBS in the
habenula has been suggested to induce physiological effects
relevant to habenula functions such asmood regulation in bipolar
disorders. The patients’ reactions to the two tested frequencies
(60 and 135Hz), namely changes in heart rate and feelings of
dizziness, were significantly different, suggesting that the lower
stimulation frequency was more likely to affect the heart rate
while the higher frequency was more likely to affect sensations
of dizziness.

Presumed Mechanisms Behind the Various
Transient Effects
DBS is used to treat neuropsychiatric conditions by providing
certain electrical stimulation to certain brain regions. However,
DBS affects not just the targeted area but also other components
in the neural network. The lateral habenula is involved in pain
transmission by receiving pain signals from the spinal cord and
interacting with canonical pain modulatory regions. The lateral
habenula is also connected with hypothalamus which is known
as an autonomic regulatory region (2). Therefore, the heart
rate changes may be induced by the regulation of the central
autonomic regulatory regions from the habenula.

Limitations
First, only four patients with psychiatric disorders were tested:
the small sample size might limit the validity and generality of
the study. Second, our results were based mainly on the patients’
subjective descriptions which potentially introduced self-report
bias. Also, specific psychiatric responses (i.e., mood, psychosis,
and anxiety) were not monitored during testing.

To our knowledge, this is the first study to investigate
transient effects induced by systematic electrical stimulation of
the habenula. We have demonstrated the effect profile and have
proposed a possible somatosensory organization in the habenula.
The most common transient effect was numbness, followed by
heart rate changes and pain. Different frequencies appeared to
elicit similar responses in most cases. The relationship between
transient effects and long-term clinical outcomes requires
further investigation.
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Attention-deficit/hyperactivity disorder (ADHD) is a childhood-onset,
neurodevelopmental disorder, whereas major depressive disorder (MDD) is a mood
disorder that typically emerges in adulthood. Accumulating evidence suggests that
these seemingly unrelated psychiatric disorders, whose symptoms even appear
antithetical [e.g., psychomotor retardation in depression vs. hyperactivity (psychomotor
acceleration) in ADHD], are in fact associated with each other. Thus, individuals with
ADHD exhibit high comorbidity with MDD later in life. Moreover, genetic studies have
shown substantial overlaps of susceptibility genes between ADHD and MDD. Here,
we propose a novel and testable hypothesis that the habenula, the epithalamic brain
region important for the regulation of monoamine transmission, may be involved in
both ADHD and MDD. The hypothesis suggests that an initially hypoactive habenula
during childhood in individuals with ADHD may undergo compensatory changes during
development, priming the habenula to be hyperactive in response to stress exposure
and thereby increasing vulnerability to MDD in adulthood. Moreover, we propose a new
perspective on habenular deficits in psychiatric disorders that consider the habenula a
neural substrate that could explain multiple psychiatric disorders.

Keywords: neurodevelopmental disorder, depression, animal model, dopamine, serotonin, p-factor

INTRODUCTION

The current diagnostic manuals of psychiatric disorders, such as the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition (DSM-5) (Americal Psychiatric Association [APA],
2013) and International Classification of Diseases, 11th Edition (ICD-11) (World Health
Organization [WHO], 2018), classify psychiatric disorders into categories as distinct entities.
However, patients who have one category of a psychiatric disorder are often diagnosed with other
comorbid disorders in other categories. Such observations raise the possibility that psychiatric
disorders may be dimensional rather than categorical. Thus, a few or perhaps a single factor, such as
a general psychopathological factor, i.e., the p-factor, may explain all psychiatric conditions (Wright
et al., 2013; Caspi et al., 2014; Kotov et al., 2017; Caspi and Moffitt, 2018).

Attention-deficit/hyperactivity disorder (ADHD) is a childhood-onset neurodevelopmental
disorder (Biederman and Faraone, 2005). In contrast, major depressive disorder (MDD) is a mood
disorder that typically emerges in adulthood (Kupfer et al., 2012). Accumulating evidence suggests
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that both disorders may involve deficits in the habenula. The
habenula is a set of epithalamic nuclei consisting of the medial
and lateral parts that receive inputs and integrate information
from limbic structures and the basal ganglia. The habenula in
turn sends outputs to midbrain nuclei where dopamine (DA)
and serotonin (5-HT) neurons are located (Hikosaka et al., 2008;
Boulos et al., 2017; Fakhoury, 2017; Hu et al., 2020). Relationships
between ADHD and MDD, which are distinct categories of
disorders and seemingly unrelated to each other, would be worth
considering in relation to the roles of the habenula in the
regulation of mesocorticolimbic DA and 5-HT transmission in
the context of a dimensional model.

In this article, we first briefly summarize the literature
demonstrating correlations between ADHD and MDD, followed
by a discussion of the effects of habenular deficits in these
disorders based primarily on animal models. Then, we further
propose that investigations examining habenular dysfunction not
in the context of a unitary, categorized disorder but as a common
factor underlying multiple psychiatric conditions would be a
thriving future direction.

ADHD AND MDD COMORBIDITY

ADHD comprises the core symptoms of hyperactivity,
impulsivity, and attention deficit that is classified into three
types, depending on which symptoms are prominent: inattentive,
hyperactive/impulsive, and combined types (Biederman
and Faraone, 2005). MDD is a mood disorder involving
depressed mood and loss of pleasure and interest (Kupfer
et al., 2012). MDD typically occurs in adulthood, although
nowadays a significant number of children and adolescents
are also diagnosed with MDD (Luby, 2009; Maughan et al.,
2013).

Some MDD symptoms could be antithetical to those of
ADHD. For instance, psychomotor retardation (Bennabi et al.,
2013) in MDD could be considered the opposite of hyperactivity
as psychomotor acceleration in ADHD. Rumination (Figueroa
et al., 2019) is the focused and persistent thoughts of negative
content causing emotional distress, whereas ADHD subjects
exhibit excessive spontaneous mind wandering (Bozhilova et al.,
2018). Moreover, abnormally augmented behavioral inhibition
has been reported as a risk factor for MDD (Kasch et al., 2002;
Gladstone and Parker, 2006). In contrast, impulsivity is a core
symptom of ADHD.

There are other interesting coincidences between ADHD
and MDD. Both disorders involve sleep disturbances, such as
insomnia (Konofal et al., 2010; Hvolby, 2015; Pandi-Perumal
et al., 2020), although hypersomnia is also often observed
in MDD (Lopez et al., 2017). Circadian rhythms are also
compromised in ADHD (Kooij and Bijlenga, 2013; Wynchank
et al., 2016; Lunsford-Avery and Kollins, 2018). In MDD,
symptom severity fluctuates within a day and even across
seasons, with more severe symptoms in the winter (Germain
and Kupfer, 2008; Boyce and Barriball, 2010). Numerous studies
have demonstrated that the habenula plays critical roles in the
regulation of both sleep and circadian rhythms (Valjakka et al.,

1998; Salaberry and Mendoza, 2015; Bano-Otalora and Piggins,
2017; Mendoza, 2017; Aizawa and Zhu, 2019).

Subjects with ADHD are frequently diagnosed with other
comorbid disorders, such as autism spectrum disorder, mood
and anxiety disorder, drug addiction, and personality disorder
(Katzman et al., 2017; Gnanavel et al., 2019). Epidemiological
surveys in the United States have reported that, although the
prevalence of MDD in typically developing children is only
approximately 1%, it approaches approximately 15% among
children with ADHD (Larson et al., 2011). The prevalence of
MDD in adult ADHD subjects is twice as high (19%) as that in
subjects without ADHD (8%) (Kessler et al., 2006). Longitudinal
and meta-analysis studies have also demonstrated that childhood
ADHD increases the risk of MDD during adolescence and young
adulthood with an odds ratio of approximately 1.2–1.3 (Meinzer
et al., 2014; Bron et al., 2016; Riglin et al., 2020).

Various mediators have been suggested regarding the
comorbidity of ADHD and MDD. These include psychosocial
factors, such as parent management (Ostrander and Herman,
2006), peer problems (Powell et al., 2020), academic attainment
(Powell et al., 2020), emotion regulation (Seymour et al.,
2012), anxiety (Roy et al., 2014), and disruptive behaviors (Roy
et al., 2014). Neuroimaging studies have also reported neuronal
mediators, such as decreased left hippocampal volume, and
impairments in intrinsic functional connectivity between the
hippocampus and orbitofrontal cortex (Posner et al., 2014) and
between the anterior cingulate cortex and dorsolateral prefrontal
cortex (PFC) (Whitfield-Gabrieli et al., 2020).

GENETIC CORRELATIONS BETWEEN
ADHD AND MDD

Recent genetic studies have substantiated associations between
ADHD and MDD. In a genome-wide association study (GWAS)
with ADHD subjects, Ebejer et al. (2013) identified the strongest
association with the gene for GPR139. GPR139 is an orphan
G-protein coupled receptor whose role has been suggested to be
a sensor of L-tryptophan and L-phenylalanine (Liu et al., 2015;
Vedel et al., 2020). GPR139 has also been suggested to be relevant
in MDD (Vedel et al., 2020). GPR139 signaling in the habenula
was recently found to play an important role in fear learning in
zebrafish (Roy et al., 2021).

Direct evidence of the associations between ADHD and MDD
comes from GWAS meta-analyses examining genetic correlations
with several different psychiatric disorders. A GWAS meta-
analysis with ADHD subjects by Demontis et al. identified
12 genome-wide significant loci that were modestly, but
significantly, correlated with depressive symptoms and MDD
(rg = 0.42) (Demontis et al., 2019). A similar meta-analysis of
GWASs with an even larger sample size of MDD patients by
Wray et al. identified 44 loci that were correlated with ADHD at
a similar strength (rg = 0.42) (Wray et al., 2018). Thus, similar
strengths in the associations between ADHD and MDD have
been observed in analyses using different cohorts, suggesting
that the association between these disorders is highly consistent.
Two GWAS meta-analyses by the Cross-Disorder Group of the
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Psychiatric Genomics Consortium that examined associations in
five and eight psychiatric disorders have demonstrated genetic
correlations of similar strengths between ADHD and MDD
to those reported in other meta-analysis studies, along with
identification of associations of single nucleotide polymorphisms
(SNPs) on chromosomes 3p21 and 10q24 and CACNB2,
the gene encoding a voltage-gated L-type calcium channel,
suggesting that L-type calcium channels could be a candidate
molecule linking MDD and ADHD (Cross-Disorder Group of
the Psychiatric Genomics Consortium, 2013, 2019). A GWAS
meta-analysis by Powell et al. also compared ADHD and MDD,
identifying 14 SNPs with concordant directions of effect for both
disorders, with the estimated genetic correlation being rg = 0.52
(Powell et al., 2021).

Collectively, these GWASs have demonstrated modest, but
highly consistent, SNP-based genetic correlations between
ADHD and MDD, consolidating the associations between
these disorders.

HABENULA IN ADHD AND MDD

Extensive research has been conducted to reveal the molecular
and cellular mechanisms in the habenula that influence cognitive
and affective functions as well as dysfunction implicated in
psychiatric disorders. There are many comprehensive reviews
that have summarized these studies (Hikosaka et al., 2008; Boulos
et al., 2017; Fakhoury, 2017; Hu et al., 2020), such that here
we refer only briefly to some findings about habenular deficits
relevant to the pathophysiology of MDD and ADHD.

Using animal models of MDD, hyperactivity in the lateral
nucleus of the habenula has consistently been demonstrated
(Browne et al., 2018; Yang et al., 2018; Aizawa and Zhu, 2019;
Gold and Kadriu, 2019). Specific patterns of acute and chronic
electrical stimulation (Li et al., 2011; Meng et al., 2011; Tchenio
et al., 2017) or pharmacological inhibition (Winter et al., 2011)
of the habenula attenuate MDD-like behaviors in animal models.
This is further supported by a recent case report study showing
improvement of symptoms with deep brain stimulation of the
habenula in treatment-resistant MDD patients (Wang et al.,
2020). In contrast, human neuroimaging and postmortem studies
have been inconsistent. Some studies have reported larger, and
others found smaller, volumes of the habenula in MDD patients
than in healthy subjects (Ranft et al., 2010; Savitz et al., 2011;
Carceller-Sindreu et al., 2015; Schmidt et al., 2017). Functional
imaging studies have demonstrated higher or lower than normal
habenular activation in MDD patients (Roiser et al., 2009;
Furman and Gotlib, 2016; Lawson et al., 2017). Such inconsistent
findings are not surprising, given the heterogeneous nature of
symptoms across MDD patients (Kupfer et al., 2012). Thus, there
are huge gaps between animal model studies and the realm of
human psychiatric conditions, and findings with animal models
are unlikely to be directly translatable into human situations
(Lee and Goto, 2013; Planchez et al., 2019; Baker et al., 2020;
Stanford, 2020).

Compared with MDD and other psychiatric disorders, such
as schizophrenia and drug addiction (Lecourtier and Kelly, 2005;

Heldt and Ressler, 2006; Lecourtier et al., 2006; Velasquez et al.,
2014; Boulos et al., 2017; Fakhoury, 2017; Mathuru, 2018; Li
et al., 2019; Mathis and Kenny, 2019; Hu et al., 2020), research
examining habenular deficits in ADHD pathophysiology are
scarce. When we investigated the effects of neonatal habenular
lesions (NHLs) in rats, there were unexpected findings with
NHLs causing an assortment of behavioral alterations resembling
ADHD symptoms. Thus, rats with NHLs exhibit spontaneous
hyperlocomotion, more impulsive choices in decision-making
tasks, and shorter attention spans in object exploration, all of
which were ameliorated by amphetamine (Lee and Goto, 2011).
Moreover, these behavioral alterations dynamically changed
through development, with hyperlocomotion and impulsivity
apparent only in childhood, whereas attention deficits persisted
up until adulthood. Such developmental patterns are consistent
with the waxing and waning of ADHD symptoms over
development (Biederman and Faraone, 2005; Spencer et al.,
2007). This novel aspect of the NHL model distinguished it
from other conventional animal models of ADHD, such as
spontaneously hypertensive rats (Russell, 2011).

NHLs also cause an assortment of neural alterations, such
as a smaller PFC volume (Lee and Goto, 2011) and abnormally
augmented amygdala–PFC connectivity (Kim et al., 2021), which
are also consistent with those found in ADHD individuals
(Plessen et al., 2006; Shaw et al., 2007; Batty et al., 2010; Posner
et al., 2011; Batty et al., 2015; Van Dessel et al., 2018). We further
found that tissue concentrations of DA and 5-HT were balanced
in mesocorticolimbic regions of normal rats, but these levels were
disrupted in NHL rats, suggesting that imbalances between DA
and 5-HT may be more important than alterations in DA or 5-
HT levels alone in NHL-induced behavioral alterations (Lee et al.,
2021). There has been only one human neuroimaging study that
investigated habenular deficits in ADHD subjects to date (Arfuso
et al., 2019). This study demonstrated that intrinsic functional
connectivity between the habenula and putamen was impaired in
ADHD subjects. Additional human studies are needed to identify
habenular deficits in ADHD.

Although a neonatal “lesion” gives an impression of
damage in the habenula, NHLs result in smaller nuclear
sizes of both medial and lateral habenula than those of
normal rats, which could be due to the manipulation during
early brain development. This raises a couple of issues to
be further examined. First, since both medial and lateral
nuclei of the habenula are affected by NHL, it has remained
elusive whether and in what way neonatal manipulations
of either the medial or lateral nucleus alone would yield
distinct alterations. For instance, ADHD symptoms are
grouped into hyperactive-impulsive dominant, inattention
dominant, and mixed types (Biederman and Faraone,
2005). NHLs affecting both the medial and lateral nuclei
induce behavioral alterations consistent with the mixed
types. Thus, a selective neonatal lesion to either the medial
or lateral nucleus may induce hyperactive-impulsive or
inattention dominant types of alterations. Another issue is
whether animals with smaller habenular nuclei as naturally
occurring individual variations may also exhibit more
hyperactive, impulsive, and inattentive traits than those of
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larger habenular nuclei. On the other hand, smaller habenular
nuclei caused by NHL may produce a condition equivalent
to the hypoactive state of the habenula, such that volume size
itself may not be the important factor. This is supported by
inconsistent findings regarding anatomical and functional
habenular changes in MDD patients (Roiser et al., 2009;
Ranft et al., 2010; Savitz et al., 2011; Carceller-Sindreu
et al., 2015; Furman and Gotlib, 2016; Lawson et al., 2017;
Schmidt et al., 2017).

Taken together, a hypothesis has emerged that may explain
the pathophysiology of comorbid ADHD and MDD (Figure 1).
In particular, hypoactivity of the habenula early in development
may initially produce ADHD-like behaviors with molecular
alterations, such as differences in GPR139 and L-type calcium
channels as suggested in GWASs. As the brain develops and
matures into adulthood, such hypoactive habenula undergoes
compensatory changes that subsequently increases vulnerability
to MDD by priming the habenula for hyperactivation on
exposure to stress.

HABENULA AS A NEURONAL
P-FACTOR?

In addition to ADHD and MDD, habenular deficits have
been implicated in other psychiatric disorders. As is the case
with MDD, although a relatively large number of animal
model studies have provided support for habenular deficits in
schizophrenia (Lecourtier and Kelly, 2005; Heldt and Ressler,
2006; Lecourtier et al., 2006; Boulos et al., 2017; Fakhoury,
2017; Li et al., 2019; Hu et al., 2020) and drug addiction

FIGURE 1 | A diagram illustrating the hypothesis. In terms of habenular
function in relation to its activity (i.e., an inverted U-shaped relationship),
ADHD and MDD may be antithetical. A dysfunctional level of hypoactivity in
the habenula may induce an assortment of symptoms relevant to ADHD,
whereas hyperactivity of the habenula may cause those relevant to MDD.
A transition from hypoactivity to hyperactivity, but not vice versa, may take
place over the course of brain development from childhood to adulthood, as
compensation. Such a process may involve several molecules, such as
GPR139 and L-type calcium channels.

(Velasquez et al., 2014; Boulos et al., 2017; Fakhoury, 2017;
Mathuru, 2018; Mathis and Kenny, 2019; Hu et al., 2020), there
has been little or inconsistent evidence regarding habenular
deficits in human patients with these disorders (Shepard et al.,
2006; Ranft et al., 2010; Boulos et al., 2017; Fakhoury, 2017;
Zhang et al., 2017; Schafer et al., 2018; Germann et al., 2020;
Hu et al., 2020).

Implications of habenular deficits in such an assortment
of psychiatric disorders are not surprising, given the function
of the habenula (Hikosaka et al., 2008). Thus, the lateral
habenular nucleus regulates DA and 5-HT neuron activities
in the midbrain nuclei directly and indirectly, respectively,
through the rostrotegmental nucleus. Moreover, the medial
habenular nucleus regulates the DA and 5-HT systems indirectly
through the interpeduncular nucleus. DA and 5-HT are in turn
neurochemical substances whose alterations are implicated in
most, if not all, psychiatric disorders (Esposito et al., 2008).
However, such a notion raises concern about how habenular
deficits should be considered in the categorical model of
psychiatric disorders.

A current diagnosis of psychiatric disorders is based on the
categorical model (Americal Psychiatric Association [APA], 2013;
World Health Organization [WHO], 2018). In this model, each
disorder has unique symptoms and causes that are independent
from other disorders. Accordingly, most studies investigating
the neural mechanisms of psychiatric disorders, including those
related to habenular deficits, follow this model and attempt to
elucidate a pattern of deficits unique to a single psychiatric
disorder. Such a categorical model does not comply with the idea
that deficits of a single brain area, such as the habenula, could be
involved in multiple disorders.

As an alternative to the categorical model, the dimensional
model has been considered, especially in childhood psychiatry
(Achenbach and Edelbrock, 1981; Sourander and Helstela, 2005;
Wright et al., 2013; Willner et al., 2016; Kotov et al., 2017). In this
model, two factors, internalizing and externalizing dimensions,
are considered to underlie different psychiatric disorders.
The internalizing dimension explains anxious and depressive
symptoms, whereas the externalizing dimension explains
aggressive, antisocial, and hyperactive-impulsive symptoms. It
is interesting to note that the symptoms in the internalizing
and externalizing dimensions are often discussed in relation
to the functions of 5-HT and DA transmission, respectively.
Thus, although this is highly speculative, DA/5-HT imbalance
may explain internalizing and externalizing dimensions (e.g.,
imbalance toward DA- and 5-HT-predominant conditions lead
to externalizing and internalizing symptoms, respectively).

Although it has been suggested that patients are more
likely to have comorbidities of psychiatric disorders within
the same dimension, correlations have also been observed
between externalizing and internalizing symptoms (Wright
et al., 2013; Willner et al., 2016), which corresponds to the
relationship between ADHD and MDD, as ADHD is related
to the externalizing dimension, whereas MDD is related to
the internalizing dimension. Thus, a one-step higher and
more generalized factor that is inclusive of both internalizing
and externalizing dimensions may be required to explain
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the ADHD and MDD relationships. Such a latent factor
has recently been proposed that is mutually involved in the
diagnoses of all the different psychiatric disorders, which is
denoted as a general psychopathological factor or p-factor
(Caspi et al., 2014; Caspi and Moffitt, 2018). The presence
of the p-factor is supported by the number of studies,
including investigations that have demonstrated substantial
genetic overlaps between different psychiatric disorders (Cross-
Disorder Group of the Psychiatric Genomics Consortium,
2013, 2019; Golovina et al., 2020). The habenula, which links
externalizing and internalizing dimensions, along with its
involvement in other psychiatric disorders, could therefore
be a promising candidate for a neuronal substrate of
the p-factor.

Future investigations that clarify the impacts of habenula
deficits in psychiatric disorders may be fertile in the context
of general psychopathological factors, such as how habenular
deficits can explain the comorbidity of multiple disorders,
rather than being associated with deficits in a particular
psychiatric disorder.

CONCLUSION

We have proposed a hypothesis that habenular hypoactivity
early in development may produce ADHD-like behaviors.
The habenula may subsequently go through compensatory
changes across development that leads to hyperactivity
with an increased vulnerability to stress and MDD. Thus,
the habenula may be a crucial brain region linking
ADHD and MDD. Moreover, the roles of the habenula
could be generalized across multiple psychiatric disorders

beyond ADHD and MDD as a neural substrate of
the p-factor.
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An impairment in willingness to exert physical effort in daily activities is a noted aspect
of several psychiatric conditions. Previous studies have supported an important role for
the lateral habenula (LHb) in dynamic decision-making, including decisions associated
with discounting costly high value rewards. It is unknown whether a willingness to exert
physical effort to obtain higher rewards is also mediated by the LHb. It also remains
unclear whether the LHb is critical to monitoring the task contingencies generally as they
change, or whether it also mediates choices in otherwise static reward environments.
The present study indicates that the LHb might have an integrative role in effort-based
decision-making even when no alterations in choice contingencies occur. Specifically,
pharmacological inactivation of the LHb showed differences in motivational behavior by
reducing choices for the high effort (30cm barrier) high reward (2 pellets) choice versus
the low effort (0 cm) low reward (1 pellet) choice. In sessions where the barrier was
removed, rats demonstrated a similar preference for the high reward arm under both
control and LHb inactivation. Further, no differences were observed when accounting
for sex as a biological variable. These results support that effort to receive a high-
value reward is considered on a trial-by-trial basis and the LHb is part of the circuit
responsible for integrating this information during decision-making. Therefore, it is likely
that previously observed changes in the LHb may be a key contributor to changes in a
willingness to exert effort in psychiatric conditions.

Keywords: discounting, depression, effort, decision-making, reward

INTRODUCTION

Changes in motivation and willingness to exert physical effort are noted across psychiatric
conditions including Major Depressive Disorder, addiction, and chronic fatigue (Cohen et al., 2001;
Sharpe and Wilks, 2002; Demyttenaere et al., 2005; Bachleda and Darhiri, 2018). For example,
patients with Major Depressive Disorder report trying harder even though they objectively exert
less effort (Cléry-Melin et al., 2011). Understanding the neurobiological causes of changes in
willingness to exert effort to obtain rewards can offer insight into addressing this debilitating aspect
of psychiatric conditions. Prior research has revealed a role for the anterior cingulate cortex, the
amygdala, the nucleus accumbens, and the dopamine and adrenergic systems in tasks that assess
physical effort in rodents (Salamone et al., 1994; Floresco and Ghods-Sharifi, 2007; Bardgett et al.,
2009; Yohn et al., 2015).
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Common to many of these brain areas is a functional
connection with the lateral habenula (LHb) (Lecourtier and Kelly,
2007; Quina et al., 2015). The lateral habenula is proposed to
be a key integrator of ongoing context into a wide range of
decision behaviors due to its unique position between frontal
and midbrain regions involved in motivation and motor behavior
(Sutherland, 1982; Lecourtier and Kelly, 2007; Baker et al., 2015).
The LHb has also been connected to a growing list of psychiatric
conditions (Lecca et al., 2014; Zhang et al., 2017; Schafer et al.,
2018). Further, manipulation of the LHb has relieved some
of these conditions in human pilot studies (Sartorius et al.,
2010; Zhang et al., 2019; Wang et al., 2020), although further
research is required.

To date, it remains unclear whether the LHb is involved
in the willingness to exert effort during dynamic decision-
making tasks. The LHb is known to play a central role
in aversive and reward-oriented behavior, particularly when
outcomes change dynamically (Baker and Mizumori, 2017;
Flanigan et al., 2017; Lecca et al., 2020). The majority of previous
work has demonstrated that manipulation of the LHb results in
disrupted behavior when outcomes are changed dynamically but
not when task outcomes remain stable (Stopper and Floresco,
2014; Baker and Mizumori, 2017). For example, in an operant
chamber version of delay or probability discounting, rather than
rats altering behavior-based changes in probability for a high
reward or a delay to high reward, LHb inactivation resulted
in chance performance (Stopper and Floresco, 2014). However,
when the discrimination between the high and low reward was
tested without changing contingencies, the same rats performed
similarly to controls.

The present study sought to examine whether the LHb is
involved in a trial by trial consideration of a willingness to exert
effort, or more generally, in the ability to discriminate rewards
specifically when contingencies change in an unpredictable
manner. To test this, we used a unique behavioral paradigm
that requires rats to climb a physical barrier in order to receive
a large reinforcement or to opt for a smaller reward without
the need to climb a barrier. Importantly, the location of the
high reward, high effort arm remains constant throughout the
task. This allowed us to examine the willingness to exert effort
straightforwardly in an ethologically relevant manner. If the
habenula is required to integrate a willingness to expend effort to
obtain a high reward on a trial-by-trial basis, we should observe
changes in behavior when the LHb is inactivated. Alternatively,
if the habenula is only required to recognize an alteration in
contingencies, then no changes in behavior should be observed.
Either result would serve to clarify the larger role the LHb plays
in behavioral selection under conditions of physical effort and
reinforcement more generally.

MATERIALS AND METHODS

Animals
The rats acquired for this study were 12 female and 12
male Sprague Dawley rats from Envigo Labs. All experimental
protocols were approved by the Institutional Animal Care and

Use Committee at Seattle Pacific University (protocol # 201819-
05-R). After a minimum of five days from entry into the lab, rats
were handled daily and food-restricted to approximately 85% of
their free-feeding weight. Once rats’ weights were stabilized, they
began discrimination training on a plexiglass maze.

Apparatus and Training
The maze consisted of four arms 5.5 cm in width, 60 cm in
length and with walls 15 cm high. The arms were arranged in a
plus shape with blocks preventing access to a given arm resulting
in a T-shaped maze (Figure 1). Initially, all arms of the maze
were baited with 1 sucrose pellet (45 mg pellet, Bio Serve F0042),
and rats were placed in a random arm and allowed to explore
until consuming all pellets. Once the rats explored and consumed
the pellets at least seven times in less than 15 min for two
consecutive days, they were advanced to discrimination training.
In the discrimination training, the rats were initially trained to
discriminate between two choice arms (designated N and S)
containing either 1 or 2 sucrose pellets. The location of the high
reward was counterbalanced between rats. The remaining arms
(E and W) were used as start arms and were pseudo-randomly
alternated on each trial with the other blocked off with a plexiglass
barrier. Rats were trained daily on 30 trials in this stage until they
chose the high reward on at least 80% of trials for two consecutive
days. Toward the end of the first week, the rats learned the initial
task, reaching two consecutive days with 80% or greater high
reward choices. The rats would then progress to the next stage
wherein a 15 cm ramp was placed in the arm containing the high
reward. The same acquisition criterion was used in this and all
following stages as the rat progressed through a further 20 cm and
a final 30 cm barrier. The rats had to reach the criteria of >80%
for all barriers to be ready for surgery (Figure 1A).

Surgery
Following completion of training on the 30cm ramp, rats were
returned to free feed and then given surgery to place a bilateral
cannula in the LHb to inactivate it during subsequent tests
using the GABAa agonist muscimol (Sigma). Briefly, rats were
placed in an induction chamber and anesthetized with vaporized
isoflurane (5%) prior to surgery. Rats were then placed in a
stereotaxic apparatus and maintained on isoflurane with a nose
cone (1–3%). Once the skull was exposed, four partial pilot holes
were drilled and screws were inserted into each. These acted
as anchors to keep the headcap and cannula firmly in place.
Two holes were drilled bilaterally and the guide cannula was
inserted (A–P: -3.5, M–L:± 0.9, and D–V: 4.35 mm) dorsal to the
LHb. Dental acrylic was used to secure the guide cannula to the
anchor screws, completing the headcap. Analgesic (Meloxicam)
was administered subcutaneously prior to rats waking up and
24 h after surgery.

Testing and Inactivation Procedure
Once recovered from surgery, subjects went through a short
re-acquisition phase where they again had to demonstrate
a preference of >80% for the high reward with the 30cm
ramp in place (one day). Once completed, rats were moved
to the treatment phase of the experiment. Treatments were
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FIGURE 1 | Behavioral protocol. (A) Each animal went through four stages of acquisition, progressing to the next ramp height (0 cm, 15 cm, 20 cm, 30 cm) after
making ≥80% high reward (HR) choices. The animals’ starting arm varied pseudorandomly. (B) Each animal was required to pass a short re-acquisition phase
post-surgery, but before experimental trials. Again they were required to make ≥80% HR choices. The experimental phase consisted of two parts. Each animal did
two control sessions (A1, A2) and two inactivation sessions (B1, B2). Then, the ramp was removed and the animals did two more sessions, one inactivation and one
saline (A, B).

administered in ABBA order. A was an injection of vehicle
(saline) and B was the GABAa receptor agonist muscimol (50 ng
per side). Infusions were administered 5 min prior to a test
session. A total volume of 0.25 uL was injected at a rate of
0.15 uL/min with a microinfusion pump (74,900 Series Cole
Palmer) loaded with two identical 10-uL syringes. The infusion
traveled through polyethylene tubing to a 32-gauge injection
cannula which extended 1 mm below the guide cannula. The
cannula was left in place for an additional minute to allow
for full diffusion, after which the cannula was removed. Seven
minutes later the subject completed a full session of 30 trials
with the 30 cm ramp. Rats were run each day through the
sequence until completed. Directly after the ABBA sequence, a
second inactivation trial and a second saline trial were conducted
with the ramp completely removed. This was done in order to
confirm that any observed alteration in high reward preference
was due to the presence of the ramp and not due to an inability
to discriminate between the reward contingencies. The time to
complete each session (session duration) was recorded as an
indirect measure of gross motor function.

Histology
Post-experiment, rats were euthanized by carbon dioxide-
induced hypoxia. Following respiratory cessation, rats were

perfused first with a 0.9% saline solution and then with
a 4% formaldehyde solution. Brains were removed, sliced
with a cryostat into 40um sections, and mounted on slides.
Slices were stained with cresyl violet (Sigma-Aldrich) in order
to visually confirm cannula placement. Any rats that did
not have bilaterally accurate placements of internal cannula
tips within the borders of the habenula were not included
in the analysis.

Analysis
Statistical analysis was conducted using JASP v 0.14.1 (JASP
Team, 2020). Data visualizations were crafted in R v 4.0.2,
in R-studio v 1.3.1073, using packages ggplot2 v 3.3.2, and
readxl v 1.3.1. (Wickham, 2016; R Core Team, 2017; Wickham
et al., 2019). Figures were arranged using Microsoft PowerPoint
for Mac v 16.43.

A mixed model, two-way, repeated measures ANOVA was
conducted to compare high-reward data across order, treatment
and sex. A post hoc Student’s t-test was used to compare high-
reward in combined drug and saline groups. A single sample
Student’s t-test was used to specifically compare the muscimol,
with ramp treatment to a chance outcome (50% high reward).
High-reward data in the no ramp condition was compared
across muscimol and saline treatments using Student’s t-test.
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Session duration in the no ramp condition was compared
between treatments using Wilcoxen’s signed-rank test. Session
duration was similarly compared using a mixed model, two-way,
repeated measures ANOVA.

RESULTS

Acquisition
A summary of the initial training performance as the rats
progressed through the stages is shown in Figure 2A. Two
animals were excluded from the study due to failing to meet
the acquisition criterion. After surgery, the acquisition of the
30 cm ramp was repeated as a reorientation, before the treatment
sessions (Figure 1B).

Testing
Results of the histological examination indicated there were a
total of 12 rats with accurate cannula placements (6 male and 6
female) to be included in the analysis (Figure 2B). Because both
male and female rats were tested in an ABBA order, a mixed
model, two-way, repeated measures ANOVA test of differences
was conducted, with treatment and order as repeated measures
factors and sex as a between-subjects factor. There were no effects
of trial order [F(1, 10) = 0.016, p = 0.902]. Muscimol inactivation
of the LHb significantly decreased choice for the high reward
in comparison to saline treatment [F(1, 10) = 11.602, p < 0.01]
(Figure 3A). Due to the significant result in the ANOVA, a
post hoc t-test, comparing combined drug and saline replicates
was performed using the Bonferroni correction [t(11) = −3.280,
p < 0.01, d = -0.947] confirming that muscimol treatment
significantly reduced high reward, high arm preference. The
proportion of high-reward responses did not differ between sex
when considering treatment condition, F(1, 10) = 2.841, p = 0.123
(Figures 4A,B). No interaction effects were observed for order,
treatment or sex.

One possibility was that the reduction in choices for the high
reward was due to an impaired ability to discriminate reward
conditions generally. To control for this possibility, a single
sample t-test was used to test whether rats differed from chance
(µo = 0.5) in their high-reward choices. Results revealed that
high-reward choices did not differ significantly from chance
with the muscimol treatment [t(11) = 0.624, p = 0.545]. High-
reward choices did significantly deviate from chance, however,
(µo = 0.5) in the saline condition [t(11) = 14.327, p < 0.01,
d = 11.783]. As a follow-up, rats were also tested on the following
days without the ramp present to determine whether preferences
for the high-reward were altered in the absence of effort as
a factor. Student’s t-test found no difference in proportion
high-reward choice between inactivation and control treatments
when no ramp was present in the high-reward arm [t(11) =
−0.063, p = 0.951], indicating that reward discrimination ability
remained intact despite the muscimol manipulation (Figure 3B).
Wilcoxen’s signed-rank test found no difference in session
duration between inactivation and control treatments when no
ramp was present in the high reward arm (W = 29.000, p = 0.456).

To further examine whether LHb inactivation altered other
aspects of rats’ performance, especially gross motor function, the

time taken to complete sessions (session duration) was examined.
A mixed model, two-way, repeated measures ANOVA was used
with treatment and order as repeated measures factors, and sex as
a between-subjects factor. No difference in session duration was
observed in regards to order [F(1, 10) = 4.435, p = 0.061]. No
difference in session duration was observed between inactivation
and control treatments [F(1, 10) = 0.029, p = 0.869] (Figure 3C).
There was also no difference in time to session completion
observed between sexes, F(1, 10) = 0.003, p = 0.958 (Figure 4C).
No interaction effects with time to complete a session were
observed for order, treatment, or sex.

DISCUSSION

The present study sought to determine whether the LHb is
important when animals are required to consider physical
effort as a factor in obtaining a higher value reward in an
ethologically relevant maze based task. Inactivation of the LHb
led to an overall reduction in preference for the high effort,
high reward arm. These findings suggest that when animals
are faced with an effort-based decision, the LHb is required
for optimizing rewards. This was further evidenced as there
was no difference between treatments when the ramp was
removed, demonstrating that the rats had not forgotten which
arm contained the high reward, despite reducing preference
to chance levels when the ramp was present. Instead, these
results demonstrate a decreased willingness to exert the effort
required to obtain the reward even when reward conditions
are held constant. Additional analyses revealed there were
no differences between the time taken to complete a given
session regardless of treatment, indicating that the deficit was
likely not due to any motor impairments. In addition, there
were no differences in choice preference or magnitude of
decrease in high reward choices when accounting for sex as a
biological variable.

The use of the maze based effort task reveals an important
contribution of the LHb to common behavioral conditions
associated with psychiatric conditions. Fatigue, increased
perception of effort, and apathy are important behavioral
hallmarks in several disorders (Sharpe and Wilks, 2002; Cléry-
Melin et al., 2011; Konstantakopoulos et al., 2011). These same
disorders also result in alterations of both structure and function
of the LHb (Lecca et al., 2014; Schafer et al., 2018; Germann
et al., 2020). The present results suggest that novel treatments
including deep brain stimulation may lead to a specific alleviation
of effort related behavioral symptoms in addition to other noted
behavioral aspects of habenular function.

Prior electrophysiological and calcium imaging experiments
reveal that the LHb plays an integrative role in the incorporation
of context that influences decision-making. For example, the
same LHb neurons can encode both action-locking and escape
behavior in response to a looming stimulus in mice (Lecca
et al., 2020). These signals are likely related to the velocity
correlated neurons that have previously been observed while
rats demonstrate motivated reward searching (Sharp et al.,
2006; Baker et al., 2015). In zebrafish, brain-wide calcium
imaging has also revealed that stress recruits neural ensemble

Frontiers in Behavioral Neuroscience | www.frontiersin.org 4 August 2021 | Volume 15 | Article 65279323

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-15-652793 August 4, 2021 Time: 13:46 # 5

Sevigny et al. Lateral Habenula Inactivation Alters Effort

FIGURE 2 | The number of days required to reach criteria (high reward choices ≥80) at each training stage is indicated in (A). (B) Summary of correct cannula
placements in the LHb with an inset example of a successful placement of cannula aimed at the LHb. Borders of LHb added and (*)’s indicate internal cannula
location.

activity to drive a transition from active to passive coping
(Andalman et al., 2019). This is similar to the observation that
increased activity in ventral tegmental area projecting LHb
neurons was associated with increased passive coping in response
to chronic mild stress (Cerniauskas et al., 2019). Together,
these results support the integrative function of the LHb
when deciding how to act in response to many contexts
including physical effort in the present study. Likely, changes in
habenular activity in freely moving animals facilitate changes in
choice behavior.

In contrast to many prior studies of behavioral
flexibility involving the LHb (Stopper and Floresco, 2014;
Baker and Mizumori, 2017), the present study sought to
specifically hold task contingencies constant in the task
isolating the effort aspect of the task from any need to
recognize changes in behavioral requirements. Stopper
and Floresco (2014) found that when the requirements
of probability or delay were held constant, no changes
in behavior related to LHb manipulation were observed.
This contrasts with the findings of the present study
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FIGURE 3 | Inactivation of the LHb decreased preference for the high effort, high reward arm. (A) High reward choice comparison between inactivation (Muscimol)
and control (Saline) sessions with the high 30 cm ramp in place. (B) High reward choice comparison between inactivation and control sessions with no ramp in
place. (C) Session duration compared between inactivation and control sessions. * = p < 0.01.

FIGURE 4 | No difference in behavior was observed in reward preferences when considering sex as a biological variable. (A) Preference for high reward compared
during inactivation (Muscimol) sessions compared by sex. (B) Preference for high reward compared for sex during control (Saline) sessions. (C) Session duration in
seconds for all sessions compared between sex.

suggesting that physical effort is specifically considered
on a trial-by-trial basis in the LHb as rats perform
ethologically relevant tasks such as reward-seeking in a
maze based environment.

Decreases in a willingness to exert effort in the maze
based effort task are associated with both dopaminergic and
adrenergic systems (Bardgett et al., 2009; Mott et al., 2009).
Prior work has shown that the LHb has a prominent influence
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on dopaminergic neural function (Ji and Shepard, 2007). For
example, during aversive experiences excitatory drive in the
habenula influences the rostromedial tegmental area, which in
turn inhibits dopamine neurons. Driving these neurons using
optogenetics leads to avoidance behaviors seemingly simulating
the aversive experiences (Stamatakis and Stuber, 2012). In
addition, norepinephrine modulation in the LHb alters both
motor and arousal associated behaviors (Purvis et al., 2018).
Considering norepinephrine modulation alters willingness to
exert physical effort to obtain reward (Mott et al., 2009), it
suggests effort related changes in the LHb could be associated
with signaling from norepinephrine.

The present findings suggest a possible common component,
namely the LHb, across a wide variety of brain areas important
for integrating effort into optimal decision-making. Further, the
use of the maze based effort task also clarified that even when
task aspects such as level of effort or reward location are held
constant, the LHb still contributes to choices on a trial-by-
trial basis. In the future it would be interesting to evaluate
at what height, beyond the 30cm’s in this study, rats refuse
to climb given our high/low reward ratio of 2:1. Inactivation
could also be done at different heights to test if size of effect
changes. Regardless, present results indicate that effort is indeed
an important factor that is integrated with decision-making
processes within the LHb. Presently, rats did not adopt a constant

strategy of one or the other arm but rather decreased the
frequency of choosing the high effort, high reward arm. This is
important for comprehending the LHb’s role in using brain states
and contextual factors to dynamically make decisions in both
health and psychiatric conditions.
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The habenula is a small bilateral epithalamic structure that plays a key role in the regulation

of the main monoaminergic systems. It is implicated in many aspects of behavior

such as reward processing, motivational behavior, behavioral adaptation, and sensory

integration. A role of the habenula has been indicated in the pathophysiology of a number

of neuropsychiatric disorders such as depression, addiction, obsessive-compulsive

disorder, and bipolar disorder. Neuromodulation of the habenula using deep brain

stimulation (DBS) as potential treatment has been proposed and a first successful case

of habenula DBS was reported a decade ago. To provide an overview of the current

state of habenula DBS in human subjects for the treatment of neuropsychiatric disorders

we conducted a systematic review of both the published literature using PUBMED and

current and past registered clinical trials using ClinicalTrials.gov as well as the International

Clinical Trials Registry Platform. Using PRISMA guidelines five articles and five registered

clinical trials were identified. The published articles detailed the results of habenula

DBS for the treatment of schizophrenia, depression, obsessive-compulsive disorder, and

bipolar disorder. Four are single case studies; one reports findings in two patients and

positive clinical outcome is described in five of the six patients. Of the five registered

clinical trials identified, four investigate habenula DBS for the treatment of depression and

one for obsessive-compulsive disorder. One trial is listed as terminated, one is recruiting,

two are not yet recruiting and the status of the fifth is unknown. The planned enrollment

varies between 2 to 13 subjects and four of the five are open label trials. While the

published studies suggest a potential role of habenula DBS for a number of indications,

future trials and studies are necessary. The outcomes of the ongoing clinical trials will

provide further valuable insights. Establishing habenula DBS, however, will depend on

successful randomized clinical trials to confirm application and clinical benefit of this

promising intervention.

Keywords: habenula, deep brain stimulation, clinical trial, depression, obsessive-compulsive disorder,

schizophrenia, bipolar disorder
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INTRODUCTION

Neurological and psychiatric brain disorders emerge from the

aberrant activity in brain circuits (1–4). Deep Brain Stimulation

(DBS) employs precisely placed electrodes to deliver current to

specific brain structures in order to modulate these dysfunctional

circuits (1, 5). To date, well over 200,000 patients world-
wide have been treated with DBS, most commonly for the
management of movement disorders, such as Parkinson’s disease
(PD) (1). DBS offers advantages over other neuromodulatory
treatments as it is non-lesional, reversible, and stimulation
parameters can be adjusted as needed. The effectiveness of
DBS depends upon appropriately and selectively stimulating and
modulating the intended brain circuit(s) and is contingent on
the selection of the optimal anatomical target and fine tuning
the stimulation. For each DBS patient, stimulation parameters
have to be individually optimized to maximize clinical benefits
and minimize side-effects. This parameter optimization–or
“programming”–, however, remains an empirical trial-and-error
process that necessitates repeated clinic visits and is thus time-
and resource-intensive (6) for both the patients and healthcare
systems. A number of brain structures have been proposed as
targets for DBS with multiple potential targets identified for most
conditions (3, 7–12).

The habenula (Hb) is a relatively new DBS target that has
been proposed to treat various psychiatric disorders, including
depression (7, 13). It is a small bilateral epithalamic structure
located adjacent to the posterior commissure in humans (14,
15) (Figure 1A). Invasive studies using animal models have
shown that the Hb has extensive direct connections with

FIGURE 1 | Habenula anatomy and connections. (A) The human habenula illustrated in orthogonal slices using the MNI template brain (MNI152b) (16). (B)

Highlighting regions connected with the habenula (17–20) illustrated using a medial view of a high-resolution, high contrast template (21). The habenula is highlighted

in purple. Areas with direct connections to the habenula are highlighted in blue; areas that are functionally associated with the habenula are highlighted in green. a,

areas; Amy, amygdala; BFB, basal forebrain; BG, basal ganglia; Hc, hippocampus; Hypo, hypothalamus; IPN, interpeduncular nucleus; mPFC, medial prefrontal

cortex; NBM, nucleus basalis of Meynert; PAG, periaqueductal gray; PFC, prefrontal cortex; RMT, rostromedial tegmental nucleus; RN, raphe nuclei; SN, substantia

nigra; Th, thalamus; VTA, ventral tegmental area; *approximate/example position of the region.

the hypothalamus, brainstem nuclei, basal ganglia and limbic
areas–the stria medullaris being the main afferent and the
fasciculus retroflexus the main efferent fiber bundle (Figure 1B;
Table 1) (17–19, 25–28). Studies in humans using imaging and
electrophysiological techniques have shown multiple additional
cortical and cerebellar regions to be functionally connected to the
habenula (Figure 1B; Table 1) (20, 22–24, 28). It plays a key role
in controlling the dopaminergic, serotonergic and noradrenergic
systems (25, 27, 29–32). The Hb thus has a unique position
regulating the three main monoaminergic systems.

Evolutionarily preserved across vertebrae, the Hb can be
divided into a medial and a lateral Hb. The medial Hb is
composed mainly of glutamate producing neurons that exert
influence over the serotonergic system and are involved in
emotional response selection (28, 33–35). The lateral Hb (LHb)
is composed mainly of glutamate producing neurons that control
midbrain dopaminergic neurons and is involved in reward
related behavior (17, 31). Pioneering research analyzing the role
of the Hb in processing reward related information by Hikosaka
and others demonstrated that the LHb plays a key role in
controlling adaptive behaviors (17). Neuronal activity in the LHb
diminishes upon presentation of rewards, while activity increases
after the presentation of aversive stimuli or cues predicting them
(36–39). A series of studies indicate that maladaptations within
the LHb underlie behavioral symptoms of major depression.
Indeed, several cellular, and synaptic adaptations are causally
linked to LHb hyperactivity, which consequently drives the
expression of anhedonia and behavioral despair, which are
typical aspects of mood disorders (40–42). Playing a key role
in the control of all three major monoaminergic transmitter
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TABLE 1 | Connectivity of the habenula.

Structure Type of

connectivity

Model Technique

Amygdala Functionally

connected

Clinical Functional MRI &

electrophysiology

(20, 22–24)

Basal forebrain Direct afferent Pre-clinical Tracer (25)

Basal ganglia Direct afferent Pre-clinical Tracer (25)

Cerebellum Functionally

connected

Clinical Functional MRI

(20, 22)

Cingulate cortex Direct efferent Pre-clinical Tracer (26)

Hippocampus Functionally

connected

Clinical Functional MRI &

electrophysiology

(20, 22, 23)

Hypothalamus Direct afferent

+ efferent

Pre-clinical Tracer (25, 27)

Insula Direct efferent Pre-clinical Tracer (26)

Intrapeduncular

nucleus

Direct efferent Pre-clinical Tracer (27)

Lateral

parieto-temporal areas

Functionally

connected

Clinical Functional MRI

(20, 22)

Lateral prefrontal

cortex

Functionally

connected

Clinical Functional MRI

(20, 22)

Medial prefrontal

cortex

Direct efferent Pre-clinical Tracer (26)

Nucleus basalis of

Meynert

Direct afferent Pre-clinical Tracer (25)

Operculum Functionally

connected

Clinical Functional MRI

(20, 22)

Periaqueductal gray Direct afferent

+ efferent

Pre-clinical Tracer (25, 27)

Precuneus Functionally

connected

Clinical Functional MRI

(20, 22)

Raphe nuclei Direct afferent

+ efferent

Pre-clinical Tracer (25, 27)

Rostromedial

tegmental nucleus

Direct efferent Pre-clinical Tracer (27)

Somato-motor areas Functionally

connected

Clinical Functional MRI

(20, 22)

Substantia nigra Direct efferent Pre-clinical Tracer (27)

Thalamus Direct afferent Pre-clinical Tracer (25)

Ventral tegmental area Direct afferent

+ efferent

Pre-clinical Tracer (25, 27)

MRI, magnetic resonance imaging.

systems, the Hb controls a wide range of behavior beyond reward
processing and depressive symptoms. The habenula has been
connected to social interaction, motivational behavior, behavioral
adaptation, pain processing and sensory integration, motor
activity, memory, sleep, and circadian rhythm (17–19, 22, 43–46).

In a first seminal study, DBS within the Hb successfully
ameliorated depressive symptoms in a patient where classic
pharmacological treatment had failed (47). The components of
an implanted DBS system and an example electrode targeting
the Hb are illustrated in Figures 2A,B. These findings prompted
a series of studies to assess whether DBS was similarly effective
in animal models and to evaluate the underlying therapeutic

mechanisms. Using a rodent model of depression named learned
helplessness, an initial study reported an increased synaptic
excitation onto LHb neurons concomitantly with increased
neuronal activity of LHb cells with respect to control rats
(41, 42). Adapted DBS-like electrodes were then inserted in
the LHb, and high frequency stimulation, similar to that
employed in humans, normalized the depressive-like state
typical in learned helplessness rats (41). Importantly, DBS
potently produced a time-locked collapse of glutamatergic
transmission onto LHb neurons (41). This initial finding
represented an initial indication that changes in cellular function
in the LHb causally linked to depressive states, and that
LHb-targeted DBS could represent a therapeutically-relevant
strategy. In support of this, a different study employed early
life stress to drive the emergence of depressive-like symptoms
in adulthood that included defects in coping strategies and
anhedonia (50). Mechanistically, the behavioral changes were
associated with a reduction in the postsynaptic function of the
metabotropic GABAb receptors (Figure 2C). The metabotropic
GABAb receptor is a key cellular module for the maintenance
of neuronal activity within the LHb (40). The reduction in
GABAb function led to higher neuronal firing activity in LHb
neurons (40, 50).

The authors used DBS-like electrodes in acute slices to show
that this also causes a presynaptic reduction in glutamate release,
as well as efficient reduction in neuronal firing rate assessed using
in vivo recordings (50). Further, the use of DBS in behaving
animals submitted to early life stress produced a normalization
of the depressive-like state compared to non-stimulated animals
(50). These studies not only unravel mechanisms of action
of DBS in the LHb but support its use for therapeutically
relevant interventions.

The potential of the Hb as a target for DBS goes beyond the
context of depression. For example, DBS of LHb in rats reduced
sucrose seeking and cocaine seeking behavior (51, 52) consistent
with the putative role of Hb in addiction (17, 34, 53, 54).
Furthermore, studies have demonstrated that the Hb plays a role
in the pathophysiology of a number of neuropsychiatric disorders
beyond depression and addiction such as schizophrenia (15, 55,
56), bipolar disorder (BD) (15, 33, 57–59), obsessive-compulsive
disorder (OCD) (60, 61) and autism (62).

Given the multitude of potential therapeutic applications of
Hb DBS, we conducted a systematic review of both the published
human literature and the registered clinical trials to provide an
overview of the current status of Hb DBS.

METHODS

This systematic review was performed according to PRISMA
guidelines (Figure 3). In March 2021, a literature search was
conducted for original articles using PubMed/MEDLINE with
the following search term: “habenula” AND (“DBS” OR “deep
brain stimulation” OR “neuromodulation” OR “stimulation” OR
“electrical stimulation”). No restrictions were placed on the
publication date. No duplicates were found. Articles written in
languages other than English, protocols, reviews, and opinion
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FIGURE 2 | Habenular DBS and its mechanisms of action. (A) Schematic illustrating the components of a DBS system. (B) 3-D example image of a DBS electrode

targeting the left Hb (red) illustrated in MNI152 space (16) using slices from a 100 micron resolution, FLASH 7 Tesla brain (48) electrode placement performed using

Lead-DBS (49). (C) Mechanisms of action of DBS in LHb. A schematic of excitatory synapse is presented. Human-inspired DBS protocols in rodents lead to a

reduction in glutamate release, which subsequently reduces the neuronal activity of LHb neurons (41, 50). DBS, deep brain stimulation; Hb, habenula; LHb, lateral

habenula; MNI, Montreal Neurological Institute.

FIGURE 3 | Systematic review PRISMA figures. (A): Article search (B): Clinical trial database search. DBS, deep brain stimulation; ICTRP, international clinical trials

registry platform; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
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TABLE 2 | Articles selected.

References Wang et al. (63) Sartorius et al. (47) Zhang et al. (64) Zhang et al. (65) Wang et al. (66)

Study type Case series Case study Case study Case study Case study

N (m/f) 2 (2/0) 1(0/1) 1(1/0) 1(1/0) 1(1/0)

Age (avg, range) 23.5 (21–26) 64 30 41 34

Disorder Schizophrenia TRD OCD BD TRD

Disease

Duration

(avg/range)

6.5y (4–9) 46y 15y 21y 21y

Medication Patient 1: olanzapine 15 mg/day

from month 7 onwards (previous

dose unknown); patient 2:

que-tiapine 0.4 g/dayfrom month

4 onwards (previous dose

unknown)

N/D Fluvoxamine (100

mg/d); PRE-DBS:

Benzhexol (2

mg/d);Olanzapine (7.5

mg/d)Magnesium

Valproate (0.25 g/d)

N/D N/D

DBS procedure Bilateral Bilateral Bilateral Bilateral Bilateral

DBS target Habenula Lateral habenula Habenula Habenula Lateral habenula

Follow-up 10 to 12 months 57 weeks 12 months 12 months 12 weeks

% improvement

(avg/range)

11.1%(−9.5–31.7%) 100.00% 35.50% 100.00% 56.50%

Positive clinical

outcome ratio

1/2 1/1 1/1 1/1 1/1

Assessment tool PANSS HAMD21 Y-BOCS HAMD17 HAMD21

Secondary

outcome%

improvement

(avg/range)

PANSS pos

scale:-7.7%(-69.2–53.8%);

PANSS neg scale:

13.7%(-4.3–31.7%); PANSS Gen

Psychopathology: 14.35%

(7.9–20.8%)

N/D HAMD17: 36%; HARS:

31%; PSQI: −20%;

EQ-5D-5L: 33%

MADRS: 100%; HARS:

87%; PSQI: 44%

Plus COGSTATE,

SF-36 and SDS with

multiple sub-scales

MADRS: 66%;

QIDS-SR: 63%; HARS:

65%; PSQI: 93%;

HCL-32: 86%

Side effects Acute: numbness, change of

heart rate, pain, dizziness, eye

closing, discomfort, feeling of

heaviness, feeling of relaxation.

N/D Acute: dizziness,

numbness, nausea,

flusteredness

Blurred vision

temporary (high

frequency stimulation)

Acute: dizziness,

numbness, nausea,

flusteredness

Stimulation

settings

Patient 1: L (2.0 V, 60 us, 60Hz);

R (2.5 V, 60 µs, 60Hz); patient 2:

L (3.15 V, 80 us, 135Hz); R

(3.2 V, 60 µs, 135Hz)

10.5V L (1.6 V, 60 µs, 60Hz);

R (1.35V, 60 µs, 60Hz)

L+R (2.0 V, 60 µs,

60Hz)

L (4.5 V, 90 µs, 160Hz);

R (2.5 V, 90 µs, 160Hz)

Observations At 6 months both patients

showed positive treatment

response, only 1 patient retained

positive treatment response at

12 months

No acute

antidepressant

effect; interval to

remission 4

months after

switching to high

frequency

stimulation;

stimulation

location confirmed

using FDG-PET;

symptoms return

when treatment

accidentally

discontinued

N/D High frequency

stimulation provided

46% improvement;

low-frequency

stimulation initiated in

the fourth quarter with

100% improvement;

functional connectivity

compared to healthy

controls at various time

points

LFP results indicate

decreased habenula

activity with stimulation

ON; magnitude of

suppression associated

with clinical

improvements; power

spectrum density

decreases over time

with treatment

(acquired with

stimulation OFF)

BD, bipolar disorder; COGSTATE, computerized cognitive assessment tool; DBS, deep brain stimulation; EQ-5D-5L, 5-level EuroQol-5D; FDG-PET, fluorodeoxyglucose positron emission

tomography; HAMD, Hamilton Depression Scale; HARS, Hamilton anxiety rating Scale; HCL-32, hypomania checklist; L, left; LFP, local field potentials; MADRS, Montgomery-Asberg

Depression Rating Scale; N/D, not described; OCD, obsessive-compulsive disorder; PANSS, positive and negative symptom scale; PSQI, Pittsburgh sleep quality index; QIDS-SR,

Quick Inventory of Depressive Symptomatology; R, right; SDS, Sheehan disability scale; SF-36, 36-item short survey; TRD, treatment resistant major depressive disorder; Y-BOCS,

yale-brown obsessive compulsive scale.

pieces as well as articles describing techniques other than DBS
were excluded. All relevant articles were selected for full-text
review and had to meet the following inclusion and exclusion

criteria: (I) inclusion (articles reporting on the clinical outcome of
Hb deep brain stimulation in humans) and (II) exclusion (studies
reporting preclinical data; deep brain stimulation targeting a
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TABLE 3 | Rationale for Habenula involvement in psychiatric disorders.

Depression Bipolar disorder Schizophrenia Obsessive-compulsive

disorder

Evidence for

involvement of

habenula

Animal studies implicate the

habenula in depressive-like

behavior (45, 67). The LHB is

found to be hyperactive and

ablation of the habenula in

animals alleviates depressive-like

symptoms (33, 67) (proulx;

Fakhoury). Altered habenula

volume and function has been

reported in human subjects

(58, 68).

Altered habenula

volume and function

has been reported in

human subjects

(15, 58, 69). Animal

models show

involvement of LHB in

mood disorders [see

Depression].

Altered habenula volume and function

has been reported in human subjects

(15, 70, 71). Rodent models show

LHB function important for guided

decision making, and LHB

hypoactivity associated with

schizophrenia-like symptoms (45, 72).

Antipsychotic drugs increase LHB

activity in animal model (33)

Encoding and processing of

aversive stimuli–processes

dependent on the LHB–are

impaired in OCD

(36, 73, 74). Depressive

symptoms are often present

in OCD (75). Hb-DBS has

previously been used to

successfully treat

depression (47)

Proposed habenula

contribution to the

psychiatric disorder

and/or symptoms

LHB encodes negative

motivational values and aversive

outcomes associated with cues

(37). Continuously hyperactive

LHB causes depressive state

(13, 47).

Hyperactive LHB

causes depressive

state (13, 47) [see

Depression].

The habenula plays a key role in

controlling the monoaminergic

systems and these systems are

disturbed in SZ (17, 76). Hypoactive

LHB interferes with appropriate

guidance of behavior and decision

making (45).

Monoaminergic systems are

disturbed in OCD and the

habenula plays a key role in

their control (17, 77).

Proposed

mechanism of the

beneficial effect of

habenula DBS

DBS reduced LHB neuronal

activity via GABAb receptors

(40, 50).

DBS corrects habenula

dysfunction (65) [see

Depression].

DBS corrects habenula hypoactivity

(63).

DBS corrects habenula

dysfunction (64).

DBS, Deep brain stimulation; LHB, Lateral Habenula; OCD, Obsessive-Compulsive Disorder; SZ, Schizophrenia.

different brain region; articles reporting a patient population
described previously).

Also in March 2021 two publicly available clinical trial
databases were queried for past and ongoing clinical trials
using “habenula” as search term: ClinicalTrials.gov (https://
clinicaltrials.gov/) provided by the US National Library of
Medicine, and the International Clinical Trials Registry Platform
(ICTRP; https://www.who.int/ictrp/en/; https://apps.who.int/
trialsearch/) of the World Health Organization (WHO). All
entries since inception of the databases were queried. Duplicates
were excluded. All relevant trials were selected for review and had
to meet the inclusion and exclusion criteria: (I) inclusion (deep
brain stimulation targeting the Hb as primary intervention) and
(II) exclusion (intervention other than DBS).

Studies and trials were separately screened (JG and AT) and
disagreement was resolved by consensus.

RESULTS

Of the 336 items identified in the search, 36 were reviews,
technical protocols or opinion pieces, 15 were not written in
English, and 210 described an intervention other than DBS (e.g.,
optogenetic stimulation, neurochemical stimulation). The full
text search of the remaining 75 studies 25 did not target the Hb,
44 described preclinical experiments and one study described
data reported in an earlier manuscript. After screening, this
systematic review identified five articles (Table 2) (47, 63–66)
that satisfied the inclusion criteria. These articles reported the
results of DBS targeting the Hb for four different indications:

schizophrenia (63), treatment resistant major depressive disorder
(TRD) (47, 65, 66), OCD (45) and BD (46).

Table 3 outlines the evidence and rationale the studies
provide for using Hb DBS as treatment in each of the various
psychiatric conditions.

Four of the five were single case studies (47, 64–66), one was
a small case series of two patients (63). Clinical changes ranged
from −9.5 to 100% symptom improvement in the overall six
patients treated, with positive clinical outcome (improvement
≧31.7%) reported in 5 patients. The patients ranged in age from
21 to 64 years, disease duration at time of surgery varied from 4 to
46 years, and five of the six were male. One patient dropped out
after 18 weeks for non-medical reasons (47) and all other patients
were observed for at least >10 months. In all cases reported, Hb
DBS stimulation was delivered via bilateral electrodes using a
monopolar configuration and a pulse-width of 60 µs. Frequency
of stimulation spanned from 60 to 160Hz and voltage ranged
from 1.35 to 10.5V. Studies describe numerous side effects of
acute stimulation, all of which were subsequently controlled by
altering the stimulation parameters (e.g., lower voltage, change
contact, change frequency).

In addition to published articles, the search found 10
trial entries in the two clinical trial databases. The search
results of these clinical trial databases provide insight into
the current research investigating the habenula as a DBS
target. Four duplicates were excluded and the records revealed
that one trial did not use Hb DBS. Therefore, five clinical
trials (Table 4) (NCT03463590, NCT03347487, NCT03254017,
NCT01798407, NCT03667872) were identified using Hb DBS for
two different indications: TRD (NCT03347487, NCT03254017,
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TABLE 4 | Registered clinical trials of habenula DBS.

NCT number NCT03463590 NCT03347487 NCT03254017 NCT01798407 NCT03667872

Link https://ClinicalTrials.gov/

show/NCT03463590

https://ClinicalTrials.gov/

show/NCT03347487

https://ClinicalTrials.gov/

show/NCT03254017

https://ClinicalTrials.gov/

show/NCT01798407

https://ClinicalTrials.

gov/show/

NCT03667872

Title Deep Brain Stimulation of

the Bilateral Habenula for

Treatment-Refractory

Obsessive-Compulsive

Disorder

DBS of the Habenula for

Treatment- Resistant

Major Depression

Remotely Programmed

Deep Brain Stimulation of

the Bilateral Habenula for

Treatment- Resistant Major

Depression: An Open Label

Pilot Trial

DBS of the Lateral Habenula

in Treatment-Resistant

Depression

Efficacy and Safety of

DBS in Patients With

Treatment-Resistant

Depression

Status Unknown status Recruiting Terminated Active, not recruiting Not yet recruiting

Condition OCD TRD TRD TRD TRD

Intervention Device: Bilateral surgical

implantation of DBS

system to habenula

Procedure: Deep brain

stimulation system

implantation

Procedure: Bilateral surgical

implantation of DBS system

to Habenula Other:

Follow-up Period

Device: Activa Tremor

Control Sys (DBS Implant)

Other: Randomized,

staggered withdrawal phase

Procedure: Bilateral

implantation of DBS

system to Habenula

Outcome

measures

Questionnaires: Y-BOCS

II; OCI-R; HAMD; HAMA;

WHO-BREF; SF-36

Neuropsychologic:

Cogstate battery Imaging:

fMRI

Questionnaires: HAMD;

MADRS; YMRS; HAMA;

GAF; C-SSRS;

WHO-BREF; SF-36; BDI;

PSQI; Q-LES-Q-SF; SDS

Neuropsychologic:

CANTAB tasks

Others:

Brain activity; Side Effects

Questionnaires: MADRS;

HAMD; HAMA; SF-36;

WHO-BREF; YMRS; PSQI

Neuropsychologic:

Cogstate battery

Questionnaires: MADRS;

CGI-S; HAMD; CGI-I;

YMRS; C-SSRS; QIDS-SR;

GAD-7; SDS; PRISE

Neuropsychological Battery

HAMA

Sponsor/

Collaborators

Ruijin Hospital Ruijin Hospital Ruijin Hospital Wayne Goodman MD

Baylor College of Medicine

Beijing Pins Medical

Co., Ltd

Gender All All All All All

Age 18 to 65 Years (Adult,

Older Adult)

18 to 65 Years (Adult,

Older Adult)

18 to 65 Years (Adult, Older

Adult)

21 to 70 Years (Adult, Older

Adult)

18 to 70 Years (Adult,

Older Adult)

Phases Not Applicable Not Applicable Not Applicable Not Applicable Not Applicable

Enrollment 6 13 2 6 6

Funded By Other Other Other Other Industry

Study type Interventional Interventional Interventional Interventional Interventional

Study designs Allocation: N/D

Intervention Model: Single

Group Assignment

Masking: None (Open

Label) Primary Purpose:

Treatment

Allocation: N/D

Intervention Model: Single

Group Assignment

Masking: None (Open

Label) Primary Purpose:

Treatment

Allocation: N/D Intervention

Model: Single Group

Assignment Masking: None

(Open Label) Primary

Purpose: Treatment

Allocation:

Non-Randomized

Intervention Model:

Sequential Assignment

Masking: Quadruple

(Participant, Care Provider,

Investigator, Outcomes

Assessor) Primary Purpose:

Treatment

Allocation: N/D

Intervention Model:

Single Group

Assignment Masking:

None (Open Label)

Primary Purpose:

Treatment

Other study ID

numbers

Habenula DBS for OCD 2018 DBS-Hb MDD Habenula DBS H40307 49593 277909

HSM#12-00467 GCO

12-1815

PINS-029

Start Date March 1, 2018 November 13, 2017 July 24, 2017 February 2013 January 15, 2019

Primary

completion date

February 28, 2020 July 30, 2020 November 30, 2018 August 2021 June 18, 2020

Completion date February 28, 2020 September 30, 2020 August 30, 2019 August 2021 June 18, 2022

First posted March 13, 2018 November 20, 2017 August 18, 2017 February 25, 2013 September 12, 2018

Results first

posted

March 29, 2018 January 10, 2020 November 29, 2019 November 12, 2020 December 27, 2018

Location Shanghai Ruijin Hospital

Functional Neurosurgery,

Shanghai, Shanghai,

China

Shanghai Ruijin Hospital

Functional Neurosurgery,

Shanghai, Shanghai,

China

Shanghai Ruijin Hospital

Functional Neurosurgery,

Shanghai, Shanghai, China

Baylor College of Medicine,

Houston, Texas,

United States

Shenzhen, Shenzhen,

China

(Continued)

Frontiers in Psychiatry | www.frontiersin.org 7 August 2021 | Volume 12 | Article 73093134

https://ClinicalTrials.gov/show/NCT03463590
https://ClinicalTrials.gov/show/NCT03463590
https://ClinicalTrials.gov/show/NCT03347487
https://ClinicalTrials.gov/show/NCT03347487
https://ClinicalTrials.gov/show/NCT03254017
https://ClinicalTrials.gov/show/NCT03254017
https://ClinicalTrials.gov/show/NCT01798407
https://ClinicalTrials.gov/show/NCT01798407
https://ClinicalTrials.gov/show/NCT03667872
https://ClinicalTrials.gov/show/NCT03667872
https://ClinicalTrials.gov/show/NCT03667872
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Germann et al. Review of DBS Targeting the Habenula

TABLE 4 | Continued

NCT number NCT03463590 NCT03347487 NCT03254017 NCT01798407 NCT03667872

Investigator N/D N/D N/D Wayne Goodman MD N/D

Responsible party Bomin Sun, MD, PhD Bomin Sun, MD, PhD Bomin Sun, MD, PhD Wayne Goodman MD Beijing Pins Medical

Co., Ltd

BDI, Beck Depression Inventory; CGI-I, Clinical Global Impression of Improvement; CGI-S, Clinical Global Impression of Severity; C-SSRS, Columbia Suicide Severity Rating Scale;

DBS, Deep Brain Stimulation; GAD-7, Generalized Anxiety Disorder 7-item Scale; GAF, Global Assessment of Functioning Scale; Hb, Habenula; HAMA, Hamilton Anxiety Scale; HAMD,

Hamilton Depression Scale; MADRS, Montgomery-Asberg Depression Rating Scale; N/D, not described; SF-36, MDD, Major Depressive Disorder; MOS item short from health survey;

OCD, Obsessive Compulsive Disorder; PRISE, Patient Rated Inventory of Side Effects; PSQI, Pittsburgh Sleep Quality Index; QIDS-SR, Quick Inventory of Depressive Symptomatology;

Q-LES-Q-SF, Quality of Life Enjoyment and Satisfaction Questionnaire-Short Form; SDS, Sheehan Disability Scale; TRD, treatment resistant major depressive disorder; WHO-BREF,

World Health Organization Quality of Life-BREF; YMRS, Young Mania Rating Scale.

NCT01798407, NCT03667872) and OCD (NCT03463590). One
trial (NCT01798407) is a non-randomized trial using quadruple
masking, the other four are open label trials. Two of the
publications identified in the literature search are associated with
two of the clinical trials found: the study of Wang and colleagues
(66) with NCT03667872 and the work of Zhang and colleagues
(65) with NCT03254017. One trial is currently recruiting, one
has been terminated, two are not yet recruiting and the status
of the last is unknown. Bilateral Hb DBS is planned in all five
trials and planned enrollment ranges from 2 to 13 patients, or
6 to 13 in the trials not terminated. China is the country of
origin of four, the United states of one trial. All trials plan to
recruit adults (from 18 or 21 years to 65 or 70 years of age) of
both sexes.

DISCUSSION

This literature review highlights the encouraging preliminary
outcomes of Hb DBS for a variety of treatment-resistant
psychiatric conditions (schizophrenia, BD, OCD, and TRD)
and tentatively suggests it could be a viable therapeutic
option for these conditions in the future. However, more
comprehensive cases series and sham-controlled clinical trials
with larger enrollment are necessary to confirm the effectiveness
of Hb DBS. The review of the clinical trial databases revealed
that there are a number of such trials currently underway.
These larger trials will allow for a better understanding of
the patient characteristics associated with greater Hb DBS
benefits. For example, the authors of the Hb DBS trial for
schizophrenia speculate that decreased symptom severity and
shorter disease duration might play a role in determining
treatment response (63). As the Hb is involved in the major
neurotransmitter systems, which are the target of the most
common pharmacotherapies used in these patient populations
(i.e., antidepressants and antipsychotics), detailed reporting of
the medication regime of patients (both before and repeatedly
during Hb DBS treatment) would provide valuable information
to elucidate the treatment mechanism of action. Different
medication regimes as well as differences in lead localization
might play a role in the great variance of DBS stimulation
parameters observed in the reported studies: stimulation voltage
between 1.35 and 10.5V and frequency between 60 and 160Hz
were reported. It remains unclear if high- or low-frequency

stimulation is most beneficial. For example, while Zhang and
colleagues (65) report a marked improvement when switching
from high- to low- frequency stimulation, Wang and colleagues
(66) report good clinical outcome over 3 months with high-
frequency stimulation.

Beyond the need for more additional clinical evidence,
there are several challenges that should be overcome if
Hb DBS is to become a useful therapeutic tool. First,
greater insight into the mechanism of action of this therapy
is required. This is especially important given the variety
of different rationales and potential mechanisms that have
been proposed for Hb DBS (Table 3). Further work with
preclinical models will be needed to robustly test these
proposals in the context of the various neuropsychiatric
diseases. Second, given the critical relationship between the
precise location and nature of the electric field and clinical
response to DBS (78), knowledge of how best to target
this relatively small structure and subsequently select the
optimal stimulation parameters is needed. This is particularly
relevant for psychiatric DBS indications given that established
clinical programming algorithms of the sort employed for
movement disorder patients rely largely on immediate and
objective clinical feedback following parameter adjustment (e.g.,
improved tremor or rigidity in PD patients) (79, 80). These
strategies may not be suitable for Hb DBS, where authors
such as Sartorius and colleagues have reported a delay of
4 months between initiating DBS treatment and observing
antidepressant effect (47). Indeed, two of the five studies report
that determining the optimal stimulation parameters was time-
consuming [taking 9 months for Zhang et al. (65); 8 months
for Wang et al. (63)]. As such, Hb DBS–like other types
of psychiatric DBS (81)–will likely benefit greatly from the
identification of robust electrophysiological or neuroimaging
biomarkers of efficacious stimulation. Furthermore, while most
preclinical work supporting the potential use of Hb DBS
in neuropsychiatric disorders has specifically focused on the
function and connections of the LHb, the small size and
close proximity of LHb and medial Hb make it difficult to
precisely target (or visualize) only LHb in humans. Future clinical
studies should therefore report DBS targeting and electrical field
modeling with the utmost precision in order to evaluate the
relationship between efficacy and the precise locus of stimulation
within the Hb.
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An array of experimental techniques may be useful for
elucidating the mechanism of action and optimal treatment
parameters for Hb DBS. Animal model and in vitro research
using microelectrode recording, microdialysis, and optogenetic
approaches have previously uncovered important insights into
the neuronal and synaptic mechanisms of DBS for movement
disorders and could be similarly applied here. Prior preclinical
microelectrode recording work, for example, has shown that
high frequency subthalamic stimulation leads to decreased
neuronal activity in interconnected deep motor nuclei (82,
83) and suppressed local activity within the target structure
(84). Microdialysis studies, which permit measurement of
local neurotransmitter levels, indicate that high frequency
stimulation is also accompanied by increased extracellular
levels of GABA (85, 86). Optogenetic work, meanwhile,
has provided further insight into the action of DBS at
the ion channel level (87–89) and allowed investigations
of the precise neuronal circuits underlying DBS responses
(90, 91). These research modalities can be complemented by
functional and molecular neuroimaging techniques such as
positron emission tomography (PET), single photon emission
computed tomography (SPECT), and functional magnetic
resonance imaging (fMRI), which can be readily performed
in patients and which capture information simultaneously
from across the brain, thereby explicating the network-level
effects of DBS (92–95). Indeed, recent fMRI studies have
characterized brain-wide fingerprints of optimal subthalamic
DBS for PD with respect to stimulation parameters such as
contact, voltage, and frequency (96, 97). To this end, Zhang and

colleagues used fMRI at various settings compared to a healthy
control group (65) while Wang and colleagues conducted LFP
recordings paired with a systematic assessment of the effects of
stimulation (66).

Going forward, studies using these varying techniques will
hopefully further elucidate the role of the Hb in psychiatric
disease, advancing understanding of how best to modulate
this structure and guiding optimization of DBS targeting
and stimulation parameters. Ultimately, successful randomized,
clinical trials with appropriate enrollment levels will be necessary
to firmly establish the clinical benefit and optimal application of
Hb DBS. Nevertheless, the reported studies (47, 63–66), albeit
only reporting on a small number of patients, demonstrate that
Hb DBS has potential for a multitude of clinical indications.
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The lateral habenula (LHb) is a key brain region implicated in the pathology of major
depressive disorder (MDD). Specifically, excitatory LHb neurons are known to be
hyperactive in MDD, thus resulting in a greater excitatory output mainly to downstream
inhibitory neurons in the rostromedial tegmental nucleus. This likely results in suppression
of downstream dopaminergic ventral tegmental area neurons, therefore, resulting in an
overall reduction in reward signalling. In line with this, increasing evidence implicates
aberrant inhibitory signalling onto LHb neurons as a co-causative factor in MDD,
likely as a result of disinhibition of excitatory neurons. Consistently, growing evidence
now suggests that normalising inhibitory signalling within the LHb may be a potential
therapeutic strategy for MDD. Despite these recent advances, however, the exact
pharmacological and neural circuit mechanisms which control inhibitory signalling within
the LHb are still incompletely understood. Thus, in this review article, we aim to provide
an up-to-date summary of the current state of knowledge of the mechanisms by which
inhibitory signalling is processed within the LHb, with a view of exploring how this may
be targeted as a future therapy for MDD.

Keywords: lateral habenula, major depressive disorder, inhibition, local inhibitory interneurons, inhibitory afferents

INTRODUCTION

The lateral habenula (LHb) is a brain structure within the epithalamus which is nowwell established
to have a causative role in the pathogenesis of major depressive disorder (MDD; Sartorius et al.,
2010; Li et al., 2011; Yang et al., 2018a; Hu et al., 2020). Long-range excitatory neurons in the LHb
project to and exert net inhibitory control over the ventral tegmental area (VTA; Ji and Shepard,
2007; Jhou et al., 2009), and the dorsal raphe nucleus (DRN; Wang and Aghajanian, 1977; Ferraro
et al., 1996), thus acting as the ‘‘off switch’’ of the midbrain reward circuitry. From an evolutionary
standpoint, this serves the important function of ensuring behaviours with negative outcomes are
not reinforced (Hikosaka, 2010). However, this system becomes dysregulated in MDD and the LHb
becomes hyperactive (Li et al., 2011; Lecca et al., 2016; Tchenio et al., 2017; Cui et al., 2018; Yang
et al., 2018a), thus likely potentiating inhibitory modulation of the downstream reward circuitry
and curtailing the associated positive emotions.
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In addition to the wealth of information that now exists
relating to how the LHb controls its’ efferent targets, it is also
known that the LHb receives afferent input from a variety of
brain regions pivotal in emotional processing. These include the
internal segment of the globus pallidus (Hong and Hikosaka,
2008), analogous to the rodent entopeduncular nucleus (Shabel
et al., 2014; Meye et al., 2016; Wallace et al., 2017), the
lateral hypothalamus (Stamatakis et al., 2016; Lecca et al., 2017;
Lazaridis et al., 2019; Trusel et al., 2019) and the ventral pallidum
(Knowland et al., 2017; Faget et al., 2018; Stephenson-Jones
et al., 2020; Pribiag et al., 2021), as well as receiving reciprocal
input from the VTA (Stamatakis et al., 2013; Root et al., 2014).
These structures provide a combination of excitatory, inhibitory
and GABA/glutamate co-releasing input to the LHb, in a very
fine balance which has been shown to be altered in depressive
states (Shabel et al., 2014; Knowland et al., 2017). In general,
convergent evidence suggests that excitatory LHb afferents
promote aversive states and depressive behaviour (Barker et al.,
2017; Knowland et al., 2017; Lecca et al., 2017; Lazaridis et al.,
2019), while conversely inhibitory afferents promote behavioural
reinforcement (Faget et al., 2018; Stephenson-Jones et al., 2020)
and reduce depressive behaviour (Winter et al., 2011; Huang
et al., 2019). Taking this into account, we here review the
current state of knowledge regarding the processing of inhibitory
signalling within the LHb. We will discuss what is currently
known about inhibitory input to the LHb, how this is altered
in depressive states, and how this may eventually be exploited to
develop novel therapies for MDD.

INHIBITORY AFFERENTS OF THE LHb

The Globus Pallidus Internal
Segment/Entopeduncular Nucleus
The globus pallidus internal segment, or the analogous
entopeduncular nucleus (EP) in rodents, is one of the primary
afferent structures to the LHb. This structure is thought
to be primarily GABAergic in nature (Oertel et al., 1984;
Stephenson et al., 2005), although the EP-LHb pathway has a
net excitatory effect on postsynaptic LHb neurons (Shabel et al.,
2012; Stephenson-Jones et al., 2016). As such LHb-projecting EP
neurons are thought to primarily encode aversion (Stephenson-
Jones et al., 2016; Li H. et al., 2019). However, a striking feature
of these neurons is that they co-release GABA and glutamate
at LHb synapses (Shabel et al., 2012, 2014; Wallace et al.,
2017; Lazaridis et al., 2019). This co-release phenomenon has
been shown to be shifted in favour of reduced GABA in a
rodent model of depression, and conversely towards increased
GABA following antidepressant treatment (Shabel et al., 2014).
Similarly, EP-LHb projections are known to be involved in
cocaine withdrawal (Meye et al., 2016) and avoidance (Li H.
et al., 2021), with a shift towards reduced GABA observed
during cocaine withdrawal (Meye et al., 2016), thus consistent
with the hypothesis that enhanced excitatory input to the
LHb promotes aversive states. Consistently, potentiation of
glutamatergic signalling at the EP to LHb synapse has also
been observed in another rodent model of depression, with

both an increase in presynaptic glutamate release probability
and an increase in postsynaptic AMPA receptor expression
thought to be causative mechanisms (Cerniauskas et al., 2019).
Hence, the current evidence surrounding the functionality of
LHb-projecting EP neurons appears to point to a scenario
whereby the balance of glutamate and GABA release is in
a fine balance which is shifted in favour of glutamate in
aversive states, thus potentiating excitatory drive onto LHb
neurons.

The Basal Forebrain
A basal forebrain is a group of heterogenous forebrain structures,
composed of GABAergic, glutamatergic and cholinergic neurons
(Zaborszky et al., 2012). Within the basal forebrain, the
primarily GABAergic (Root et al., 2015) ventral pallidum (VP)
is known to be another major LHb afferent. LHb-projecting
VP neurons however are known to be distinct populations
of both excitatory and inhibitory neurons (Faget et al., 2018;
Stephenson-Jones et al., 2020), although recent work has also
identified VP neurons that express both markers of GABAergic
and glutamatergic neurons, and may co-release GABA and
glutamate at LHb synapses (Pribiag et al., 2021). As with the
EP, glutamatergic LHb-projecting VP neurons are activated by
negative stimuli (Stephenson-Jones et al., 2020) and encode
aversion (Faget et al., 2018; Tooley et al., 2018; Stephenson-
Jones et al., 2020). Consistently, these neurons become more
excitable in a rodent model of depression (Knowland et al., 2017),
and ablating these glutamatergic neurons promotes reward-
seeking behaviour (Tooley et al., 2018). Conversely, GABAergic
LHb-projecting VP neurons are excited by reward-predicting
stimuli and promote reward-seeking (Stephenson-Jones et al.,
2020). These results seem to indicate that the VP-to-LHb
projection exists as somewhat of a push-pull system, whereby
inhibitory and excitatory LHb-projecting VP neurons oppositely
promote reward and aversion, respectively.

However, while the VP-to-LHb projection is the most well-
studied, other basal forebrain regions are believed to project to
andmodulate LHb activity. One study found that LHb-projecting
GABAergic neurons within the basal forebrain as a whole
promote aggressive behaviour, which is believed to be rewarding
and is thus consistent with the hypothesis that GABAergic LHb
afferents promote reward (Golden et al., 2016). Furthermore,
another study identified a population of neurons in the portion
of the basal forebrain ventral to the VP which projects to the
LHb and expresses the GABAergic marker VGAT (Zhu et al.,
2017), although the functionality of these neurons specifically at
LHb synapses was not elucidated. Another work has identified
a GABAergic projection to the LHb from the diagonal band of
Broca which has a role in regulating hippocampal theta rhythm
(Aizawa et al., 2013). Thus, it is becoming increasingly clear that
the basal forebrain appears to be a major source of inhibitory
input to the LHb, with various populations of LHb-projecting
neurons encoding a variety of behavioural functionalities.

Other Inhibitory Afferents to the LHb
The LHb also receives GABAergic innervation from the VTA
(Stamatakis et al., 2013; Root et al., 2014). Similarly to
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LHb-projecting neurons within the EP, VTA neurons have
intriguingly been shown to co-release GABA and glutamate at
LHb synapses (Root et al., 2014). This pathway appears to be
capable of bidirectionally controlling LHb activity (Root et al.,
2014), possibly indicative of a feedback loop whereby hypo
or hyperactivity within the LHb may be limited by reciprocal
VTA connectivity. In addition to these co-releasing neurons, a
further population of LHb-projecting VTA neurons has also been
identified which unusually expresses the classical dopaminergic
marker tyrosine hydroxylase, but exclusively releases GABA
within the LHb (Stamatakis et al., 2013).While it remains unclear
whether or not these neurons are indeed dopaminergic (Lammel
et al., 2015), they are consistent with other GABAergic LHb
afferents in that they encode reward (Stamatakis et al., 2013).

The lateral preoptic area (LPO) of the hypothalamus also
contains distinct populations of excitatory and inhibitory
neurons which provide convergent input to individual LHb
neurons (Barker et al., 2017). These populations of neurons
appear to control the LHb in a manner similar to the
VP in that excitatory LPO neurons encode aversion, while
inhibitory LPO neurons promote reward. Yet intriguingly,
both of these populations respond to aversive stimuli (Barker
et al., 2017). Additionally, GABAergic afferents from the lateral
hypothalamus have also been identified (Stamatakis et al.,
2016; Lecca et al., 2017), although these are fairly minimal in
comparison to excitatory drive from this region.

Emerging evidence has also pointed to inhibitory LHb
afferents arising from the thalamus. A projection to the
LHb arising from the ventral lateral geniculate nucleus and
intergeniculate leaflet of the thalamus has recently been shown
to be critically involved in the antidepressant effects of light
therapy (Huang et al., 2019). We have also recently described a
population of neurons within the mediodorsal thalamus nucleus
which inhibits the LHb (Webster et al., 2020), although the
behavioural influence of this pathway remains to be clarified.

In summary, there is now much evidence indicating that the
LHb receives afferent inhibitory innervation from a wide variety
of sources (Figure 1). However, regardless of the source, there
appears to be remarkable consistency within the literature; that
is that inhibitory innervation of the LHb encodes reward, while
excitatory innervation encodes aversion.

LOCALLY-TARGETING INHIBITORY LHb
NEURONS

It is well-accepted that the majority of LHb neurons form
a physiologically homogenous, but morphologically diverse
population (Weiss and Veh, 2011), of which most neurons
are glutamatergic (Omelchenko et al., 2009; Brinschwitz et al.,
2010). Yet mounting evidence now indicates the existence of
locally-targeting inhibitory neurons (Zhang et al., 2018; Flanigan
et al., 2020; Webster et al., 2020; Nakamura et al., 2021), which
may form multiple distinct sub-classes. One such population
express the inhibitory marker glutamic acid decarboxylase 2
(GAD-2) and are confined to the medial LHb (Flanigan et al.,
2020). These neurons have been shown to inhibit other LHb
neurons to promote aggressive behaviour in mice (Flanigan

FIGURE 1 | Summary schematic of regions which provide inhibitory input to
the LHb. The LHb (shown in yellow) receives inhibitory input from various
regions such as the entopeduncular nucleus (EP), the basal forebrain (BF), the
lateral preoptic area and lateral hypothalamus of the hypothalamus (HYP), the
ventral lateral geniculate nucleus/intergeniculate leaflet complex of the
thalamus (vLGN), the mediodorsal thalamus (MDT), and the ventral tegmental
area (VTA). These afferent structures may feature both inhibitory (shown in
red) and excitatory (shown in green) neuronal populations, primarily inhibitory
populations, or GABA/glutamate co-releasing neurons (shown in blue).

et al., 2020) which, as mentioned earlier, can be interpreted as
a reward-seeking behaviour (Golden et al., 2016). We and others
have recently shown that some LHb neurons which express the
well-known cortical interneuronmarker parvalbumin (Tremblay
et al., 2016) are GABAergic and inhibit local LHb neurons
(Webster et al., 2020; Nakamura et al., 2021). These neurons are
likely distinct from the aforementioned population of GAD-2
expressing neurons in that they are confined to the lateral
LHb and also express the vesicular GABA transporter (VGAT;
Webster et al., 2020), another well-known marker of inhibitory
neurons, but largely do not express GAD-2 (Nakamura et al.,
2021). Note however that the expression patterns of GABAergic
markers within the LHb appears to differ between mice and rats
(Quina et al., 2020), with VGAT expression in rats observed
in the medial LHb and GAD-2 expression largely absent
(Zhang et al., 2018; Quina et al., 2020). Furthermore, early
electrophysiological and morphological studies have proposed
that a population of neurons akin to the very distinctive cortical
neurogliaform interneuron exists within the LHb in rats (Weiss
and Veh, 2011; Wagner et al., 2016), although these neurons
appear to be different to their cortical counterparts at least in that
they do not express similar molecular markers (Webster et al.,
2021).

Interestingly, however, some studies have also shown that
LHb neurons which express inhibitory markers also express the
excitatory marker vesicular glutamate transporter 2 (VGLUT-2),
and project to the midbrain (Zhang et al., 2018; Quina et al.,
2020). Furthermore, these neurons appear to release exclusively
glutamate in the tegmentum of the midbrain (Quina et al., 2020).
Thus it may be the case that within the LHb, inhibitory neurons
do not exist exclusively as the well-described populations of
locally-targeting interneurons that they are known to form in
other brain structures (Tremblay et al., 2016), but rather may be
dual-functioning neurons which serve the additional purpose of
exciting downstream regions (Figure 2).
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FIGURE 2 | Summary schematic of local inhibitory neurons within the
mouse LHb. Locally-targeting inhibitory neurons (shown in red) in the medial
LHb express glutamic acid decarboxylase 2 (GAD-2) but not vesicular GABA
transporter (VGAT) and may also have excitatory projections to the
tegmentum (shown in green), although note that Flanigan et al. (2020) found
no evidence that inhibitory GAD-2-positive neurons project outside the LHb.
Inhibitory neurons in the lateral LHb express VGAT and parvalbumin, but most
do not express GAD-2.

MODULATION OF LHb INHIBITORY
SIGNALLING BY OTHER
NEUROTRANSMITTERS AND
NEUROPEPTIDES

While the majority of work studying the role of the LHb in MDD
and other psychiatric disorders has focused on alterations in
direct excitatory and inhibitory inputs, there is an emerging body
of evidence indicating that various other neurotransmitters and
neuropeptides can influence the activity of the LHb, both directly
and indirectly. These are discussed below.

Orexin
Interestingly, orexin receptor 2 expression within the LHb
appears to be largely confined to GABAergic neurons (Zhang
et al., 2018; Flanigan et al., 2020), hence suggesting that
orexinergic modulation of the LHb may act via GABAergic
neurons. At least some of these neurons are the same
aforementioned GAD-2 expressing LHb neurons, which have
been shown to be activated by orexinergic input from the lateral
hypothalamus to promote aggressive behaviour (Flanigan et al.,
2020). These neurons also express receptors for vasopressin,
serotonin, and dopamine (Zhang et al., 2018), and as such
may respond to a variety of transmitters. It is interesting to
note that chronic social defeat stress (CSDS) also appears to
activate orexinergic inputs to the LHb in socially defeated
mice (Wang et al., 2021). Furthermore, direct infusion of
orexin into the LHb alleviates the depressive phenotype induced
by CSDS (Wang et al., 2021). Thus, current evidence seems
to indicate that orexinergic signalling within the LHb is

generally associated with social interactions between dominant
and subordinate mice, but may be multifunctional; specifically,
this can promote aggressive phenotypes in dominant mice,
and bidirectionally control depressive behaviour in subordinate
mice.

Endocannabinoids
Other recent work has pointed to the role of endocannabinoid
signalling in modulating LHb function (Shepard and Nugent,
2021). CB1 receptor activation has been shown to reduce
inhibitory synaptic input onto LHb neurons (Authement et al.,
2018), while at the behavioural level, intra-LHb infusion of ∆9-
tetrahydrocannabinol has been shown to induce a deficit in
impulsivity control in rats (Zapata and Lupica, 2021).

Opioid Receptors
Opioid receptor signalling has also recently been shown to
modulate neuronal excitability within the LHb (Simmons
et al., 2020). Interestingly, Kappa opioid receptor activation
bidirectionally excites and inhibits LHb neurons based on
the size of the hyperpolarization-activated cation currents the
neurons express. This is accompanied by a net decrease in
both excitatory and inhibitory synaptic release onto LHb
neurons (Simmons et al., 2020). Thus it may be the case that
dynorphin/Kappa opioid receptor signalling has opposing effects
on differing sub-populations of LHb neurons. However, the
origin of preprodynorphin/dynorphin-positive fibres targeting
LHb neurons remains unknown (Chen et al., 2020).

Cholinergic Signalling
While the role of cholinergic signalling within the adjacent
medial habenula in nicotine withdrawal and drug addiction has
been relatively well-studied in recent years (Lee et al., 2019),
a specific role for cholinergic signalling within the LHb has
also recently started to become apparent (Zapata et al., 2017;
Wolfe et al., 2021). In a manner similar to Kappa opioid
receptor activation, cholinergic receptor activation appears to
differentially excite or inhibit different populations of LHb
neurons, while also suppressing both excitatory and inhibitory
synaptic inputs; although this effect appears to more strongly
suppress excitatory input hence resulting in an overall net shift
towards increased inhibition (Wolfe et al., 2021).

Neuropeptide Y
Neuropeptide Y (NPY) has recently been shown to modulate
both excitatory and inhibitory synaptic transmission within the
LHb (Cheon et al., 2019). Specifically, NPY receptor activation
appears capable of bidirectionally modulating excitatory input in
different groups of neurons, and has a net reduction of inhibitory
input mediated by Y1 receptors (Cheon et al., 2019, 2020).

Serotonin and Dopamine
It has long been known that the LHb acts as a modulator
of midbrain dopaminergic and serotonergic systems. However,
some evidence indicates that these transmitters can also
modulate the activity of the LHb. Serotonin has been shown
to reduce both excitatory and inhibitory transmission at the
entopeduncular nucleus to LHb synapses (Shabel et al., 2014).
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Conversely, dopamine appears to excite a subset of LHb neurons
in a D4 receptor-dependent manner, possibly indicative of an
excitatory feedback loop connecting the LHb with the ventral
tegmental area (Good et al., 2013).

Thus, an emerging image appears to be forming whereby
other signalling systems are capable of modulating LHb activity.
Although the behavioural relevance of these inputs remains
largely unclear, it is interesting to note that many of these
transmitters appear capable of both exciting and inhibiting
different populations of LHb neurons. Therefore, it may be
the case that these transmitters are targeting distinct neuronal
sub-populations, and as such future work which differentiates
these sub-populations based on the expression of receptors for
such transmitters may serve to unveil much novel information
regarding how the LHb encodes behaviour.

INHIBITION OF THE LHb AS A POTENTIAL
THERAPY FOR DEPRESSION

To date, the majority of work focusing on the LHb as a
potential therapeutic target for MDD has aimed to reduce
the excitability of LHb neurons (for reviews, see Nuno-Perez
et al., 2018; Yang et al., 2018b; Hu et al., 2020). Referring
back to the original hypothesis that the LHb is hyperactive in
depression (Li et al., 2011), there is now substantial evidence
that reducing the excitability of LHb neurons via a variety of
means has an antidepressant effect. Much work has focussed on
normalising LHb activity by the use of deep brain stimulation
(DBS), a technique whereby electrodes are implanted within
the brain to modulate neuronal activity (Sartorius et al., 2010;
Meng et al., 2011; Tchenio et al., 2017; Jakobs et al., 2019).
This technique appears to hold great promise as a therapeutic
intervention in that LHb-targeted DBS has been shown to
induce full remission in a human patient (Sartorius et al.,
2010). Interestingly, the antidepressant effect of DBS appears
to be dependent on the stimulation frequency, in that high
frequency stimulation (>100 Hz) has an antidepressant effect in
rodents (Meng et al., 2011; Tchenio et al., 2017; Jakobs et al.,
2019), while lower frequencies stimulation (5–20 Hz) appears to
promote depressive behaviour (Elmer et al., 2019; Jakobs et al.,
2019).

But what are the mechanisms by which high frequency DBS
within the LHb elicits an antidepressant effect? Interestingly, in
a recent investigation in rodents, Tchenio et al. (2017) showed
that firing activity of LHb neurons recorded in vivo decreases
during local LHb DBS. The authors, in line with a previous
study (Li et al., 2011) also demonstrated that such high frequency
stimulation dampens AMPA transmission onto LHb cells. It has
also been proposed that DBS activates presynaptic GABAergic
terminals to promote GABA release (Li et al., 2004), which
may be a possible explanation given the extensive GABAergic
innervation the LHb receives (Brinschwitz et al., 2010). However,
whether DBS modulates GABAergic transmission in the LHb
remains to be tested.

Modulating the electrical firing pattern and synaptic activity
of LHb neurons via various pharmacological interventions has
also been shown to have therapeutic benefits. For instance,

blockade of NMDA receptors reduce bursting activity, and
is at least partially responsible for the antidepressant actions
of ketamine (Cui et al., 2018; Yang et al., 2018a), while
AMPA receptor blockade has also been demonstrated to have
antidepressant efficacy (Li et al., 2017; Zhang et al., 2019).
Additionally, both local LHb chemogenetic inhibition (Nair
et al., 2013; Tchenio et al., 2017), and direct pharmacological
inhibition (Winter et al., 2011) and input-specific synaptic
inhibition (Huang et al., 2019) have displayed efficacy as
potential therapeutic options in rodent models of depression.
The therapeutic benefits of direct inhibition of the LHb can be
linked to both GABAAand GABAB signalling. Direct injection
of the GABAA agonist muscimol has been shown to alleviate
depressive symptoms in both the classical learned helplessness
rat model of depression (Winter et al., 2011) and interestingly
in depression induced by a rat model of Parkinson’s disease
(Wang et al., 2017). Moreover, foot shock exposure in mice
triggers a diminished functionality in GABAB transmission and
has been observed in various rodent models of depression,
such as acute learned helplessness (Lecca et al., 2016), maternal
separation (Tchenio et al., 2017), and chronic social defeat
(Li Z.-L. et al., 2021). Altogether the latter studies highlight
the GABAB receptor in the LHb as a potential target to
treat depressive symptoms. Mechanistically, a stressful event
(i.e., foot shock exposure) in mice triggers internalisation of
both GABAB receptors and G protein-gated inwardly rectifying
potassium (GIRK) channels, along with a concurrent increase
in protein phosphatase 2A activity, which is known to regulate
the expression of these channels. Consistently, pharmacological
inhibition of protein phosphatase 2A normalises GABABand
GIRK expression and alleviates depressive symptoms (Lecca
et al., 2016). It is also notable that glycinergic signalling
within the LHb has been linked to depressive behaviour,
in that direct injection of glycine has an anxiolytic effect
in a rat model of alcohol withdrawal, while intra-LHb
injection of the glycinergic antagonist strychnine is anxiogenic
(Li W. et al., 2019).

CONCLUDING REMARKS

In summary, as the mechanisms by which inhibitory signalling
within the LHb are processed become clearer, so too do the
potential strategies by which this can be exploited as a therapeutic
strategy inMDD. The consistency between pre- and postsynaptic
modulation of LHb neurons in relation to depressive behaviour
is striking- inhibitory afferents promote reward-like states, while
excitatory afferents promote aversion, and consistently activation
of postsynaptic inhibitory GABA and glycine receptors appears
to have an antidepressant effect, as does blockade of excitatory
AMPA and NMDA receptors. As such, novel therapies for
MDD may attempt to capitalise on this knowledge by aiming to
selectively modulate such pathways.
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Circadian Influences on the Habenula
and Their Potential Contribution to
Neuropsychiatric Disorders
Callum J. Young, David Lyons and Hugh D. Piggins*
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The neural circadian system consists of the master circadian clock in the hypothalamic

suprachiasmatic nuclei (SCN) communicating time of day cues to the rest of the body

including other brain areas that also rhythmically express circadian clock genes. Over the

past 16 years, evidence has emerged to indicate that the habenula of the epithalamus is

a candidate extra-SCN circadian oscillator. When isolated from the SCN, the habenula

sustains rhythms in clock gene expression and neuronal activity, with the lateral habenula

expressing more robust rhythms than the adjacent medial habenula. The lateral habenula

is responsive to putative SCN output factors as well as light information conveyed to the

perihabenula area. Neuronal activity in the lateral habenula is altered in depression and

intriguingly disruptions in circadian rhythms can elevate risk of developing mental health

disorders including depression. In this review, we will principally focus on how circadian

and light signals affect the lateral habenula and evaluate the possibility that alteration in

these influences contribute to mental health disorders.

Keywords: circadian, depression, clock gene, burst firing, epithalamus

INTRODUCTION

It takes a mere cursory glance at social media to deduce that the mental-health conversation is as
critical today as it has ever been.We live in a world where the public feel that mental illness remains
an unsolved dilemma. They express dissatisfaction with their acute and long-term suffering, as
well as the pharmacotherapies available to alleviate this (Priest et al., 1996; Hergerl et al., 2003;
Partridge et al., 2012; Horowitz and Graf, 2019). Exemplifying this discontent, depression is a
mood disorder characterised by persistent low mood and anhedonia (Tolles-Correia et al., 2018).
This mental illness is the leading cause of disability globally (Charlson et al., 2019) and affects over
264 million people (GBD 2017 Disease Injury Incidence Prevalence Collaborators, 2018). Despite
this, a universally effective treatment for depression is unavailable, and approximately one third
of patients fail to respond to conventional antidepressant drugs (Corriger and Pickering, 2019).
Moreover, there is an absence of consensus on how to define depression (Tolles-Correia et al., 2018),
making its diagnosis and treatment one of the greatest challenges in modern psychiatry.

As such, a surge of neuroscience research continues to dissect the pathophysiology that
underpins depression. At the turn of the previous decade, the brain’s epithalamus was identified
as a potential new therapeutic target for treatment resistant depression. Specifically, deep brain
stimulation (DBS) of the lateral habenula (LHb) was shown to alleviate depressive symptoms in a
therapy-refractive patient (Sartorius et al., 2010). Further, when DBS was discontinued, there was
an immediate and profound relapse of these depressive symptoms. This highlights the potential
importance of the epithalamus in mood regulation (Shabel et al., 2014).
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The LHb is an evolutionarily conserved epithalamic structure
(Bianco and Wilson, 2009; Hikosaka, 2010), most investigated
for its role as an “anti-reward” centre (Shabel et al., 2012) with
anatomical connections allowing it to exert inhibitory control
over midbrain monoaminergic centres (Hu et al., 2020). In
part, it is these network connections which make the LHb
an interesting candidate for depression research (Sartorius and
Henn, 2007). Recently, rodent studies have further implicated the
epithalamus in depression (Hu et al., 2020). More specifically,
elevated neural activity in the rodent LHb has been associated
with various depression models including learned helplessness
(Li et al., 2011; Cui et al., 2018), chronic stress (Cerniauskas et al.,
2019) and chronic pain (Zhuo et al., 2019). A landmark paper
has also implicated the LHb in the antidepressant mechanism
of ketamine (Yang et al., 2018a), although this utilised supra-
clinical doses. In addition, human fMRI studies show differing
LHb activity, and functional connectivity, between depressed and
healthy individuals (Lawson et al., 2017; Zhu et al., 2019; Rivas-
Garajales et al., 2021). From this evidence, it is implied that the
LHb is an epicentre for depression’s mechanistic underpinnings.

In addition to this, the LHb is situated within an extended
neural circadian circuit (Bano-Otalora and Piggins, 2017).
Immunohistochemical evidence indicates that the rodent LHb
receives regulation from the master circadian pacemaker in the
suprachiasmatic nucleus (SCN; Hastings et al., 2018). Further, the
LHb receives input from other hypothalamic circadian oscillators
(Guilding and Piggins, 2007; Guilding et al., 2009; Poller et al.,
2013; Stamatkis et al., 2016) and the retina (Qu et al., 1996).
Indeed, rodent LHb neurones show diurnal variation in their
electrophysiological properties and are responsive to retinal
illumination (Zhao and Rusak, 2005; Sakhi et al., 2014b).

Interestingly, circadian disruptions are commonly reported
in patients suffering from depression (Jagannath et al., 2013;
Difrancesco et al., 2019). Moreover, the efficacy of certain
antidepressant therapies has been hypothesised to be time of day
dependent (Swanson et al., 2017). Given its endogenous circadian
properties, and neural connections with brain structures
associated with circadian timing and mood, the LHb is a likely
candidate as a locus of interaction between depression and
circadian disruptions. In this review, we evaluate the current
state of understanding regarding the LHb’s anatomical and
molecular organisation, and its functional involvement in the
pathology of depression. We also consider the intrinsic and
extrinsic factors shaping the daily variation in this structure’s
properties, and explore the potential links between circadian
rhythms, depression, and the LHb.

ORGANISATION OF THE HABENULA
COMPLEX

The habenula is a cellularly diverse structure located in the
posterior-dorsal-medial region of the thalamus (Hu et al., 2020)
and can be divided into anatomically distinct lateral and medial
nuclei [the LHb and the medial habenula (MHb); Diaz et al.,
2011]. The LHb and MHb differ in their afferent and efferent
connections (Aizawa et al., 2011, 2012) and play largely different

roles in their respective neural circuits. Unlike the predominantly
glutamatergic LHb, the MHb contains substance P expressing
neurones and cholinergic cells in its dorsal and ventral division,
respectively (Aizawa et al., 2012). Although both structures are
becoming increasingly implicated in the pathophysiology of
various psychiatric conditions (Metzger et al., 2021), the nature
of these differ. The MHb is predominantly implicated in nicotine
withdrawal (Fowler et al., 2011; Hsu et al., 2013), drug addiction
(Glick et al., 2006; Lopez et al., 2018) and anxiety (Zhang et al.,
2016), while functional studies suggest that aberrant LHb activity
is more closely associated with depression (Li et al., 2013; Seo
et al., 2018; Yang et al., 2018b). However, recent research has
highlighted an increasingly complex role for the LHb in various
reward pathologies, including drug seeking (Li et al., 2017; Nair
et al., 2021).

The LHb shows considerable intranuclear heterogeneity in
morphology and cytochemistry (Diaz et al., 2011; Hu et al.,
2020). As such, it can be subdivided into medial and lateral
divisions (LHbM and LHbL; Aizawa et al., 2012) and further
apportioned into nine subnuclei based on immunocytochemical,
topographical, and morphological criteria (Figure 1; Wagner
et al., 2014). Subsequent transcriptomic profiling suggests though
that LHb cell types are heterogeneous and do not map closely
with these subnuclear boundaries (Wagner et al., 2016). Instead,
topographically and transcriptionally distinct cell clusters have
been identified as a more useful approach to divide the LHb
(Hashikawa et al., 2020). Not only does this approach provide
a more accurate reflection of cell type-distribution, but these
transcriptionally distinct neurones are differentially recruited
by aversive stimuli (Cerniauskas et al., 2019), illustrating a
heterogeneous response to stress within the LHb.

As well as defining LHb cell types according to their
transcriptome, neurones can be distinguished by their mode
of firing (Weiss and Veh, 2011; Sakhi et al., 2014b). Three
modes of firing have been identified in the LHb: silent,
tonic firing, and burst firing (Yang et al., 2018a). Another
study distinguished between depolarised and hyperpolarised
silent states and described an additional bistable state in
which neurones oscillate between firing and quiescence (Sakhi
et al., 2014b). Cells exhibiting different firing modes have
different resting membrane potentials (RMP), with bursting
neurones more hyperpolarised than their tonic, silent, and
bistable counterparts. Firing mode is not dependent on cellular
morphology or subnuclear location, but is acutely sensitive to
perturbations in membrane potential (Kim and Chang, 2005;
Weiss and Veh, 2011). Indeed, LHb neurones show extensive
firing mode plasticity, with depolarising stimuli driving a shift
in firing mode from burst to tonic firing (Cui et al., 2018), and
injections of negative current causing rebound bursts (Kim and
Chang, 2005; Yang et al., 2018a).

The necessity for hyperpolarisation in burst firing neurones
is explained by two principal bursting mechanisms in the
LHb (Yang et al., 2018a). The first—requiring the most
pronounced hyperpolarisation—is cell autonomous and driven
by sequential recruitment of intrinsic ionic conductances. These
are hyperpolarisation-activated cyclic nucleotide–gated channels
and T-type calcium channels (TTCCs), which are activated
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FIGURE 1 | Subnuclear organisation of the rat LHb. The habenular complex

can be divided into lateral and medial subdivisions (LHb and MHb,

respectively). The LHb can be further divided into medial and lateral regions

(LHbL and LHbM, respectively), and thus into nine cytochemically,

topographically, and morphologically distinct subnuclei. These include, in the

LHbL: the marginal subnucleus of the LHbL (LHbLMg), the magnocellular

subnucleus of the LHbL (LHbLMc), the oval subnucleus of the LHbL (LHbLO),

the basal subnucleus of the LHbL (LHbLB), and the parvocellular subnucleus

of the LHbL (LHbLPc). In the LHbM: the superior subnucleus of the LHbM

(LHbMS), the central subnucleus of the LHbM (LHbMC), the parvocellular

subnucleus of the LHbM (LHbMPc), and the marginal subnucleus of the LHbM

(LHbMMg). Redrawn and adapted from Wagner et al. (2014).

and de-inactivated by membrane hyperpolarisation, respectively.
The second occurs within a specific membrane potential range
(−55 to −65mV), and is network dependent, utilising the
interplay between NMDA receptors and TTCCs. Understanding
the electrophysiological mechanisms underpinning burst firing
is critical to elucidating the function of this activity profile
(Figure 2).

As well as these firing modes, LHb function is characterised
by its status as a highly interconnected relay structure mediating
communication between the limbic forebrain and midbrain
(Figure 3; Herkenham and Nauta, 1977, 1979; Sutherland,
1982). Most simplistically, the LHb recieves input from the
hypothalamus and basal forebrain, integrates these signals, and
exerts inhibitory control on monoaminergic centres in the
midbrain. In reality, the nature of this connectivity is more
complex, and is subject to extensive regulation. Potentially,
the most influential factors driving daily variation in the LHb
arises from its afferent connectivity with the SCN (Buijs,
1978; Zhang et al., 2009; Bano-Otalora and Piggins, 2017),
the paraventricular nuclei (PVN; Hernandez et al., 2015), the
dorsomedial hypothalamus (DMH; Ter Horst and Luiten, 1986;
Morin, 2013), the lateral hypothalamic area (LH; Poller et al.,
2013; Stamatkis et al., 2016) and the retina (Qu et al., 1996).

Moreover, reciprocal connections with the Globus pallidus
internus (GPi; Entopenduncular nucleus/EP in rodents; Shabel
et al., 2012), ventral tegmental area (VTA; Omelchenko et al.,
2009; Cerniauskas et al., 2019), the dorsal and medial raphe
(DR, MR; Lima et al., 2017; Szonyi et al., 2019), and the
rostromedial tegmental area (RMTg; Laurent et al., 2017; Tooley
et al., 2018) are critical for the LHb to exert its role in the
aetiology of depression. These connections will be explored more
fully throughout this article (for a full review of LHb network
connections, please see Hu et al., 2020).

INTRINSIC REGULATION OF LATERAL
HABENULA CIRCADIAN ACTIVITY

Expression of the immediate early gene c-fos is conventionally
used as a proxy for neuronal activity, and immunohistochemical
detection of c-Fos protein facilitates assessment of such activity
ex vivo (He et al., 2019). This tool is useful when determining if
neuronal activity shows circadian variation and associating this
with an animal’s active behavioural state. In the rodent LHbM,
c-Fos immunoreactivity (-ir) is positively correlated with activity
levels, showing elevation during the behaviourally active night
(Paul et al., 2011).

The potential explanations for this observation are myriad.
It could mean that LHbM activity responds to behavioural
feedback, that increased late day/nocturnal activity in the LHbM
is regulated by the same networks which drive these temporal
behavioural patterns, or that the LHbM possesses its own
intrinsic rhythmicity. In support of the latter of these hypotheses,
ex vivo electrophysiological studies revealed sustained day-
night/circadian variation of neuronal activity in rodent LHb
brain slices (Zhao and Rusak, 2005; Sakhi et al., 2014b). Since
these LHb explants are isolated from extra-habenular circadian
input, this suggests that these 24 h oscillations in LHb neurones
are, at least in part, intrinsically generated.

In the SCN, and other circadian oscillators, intrinsic
rhythmicity is generated by a “molecular clock.” This molecular
clock is driven by a series of transcription/translation feedback
loops (TTFL), featuring “clock genes” which encode transcription
factors controlling the expression of highly diverse gene suites
(for full review see Partch et al., 2014). The protein products
of four integral clock genes drive the core TTFL: two activators
(CLOCK and BMAL1) and two repressors (PER and CRY). Two
homologues of Per (Per1 and Per2) and Cry (Cry1 and Cry2)
exist and exhibit different distributions of expression across the
mammalian brain (Shieh, 2003; Christiansen et al., 2016), and
specifically within the habenula complex (Olejniczak et al., 2021).

Due to the rhythmic pattern of their expression, and
their role in generating cell intrinsic rhythmicity, these
clock genes can be used to investigate the independence of
LHb oscillations. If, in ex vivo LHb explants, clock genes
continue to show rhythmic expression then it suggests that
oscillations in LHb activity undergo intrinsic regulation via
the molecular clock. Assessments of clock gene expression,
measuring bioluminescence from the PER2:Luciferase reporter
construct, showed the maintenance of rhythmicity for up to
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FIGURE 2 | Ionic mechanisms underpinning burst firing in the LHb. (A) Voltage response of a LHb neurone to negative and positive square form current injection.

Note the depolarising sag (blue) and subsequent rebound excitation (red). In addition to tonic discharge patterns (Ai), LHb neurones are capable of two

mechanistically distinct modes of burst firing. Both require membrane hyperpolarisation and are characterised by rhythmic periods of depolarisation, capped by high

frequency action potentials. One mechanism, requiring more pronounced depolarisation, is cell autonomous and recurrent (B). This cycle relies on the sequential

activation and de-inactivation of hyperpolarisation-activated cyclic nucleotide–gated channels (HCN—blue) and T-type calcium channels (CaV3—red), respectively

(Bi). The other is network dependent (C) and occurs within a specific membrane potential range (−55 to −65mv). This depends on the interplay between CaV3 and

NMDA receptors (NMDARs—Yellow). Activation of T-type removes Mg2+-dependent blockade of NMDARs, synergistically driving a burst of action potentials. With

membrane potential repolarisation CaV3 channels de-inactivate permitting the cycle to begin again (Ci).

48–72 h in the ex vivo LHb brain slice (Guilding et al., 2010,
2013), while less robust, low amplitude rhythms are visualised in
the adjacent MHb. Rhythms in PER2::LUC were most prominent
in the LHbM, with a less distinctive signal detected in the LHbL.
Similar to the SCN, the period of PER2::LUC rhythms in the LHb
is elongated by the Afterhours mutation (Guilding et al., 2013),
indicating that the molecular basis of circadian oscillations is
conserved between the SCN and LHb. Indeed, Per1:Luciferase
oscillations in the LHb explant are also observed (Sakhi et al.,
2014b) and are lost in LHb slices from mice lacking a functional
molecular clock.

There are some inconsistencies in the reporting of habenular
clock gene expression, likely due to different approaches
and experimental settings. When measured using in-situ
hybridisation, Per1 and Per2 expression was observed to be
more prominent in the MHb than the LHb (Olejniczak et al.,
2021), while an earlier study suggested that clock gene expression
was absent from the LHb (Shieh, 2003). Since Olejiniczak and
colleagues combined regional markers in conjunction with real
time PCR, when measuring Per1 and Per2 expression in the LHb,
the most parsimonious conclusion is that expression of clock
genes in the LHb is at a low level and may be localised to the
LHbM which is adjacent to the lateral border of the MHb.

Daily changes in neurophysiological activity of LHb explants
are also abrogated in Cry1−/−Cry2−/− mice (Sakhi et al., 2014b).
Since these mice do not have functional molecular clocks, the
most likely explanation is that daily functional variation in
LHb neuronal activity arises from intrinsic regulation by clock
genes. However, it is also possible that other epithalamic/thalamic
structures can entrain LHb activity and that it is the absence
of rhythmic clock gene expression in these structures that
underpins the loss in daily fluctuations in LHb neuronal activity.
Interestingly, similar ablations of neural oscillations occur in
the MHb of Cry1−/−Cry2−/− mice (Sakhi et al., 2014a). It is
therefore possible that functional circadian variations in the LHb
are dependent on information flow from the MHb. Such an
intrahabenular circadian circuit is evidenced by the existence
of a unidirectional projection from the MHb to LHb (Kim and
Chang, 2005), but the relevance of this requires further study.

EXTRINSIC REGULATION OF LATERAL
HABENULA CIRCADIAN ACTIVITY

As well as manifesting intrinsic regulation, via the molecular
clock, the LHb sits within a diffuse neural circadian network
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FIGURE 3 | Afferents and efferents of the LHb. From the hypothalamus, the lateral hypothalamic area (LH) and dorsomedial hypothalamus (DMH) potentially entrain

the LHb to circadian rhythms. These areas receive input from the suprachiasmatic nucleus (SCN), which in turn may entrain the LHb, either directly (via putative

Prokineticin 2-containing efferents) or indirectly via SCN innervation of the LH and DMH. The SCN itself is entrained to the external light-dark cycle through photic

information directly conveyed by non-image forming retinal projections. Similar projections from melanopsin-expressing retinal ganglion cells (mRGCs) terminate in

areas immediately adjacent to the LHb. Additionally, the LHb may receive photic information via the ventral lateral geniculate or Intergeniculate nucleus (vlGN/IGL).

Input from the entopeduncular nucleus (EP) encodes anti-reward, and activity in this pathway is elevated in depression. Excitatory projections to the rostromedial

tegmental area (RMTg) provides feedforward inhibition to the ventral tegmental area (VTA) and the raphe nuclei (DR and MR) which regulates mood and reward

learning. The VTA provides reciprocal GABAergic projections to the LHb to provide feedback inhibition and encode reward. The DR provides serotonergic projections

which inhibit excitatory innervation of the LHb from the EP, and itself generates excitatory postsynaptic currents.

featuring the SCN and various secondary oscillators (Bano-
Otalora and Piggins, 2017). A large body of evidence suggests that
the LHb receives either direct or indirect regulation from these
timekeeping components. The presence of AVP-ir terminals
in the LHb provides evidence for a putative projection from
the SCN, as this neuropeptide is a highly expressed output
molecule for the master clock (Buijs, 1978; Cagampang et al.,
1994). Similarly, prokineticin 2 (PK2) projections from the SCN
terminate in the LHb (Zhang et al., 2009); the LHb expresses the
PK2 receptor (Zhou and Cheng, 2005), and PK2 evokes gabazine
sensitive inhibitory currents to inhibit LHb neurones (Sakhi et al.,
2014b). However, this PK2 projection is yet to be independently
replicated, and AVP terminals in the LHb have since been traced
to magnocellular neurones in the PVN (Hernandez et al., 2015).
As such, the question of whether the SCN directly projects to LHb
remains unresolved.

Nonetheless, the LHb likely receives indirect regulation from
the SCN via other oscillators in the forebrain, thalamus
and brainstem (Morin, 2013). For example, the SCN

directly innervates the DMH and LH, which both show
daily changes in neuronal activity (Marston et al., 2008;
Guilding et al., 2009), and innervate the LHb (Poller et al.,
2013; Stamatkis et al., 2016). This highlights polysynaptic
pathways through which the SCN could indirectly regulate
the LHb.

Alongside PK2 and AVP, LHb neurones are responsive to
orexin (Flanigan et al., 2020; Wang et al., 2021). Orexin is a major
output molecule of the LH (Aston-Jones et al., 2009; Richardson
and Aston-Jones, 2012; Ferrari et al., 2018), and orexinergic
neurones undergo circadian regulation from the SCN (Deboer
et al., 2004; Marston et al., 2008; Kalsbeek et al., 2011). It is
therefore possible that LHb dependent behaviours, driven by
orexin, are under circadian control and that orexin is another
mechanism by which daily variations in the LHb are extrinsically
regulated. This is particularly relevant when considering the role
of LH orexinergic neurones in driving appetitive drug seeking, a
behaviour associated with reward dysfunction typical of aberrant
LHb activity (James et al., 2019; Yeoh et al., 2019).
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To complement this evidence for extrinsic circadian
regulation of LHb activity, presynaptic release probability of
LHb afferents varies throughout the day (Park et al., 2017).
This peaks during late afternoon, coincident with increasing
neuronal activity in the LHb (Zhao and Rusak, 2005; Sakhi
et al., 2014b). This suggests that circadian variation in LHb
activity is driven by an interaction between intrinsic and
extrinsic regulation.

In addition to entrainment from the SCN and other
secondary oscillators, evidence suggests that LHb activity could
be influenced by light. An early tracing study evidenced
a direct retinal projection to the LHb (Qu et al., 1996),
suggesting that this structure could integrate photic information.
Indeed, in vivo electrophysiological recordings show that
LHb neurones respond to light (Zhao and Rusak, 2005;
Sakhi et al., 2014b; Huang et al., 2019). However, later
tract-tracing indicates that the retina innervates areas just
external to the anatomical borders of the LHb (Sakhi et al.,
2014b). Further, melanopsin expressing retinal ganglion cells
(mRGCs), responsible for light entrainment of the SCN and
other oscillators, do not directly target the LHb and instead
innervate the adjacent perihabenula (PHb; Hattar et al., 2006;
Morin and Studholme, 2014). Moreover, the delay in LHb
response to retinal illumination is too slow to reflect a
direct retina-LHb connection (Sakhi et al., 2014b), instead
indicating that light information is conveyed to the LHb via
polysynaptic connections.

Candidates for intermediate structures in this pathway include
the ventral lateral geniculate and intergeniculate leaflet (vLGN-
IGN; Huang et al., 2019). Viral tracing shows that these
structures receive direct input from mRGCs, and optogenetic
interrogation reveals that activation of this pathway drives
inhibitory postsynaptic currents in LHb neurones. Moreover,
in vivo electrophysiology reveals that retinal illumination
decreases the action potential frequency, and burst frequency,
of LHb neurones in an intensity dependent manner. Another
investigation found varying levels of light intensities to increase
mouse LHb neuronal activity (Sakhi et al., 2014b). These
data highlight the uncertainty surrounding the predominant
effect of light in regulating LHb activity. Light’s role in
entraining the LHb to daily rhythms has yet to receive
extensive investigation.

Finally, it is worth considering a role for social cues in the
regulation of this daily activity. The LHb is implicated in reward
processing, and it is embedded within many pathways which
regulate reward-based feeding (Stamatkis et al., 2016), drug
seeking (Nair et al., 2021), and social behaviour (Valentinova
et al., 2019; Rigney et al., 2020). It is possible that the LHb
may receive feedback from the drivers of these behaviours—
which accordingly entrain neural activity. Moreover, peak LHb
neural activity in vivo is coincident with heightened physical
activity levels during a rodent’s subjective night (Paul et al.,
2011), raising the possibility of a feedback loop entraining the
LHb to physical exercise. Behavioural and SCN entrainment to
such arousal and other non-photic cues is widely documented
(Rosenwasser et al., 1984; Gillman et al., 2013; Crosby et al.,
2019; Hughes et al., 2021; Robbers et al., 2021). As the LHb

plays such a vital role in integrating this information and
coordinating an animal’s reward response (Lammel et al., 2012),
it is possible that it also responds to variation in this information
throughout the day. Interestingly, rhythmic expression of clock
genes in the LHb can be dampened by voluntary consumption
of a high-fat high-sugar diet, illustrating how food intake may
regulate circadian rhythms in this structure (Blancas-Velazquez
et al., 2017). However, contrasting research suggests that while
this effect occurs throughout the brain, it is absent in the
LHb (Blancas-Velazquez et al., 2018). Clearly, more research
is required to resolve how hedonic eating, and other social
cues, affect daily variation of molecular activity and function in
the LHb.

IMPLICATIONS FOR PSYCHIATRIC
ILLNESS

As previously discussed, the LHb is implicated in the
pathophysiology of multiple psychiatric illnesses (Hu et al.,
2020). Numerous depressive phenotypes, in various animal
models, are associated with increased LHb activity. For
example, elevated LHb spike frequency is correlated with
depressive behaviour for mice in the tail suspension and sucrose
preference test, following chronic mild stress (Cerniauskas
et al., 2019). Conversely, increasing GABAB1 receptor function
suppresses LHb hyperactivity and ameliorates depressive
phenotypes (Lecca et al., 2016). This illustrates how bidirectional
modulation of LHb activity can drive a two-way regulation of
depressive behaviours.

This is likely due to the inverse correlation between LHb
activity and the activity of its midbrain targets. The VTA receives
direct innervation from the LHb and activation of this pathway
promotes behavioural despair and place avoidance (Cerniauskas
et al., 2019). Similarly, there is reciprocal connectivity between
the LHb and the raphe nuclei (Sego et al., 2014); with stimulation
of the LHb attenuating activity in the raphe (Stern et al., 1979).
Paradoxically, though, almost all projections from the LHb are
glutamatergic (Aizawa et al., 2012). Excitatory glutamatergic
transmission to VTA and raphe neurones, predominantly
dopaminergic and serotonergic, respectively, would be predicted
to promote antidepressant-like effects. To reconcile this, the role
of the RMTgmust be considered (Barrot and Thome, 2011; Jhou,
2021).

The RMTg, also called the tail of the VTA, is a predominantly
GABAergic midbrain centre which exerts feedforward inhibition
onto various monoaminergic structures including the VTA,
MR, and DR (Metzger et al., 2021). The LhB innervates
the RMTg (Li et al., 2019), and c-Fos-ir in this structure
is elevated following LHb stimulation (Lammel et al., 2012).
Correspondingly, activation of the RMTg induces pro-depressive
behavioural consequences (Stamatakis and Stuber, 2012; Smith
et al., 2019), and reduces activity levels in the VTA and
raphe nuclei.

The activity of the LHb, and thus feedforward inhibition of
midbrain monoaminergic centres, is tightly regulated. Firstly,
the VTA is reciprocally connected to the LHb, innervating the
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LHb with gabazine sensitive inhibitory synapses (Stamatakis
et al., 2013). Activation of this pathway disinhibits the VTA via
the suppression of the LHb, and thus the RMTg. This is one
mechanism whereby a LHb-VTA circuit may mediate reward
prediction error (Stopper et al., 2014). Elevated LHb activity
is correlated with reward omission (Matsumoto and Hikosaka,
2007), and pathological LHb hyperactivity can therefore encode
anhedonia typical of depression sufferers (Yang et al., 2018a).

The LHb also receives extensive innervation from the GPi
(or rodent EP; Shabel et al., 2012). This glutamatergic projection
promotes aversion learning, and optogenetic stimulation of the
EP-LHb pathway conditions avoidance in the place preference
test. Activity in this pathway is bidirectionally regulated by
expected reward outcome, increasing and decreasing upon
worse and better outcomes, respectively (Stephenson-Jones et al.,
2016). Intriguingly, GABA and Glutamate can be co-released
at the EP-LHb synapse, implicating release balance of these
neurotransmitters in encoding mood and reward valence (Shabel
et al., 2014).

Similar to the VTA, there is reciprocal connectivity between
the LHb and the raphe nuclei (Metzger et al., 2021).
Interestingly, despite the well-established role for serotonin
signalling in the mechanism of traditional antidepressant
drugs (Blier and Montigny, 1998), activation of 5-HT2C

receptors in the LHb causes depolarisation and increased
spike frequency (Zuo et al., 2016). This is accompanied
by the expression of an anhedonic and passive coping
phenotype (Han et al., 2015). However, serotonin also decreases
release probability of glutamate at the EP-LHb synapse,
decreasing EPSP amplitude and potentially reducing excitatory
input to the LHb (Shabel et al., 2012). By attenuating
excitatory drive to the LHb, hyperactivity is suppressed, thus
elucidating a potential mechanism whereby serotonin exerts its
antidepressant effects.

There is accumulating evidence that increased LHb burst
firing plays a role in the aetiology of depression (Cui et al.,
2018; Yang et al., 2018a). For example, the proportion of bursting
LHb neurones is elevated in congenitally learned helpless mice,
compared to control animals. Indeed, optogenetic induction
of LHb rebound bursting is sufficient to induce depressive-
like behavioural performance in the sucrose preference and tail
suspension tests (Yang et al., 2018a). This is demonstrative of
a potentially causal relationship between this discharge pattern
and depression.

This increase in LHb bursting is possibly associated with
enhanced astrocytic expression of the inwardly rectifying
potassium channel, Kir4.1 (Cui et al., 2018). Historically, glial
expression of Kir4.1 has been colocalised with tripartite synapses
(Newman, 1993), where its K+ buffering properties controls
neuronal membrane potential according to the Nernst equation
(Amédée et al., 1998; Neusch et al., 2006; Cui et al., 2018).
Dysfunction of Kir4.1 results in local hyperactive neuronal states
associated with various pathologies such as Parkinson’s and
epilepsy (Haj-Yasein et al., 2011; Tong et al., 2014; Nwaobi et al.,
2016).

In the LHb, these channels sit within the membrane of
astrocytic processes that surround neuronal somata. In this

FIGURE 4 | Astrocytic expression of Kir4.1 promotes burst firing in

neighbouring LHb neurones. Expression of the inwardly rectifying potassium

channel, Kir4.1, in astrocytic processes surrounding the somata of LHb

neurones, lowers the concentration of K+ in the extracellular space. This is

because K+ is taken up by these astrocytes. According to the Nernst

equation, this results in a more negative resting membrane potential for

neighbouring LHb neurones (as indicated in the cartoon trace). This in turn

promotes burst firing in LHb neurones, a phenomenon associated with

depressive phenotypes in rodent models (Drawn with BioRender).

context, Kir 4.1 drives the hyperpolarisation of neighbouring
neurones by decreasing the extracellular concentration of
K+ (Tong et al., 2014). LHb neurones require membrane
hyperpolarisation to exhibit burst firing. As such, astrocytic
overexpression of Kir4.1 promotes LHb burst firing, and
consequent depressive phenotypes (Figure 4).

This link between depression and the voltage dependence of
burst firing may explain the paradoxical nature of serotonin’s
depolarising effects in the lateral habenula (Zuo et al.,
2016), and its well-characterised involvement in antidepressant
pharmacotherapies (Blier and Montigny, 1998). By causing
depolarisation in the LHb, serotonin may shift membrane
potential out of a range in which burst firing occurs. In a
similar fashion, knockdown of Kir4.1 causes depolarisation
in LHb neurones (Cui et al., 2018). This is accompanied
by attenuation of burst firing and alleviation of passive
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coping and anhedonic phenotypes in chronically learned
helpless mice.

LINKING CIRCADIAN VARIABILITY WITH
DEPRESSION, VIA THE LATERAL
HABENULA

Circadian disruptions are common in bipolar disorder and
animal models of bipolar disorder (Wulff et al., 2010; Timothy
et al., 2018) as well as in people suffering from depression
(Jagannath et al., 2013; Mendoza, 2019). Many sufferers struggle
to initiate or maintain sleep, and experience aberrant hormonal
daily rhythms (e.g., cortisol; Difrancesco et al., 2019; Hoyos
et al., 2020). Unpicking the cause-and-effect relationship of this
comorbidity is complex, but the circadian and pro-depressive
properties of the LHb make it a possible candidate to mediate
this interaction.

Circadian variations in LHb activity are a good place to
start when considering this interaction. LHb activity levels are
closely linked to depression, therefore it would be predicted that
peak exhibition of depressive symptoms to be coincident with
elevated LHb firing rate. Mood does show diurnal variation, with
negative affect showing more pronounced circadian rhythms
in depression sufferers than healthy individuals (Wirz-Justice,
2008). Interestingly, the patterns of mood oscillations are
different in healthy individuals compared to those exhibiting
depressive mood (Rusting and Larsen, 1998). Low mood
sufferers tend to experience an evening-worse pattern of mood,
in which low mood is exacerbated in late day. However,
some research indicates that, in diagnosed depressives, this
peak in low mood occurs in early morning (Zerssen et al.,
1985). This is coincident with the lowest behavioural activity
in depressed adults over age 30 (Smagula et al., 2021). It
is pertinent to note, though, that most recordings which
illustrate circadian oscillations in the LHb were made in
or from tissue prepared from nocturnal rodents. To fully
appreciate how changes in LHb firing rate associate with daily
variation in human mood, studies investigating neural activity
variations in the LHb of diurnal rodents or indeed humans
are necessary.

While circadian variation in spike rate has been independently
investigated, it is unknown if the occurrence of burst firing or
intraburst frequency alters with time of day/circadian cycles. This
could have implications for symptoms of depression, as passive
coping and anhedonia are shown to positively correlate with both
of these variables (Yang et al., 2018a; Cerniauskas et al., 2019).
Although circadian variation in the proportion of bursting LHb
cells is not reported, Kir4.1 shows similar oscillatory expression
to the clock gene Bmal1 in retinal Müller cells (Luo et al.,
2019). As astrocytic Kir4.1 expression is implicated in LHb
bursting (Figure 3; Cui et al., 2018), it is possible that circadian
oscillations in Kir4.1 drive a corresponding rhythm in burst
firing and resultant depressive behaviours. Moreover, Kir4.1
expression is additionally regulated by insulin receptor substrate-
1 (IRS-1; Luo et al., 2019), with increased IRS-1 signalling
causing an upregulation of Kir4.1. Interestingly, the habenula

complex is an enriched site for IRS-1 (Baskin et al., 1993).
This suggests a potential mechanism whereby LHb activity is
entrained by diet, with post-feeding surges in insulin causing
increased IRS-1 signalling and thus changes in Kir4.1 expression
(Crosby et al., 2019). Such a process could also explain how
high-sugar diets may exacerbate depression (Vermeulen et al.,
2017).

Circadian oscillations in LHb activity may entrain 24 h
oscillations in the activity and function of neural structures
that are targeted by LHb efferents (Mendoza, 2017). Some
VTA neurones exhibit circadian variation in electrophysiological
properties (Luo et al., 2008), and disruptions in these normal
oscillations are associated with mood switching, typical of
bipolar disorder (Sidor et al., 2016). The VTA shows circadian
oscillations in clock gene expression (Webb et al., 2009),
and is directly innervated by the SCN (Luo and Aston-
Jones, 2009), both of which may entrain VTA function to
its daily rhythms. However, LHb-VTA connectivity is another
mechanism through which circadian variation in the VTA may
occur. This particular pathway may be responsible for circadian
oscillations in motivation and reward valency (Webb et al.,
2009; Acosta et al., 2020). Aberrations in this process could
explain the dysregulated reward seeking behaviour typical of
addiction, or the anhedonia described in depression sufferers
(Fox and Lobo, 2019). This is reinforced by the observation
that arrhythmic animals show an overall decrease in motivation
(Acosta et al., 2020).

Similar to the VTA, serotonergic raphe neurones appear
to be under circadian control from the LHb (Mendoza,
2017). Serotonin release, throughout the brain, is heightened
during the active night of nocturnal rodents (Dudley et al.,
1998). There are some direct glutamatergic projections from
the LHb to the DR, and electrical stimulation of these
increase serotonin release (Kalen et al., 1989). Further, in
vivo recordings of LHb neurones projecting to the DR show
an elevated spike rate at night (Liu et al., 2021). This may
explain the coincident peaks in LHb neural activity and
serotonin release.

This circadian variation was blunted in stress
susceptible mice, with an overall increase in activity
at both day and night (Liu et al., 2021). Such stress
susceptibility may be encoded by reciprocal serotonergic
projections from the DR to the LHb, which thus increase
LHb spike rate (Zuo et al., 2016). Alternatively, these
recordings may have been taken from inhibitory pathways
which inhibit serotonergic activity. To resolve these
possibilities, recordings in postsynaptic raphe neurones
are required.

Entrainment of LHb activity, by light, potentially underpins
resistance to depressive mood. Bright light therapy (BLT) is
an effective chronotherapy when administered in the early
morning (Olejniczak et al., 2021), and is especially effective
at treating seasonal affective disorder (Pjerk et al., 2020). In
the forced swim test, passive coping behaviour is attenuated
by transient light pulses during late night (Olejniczak et al.,
2021). This suggests that light itself does not provide the
antidepressant effect, but instead causes a circadian phase
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shift (Menculini et al., 2018). A putative pathway, connecting
the retina to the vLGN-IGN and onward to the LHb, is
thought to mediate the anti-depressive effect of BLT (Huang
et al., 2019). Optogenetic activation of this pathway elicits
an antidepressant effect in the sucrose preference and forced
swim test, and these effects are replicated following retinal
illumination. However, light suppresses active behaviour raising
the possibility that observed changes are the consequence of
a non-circadian “masking” effect (Redlin, 2001). Moreover,
projections from the retina to the PHb are associated with
mood regulation (Fernandez et al., 2018). Mice exposed to
aberrant light conditions exhibit anhedonic and passive coping
behaviours, and this is thought to be mediated via PHb neurones.
This is another example of non-circadian response to light, near
the habenula complex, which could explains light’s regulation
of affect.

An alternative explanation for the antidepressant-like effects
of BLT is its capacity to induce Per1 expression. This occurs in
the SCN, and the LHb (Yan and Silver, 2002; Kuhlman et al.,
2003; Olejniczak et al., 2021). More importantly, the capacity
for BLT to elicit antidepressant-like effects appears to depend on
Per1 expression in the LHb and is abrogated by Per1 knockdown
in this structure. However, this may not be demonstrative of a
causal relationship between Per1 induction and antidepressant-
like effects of BLT. Per1 controls the transcription of various
ion channels (Gumz et al., 2010; Stow et al., 2012; Alli et al.,
2019) which regulate neuronal excitability (Carr et al., 2001; Lang
et al., 2003; Amin et al., 2005). Upon Per1 knockdown, these
proteins become unregulated and the LHb could default to a state
of hyperactivity. Interestingly, in the Cry1−/−Cry2−/− mouse in
which themolecular clock does not function, LHb spiking activity
is around an intermediate level (Sakhi et al., 2014b), indicating
that more investigation is necessary to determine if and how
altered clock gene expression influences neuronal excitability.

Other studies support the contention that the molecular clock
is involved in depression. For example, Per2 knockdown in the
LHb results in a passive coping phenotype during night-time (Li
et al., 2020). Moreover, the antidepressant effects of ketamine
have been associated with its impact on the molecular clock.
Ketamine administration can dampen clock gene oscillations
by interfering with the CLOCK:Bmal1 heterodimer (Bellet
et al., 2011), which occurs in a GSK3β dependent manner.
Ketamine’s antidepressant effects are also dependent on GSK3β
(Zanos and Gould, 2018), thus linking the molecular clock to
depression. However, no behaviour experiments have yet shown
a correlation between ketamine’s effect on CLOCK:Bmal1 and
depressive phenotypes.

If the exact nature of clock gene function in depression is
questionable, their relevance in the entrainment of circadian
oscillators is not. However, other cues are also important
and may contribute to the link between circadian disruptions
and depression. One example of this may be stress. Exposure
to stressful stimuli can profoundly interrupt normal reward
processing, a behavioural effect triggered by synaptic depression
in the LHb (Nuno-Perez et al., 2021). Alongside this, acute stress
is able to transform LHb reward responses into punishment-like

signals, and this occurs synchronously with onset of anhedonic
behaviour (Shabel et al., 2019). These stress signals can also
cause circadian disruptions (Kalmbach et al., 2018). In fact,
there has been an unprecedented rise in sleep disturbances as a
consequence of the COVID-19 pandemic (Morin et al., 2020),
an event which is concomitant with elevated depression and
anxiety levels (Luo et al., 2020). The susceptibility of the LHb to
stress, and its role as a neural circadian oscillator, places it well to
mediate this link between stress dependent circadian disruptions
and affective disorders.

In addition to stress, arousal-promoting stimuli such as
physical exercise entrain circadian rhythms (Mistlberger and
Antle, 2011; Hughes and Piggins, 2012). Scheduled exercise
can entrain the SCN and behavioural rhythms in animals
with otherwise disrupted activity patterns (Power et al., 2010;
Hughes et al., 2021). There is also evidence of a feedback loop
coordinating LHb activity with exercise (Paul et al., 2011), and
animals with LHb Per1 knockdown exhibit blunted behavioural
rhythms (Li et al., 2020). Lower levels of exercise are associated
with depression (Mcmahon et al., 2017), and exercise-based
interventions can alleviate symptoms in sufferers (Cramer et al.,
2013; Paolucci et al., 2018; Schuch and Stubbs, 2019). It is
possible that there is a circadian association between depression
and exercise, and that timed exercise intervention may benefit
depression sufferers by entraining their otherwise disrupted
diurnal rhythms (Hughes et al., 2021). If this this proves to be the
case, the LHb may be a critical component in the neural circuitry
which underpins it.

CONCLUSION

The LHb varies its activity over 24 h, and this epithalamic area
is ideally situated to mediate the links between depression and
circadian disruption. It is a highly heterogeneous structure that
resides within an anatomically diffuse neural circadian network,
potentially receiving circadian entrainment signals from other
neural oscillators, arousal, and social cues, as well as light input.
The LHb’s role in the regulation of reward processing, and the
function this has in entraining rhythms according to motivation,
evidences a connections between these rhythms and mood.
Aberrant and dysregulated reward seeking is characteristic of
various psychiatric disorders, and disruptions in LHb signalling
may underpin this.

Extensive further research is necessary before firm conclusions
can be drawn regarding the importance of changes in the
circadian function of the LHb in the aetiology of depression.
To date, most of the evidence supporting this conjecture is of a
correlational or associative nature and here we have highlighted
potential avenues for future investigation. Indeed, preliminary
work is emerging which focusses on the role of circadian
oscillations in LHb-dependent depression and antidepressant
treatments. While important to understanding depression, such
approaches need to be carefully critiqued to fully elucidate the
complexity of the LHb’s role in both depression and circadian
timekeeping in general.
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The habenula (Hb) is a small, evolutionarily conserved epithalamic structure implicated

in functions such as reward and mood regulation. Prior imaging work suggests that

Hb’s structural and functional properties may relate to treatment response in depression

and other mood disorders. We used multimodal MRI techniques to investigate the

potential involvement of Hb in response to subcallosal cingulate area deep brain

stimulation (SCC-DBS) for treatment-resistant mood disorders. Using an automated

segmentation technique, we compared Hb volume at baseline and at a subsequent

post-operative timepoint (4.4 ± 3.0 years after surgery) in a cohort of 32 patients who

received SCC-DBS. Clinical response to treatment (≥50% decrease in HAMD-17 from

baseline to 12 months post-operation) was significantly associated with longitudinal

Hb volume change: responders tended to have increased Hb volume over time,

while non-responders showed decreased Hb volume (t = 2.4, p = 0.021). We

additionally used functional MRI (fMRI) in a subcohort of SCC-DBS patients (n = 12)

to investigate immediate within-patient changes in Hb functional connectivity associated

with SCC-DBS stimulation. Active DBS was significantly associated with increased Hb

connectivity to several prefrontal and corticolimbic regions (TFCE-adjusted pBonferroni

< 0.0001), many of which have been previously implicated in the neurocircuitry of

depression. Taken together, our results suggest that Hb may play an important role in

the antidepressant effect of SCC-DBS.

Keywords: habenula, depression, deep brain stimulation, neuroimaging, neuromodulation, treatment biomarker

INTRODUCTION

The habenula (Hb) is a small, bilateral, and highly evolutionarily preserved structure situated in the
epithalamus (1, 2). Known to play a key role in the regulation of brainstemmonoaminergic systems,
Hb is broadly implicated in reward processing, social interaction, behavioral adaptation, circadian
rhythm, and sensory integration (2–11). It has also been linked to several neuropsychiatric
disorders, particularly depression and other mood disorders (3, 7, 9, 12–19). Animal studies
have shown that both Hb activity and metrics of reward processing and motivational behavior
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are altered in models of depression (2, 5, 20, 21). Volumetric
studies in humans have likewise detected altered habenula
volume in individuals with depression, bipolar disorder,
schizophrenia, and autism spectrum disorder (12, 19, 22, 23).

There is also evidence to suggest that Hb plays a role in
subserving treatment response in mood disorders. For instance,
Hb volume changes have been observed in bipolar disorder
(BD) and major depressive disorder (MDD) patients who
received pharmacotherapy but not in medication-naïve patients
(23). Other studies report response-related changes in Hb
functional connectivity in MDD, patients following treatment
with electroconvulsive therapy (24) or ketamine (24, 25).
Baseline structural and functional Hb connectivity patterns have
moreover been shown to predict response (75% sensitivity; 72%
specificity) to inpatient treatment in a large MDD cohort (26).

Deep brain stimulation (DBS) is a neuromodulatory technique
that employs surgically implanted electrodes to deliver carefully
titrated electrical pulses to a specific brain region to modulate
brain activity (27, 28). DBS targeting the subcallosal cingulate
area (SCC-DBS) is a promising treatment for a variety of
psychiatric disorders, including MDD, BD, and anorexia nervosa
(AN) (29–39). Evidence from positron emission tomography
studies indicates that SCC-DBS not only affects the focal target
region but alters activity across distributed circuits in the brain
(29, 30, 36). In this study, we employed multimodal MRI
techniques to investigate Hb involvement in clinical response to
SCC-DBS. Given the putative involvement of Hb in response to
antidepressant pharmacotherapy and ECT, we looked at baseline
and longitudinal Hb volume in a SCC-DBS cohort, exploring how
these variables might relate to clinical outcome. Additionally, in
a subcohort of SCC-DBS patients with post-operative functional
imaging, we explored how Hb functional connectivity is acutely
modified by stimulation.

METHODS

Design and Patients
This study involved analysis of both retrospectively and
prospectively acquired imaging data in psychiatric patients—
diagnosed with either major depressive disorder (MDD), bipolar
disorder (BD), or anorexia nervosa (AN)—who underwent SCC-
DBS therapy for management of depressive symptoms. The
eligibility criteria, electrode implantation methods, and post-
operative device programming procedure have been previously
described (30, 31, 35, 36). All patients received high frequency
(130Hz) stimulation with conventional pulse width settings (60–
90 µs). The amplitude/voltage of stimulation and configuration
of active electrode contacts were individualized for each patient.

The retrospective component of this study, conducted
following institutional research ethics board approval (University
Health Network ID: #15-9777), involved review of clinical charts
and available structural MR imaging. In keeping with prior
retrospective DBS imaging work conducted at our institution
(40), we included all patients for whom sufficient clinical data
[baseline pre-operative and 12-month follow-up scores on the
17-item Hamilton rating scale for depression (HAMD-17)] and
structural MR imaging (pre-operative high-quality scans with

complete brain coverage) were available, as long as they had
not previously undergone other neurosurgical interventions or
received confounding pre- or post-DBS neurological diagnoses.
Immediate and—where available—later post-operative structural
MR images meeting the aforementioned standards were also
collected. This permitted longitudinal analysis of post-DBS brain
volume changes in patients for whom ≥2 post-operative scans
were available.

The prospective component of this study was conducted
with institutional REB approval (University Health Network
ID: #14-8255) as part of a publicly registered clinical trial
(ClinicalTrials.gov ID: NCT03153670). Here, SCC-DBS patients
who were implanted with specific hardware and who were
actively using their devices were recruited for functional MRI
(fMRI) scanning.

HAMD-17 scores were employed as an index of depression
symptom severity. For each patient, percentage improvement
from baseline at the 12-month timepoint was computed. In
accordance with prior studies, patients with ≥ 50% HAMD-17
reduction were categorized as “responders” (29, 30, 35, 41).

MRI Acquisition
T1-weighted structural MR imaging (Supplementary Table 1)
was obtained in all SCC-DBS patients prior to and immediately
following DBS implantation to guide surgical planning and
confirm electrode placement, respectively (Figure 1A).
Additional post-operative structural images were obtained
at various later timepoints for clinical purposes or as part of
prospective fMRI scanning (see below).

Building on extensive institutional safety testing (43, 44) and
prior fMRI scanning in a large cohort of DBS patients (45, 46),
we also prospectively obtained 3 Tesla fMRI scans in a subset
of SCC-DBS patients following electrode implantation (1.5–13.5
years post-implantation). Only patients who were fully implanted
with specific Medtronic DBS hardware (3387 quadripolar
leads, 37601 Activa PC, or 37612 Activa RC implantable
pulse generators, and 37086 or 7482 extension wires) were
considered to be eligible for scanning. The full fMRI paradigm
employed here has been described previously (47). Briefly, resting
state fMRI (rsfMRI) sequences (Supplementary Table 2) were
acquired for each patient while their DBS device was turned on at
clinically defined “optimal” settings (DBS-ON) and while it was
turned off (DBS-OFF). These sequences, along with a structural
scan to facilitate image registration, were acquired in a singleMRI
session. After changing an individual’s DBS settings, we observed
a 5-min washout period before beginning the rsfMRI scan.

Habenular Segmentation and Volumetric

Analysis
Using the minc-bpipe preprocessing pipeline (https://github.
com/CoBrALab/minc-bpipe-library), all structural MR images
were iteratively corrected for non-uniformity, skull-stripped,
and rigidly aligned to Montreal Neurological Institute space
(MNI 152 ICBM 2009b NLIN asymmetric) without resampling.
Subsequently, the bilateral Hb (Figure 1B) was segmented
on every image using the automated Multiple Automatically
Generated Templates (MAGeT) brain segmentation algorithm
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FIGURE 1 | SCC-DBS and the habenula. (A) Sagittal and coronal structural

T1-weighted MRI slices from an exemplar patient showing the position of the

implanted bilateral electrodes. These are placed in the white matter bordering

the subcallosal cingulate cortex. (B) Coronal slices of the asymmetrical

MNI152 template (42) illustrating the location of the habenula and surrounding

structures. The habenula appears bright (hyperintense) on T1-weighted MRI.

DBS, deep brain stimulation; MNI, Montreal Neurological Institute; SCC,

subcallosal cingulate area.

(https://github.com/CoBrALab/MAGeTbrain) (12, 48). The
hippocampus and its subfields were also segmented bilaterally
using MAGeT in order to assess the specificity of any volumetric
findings. MAGeT segments structures of interest on individual
input images in a contrast-driven fashion via registration-based
label propagation. It has been shown to be robust for various
anatomical structures and subject populations in prior work
(12, 19, 48, 49). Specifically, five manually segmented high-
resolution atlases are propagated using 21 template images
selected from the input dataset, yielding a large number (5 ×

21 = 105) of candidate segmentations; these are then fused
using a majority vote approach to generate final individualized
segmentations. The use of the template library helps to reduce
atlas bias and also diminishes registration errors by averaging
(49). For quality assurance, each Hb segmentation label was
overlaid on the corresponding structural image with DISPLAY
(https://www.mcgill.ca/bic/software/minc/minctoolkit) and
visually inspected by two raters (JG and GJBE).

FMRI Functional Connectivity Analysis
Preprocessing of rsfMRI data was conducted with the BRANT
toolbox (http://brant.brainnetome.org/) (50). After removing the
first 10 volumes, each fMRI sequence was (i) corrected for head

motion using volume realignment; (ii) nonlinearly normalized to
MNI152 space via coregistration to the corresponding structural
scan; (iii) resampled to 3× 3× 3mm3; (iv) denoised for nuisance
variables using a multiple regression model (51); (v) filtered with
a temporal bandpass filter (0.01–0.08Hz); (vi) smoothed with a
6mm full width at half maximum gaussian kernel. In order to
account for the artifact created by the DBS leads and extension
wire (45), affected voxels in each individual fMRI image were
manually segmented with DISPLAY (https://github.com/BIC-
MNI/minc-tools). A group summation map incorporating these
individual artifact masks was then created in MNI space; any
voxels overlapping this summation map were excluded from
further analysis. Finally, the brain-wide functional connectivity
of the Hb was examined in each preprocessed rsfMRI image. To
do so, we computed Pearson correlations between the average
blood oxygen level-dependent (BOLD) time course within a
bilateral Hb seed (Supplementary Figure 2) and the BOLD time
course of all other voxels in the brain. The resulting connectivity
r-maps were then Fisher transformed to z-maps, in which each
voxel’s value reflected the strength of connectedness between that
voxel and the Hb.

Statistics
The relationship between Hb volume (as derived from MAGeT
segmentations) and clinical response status (responder vs. non-
responder) was investigated both at pre-operative baseline and
longitudinally following DBS implantation. Baseline Hb volume
was compared between responders and non-responders using
a linear model that controlled for each patient’s whole-brain
volume (Hb volume ∼ response status + whole-brain volume).
The interaction between patient-specific Hb volume change over
time and response status was investigated via a linear mixed-
effect model with patient as random intercept [Hb volume ∼

time × response status + (1 | patient)]. For the fMRI analysis,
changes in Hb functional connectivity between each patient’s
DBS-ON and DBS-OFF states were examined using voxel-wise
paired-tests. Threshold-free cluster enhancement (TFCE) (52)
and Bonferroni correction (pBonferroni < 0.0001) were applied to
the resulting t-map to correct for multiple corrections across the
brain. All statistical analyses were performed using R [version
3.6.1; https://www.r-project.org, including the lme4 (version 1.1-
21) and lmerTest (version 3.1.1) packages] and RMINC (https://
github.com/Mouse-Imaging-Centre/RMINC).

RESULTS

Overall, 86 SCC-DBS patients, 54 (62.8%) of whom were
responders, were included for retrospective analysis of baseline
pre-operative Hb volume (Table 1). From this number, 32
patients with serial post-operative structural MR images (80
images overall), 22 (68.8%) of whom were responders, were
included for retrospective volumetric analysis (mean duration
between baseline and latest post-operative images = 4.4 ± 3.0
years). Twelve of these patients, nine (75.0%) of whom were
responders, were also prospectively scanned with 3T fMRI in
both DBS-ON andDBS-OFF conditions (mean duration between
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TABLE 1 | Demographics, baseline clinical characteristics, and clinical outcome.

Cohort Age at surgery,

mean (SD),

years

Sex Baseline

HAMD-17

score, mean (SD)

Disease duration

at surgery,

mean (SD),

years

Number of

patients by

diagnosis (%)

Number of

responders (%)

HAMD-17

percentage

reduction from

baseline, mean (SD)

Baseline volume

analysis (n = 86)

43.8 (10.4) 61 f, 25m 24.5 (4.9) 22.2 (9.5) MDD: 65 (75.6) 54 (62.8) 53.6 (27.1)

BD: 4 (4.7)

AN: 17 (19.8)

Longitudinal volume

analysis (n = 32)

40.2 (10.7) 26 f, 6m 23.3 (5.9) 19.7 (7.2) MDD: 16 (50.0) 22 (68.8) 54.4 (30.4)

BD: 2 (6.3)

AN: 14 (43.8)

fMRI analysis (n = 12) 34.6 (10.1) 11 f, 1m 23.4 (5.4) 15.7 (7.0) MDD: 3 (25.0) 9 (75.0) 61.1 (26.3)

BD: 1 (8.3)

AN: 8 (66.7)

Responder status and HAMD-17 reduction reported as of 12 months post-operative follow-up. AN, anorexia nervosa; BD, bipolar disorder; HAMD-17, 17-item Hamilton rating scale

for depression; MDD, major depressive disorder.

surgery and fMRI acquisition = 5.6 ± 3.2 years). A study
flowchart is provided in the Supplementary Figure 1.

No significant difference in baseline pre-operative Hb
volume was apparent between eventual responders (mean =

30.5 ± 3.4 mm3) and non-responders (mean = 30.9 ±

4.9 mm3) (t = −0.8, p = 0.940). However, analysis of
longitudinal Hb volume change revealed a significant interaction
effect between volume change and response status, with
bilateral Hb volume increasing following SCC-DBS surgery in
responders but decreasing in non-responders (t = 2.4, p =

0.021; Figure 2). There was no significant difference between
longitudinal cohort responders and non-responders in terms
of age (responders: mean = 40.0 ± 10.3; non-responders:
mean = 40.7 ± 12.1) or proportion of females (responders:
81.8%; non-responders: 80.0%). No response-related differences
in hippocampal volume were detected, either at baseline
or longitudinally.

Comparison of fMRI-derived functional connectivity
maps between DBS-ON and DBS-OFF states uncovered a
number of brain regions whose connectedness to the Hb
was significantly (TFCE-adjusted pBonferroni < 0.0001) altered
by SCC-DBS stimulation. Specifically, active stimulation
appeared to increase Hb functional connectivity with several
prefrontal and corticolimbic regions, including rostral and
dorsal anterior cingulate cortex (ACC), posterior cingulate
cortex (PCC), medial prefrontal cortex, and dorsolateral
prefrontal cortex (dlPFC). In addition, increased and decreased
Hb connectivity was noted with superior temporal gyrus
and fusiform gyrus, respectively (Figure 3). Due to the
small number of patients included in the prospective fMRI
analysis (n = 12), we were unable to conduct a comparison
of habenular connectivity changes between responders
and non-responders.

DISCUSSION

The present study employed multimodal MRI techniques to
specifically investigate the involvement of the habenula (Hb)

in clinical response to SCC-DBS. Evidence supporting such an
involvement was observed in two ways: (i) longitudinal Hb
volume change following DBS treatment differed in SCC-DBS
responders compared to non-responders; (ii) active SCC-DBS
stimulation acutely modulated Hb’s functional connectivity to a
number of regions that are implicated in brain-wide depression
networks (54–57). Building on existing ECT, ketamine, and
standard pharmacotherapy imaging work (23, 25), these results
strengthen the notion that Hb plays an important role in
subserving clinical response to a variety of antidepressant
therapies. They also fit with preliminary evidence that DBS
directly targeting Hb itself may be a useful therapy for
depression (58, 59) and various other refractory neuropsychiatric
disorders (60).

Our MRI-based volumetric analysis demonstrated that
the trajectory of Hb volume change following SCC-DBS
differed according to individual treatment response. Specifically,
clinical responders (patients who experienced ≥ 50% symptom
reduction) tended to exhibit increased habenular volume over
time, while non-responders showed the opposite trend. Long-
term volume alterations have been previously demonstrated
in patients receiving DBS for various indications including
Parkinson’s and Alzheimer’s disease (61, 62), suggesting that
part of this intervention’s therapeutic effect is mediated by
neuroplastic changes. Indeed, a prior data-driven study—using a
different method for volumetric analysis—in this same SCC-DBS
patient population (55) identified other (mostly cortical) regions
whose trajectories of volume change over time corresponded to
patient outcome. The phenomenon of Hb volume changes in the
context of psychiatric interventions is also supported by existing
evidence. Work by Savitz et al. (23) indicates that antidepressant
and/or mood stabilizing pharmacotherapy can also lead to Hb
volume increases, suggesting that this may be a common marker
of clinical response.

Using 3T fMRI, we additionally observed that acute
SCC-DBS was associated with immediate changes in Hb
functional connectivity. These changes occurred within minutes
of switching between DBS-ON and DBS-OFF states, and
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FIGURE 2 | Response-related trajectories of change in habenular volume over time following SCC-DBS. (A) Outline of the habenula—as per automated MAGeT

segmentation—shown on two different coronal slices of the MNI152 template brain for illustrative purposes. (B) Changes in bilateral habenula volume over time

following SCC-DBS surgery are shown for each patient (follow-up is cut off at 2,500 days post-surgery for visualization purposes, although some post-operative

scans were acquired at later timepoints). The dotted lines indicate the change in habenular volume over time in individual patients, while the thick solid lines indicate

the estimated change in habenular volume over time for each cohort overall. The gray shaded zones surrounding the solid lines denote the 95% confidence interval. A

significant difference in trajectory of change was found in responders (≥50% HAMD improvement) compared to non-responders: habenula volume decreased over

time in non-responders but increased in responders (t = 2.4, p < 0.021 for interaction of time and response status). DBS: deep brain stimulation; HAMD-17: 17-item

Hamilton rating scale for depression; MNI, Montreal Neurological Institute; SCC, subcallosal cingulate area.

might be mediated by direct projections between Hb and
the cingulate cortex and medial prefrontal region, which
have been demonstrated in rodent tracer studies (63). Active
SCC stimulation generally increased Hb connectivity with
a number of depression-implicated brain areas such as the
anterior (specifically rostral and dorsal anterior cingulate
cortex, lying outside of the direct stimulation target area)
and posterior cingulate cortices, medial prefrontal cortex,
dorsolateral prefrontal cortex, superior temporal gyrus, and
fusiform gyrus. Many of these, including posterior cingulate
cortex (64), superior and middle temporal gyrus (65–68),
medial prefrontal cortex (69, 70), and fusiform gyrus (71), are
heavily implicated in depression and mood regulation. The
rostral and dorsal anterior cingulate activity in particular have
been identified as key predictors of pharmacotherapy success
(72, 73). Moreover, previous voxel-wise, data-driven fMRI
analyses of an overlapping SCC-DBS cohort detected significant
amplitude of low frequency fluctuations (ALFF; a measure
of spontaneous neural activity) alterations in dorsal anterior
cingulate as well as posterior cingulate when comparing DBS-
OFF andDBS-ON conditions (47). Dorsolateral prefrontal cortex
hypoactivity in depression is substantiated by the antidepressant
effect of repetitive transcranial magnetic stimulation (rTMS)
targeting this area (74–77). Interestingly, the degree of symptom

improvement following dorsolateral prefrontal cortex rTMS
has been linked to the functional connectivity between this
region and SCC (78). Overall, our observation that therapeutic
stimulation alters Hb connectivity with these mood-implicated
areas tentatively positions Hb as a key player in the brain-
wide network of depression (49–52). In particular, Hb may be
important for mediating the expression of anhedonia across these
circuits (79).

Limitations
This study identified significant post-DBS changes in Hb volume
that were not appreciated in a prior volumetric analysis of the
same patient cohort (55). This apparent discrepancy may be
explained by several factors, including different experimental
designs and different methods used to discern longitudinal
volume change. The former paper employed a data-driven,
hypothesis-free approach (deformation-based morphometry)
in which statistical tests were conducted at the voxel level,
necessitating stringent multiple comparison correction. By
contrast, the current study used the MAGeT segmentation
algorithm to specifically estimate bilateral Hb volume in an a
priori fashion. Finally, while our analyses are novel, they were
conducted in relatively small-to-moderately sized patient cohorts
(n= 32 for the volumetric analysis; n= 12 for the fMRI analysis).
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FIGURE 3 | Habenular functional connectivity changes with active SCC-DBS. Change in habenular functional connectivity between DBS-ON and DBS-OFF states.

Brain areas that showed a significant change in functional connectivity [TFCE-adjusted pBonferroni < 0.0001 (52)] between these states are superimposed on axial slices

of a high resolution, high contrast brain template (53) in MNI standard space (42). Red/yellow colors denote areas that were more functionally connected with the

bilateral habenula in the DBS-ON condition, while blue colors denote areas that showed less habenular connectivity in the DBS-ON state. Many of the areas whose

habenular connectivity changed with SCC-DBS are known to be part of the “brain-wide network of depression.” c., cortex; DBS, deep brain stimulation; DLPFC,

dorsolateral prefrontal cortex; g., gyrus; MNI, Montreal Neurological Institute; SCC, subcallosal cingulate area; TFCE, threshold-free cluster enhancement.

As such, the results outlined here are preliminary and should be
confirmed in future work.

To conclude, this study lends support to growing evidence
that Hb plays an important role in response to antidepressant
therapies (26), suggesting that both structural and functional
Hb features may contribute to neurobiological signatures of
response to SCC-DBS. In doing so, it also strengthens the case
for further exploration of DBS targeting Hb itself for refractory
psychiatric disorders.
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Neurological Institute.
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Over the past decades, an ever growing body of literature has explored the anatomy,

connections, and functions of the habenula (Hb). It has been postulated that the Hb

plays a central role in the control of the monoaminergic system, thus influencing a wide

range of behavioral responses, and participating in the pathophysiology of a number

of psychiatric disorders and neuropsychiatric symptoms, such as aggressive behaviors.

Aggressive behaviors are frequently accompanied by restlessness and agitation, and are

commonly observed in patients with psychiatric disorders, intellectual disabilities, and

neurodegenerative diseases of aging. Recently, the Hb has been explored as a new target

for neuromodulation therapies, such as deep brain stimulation, with promising results.

Here we review the anatomical organization of the habenula and discuss several distinct

mechanisms by which the Hb is involved in the modulation of aggressive behaviors,

and propose new investigations for the development of novel treatments targeting the

habenula to reduce aggressive behaviors.

Keywords: habenula, aggressive behavior (AB), neuropsychiatric symptoms, preclinical studies, review

INTRODUCTION

The habenula (Hb) is an epithalamic structure that presents rich connections with several cortical
and subcortical structures, including the limbic system, and areas responsible for the production
and regulation of monoamines (i.e., raphe nuclei for serotonin, ventral tegmental area and
substantia nigra for dopamine, and locus coeruleus for noradrenaline) (1–5). These connections
place the Hb in a central position for the regulation of motivated behaviors, and thus has been
implicated in the pathophysiology of several disorders, such as autism spectrum disorder (ASD) (6),
depression (7, 8), bipolar disorder (8–10), and schizophrenia (10, 11), as well as neuropsychiatric
symptoms, such as aggressive behaviors (12, 13).

Aggressive behaviors can be verbal and physical insults directed toward oneself (i.e., self-injury
behavior), others, or objects (14), and are highly correlated with restlessness and excessive motor
agitation (15, 16). Several distinct classifications of human aggressive behavior have been proposed,
with the classification in proactive (also known as premeditated aggression) or reactive (also known
as impulsive aggression) being widely accepted (17–21). While proactive aggression is believed to
involve planned behaviors to achieve a specific goal, reactive aggression is unrelated to a specific
goal, being mainly associated with frustration, provocation or stress. Another important difference
between these two types of aggressive behavior, is the association with high levels of autonomic
arousal and impulsivity in subjects presenting with reactive aggression, that is absence in the
proactive aggression (17–21). Aggressive behaviors, mainly reactive aggression, are frequent among
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patients with psychiatric conditions, especially in those suffering
from intermittent explosive disorder, borderline/antisocial
personality disorders, patients with neurodevelopmental
conditions, such as ASD (17, 22), and those with
neurodegenerative diseases of aging (e.g., Alzheimer’s
disease) (23–25).

The neurocircuitry underlying aggressive behaviors include
prefrontal cortical regions and areas of the mesolimbic system,
especially the hypothalamus, amygdala and periaqueductal gray
matter (14–17, 26). It is believed that decreased serotonergic
transmission in the prefrontal cortex reduces the top-down
inhibitory control over the limbic system, resulting in motor
activation and hormonal production, preparing the organism
for a fight-or-flight situation (17, 21, 26). However, simplistic
this mechanism might seem, there are several distinct neural-
pathways involved in the association of external and internal
stimuli that will result in the expression of an appropriate
or inappropriate aggressive behavioral response. As such, the
mechanisms by which the Hb is involved in the modulation of
aggressive behaviors are numerous and still not fully understood.

In this review, we explore the anatomical organization of the
habenula, describe the relevant literature on the involvement of
the Hb in the modulation of aggressive behaviors and discuss
future perspectives and novel therapies.

Anatomical Organization of the Habenula
The Hb is a bilateral, phylogenetically old, epithalamic structure
surrounded by the third ventricle and the thalamus (lateral
and dorsal borders), the posterior commissure (ventral and
posterior borders), and the stria medullaris of the thalamus
(anterior limit, Figure 1A) (1, 4, 9). In mammals, the Hb is
divided into two sub-regions—the medial habenula (MHb) and
the lateral habenula (LHb)—based on their cellular and genetic
profiles, neuroanatomical connectivity, and associated functions
(Figure 1B) (1, 4, 5). Through the fasciculus retroflexus, both
MHb and LHb project to distinct brain areas. MHb efferents
form the core of the fiber bundle that reaches the interpeduncular
nucleus (IP) in a 90◦ rotation pattern, with dorsal projections
reaching the lateral aspect of the IP, medial projections to the
ventral aspect of IP and the lateral projections ending on the
dorsal aspect of IP (2). Projections from the IP then reaches the
periaqueductal gray matter (27), an area critically involved in
the neural network of aggressive behavior (17, 21, 26). Discrete
projections from the MHb can also be found in the LHb,
supra-commissural septum and median raphe nucleus (2, 28).
Inputs form the medial, lateral and triangular septal nuclei and
septofimbrial nucleus, via the medial stria medullaris comprise
the main afferent projections to the MHb (2, 5, 29). LHb efferents
forms the mantle portion of the fasciculus retroflexus, that
reaches the ventral tegmental area, hypothalamus (i.e., lateral,
posterior and dorsomedial hypothalamic nuclei, lateral preoptic
area), ventromedial thalamic nucleus, substantia innominata,
ventrolateral septum, substantia nigra pars compacta, medial
and dorsal raphe nuclei, and tegmental reticular formation (2).
Discrete additional projections can be found in the pretectal
area, superior colliculus, nucleus reticularis tegmenti pontis,
parabrachial nuclei, and locus coeruleus (2). Afferent projections

from limbic regions are mainly found in the more medial aspect
of the LHb while projections from the globus pallidus reach the
lateral aspect of the LHb (Figure 1C) (2).

Medial Habenula
The MHb can be further divided into five subregions, namely
superior (MHbS), inferior (MHbI), central (MHbC), lateral
(MHbL), and commissural (MHbCo) parts (Figure 1B). The
MHbS consists exclusively of densely packed glutamatergic
neurons that strongly express interleukin-18, with nuclei on
a typical triangular appearance, thin dendrites and tightly
packed synaptic vesicles in axon terminals (3, 30). The cell
characteristics of neurons in the MHbI are similar to the one
in the MHbS, however the nuclei are typically round and
the proximal dendrites are thicker. Also, these neurons are
not exclusively glutamatergic as they co-transmits acetylcholine
from the axonal terminals (3, 30). Likewise, the MHbL is also
composed of cholinergic and glutamatergic neurons, however
these are smaller, with oval nuclei and nuclear membrane
surrounded by nucleoli or chromatin plaques (3, 30). The MHbC
can be viewed as a transition area, as it is composed of a
combination of cell clusters composed of the diverse cell types
observed in the adjacent regions, that are separated from each-
other by the terminal fiber bundles of the stria medullaris.
While the dorsal region of the MHbC is composed of neurons
that co-express substance-P and glutamate, the ventral region is
both cholinergic and glutamatergic (3, 30). Finally, the MHbCo
displays the largest glutamatergic neurons in the MHb area, with
unusual nuclei in a semilunar shape (3, 30).

Lateral Habenula
The LHb is significantly larger than the MHb and is subdivided
into medial (LHbM) and lateral (LHbL) parts (Figure 1B). Each
of these aspects are further subdivided resulting in a total of
ten LHb subregions (3). Irrespective of cell morphology and
location, neurons in the LHb are predominantly glutamatergic
(30), however it has recently been shown that a very discrete
population of GABAergic neurons are present in the medial
part of the LHb (31, 32). The LHbM is divided in anterior
(LHbMA), superior (LHbMS), parvocellular (LHbMPc), central
(LHbMC), and marginal (LHbMMg) subregions. Small neurons
are found in the LHbMA, LHbMMg and LHbMPc parts,
with LHbMA showing round multipolar cells with heavily
folded nuclei, LHbMMg having an elongated version of the
LHbMA cells, and LHbMPc presenting a spindle-shaped cell
with deeply invaginated nucleus. Greatly larger neurons are
found in the LHbMS and LHbMC subregions, however LHbMS
neurons are characterized by an oval perikarya, and LHbMC
cell nuclei are often invaginated and display a brighter and
finer karyoplasm (3). The LHbL is divided into parvocellular
(LHbLPc), magnocellular (LHbLMc), oval (LHbLO), basal
(LHbLB), and marginal (LHbLMg) subregions (3). Neurons in
the LHbLPc and LHbLMg parts are predominantly small to
medium-sized. Cells in the LHbLMc, and LHbLO are large, and
while neurons in the LHbLMc and LHbLB parts present thick and
long dendrites, neurons in the LHbLO extend thin ones (3).
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FIGURE 1 | Anatomical organization of the habenula. (A) Magnetic resonance imaging (coronal plane) showing the human and mouse habenula (https://openneuro.

org/datasets/ds002179/versions/1.1.0). (B) Anatomical parcellation of the medial (MHb) and lateral habenula (LHb). (C) Main habenula connections. MHbS, medial

habenula superior part; MHbI, medial habenula inferior part; MHbC, medial habenula central part; MHbL, medial habenula lateral part; MHbCo, medial habenula

commissural part; LHbMA, lateral habenula medial part anterior subregion; LHbMS, lateral habenula medial part superior subregion; LHbMPc, lateral habenula medial

part parvocellular subregion; LHbMC, lateral habenula medial part central subregion; LHbMMg, lateral habenula medial part marginal subregion; LHbLPc, lateral

habenula lateral part parvocellular subregion; LHbLMc, lateral habenula lateral part magnocellular subregion; LHbLO, lateral habenula lateral part oval subregion;

LHbLB, lateral habenula lateral part basal subregion; LHbLMg, lateral habenula lateral part marginal subregion; PAG, periaqueductal gray matter; VTA, ventral

tegmental area.

Habenula as a Key Relay for Aggressive

Behavior
Several clinical and preclinical studies have investigated the
involvement of the Hb in the modulation of aggressive
behaviors. Studies using transgenic models have provided further
evidence of the involvement of the Hb in the regulation
of aggressive behaviors. Using double and triple transgenic
zebrafish, Chou et al. (33) demonstrated that the dorsal
habenula–interpeduncular nucleus pathway [homologous to the
mammalian MHb-IP pathway (34)], is key for the modulation
of aggressive behaviors, with connectivity between the medial
subregion of dHb and IP being associated with increase

aggression (33). GPR3 is an G-protein-coupled-receptor broadly
expressed in the central nervous system, withmaximal expression

in the Hb, that has been implicated in the regulation of cAMP

signaling and, consequently, modulation of emotional behavior.

Knockout Gpr3−/− mice present null expression of GPR3 in

the Hb, high levels of aggressive behavior and accentuated

reduction of serotonin, noradrenaline and its metabolites in

the hypothalamus and frontal cortex (35). The Disrupted-In-
Schizophrenia-1 (DISC1-Q31L) mouse model of depression,
bipolar disorder and schizophrenia, presents heightened inter-
male aggressive behavior along with increased neuronal density
in both the LHb and MHb (36). On the other hand, male
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Mecp2− mice (i.e., knockout of the X-linked methyl-CpG-
binding protein 2, gene associated to Rett syndrome) present
absence of aggressive behavior and accentuated reduction in
oxytocinergic innervation in the lateral habenula (37). It is
important to highlight, however, that transgenic animals may
also present with additional brain alterations in function and
connection and, thus, the altered behavior observed in these
studies may be the result of the sum of all these changes and not
rely solely on alterations observed in the habenula.

In lactating females, aggressive behaviors toward an intruder
are mediated by the medial prefrontal cortex-LHb-dorsal raphe
nucleus pathway, as demonstrated by increased co-labeling
of c-Fos- and Fluorogold-positive neurons in the mPFC and
LHb following aggressive encounters (38). Pharmacological
manipulation of NMDA and AMPA/kainate receptors via
microinjection of receptor antagonists in the dorsal raphe
nucleus of lactating females is capable of inhibiting this behavior
(38). Interestingly, injection of arginine-vasopressin V1a receptor
antagonists in the LHb or dorsal raphe nucleus, of both
male and female mice, is not sufficient to alter aggressive
behaviors, suggesting that the arginine-vasopressin system does
not play a crucial role in this neurocircuitry (39). Tear fluid
is rich in pheromones capable of eliciting several context-
specific behavioral responses in both males and females rodents
(40). It has been shown that female mouse tears suppress
aggressive behaviors in males and induce a great increase in c-Fos
immunoreactivity in the medial aspect of the LHb (41).

A study investigating habenula resting-state functional
connectivity in highly reactive aggressive men showed an
association between high levels of trait aggression to lower global
efficiency of the left habenula and atypical habenula-prefrontal
connectivity (42). In a recent work from our group, we showed
that the Hb—along with the dorsal raphe nuclei, substantia
nigra, ventral tegmental area, and locus coeruleus—is part of the
functional connectivity map associated with symptom alleviation
in a patient treated with deep brain stimulation of the posterior
hypothalamus for reduction of severe and treatment refractory
aggressive behavior (43).

Reward Value of Aggressive Behavior
Another line of evidence is based on the well-known involvement
of the LHb in reward-related behaviors. The suppression
of midbrain dopaminergic neurons, via GABAergic indirect
connections, is thought to be the main mechanism by which
the LHb drives reinforcement learning (1). The LHb is active
in response to the negative value of a stimulus, unexpected
reward omissions, and cues associated with these stimuli (44, 45),
such as in situations of drug withdrawal (46–48). Moreover, the
functional integrity of the LHb is necessary to integrate proactive
and retroactive information to guide behavioral flexibility when
the reward contingencies change (49). Golden et al. (50)
investigated the involvement of basal forebrain projections to the
LHb in themodulation of aggression reward. Using a conditioned
place preference (CPP) or place aversion (CPA) paradigm, the
authors have shown that aggressive mice presented CPP for
the chamber where aggressive encounters occurred, while non-
aggressive mice developed a CPA to the same chamber. Using

optogenetic techniques to stimulate or inhibit the basal forebrain
projections to the LHb, it was found that the stimulation of
these terminals promotes CPP and reduces LHb firing, and
the inhibition results in CPA and increases LHb firing (50).
These results are in line with previous findings indicating that
decreased LHb activity is associated with rewarding components
of behavior. Flanigan et al. (32) showed that optogenetic
stimulation of orexin terminals located in GABAergic neurons
within the LHb promotes inter-male aggressive behavior and
CPP for aggression-paired contexts.

The reward value of aggressive behaviors is also mediated
via the LHb-ventral tegmental area (VTA)-nucleus accumbens
(nAcc) network that results in increased dopamine release in
the nAcc when animals are expecting a conditioned aggressive
encounter (51). Moreover, antagonism of both dopamine
receptor types 1 and 2 in the nAcc have been described as
reducing the rewarding value of aggressive behaviors (52–54).
In line with these findings, two case reports (55, 56) and one
case series (57) reporting on patients treated with deep brain
stimulation of the nAcc for severe refractory aggressive behaviors,
have shown long lasting positive results (58).

The Circadian Cycle and Aggressive Behavior
There is a strong body of evidence on the role of the Hb
in regulating the circadian cycle, thus influencing internal
physiology, brain activity patterns and day-night behavioral
rhythm (59–62). Anatomically, the Hb shares the epithalamus
with the pineal gland, a brain structure responsible for the
production of the hormone melatonin, that serves among others,
as a major regulator of the sleep-wake cycle (5, 63). Similar to
the pineal gland, the Hb expresses mRNA for arylalkylamine-
N-acetyltransferase, the enzyme responsible for melatonin
synthesis, thus being implicated as a supplementary location
for melatonin biosynthesis (63). Dysregulations of the circadian
cycle are known to negatively influence cognition, emotions
and behavior, and is associated with worsening of symptoms in
several neuropsychiatric disorders (64, 65). Poor sleep routines
(i.e., short sleep duration, inadequate sleep quality) in children
and adolescents is associated with increased irritability, conduct
problems, anxiety, and hyperactivity (66–68), and in adults, is
associated with increased hostility, anger, aggression and suicidal
ideation (49–52). However, it is important to highlight that the
Hb circadian clock is independent of the suprachiasmatic nucleus
(60), and although disruption of the Hb circadian clock does
not disrupt the sleep cycle, it is capable of altering the subjects
response to stressors, suggesting that a sleep-independent effect
on aggression may exist (69).

Among the various neurotransmitters, neuropeptides, and
neurohormones involved in the modulation of the circadian
cycle, dysfunctions in serotonin transmission are thought to be
central in the association between poor sleep and aggressiveness.
Via GABAergic interneurons, the LHb modulates the activity
of serotonergic neurons in the dorsal raphe nucleus (70, 71),
that have an increased activity during wakefulness, along with
brain-wide increase in serotonin levels (72, 73). The prolonged
exposure to high serotonin levels caused by reduced sleep time
causes gradual desensitization of serotonin receptors (74), thus
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contributing to a reduced serotonergic effective transmission in
the prefrontal cortex and consequently reduction in the top-
down inhibitory control of emotions described above.

DISCUSSION

Excessive aggressive behaviors are highly prevalent, particularly
among patients with psychiatric disorders and presents a
major obstacle for patient care, increasing institutionalization
rates and reducing patients’ quality of life (15, 17). The
clinical and preclinical studies described here show evidence
of the involvement of the habenula in the neuro-circuitry of
aggressive behavior, and suggest that the modulation of neurons
in this area could result in symptom alleviation in patients
presenting psychiatric disorders associated with aggressive
behavior. Furthermore, typical and atypical antipsychotics and
antidepressants are commonly used for the treatment of
aggressive behaviors via antagonizing dopaminergic receptors
or selectively inhibiting serotonin reuptake enzymes (17).
As described above, the Hb is highly connected with areas
responsible for the production and regulation of monoamines
(e.g., dopamine and serotonin) and thus, involved in the response
to standard treatments (1–5). However, the chronic systemic
exposure to these compounds is associated with refractoriness
to treatment, and may produce severe side effects that can
escalate to the point of being impeditive of treatment (14, 16,
75, 76). Thus, further studies are necessary to better understand
the brain mechanisms associated with aggressive behaviors and
develop novel treatments that are tailored to safely and effectively
improve patient outcomes.

Focused ultrasound is being intensively investigated as a
novel non-invasive tool for neuromodulation that could be
used to deliver pharmacological agents to localized brain areas,
without the need of a systemic distribution (77). By repurposing
a commercially available ultrasound contrast, Lea-Banks and
colleagues fabricated an ultrasound-sensitive nanodroplet loaded
with or without anesthetic drug, that was injected intravenously
and then vaporized in a discrete brain target using focused
ultrasound (78, 79). The authors showed that the use of the
unloaded nanodroplets increased local neuronal activity, while
drug-loaded nanodroplets suppressed (78, 79). Considering that

the Hb is involved in the regulation of monoamines, such as

those modulated by drug therapy, and the current evidence on
the possibility of reducing the reward value of aggressive behavior
by increasing neuronal firing in the LHb, one could envision
further exploring this innovative technique to selectively deliver
nanodroplets to the LHb and modulate its activity, to reduce
aggressive behavior in patients with psychiatric disorders that do
not present adequate response to conventional therapy.

Deep brain stimulation is a neuromodulation therapy that
involves the precise placement of electrodes into deep brain
structures to modulate neuronal activity via the application of
an electrical current that can be precisely titrated (80). Although
only a few case studies on Hb deep brain stimulation have
been published, they report beneficial outcomes in patients
suffering from schizophrenia (81), depression (82, 83), obsessive-
compulsive disorder (84), and bipolar disorder (85). New clinical
trials are currently being performed, demonstrating a growing
interest to target this region for the treatment of psychiatric
disorders [for a review on deep brain stimulation of the habenula
see (86)]. Considering the strong evidence on the involvement
of the Hb in the pathophysiology of aggressive behaviors and
the possibility of safely targeting this area with deep brain
stimulation, it would be interesting to investigate Hb deep brain
stimulation in the context of aggressive behaviors.

In this article we provide a detailed review of the anatomical
organization of the Hb, by describing cell characteristics and
connections of the lateral and medial aspects of the Hb and
its subdivisions. We discussed several distinct mechanisms
by which the Hb modulates aggressive behavior, detailing
studies investigating transgenic models, neuronal modulation
and neuroimaging, and the literature about the involvement of
the Hb in reward-related behaviors and regulation of circadian
cycle. We concluded this review discussing how innovative
neuromodulatory techniques could be investigated in the context
of Hb and aggressive behaviors to improve patient outcome.
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In this Perspective review, we highlight some of the less explored aspects of lateral
habenula (LHb) function in contextual memory, sleep, and behavioral flexibility. We
provide evidence that LHb is well-situated to integrate different internal state and
multimodal sensory information from memory-, stress-, motivational-, and reward-
related circuits essential for both survival and decision making. We further discuss
the impact of early life stress (ELS) on LHb function as an example of stress-
induced hyperactivity and dysregulation of neuromodulatory systems within the LHb that
promote anhedonia and motivational deficits following ELS. We acknowledge that recent
technological advancements in manipulation and recording of neural circuits in simplified
and well-controlled behavioral paradigms have been invaluable in our understanding of
the critical role of LHb in motivation and emotional regulation as well as the involvement
of LHb dysfunction in stress-induced psychopathology. However, we also argue that
the use of ethologically-relevant behaviors with consideration of complex aspects of
decision-making is warranted for future studies of LHb contributions in a wide range of
psychiatric illnesses. We conclude this Perspective with some of the outstanding issues
for the field to consider where a multi-systems approach is needed to investigate the
complex nature of LHb circuitry interactions with environmental stimuli that predisposes
psychiatric disorders.

Keywords: lateral habenula, memory, reward, motivation, sleep, psychiatric illnesses, early life stress

INTRODUCTION

The lateral habenula (LHb) clearly plays a role in learning and memory since LHb disruption
produces deficits on tasks that require the processing of contextual information (Baker et al., 2015;
Durieux et al., 2020), spatial working memory (Mathis and Lecourtier, 2017; Mathis et al., 2017),
and/or stimuli associated with negative valence outcomes (Stamatakis et al., 2016; Knowland and
Lim, 2018; Sosa et al., 2021). Across these diverse types of memory and cognitive processing, a
fundamental contribution of the LHb may be to constantly monitor one’s current internal state
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relative to external environmental conditions so that behaviors
can be modified as needed (Baker et al., 2015; Mathis and
Lecourtier, 2017; Lecca et al., 2020). Such a contribution
appears to rely on the integration and signaling of cognitive,
motivational/emotional, and behavioral state information
(Sutherland, 1982; Chastrette et al., 1991; Nair et al., 2013;
Mendoza, 2017; Shepard and Nugent, 2021). For example, LHb
responds to positive and negative choice outcomes (Matsumoto
and Hikosaka, 2009; Li et al., 2019), the generation of prediction
error signals (Hong and Hikosaka, 2013; Tian and Uchida, 2015),
changes in motivational and physiological states [e.g., stress, time
of day, etc., (Shepard et al., 2018b; Salaberry et al., 2019; Langlois
et al., 2021)], and changes in behavioral state (Baker et al., 2015;
Nuno-Perez et al., 2018; Lecca et al., 2020).

Functional efferent and afferent connections of the habenula
[reviewed in detail in Baker et al. (2015) and Quina et al.
(2015)] to areas including the frontal cortical areas (Mathis
et al., 2017), the basal ganglia (Wallace et al., 2017), the
ventral tegmental area (Stamatakis et al., 2013; Liu et al.,
2021). Despite increasing supporting evidence of this
broad view of LHb function, a number of significant issues
remain to be resolved if we are to sufficiently understand
the adaptive relevance of the LHb for everyday memory
function. These advances will aid in the development of
novel interventions for neuropsychiatric conditions that
have been linked to LHb dysfunction such as depression,
anxiety, and addiction.

In the following, we focus on key outstanding issues related
to two widely held concepts regarding LHb function: 1) The
LHb serves as a critical interface for context memory and
internal emotional state information, and 2) This integrative
role positions the LHb to play a key role in specific
psychopathological symptoms due to poor integration of context
and emotional information, such as that which occurs when
stressed. Evidence to support these general concepts of LHb
function is highlighted along with examples of research that
exemplify important unresolved issues. It is then suggested that
our understanding of the contribution of the LHb to behavior
can be substantially enhanced by greater inclusion of more
ethologically-relevant tasks. Finally we conclude with suggestions
for paths forward.

ROLE OF THE LATERAL HABENULA IN
MEMORY PROCESSES: AN INTERFACE
BETWEEN CONTEXT AND INTERNAL
EMOTIONAL STATE

A growing number of studies have demonstrated, in rodents,
that pharmacological or chemogenetic inhibition of LHb induced
deficits of several types of memory, including long-term spatial
memory in the water maze (Mathis et al., 2015), contextual
memory in an object-based recognition task (Goutagny et al.,
2013), short-term memory in a delayed non-matching to
position task (Mathis and Lecourtier, 2017), fear memory
in a trace fear-conditioning paradigm (Durieux et al., 2020)

as well as inhibitory avoidance (Tomaiuolo et al., 2014)
[see also Song et al. (2017)]. One noteworthy aspect of
these examinations is that the engagement of the LHb in
learning and memory appears to relate to two aspects of the
ongoing situation: its emotional valence and the context in
which it occurs.

It does not seem surprising that the LHb is particularly
engaged in memory tasks requiring the processing of contextual
cues during negative emotional situations, as it has a major role
in signaling aversion (Hennigan et al., 2015; Li et al., 2019)
and it shows strong activation in response to a large number
of stressors (Chastrette et al., 1991; Lecca et al., 2017; Li et al.,
2019). In the water maze, LHb dysfunctions not only induced
memory deficits, i.e., a greater distance to reach the hidden
platform during training and a lower time spent in the target
quadrant (i.e., the area where the platform—which has since
been withdrawn—was located) during the retention test [see
Mathis et al. (2015)], but also led to signs of exacerbated stress,
i.e., excessive thigmotaxic behavior (swimming along the edge
of the pool) in conjunction with an increased corticosterone
(CORT) release [(Mathis et al., 2015, 2018); see also Jacinto et al.
(2017)].

These types of results following LHb dysfunction suggest that
one of its main roles could be to process different modalities
of an ongoing situation, including external environmental cues
and internal emotional state, and to participate in the elaboration
of appropriate behavioral responses. Hence, the LHb integrates
external information as well as physiological, internal, signals.
In that regard recent studies showed that the LHb signals
stress and punishment in a context-dependent manner, as
combination of stressors or contextual illumination reduces
LHb stress response (Zhang et al., 2016; Huang et al., 2019).
These findings suggest a yet underdetermined influence of
external conditions over the LHb functions. Further studies are
required to better understand how and in which conditions
the LHb can simultaneously deal with external (context, nature
of the threat) and internal (CORT levels, circadian rhythm)
information. Such a role for the LHb in both both stress-
and memory-related information processing raise an important
question: are cognitive deficits a primary consequence of LHb
dysfunction, secondarily inducing defective stress coping, or is
an impossibility to cope with a stressful situation the primary
consequence of LHb dysfunction, secondarily inducing learning
and memory deficits?

At this point it is hard to answer this question. Indeed,
most of the behavioral tests used to assess memory in rodents
often include an aversive component to motivate the animals;
electrical foot shocks in fear conditioning, cool water to swim
in in order to find a hidden platform in the water maze, or
food restriction in a variety of tasks using delayed non-matching
to position paradigms (although the latter also imply reward-
related processes). On the contrary, it might seem simpler to
address stress response processes. Hence, as mentioned above,
the LHb seems to be a crucial structure engaged in the response
to stressors and in signaling aversive situations. The impact
of stress over cognitive performances is well described. While
low levels of stress can improve performances, a high or
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prolonged stress will eventually induce deficits (Arnsten, 2015),
especially memory deficits (Kim and Diamond, 2002; Roozendaal
et al., 2009). A simple hypothesis would be to consider that,
if altered, the engagement of the LHb in stress integration
will interfere with memory processes, subsequently leading to
performance deficits. This would explain why pharmacological
inhibition of the LHb during the acquisition phase of each
training day prevented learning in a water maze paradigm
(Mathis et al., 2015). Such intervention likely increased the stress
load across training days, resulting in a flat learning curve.
Indeed, impaired rats showed an increased level of thigmotaxic
behavior (Mathis et al., 2015), which can be attributed to
defective stress coping, and exacerbated CORT levels (Mathis
et al., 2018). This is in accordance with the fact that LHb
dysfunction induces anxiety-like behaviors on the elevated plus
maze (Mathis et al., 2015). However, it might seem contradictory
with the fact that when LHb inhibition occurred at the probe
test following a drug-free training phase that should have
attenuated potential stress responses (during which one can
therefore postulate that rats had been used to the stressful
aspect of the situation and had been able to deal with it), it
nonetheless created retrieval deficits (Mathis et al., 2015). In
addition, during this probe test rats showed a reduced swim
speed, suggesting a “calm” exploration of the apparatus. We
have also found using a different paradigm, that following
habituation to the testing condition and drug-free training, LHb
inhibition impaired memory of object locations in an open
field when one of three objections is moved from a previous
location and replaced with a novel object (Goutagny et al.,
2013). All together these results suggest that the LHb role in
stress processing is not likely the only reason for the observed
memory deficits.

These findings appear to support the idea that cognitive
deficits are a primary consequence of LHb dysfunctions,
secondarily inducing exacerbated stress. Indeed, the thigmotaxic
behavior observed in the water maze following LHb inhibition
might reflect the engagement of a default behavioral response as
a consequence of a lack of knowledge about the platform location.
Such a behavior might be interpreted as a “low-cost” strategy
triggered when no memory-based strategy is available. The CORT
elevation would then be a consequence required for the physical
effort and partially reflecting stress.

Finally, a third case would be that the LHb processes
stress- and memory-related information in an independent
manner. However, as said earlier, the existing paradigms assessing
cognitive processes do not necessarily give the possibility to
address stress and memory independently and then together.
Indeed, the intrinsic aversive aspect of most of the behavioral
tests assessing memory prevents from dissociating these two
aspects. One possibility though could be to add a supplementary
stressor and assess the effect of this other stressors on
memory performances.

Beside the behavioral paradigms, understanding how the LHb
receives contextual and stress-related information could help to
answer this chicken and egg question. Indeed, the LHb position
in the central nervous system is of great interest with regard to
stress and cognitive processes. The LHb belongs to the dorsal

diencephalic conduction system conveying information from the
prefrontal cortex, several septal nuclei, the hypothalamus or the
entopeduncular nucleus to midbrain monoaminergic areas such
as the raphe, ventral tegmental area and the locus coeruleus
(Roman et al., 2020).

Understanding how the LHb receives contextual and stressful
information would help to answer this chicken and egg question.
Interestingly, upon cognitive testing, a functional connectivity
between the LHb and both the mPFC (Mathis et al., 2017)
and HPC (Baker et al., 2019; Durieux et al., 2020) has been
shown to exist. In addition, the LHb and HPC, although not
directly anatomically connected, likely communicate whether
it is during exploration of an unfamiliar environment or
during rapid eye movement (REM) sleep episodes (Aizawa
et al., 2013; Goutagny et al., 2013). The link with sleep is
of particular interest as communication between the LHb and
HPC could be related to past experiences and therefore be
part of the mechanisms underlying HPC-dependent learning
and memory processes. A specific role of the LHb in sleep-
dependent processes seems also in accordance with the fact that
the LHb shows circadian oscillatory activity and is implicated
in circadian-related behaviors (Guilding et al., 2010; Baño-
Otálora and Piggins, 2017; Mendoza, 2017; Huang et al., 2019;
Salaberry et al., 2019). A better understanding of the LHb-
related network conveying memory-related information would
help untangle whether memory deficits are at the origin or the
consequences of the observed exacerbated stress response in
the different memory tasks aforementioned (e.g., water maze,
fear conditioning).

Further investigations are needed to fully understand how
the different types of information (contextual vs. stress-related)
are integrated by the LHb. This could be performed using
behavioral paradigms that include repeated stressful situations,
in order to potentially capture habituation processes and coping
strategies. It would be interesting, in such paradigms, to
investigate the activity of the LHb in conjunction with those
of prefrontal cortical, hippocampal, and amygdalar regions, and
explore the level of communication between those structures
according to the different aspects of the paradigm, including
the acute response to the stressful procedure, and the coping
mechanisms upon repetition of it. Examinations could also
include important stress-related structures which send input
to the LHb, such as the hypothalamus (Lecca et al., 2017;
Trusel et al., 2019), the entopeduncular nucleus (Stephenson-
Jones et al., 2016; Li et al., 2019), frontal cortical areas
(Kim and Lee, 2012; Fillinger et al., 2017), and the VTA
(Stamatakis et al., 2013) which likely send information related
to the emotional valence of the situation, thus positioning
the LHb as a cerebral “hub,” linking different macro-systems
(Geisler and Trimble, 2008).

It will also be important to better describe the influence of the
context over the stress-related aspect of the paradigm. The recent
results showing that environmental illumination conditions
directly influence the LHb capacity to signal stress through a
retino-thalamo-habenular circuit, and participates in the effect
of light therapy in depression, is a first step toward this goal
(Huang et al., 2019). The recent advances in neuroscience allow
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in vivo circuit specific investigation and will likely participate in
elucidating these issues.

LATERAL HABENULA REPRESENTS A
KEY NODE FOR INCREASED RISK OF
PSYCHOPATHOLOGY FOLLOWING
EARLY LIFE ADVERSITY

It is well-established that exposure to childhood adversity/early
life stress (ELS) is a strong predictor for several later life mental
disorders, including substance use disorders (SUDs), anxiety
and depression (Heim et al., 2010; Lippard and Nemeroff,
2020; Shepard and Nugent, 2020, 2021). Common forms
of childhood adversity include child abuse and neglect,
domestic violence, and family economic hardship. The
recent COVID-19 pandemic shutdowns across the globe
have caused detrimental effects on child mental health
with the increased risk for domestic violence, child abuse
and neglect, compounded by food and housing insecurity
(Gotlib et al., 2020; Humphreys et al., 2020; Lawson et al.,
2020; Yard et al., 2021). Poor responsivity of psychiatric
patients with a prior history of ELS to psychotherapy and/or
pharmacotherapy further necessitates a better understanding
of the mechanisms and neural circuits that link ELS with
mental illnesses to identify potential novel interventional
therapeutic targets.

Prominent ELS rodent and primate models employ early
disruptions in mother-infant relationship such as a single 24 h
maternal deprivation (MD), repeated daily maternal separation
(MS), and limited bedding and nesting (LBN) (Macrì et al.,
2007; Nishi et al., 2014; Shepard et al., 2018a; Okhuarobo
et al., 2020). Although these ELS models may not reflect all
types of early adverse experiences, they are associated with
persistent depressive-and anhedonia-like behaviors (Tchenio
et al., 2017; Authement et al., 2018; Bolton et al., 2018a;
Shepard et al., 2018b; Simmons et al., 2020) and altered drug
reward (Bolton et al., 2018b; Okhuarobo et al., 2020; Langlois
et al., 2021; Levis et al., 2021) suggesting the translational
validity of these models for child neglect. However, it should
be noted that not all animals that experience ELS develop
stress psychopathology or substance use disorders later in
life which is also the case for children exposed to adversity
(Kalinichev et al., 2002; Moffett et al., 2006; Ordoñes Sanchez
et al., 2021). Thus, in preclinical ELS research, differences
between predictable (MS) and unpredictable (single prolonged
MD and limited bedding and nesting) stressors as well as the
duration of separation and alterations in maternal behavior
should be taken into account which may confer resistance
or vulnerability and directly impact the outcomes in terms
of addictive behaviors, depression and mood phenotypes
in these models.

Several neural pathways and neurobiological mechanisms
such as the hypothalamic-pituitary-adrenal (HPA) axis and extra-
hypothalamic corticotropin-releasing factor (CRF) circuits have
been identified by which ELS may increase the risk for mood

dysregulation, stress-related disorders and addiction (Nemeroff,
2016). Emerging evidence now suggests that ELS-induced
alterations of reward- and stress-related brain regions such as
ventral tegmental area (VTA), amygdala, nucleus accumbens,
prefrontal cortex and LHb may underlie the increased risk for
ELS-induced psychopathology (Authement et al., 2015, 2018;
Peña et al., 2017, 2019; Tchenio et al., 2017; Bolton et al., 2018a;
Shepard et al., 2020; Simmons et al., 2020; Langlois et al., 2021;
Oh et al., 2021; Shepard and Nugent, 2021). Specifically, recent
studies provided compelling evidence that the LHb is a critical
converging brain region for ELS-induced dysregulation of reward
circuits (Tchenio et al., 2017; Authement et al., 2018; Bolton
et al., 2018b; Simmons et al., 2020). The LHb links forebrain
limbic structures with midbrain monoaminergic centers (Schultz,
2010; Cohen et al., 2012; Proulx et al., 2014) and is involved
in reward/aversion-related learning and memory processing
associated with avoidance from stressful and aversive situations
through suppression of dopamine and serotonin systems.
Specifically, anatomically and/or functionally diverse neuronal
populations within the LHb modulate motivated behaviors
through cell type-specific projections to non-overlapping targets
including the VTA, substantia nigra compacta, rostromedial
tegmental area (RMTg), or raphe nuclei (Stamatakis et al., 2016;
Wallace et al., 2017; Cerniauskas et al., 2019; Hu et al., 2020;
Lecca et al., 2020). Not surprisingly, LHb dysfunction contributes
to a myriad of cognitive, learning, and affective impairments
associated with depression, anxiety, psychosis and drug addiction
(Graziane et al., 2018; Nuno-Perez et al., 2018; Proulx et al.,
2018).

The common finding among studies using ELS models
MD (Authement et al., 2018; Shepard et al., 2018b; Simmons
et al., 2020; Langlois et al., 2021) and MS (Tchenio et al.,
2017) is that ELS promotes LHb hyperexcitability although
the underlying mechanisms vary from downregulation of small
conductance (SK2) potassium channels and increased protein
kinase (PKA) activity in LHb (Authement et al., 2018) to
decreased postsynaptic GABABR-GIRK signaling arising from
entopeduncular nucleus GABAergic inputs to LHb (Tchenio
et al., 2017). Additionally, MD in rats persistently increases
both tonic and bursting LHb activity from early adolescence
to adulthood (Authement et al., 2018; Shepard et al., 2018b;
Simmons et al., 2020; Langlois et al., 2021) consistent with
the literature that LHb hyperactivity in general (and bursting
in particular) contributes to the development of depression-
like motivational and social deficits, and anhedonic phenotypes
(Yang et al., 2018; Klein et al., 2020). Either chemogenetic
inhibition of LHb neurons or deep brain stimulation that
reduces LHb activity ameliorates MS-induced depressive-like
phenotype in mice (the lack of motivation of mice to avoid
an aversive context which is an escapable foot-shock) (Tchenio
et al., 2017). Interestingly, juvenile MD rats show an increased
active coping behavior in the forced swim test (with an increase
in climbing behavior) while late adolescent rats exhibit an
increased immobility in the forced swim test, both behavioral
phenotypes are reversed by ketamine treatment (Shepard et al.,
2018b). More importantly, long-lasting anti-depressant effects
of ketamine on MD-induced behavior in young adult rats is
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associated with a return to normal levels of LHb neuronal
excitability (Shepard et al., 2018b). MD also triggers an anhedonic
phenotype in natural sucrose reward while also decreasing
morphine intake in morphine self-administration acquisition
associated with MD-induced glutamatergic plasticity in LHb
neurons (Langlois et al., 2021).

Consistently, it has been shown that synaptic transmission
from the LHb to the RMTg, a nucleus that suppresses dopamine
neuronal activity and signaling, increases during transitions
to immobility in the forced swim test to escape this aversive
context. Activation of this LHb to RMTg circuit also decreases
motivation of rats to work harder to receive sucrose reward
in a progressive ratio schedule of operant appetitive task
suggesting a critical role for the LHb in regulation of motivation
(Proulx et al., 2018). Therefore, it is possible that MD-
induced LHb glutamatergic plasticity and LHb hyperactivity
could increase the excitatory drive from the LHb to the
RMTg and underlie motivational deficits in MD rats. In the
future, it is necessary to employ similar circuit-based studies
of MD effects on motivation such as progressive ratio schedule
in sucrose self-administration, morphine self-administration,
or other motivation based effort tasks (see below). Overall,
these findings highlight the role of LHb hyperactivity in ELS-
induced induction of anhedonic states and altered opioid
seeking where limiting LHb activity using novel fast-acting
antidepressants such as ketamine or deep brain stimulation could
have therapeutic potential. It remains unclear at this point,
however, whether these effects are concurrent with broader
cognitive and behavioral effects as has been noted with the
aforementioned memory related tasks.

The deleterious effects of ELS on reward circuits also involve
alterations of innate stress neuromodulators such as CRF/CRFR1
and dynorphin (Dyn)/kappa opioid receptor (KOR) systems that
contribute to the development of stress-induced drug seeking
behaviors and negative affective states including anhedonia,
social deficits and decreased motivation (as hallmark features
of depression) following ELS (Land et al., 2008; Bruchas et al.,
2010; Koob, 2010; Pautassi et al., 2012; Karkhanis et al., 2016;
Mantsch et al., 2016; Bolton et al., 2018a; Knowland and
Lim, 2018; Tejeda and Bonci, 2019). Recent work on the
neuromodulatory regulation of LHb excitability and synaptic
transmission by CRF/CRFR1 and Dyn/KOR signaling and
their dysregulation by MD in male rats (Authement et al.,
2018; Simmons et al., 2020) further highlight involvement
of critical neuromodulators within LHb circuits that could
underlie ELS-induced anhedonia, motivational deficits, drug
seeking behaviors, and flexibility related behaviors. Intriguingly,
LBN-induced anhedonia is also associated with high c-fos
expression (indicative of increased neuronal activity) in the LHb
and increased extrahypothalamic CRF neurotransmission from
central amygdala (Bolton et al., 2018b), a brain region that also
projects to the LHb (Hu et al., 2020). Therefore, additional
insight into molecular mechanisms underlying CRF/CRFR1 and
Dyn/KOR neuromodulation within LHb and its circuits in ELS
models may offer novel therapeutic interventions with specificity
for uncoupling these pathologically hyperactive stress signaling
pathways following ELS (Figure 1B).

POTENTIAL INSIGHTS INTO LATERAL
HABENULA FUNCTION UTILIZING
MORE COMPLEX, ETHOLOGICALLY
RELEVANT BEHAVIORS

Initial reports examining the role of the habenular complex,
of which the LHb is a part, placed a wide range of behaviors
from sexual functions, to circadian signaling under its control
(Sutherland, 1982). As the toolkit to examine brain area
contributions to behaviors has advanced, the range of behaviors
typically associated with the LHb has narrowed to principally
include aversive outcome signaling such as the omission of an
expected reward, memory related functions described above,
and adaptive behavioral selection such as during probabilistic
reversal learning where reward contingencies in a T-maze are
reversed once animals learn task contingencies (Nair et al., 2013;
Baker et al., 2015; Sosa et al., 2021). Some of this is likely
due to the ability to restrict interventions to spare fibers of
passage or target specific cell identities. This no doubt ruled out
contributions more likely to have come from nearby areas and the
like. However, another likely contributor has been a reduction in
the range of behavioral conditions examined due to limitations
imposed by advanced recording and manipulation techniques.

What may have been lost with an increased focus on simplified
behaviors is a greater appreciation for the complex ways a
brain area can contribute to dynamic situations. Indeed, the
prior two sections demonstrate that despite rapid advances in
molecular and circuit understanding of the LHb, the nature
of its contribution to integrating stress and memory related
behaviors remains unclear. Recent work in the fear literature
has demonstrated that ethologically relevant behaviors can reveal
additional insight or even challenge long established roles for
brain areas in behavior (Gross and Canteras, 2012; Gomez-Marin
et al., 2014; Kim and Jung, 2018). Specifically, the inclusion of
different scents, visual stimuli, or sounds may help more closely
match what an animal experiences in the wild (Kim and Jung,
2018). For example, one such experiment involved placing rats
in a continuous closed economy where food had to be accessed
by risking shock during one period of the light dark cycle.
Results revealed an amygdala dependent modulation of circadian
rhythms can be elicited when the fear is timed to circadian cues
(Pellman et al., 2015). In addition, realistic predator stimuli such
as a plastic owl that surges from behind a hidden curtain while a
hungry rat is foraging for food elicits opposite habituation to the
fear related cues and willingness to enter a fear context in males
and females than what is observed when using footshock and
freezing as measures (Zambetti et al., 2019). Specifically, female
rats are much less likely to approach the zone in which the owl
surges than male rats.

When considering the role of the LHb in complex human
psychiatric conditions, it is likely that similar additional
insights into complex situations will also be gained by
including ethological behavioral paradigms in animal models
(Gomez-Marin et al., 2014) such as the closed economy, or
simulated predator described above. Prior research utilizing
ethologically relevant, complex behaviors have revealed a wealth
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FIGURE 1 | (A) In a given situation, the LHb can be viewed as a recipient of multiple types of information stemming from cortical and subcortical regions. Those
include memory- and flexibility-related information from the mPFC, or hippocampal memory-related information from the septum. Emotional information arises from
the AMG while stress-related information from the mPFC and the LH. Reward and valence-related information reach the LHb from the EPN and the dopamine
system. Finally, light-related information reaches the LHb from the retina, either directly or through the vLGN and SCN. Once the LHb has processed this information,
they are communicated to the dopamine and serotonin systems, as well as to the HPA axis in order to adapt behavioral responses to changes in environmental
constraints. AMG, amygdala; CORT, corticosterone; EPN, entopeduncular nucleus; HPC, hippocampus; LH, lateral hypothalamus; LHb, lateral habenula; mPFC,
medial prefrontal cortex; RMTg, rostromedial tegmental nucleus; SCN, suprachiasmatic nucleus; vLGN, ventral lateral geniculate nucleus; VTA, ventral tegmental
area. (B) Early life stress, such as maternal deprivation (MD) and repeated daily maternal separation (MS) lead to LHb hyperexcitability. Maternal deprivation in
particular also increases LHb neuronal bursting and intrinsic excitability. MS-induced LHb hyperactivity is the consequence of altered input communication from at
least the EPN with down-regulation of GABABR-GIRK signaling. On the other hand, MD dysregulates Dyn/KOR and CRF-CRFR1 signaling pathways while increasing
PKA activity that promotes the downregulation of small conductance (SK2) potassium channels. Increases in LHb bursting and activity can in turn downregulate
dopaminergic and serotonergic transmissions through hyperactivation of the RMTg, and therefore promote stress-related disorders such as anxiety and depression.
Future studies will require an exploration of the potential contributions of other LHb inputs to such intra-LHb molecular disturbances, for example from the mPFC,
NAc, AMG, and LH. AMG, amygdala; EPN, entopeduncular nucleus; LH, lateral hypothalamus; LHb, lateral habenula; mPFC, medial prefrontal cortex; NAc, nucleus
accumbens; RMTg, rostromedial tegmental nucleus; VTA, ventral tegmental area. Dashed lines indicate that there are no known direct connections.
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TABLE 1 | Outstanding issues and questions.

1. What role does the LHb play in memory processing by healthy brains? To answer this question, we need to better understand the precise short- vs. long-term
roles of the mPFC and hippocampus in LHb memory processing. Also enhancing the ecologically-relevance and complexity of the behavioral assessments
should facilitate our ability to further dissect the role of the LHb in memory.

2. What types of context memory information are conveyed to the LHb from the mPFC and hippocampus, and how is this information modified during stress or
neuropsychiatric states such as depression and anxiety?

3. Does the neural mechanism of communication between limbic cortex and the LHb change over time, and does this communication become altered in
neuropsychiatric conditions?

4. What are the cellular and network mechanisms by which the LHb integrates context memory (e.g., from mPFC and hippocampus) and motivational information
related to emotional state? Future studies focused on the synaptic basis of memory formation and stress dysregulation of synaptic plasticity at these specific
synaptic inputs to LHb are also warranted.

5. It is well documented that sleep is essential for normal memory and emotion regulation. The strong anatomical connection between the suprachiasmatic
nucleus and the LHb, and functional ties between the hippocampus and LHb, suggest that at least part of a memory influence of the LHb may be related to its
processing during sleep. This is an understudied area of LHb function.

6. LHb theories postulate that LHb output guides response flexibility and behavioral adaptation. The mechanisms involved in such behavioral guidance, however,
are not clear, nor are the details by which stress might modify these output messages.

7. Often memory disruption is thought to be the consequence of a disordered behavioral state such as that observed after stress. It is possible, however, that a
memory disruption could lead to a stressed state. Distinguishing these interpretations is important yet challenging given the dynamic nature of neural systems.

8. Are there differential impacts of maternal separation (predictable stress) and single maternal deprivation (unpredictable stress) when it comes to resistance or
vulnerability to addictive behaviors, depression and other mood phenotypes?

9. What are the critical neuromodulations within LHb that could underly anhedonia, motivational deficits, and drug seeking behaviors?

of information into LHb contributions to decision-making.
For example, Thornton and Evans (1982) observed that when
rats were faced with an inescapable swimming scenario in
the Morris water maze followed by a means of escape via
rope climbing, habenula lesioned animals showed less flexible
behavior (e.g., switching from trying to climb out via the edge
of the pool to swimming to the middle to climb the rope)
and a reduced likelihood of achieving escape. Combining such
varied behaviors alongside the highly targeted molecular and
physiological techniques now at the neuroscientist’s disposal
may elaborate previously unknown, or recently forgotten roles
for the LHb across a range of behaviors. For example, recent
advances in behavioral tracking has led to the ability to precisely
track positional information at a frame by frame granularity
using automated behavioral coding (Nath et al., 2019; Nilsson
et al., 2020). Understanding the neurophysiological changes
associated with shifts in complex behaviors (such as during
social interaction) and cue recognition could be critical to
understanding how the LHb combines input from forebrain and
memory related areas with stress related signals to influence
downstream modulatory systems (Proulx et al., 2014).

To some extent, a revisiting of ethological behaviors in the
LHb literature is already underway. Recent examples including
realistic social aggression paradigms where mice are chronically
socially defeated by a larger more aggressive strain (Flanigan
et al., 2020), experiences of maternal deprivation during rearing
described above (Shepard et al., 2018b), and social behavior
in zebrafish examining decisions to fight or flee (Okamoto
et al., 2021), are particularly relevant behaviors in the context
of psychiatric conditions. In addition, when neural recordings
have been obtained in freely behaving animals in dynamic
environments, a much more complex picture of its role in
ongoing behavior has emerged beyond signaling aversive stimuli
(Baker et al., 2015; Lecca et al., 2020). Specifically, neural signals
correlate strongly with velocity of animals as they seek rewards in
open fields or in a T-maze (Sharp et al., 2006; Baker et al., 2015;

Lecca et al., 2020). It is no doubt that behaviors such
as conditioned place preference/avoidance, highly controlled
delivery of aversive or appetitive stimuli, or sucrose preference
have informed important theories of LHb function. Examining
these theories within the broader view of the LHb in behavior
summarized by Sutherland (1982), among others, will likely help
clarify in what ways the conclusions from simplified paradigms
contribute to more complex decision-making situations. For
example, comparing results from effort based operant tasks such
as progressive ratio (Zapata et al., 2017), with a more ethological
behavior such as rats exerting effort to climb barriers (Sevigny
et al., 2021) could help reveal the extent to which effort or fatigue
is related to anatomical and physiological changes in LHb. This
will further clarify potential LHb contributions to a wide range of
psychiatric conditions.

SUMMARY/CONCLUSION

Over the past 20 or so years, there has been significant evolution
in our understanding of the functional importance of the LHb.
This has led to the generally-accepted views that the LHb plays
a key role in associating context-dependent memory with one’s
emotional state, and that dysfunction of this memory-emotion
interface has neuropsychiatric consequences. As investigations
continue to detail the dynamical nature of synaptic and circuit
interactions of LHb function, it will be important to do so from
a multi-level approach so that we will increasingly understand
LHb function from its molecules to the circuits in which it
is embedded. Having a more detailed comprehension of the
LHb role in computing multimodal information regarding the
emotional valence of a situation, prior stress experiences, and
its contextual properties will likely help understanding some
of the symptoms observed in pathologies associated with LHb
dysfunctions such as depression (Li et al., 2013; Lecca et al.,
2016; Nuno-Perez et al., 2018), addiction (Lecca et al., 2014;

Frontiers in Systems Neuroscience | www.frontiersin.org 7 March 2022 | Volume 16 | Article 82647584

https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/systems-neuroscience#articles


fnsys-16-826475 March 3, 2022 Time: 12:42 # 8

Baker et al. Lateral Habenula Beyond Avoidance

Velasquez et al., 2014; Mathis and Kenny, 2019) frontotemporal
dementia (Bocchetta et al., 2016), and possibly schizophrenia
(Zhang et al., 2017; Schafer et al., 2018).

The emergence of psychopathological symptoms is
particularly striking when examined under stress induced
contexts. A growing appreciation of the role of early life stress
in LHb processing of emotional context is an example of the
importance of understanding the complex interactions between
memory and goal-directed behavior (Tchenio et al., 2017;
Shepard et al., 2018b; Shepard and Nugent, 2021). Also, the
yet unexplored LHb function in sleep appears relevant due to
the relation between sleep and stress exposure (Goldstein and
Walker, 2014; Vandekerckhove and Wang, 2018), and because
sleep disturbances are key features of pathologies involving
LHb dysfunction such as depression (Kudlow et al., 2013) and
schizophrenia (Carruthers et al., 2021). Such studies examining
the interaction between sleep and stress will likely bring new
insights about cognitive deficits (memory loss, attention deficits,
anhedonia) observed in depressive patients (Hammar and Ardal,
2009; Disner et al., 2011; Culpepper et al., 2017) and other
populations with noted sleep disturbances.

Before we can develop efficient interventions to treat
dysfunctions in memory, stress, sleep, and emotion processing,
a number of questions remain to be addressed to further our
understanding of the behavioral and neural mechanisms that
underlie the LHb’s role in these contexts (Table 1). Overall,
advances in our understanding of the functional significance
of the LHb requires taking a multi-systems approach that
includes the nature of the interactions between the LHb and its
numerous afferent and efferent partners (Figure 1), as well as
how the LHb plays central roles in many types of behaviors and

types of memory. While behaviors including sleep, emotional
processing, and decision-making often require the inclusion of
more complex, or ethologically relevant behavioral assays, the
insights gained from these studies will likely have important
implications for understanding how observed cellular and circuit
changes contribute to complex human psychopathologies.
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Despite decades of significant effort in research, policy, and prevention, suicide rates
have continued to rise to the current peak of 14.6 per 100,000 deaths. This has resulted
in a concerted effort to identify biomarkers associated with suicidal behavior in the
brain, to provide predictions that are better than the chance of discerning who will die
by suicide. We propose that the lateral habenula (LHb), and its dysfunction during a
suicidal crisis, is a critical component of the transition from suicidal ideations to self-
harm. Moreover, the LHb—a key functional node in brain reward circuitry—has not
been ascribed a contributory role in suicidal behavior. We argue that the LHb anchors a
“suicide circuit” and call for suicide researchers to directly examine the role of the LHb,
and its long-term modulation, in response to the negative affect in suicidal behavior.
Discerning the neural mechanisms of this contribution will require the collaboration of
neuroscientists and psychologists. Consequently, we highlight and discuss research on
LHb as it relates to suicidal ideation, suicidal behavior, or death by suicide. In so doing we
hope to address the bench-to-bedside translational issues currently involved in suicide
research and suggest a developmental framework that focuses on specific structures
motivated by theoretical anchors as a way to incorporate neurobiological findings within
the context of clinical theory.

Keywords: suicide, habenula, lateral habenula, habenula, neurobiomarkers, ideation, capability

INTRODUCTION

Out of every 100,000 deaths that occur in the United States, 14.6 result from self-inflicted injuries
(CDC WISQARS, 2020). Suicide rates continue to rise yearly, despite significant research, policy,
and prevention efforts across commercial, academic, and government sectors. Five decades of
suicide research have not improved the ability to predict who will die by suicide (Franklin et al.,
2017), or what interventions effectively prevent it (CDC WISQARS, 2020). Currently, leading
theories of suicide risk are based on psychosocial models encompassing the complex interplay
between environmental, affective, behavioral, and neurobiological factors.

While acknowledging the role of neurobiology, these theories often reduce the exact functions,
structures, and circuitry to an abstract, conceptual influence rather than a tractable avenue for
intervention. For example, suicide is thought to be moderately heritable, with the family history of
suicide emerging as a salient risk factor for suicidal behavior, especially among families with high
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rates of psychopathology (Coon et al., 2020). However, the
specific genes, the brain structures under their genetic influence,
or the neurotransmitters affected by the inherited risk of suicide
are much less clear. Conversely, biological research on suicide
has largely focused on examining independent mechanisms
[e.g., 5-hydroxytryptamine receptors (5-HT), Brain-Derived
Neurotropic Factor (BDNF), Hypothalamic-Pituitary-Adrenal
(HPA) axis reactivity] that carry the risk of failing to incorporate
the dynamic and complex biopsychosocial systems involving
suicidality and an individual’s environment. Noting this
recurrent pattern of academic conceptual isolationism, we call
for increased interdisciplinary investigation into neurobiological
correlates of suicidality guided by psychosocial suicide research
theory. We provide a candidate for this approach, the lateral
habenula, a neural structure that we believe will justify this
argument through the lens of suicidology. The pairing of
neurobiological mechanisms with suicide theory, long overdue,
has the potential to dramatically improve clinical practice.

PSYCHOSOCIAL SUICIDE THEORIES AND
RESEARCH—A MODERN DAY PRIMER

Many psychosocial theories propose explanations for why
people die by suicide and identify factors that may contribute
to the transition of suicidal ideation into suicidal behavior.
The Stress–Diathesis Model of suicide (van Heeringen, 2012)
proposes that stressors such as psychological disorders, crises,
poverty, hopelessness, and adverse childhood experiences
interact with epigenetic and neurobiological alterations to
increase suicide risk. However, not all individuals who experience
stressors think about suicide or engage in suicidal behavior,
suggesting that neurobiological and genomic vulnerabilities
contribute to the development of suicide risk, and thus a
stress–diathesis interaction occurs. In support of this theory,
structural and functional brain states can serve a role in
distinguishing who, from samples of persons who experienced
similar painful life events, will exhibit thoughts of suicide
(Mann and Rizk, 2020). Further, the Stress–Diathesis Model
prominently uses the concept of the ‘‘suicidal mode’’, which
defines suicide-specific motivations, cognitions, and affect in the
context of the stressors which elicit them.With each activation of
the suicidal mode, suicidal behavior becomes progressively more
accessible in memory and the suicidal mode is more responsive
to minor stimuli. With repeated stimulation, the suicidal mode
becomes activated more easily and with a lower threshold for
activation (Leon et al., 1990; Oquendo et al., 2004). It stands to
reason that the facilitation of the suicidal mode is accompanied
by changes in neural plasticity in key brain regions associated
with processing these stimuli but, as of the time of this writing,
these studies have yet to be done.

Additional theories explain the progress of suicidal ideation
to lethal self-injury. The Interpersonal Theory of Suicide (IPTS;
Joiner, 2005) states that an individual: (i) must feel as if they
are a burden on others; and (ii) feel as if they are disconnected
from their social environment, to begin thinking of killing
themselves. Additionally, the IPTS specifies that to act on suicidal
ideation, an individual must acquire the capability for suicide,

which involves an increased pain tolerance and fearlessness of
death that allows them to overcome the basic drive towards
self-preservation inherent in biological life. In support of this
theory, past studies have found that an acquired capability for
suicide, the ability to tolerate pain, and fearlessness about death
differentiates those who think about suicide from those who
make a suicide attempt (May and Klonsky, 2016; Paashaus
et al., 2019). It is hypothesized that acquired capability was
developed from repeated exposure to painful and provocative
experiences (e.g., non-suicidal self-injury; Bender et al., 2012;
Bauer et al., 2020). Building on the IPTS, the Three-Step Theory
(3ST; Klonsky and May, 2015), incorporates that pain and
hopelessness, together, initiate passive suicidal ideation (‘‘I do
not want to exist’’) that is escalated into active suicidal ideation
(‘‘I want to kill myself’’) when there is a lack of connection
with others. The 3ST also extends acquired capability for
suicide to include practical capability (having knowledge/access
to the means for suicide) and dispositional capability (innate
neurobiological/genetic factors that enable an individual to enact
lethal suicidal behavior). Here again, it is possible that brain
regions associated with pain and fear modulation contributes to
changes in suicide capability. Confirmation of this would help
solidify these theories and provide potential biomarkers that can
contribute to the progression from suicidal ideation to suicidal
behavior.

Integrating psychosocial theories, the IntegratedMotivational
Volitional Theory (IMVT; O’Connor and Kirtley, 2018),
conceptualizes the progression of suicide into three phases. First
is the pre-motivational phase, which includes a diathesis–stress
approach that promotes the development of suicidal ideation.
Next, the motivational phase leads to the expression of suicidal
ideation that emerges as a response to feelings of entrapment,
hopelessness, and defeat. In the final volitional phase, acquired
capability, exposure to others’ suicidal behaviors, detailed suicide
plans, and cognitive rehearsal of death and suicide facilitates the
transition from suicidal ideation into suicidal behavior.

Other theories have integrated the idea of suicidal mode that
explain the fluidity of factors that trigger and contribute to the
severity and duration of an individual’s suicidal state. When
internal or external precipitants trigger the suicidal mode, it
acts in a synchronistical fashion to produce a suicidal episode
characterized by cognitive themes, physiological arousal, and
death-related behaviors. Extending the idea of suicide risk as
dynamic, as opposed to stable, is the Fluid Vulnerability Theory
(FVT; Rudd, 2006). This theory conceptualizes suicide risk as a
combination of baseline risk factors (e.g., past suicide attempts,
depressive symptoms, etc.) and acute risk factors (e.g., sudden
losses, major life changes, etc.). Based on the conceptualization of
dynamic suicide risk, the National Institute of Mental Health has
established a priority initiative to examine time-varying suicide
risk factors (Kleiman et al., 2017; Hallensleben et al., 2018; Bryan
et al., 2019; NIMH, 2020).

Psychosocial research on suicide contains a diverse range
of viewpoints, ranging from those emphasizing the physical,
such as pain tolerance (Rabasco and Andover, 2020), to the
implied, such as cultural and economic diversity and social
belongingness (Chu et al., 2010; Li Z. et al., 2011). Whether
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genetic and neurostructural influences are defined as diatheses,
dispositional capability, or biological vulnerability to suicidal
behavior, theories of suicide implicitly emphasize the role
of genetics and biology in determining risk. These theories,
however, do not define structures or biomarkers that influence
suicidality, and in doing so settle for defining the biology of
suicide merely through conceptual abstractionism. Furthermore,
absent neurobiological candidates, the foundational ideas of
psychosocial suicide risk factors are unable to discriminate
between those who will develop suicidal ideation, those who will
die by suicide, and those who will never think of lethal self-injury
at all (Franklin et al., 2017; Millner et al., 2020). The study
of suicide must evolve and use integrative systems approaches
that more closely approximate the complex picture of suicidality
by incorporating ecological, psychosocial, and neurobiological
factors leading to the emergence of suicidal behavior.

Neurobiological Trends in Suicidology
There are several promising neurobiological targets that
contribute to suicidal behavior, revealed in large part by the
increasing popularity of identifying suicide-related biomarkers,
that hold the potential to identify the most prominent systems
or biomarkers implicated in the neuropathology of suicide
(Sudol and Mann, 2017; Calati et al., 2020). One of the earliest
targets was the serotonergic system, leading to the identification
of suicide-associated genetic variations, receptor activity, and
downregulation of the neurochemical itself (Stockmeier et al.,
1998; Mann, 1999, 2003; Arango et al., 2001; Oquendo et al.,
2003, 2006). However, serotonergic suicide-related data has not
been consistent across suicide research studies. For example, low
midbrain serotonin transporter bindings have been found among
suicide attempters (Miller et al., 2013) while greater serotonin
receptor binding potential was found in the brainstem of suicide
attempters in other studies (Sullivan et al., 2015). Given the
inconsistencies in the serotonergic systems’ importance in the
neuropathology of suicide, research has extended to examining
other neural structures and systems’ role in suicide.

While biological research has progressed our understanding
of suicide, conversely neurobiological research can run into
difficulties taking mechanistically complex processes and
translating them into cognitions or behaviors that suicidal
persons may struggle with. In addition, neurobiological research
can run the risk of describing specific mechanisms of suicidality
that simply need more holistic psychosocial factors to create
research with high explanatory power. We argue that, by
integrating findings from psychosocial studies of suicide, we can
better map our research onto the complex systems of suicidality.
To that end, we would call for further examination into the LHb,
a structure we believe may be key in developing dynamic suicide
research.

THE LATERAL HABENULA, SUICIDAL
IDEATION, SUICIDAL BEHAVIOR, AND
CAPABILITY FOR SUICIDE

The LHb is often ignored in neurostructural research due to
the technical challenge of resolving its structure because of its

small size and deep position within the brain. However, advances
in both the power of, and analytical approaches to, resolving
fMRI signaling now provide satisfactory resolution for LHb
registration and segmentation (Gan et al., 2019; Hashikawa et al.,
2020).

Anatomically, the habenula is an epithalamic structure often
subdivided into the medial habenula and the LHb linking
forebrain and midbrain regions, connecting a host of neural
structures that include the ventral pallidum, the ventromedial
prefrontal cortex (vmPFC), the lateral hypothalamic area (LHA),
the globus pallidus, the dorsal raphe nuclei (DRN) and the
ventral tegmental area (VTA; Aizawa and Zhu, 2019; Qiao et al.,
2020). The LHb is largely innervated from the entopeduncular
nucleus and the lateral hypothalamic area, serving a function
as a co-releaser of glutamate and GABA. Indeed, within the
LHb, glutamatergic neurons project to the ventral tegmental
area and the GABAergic rostromedial tegmental nucleus (Shabel
et al., 2012). As a relay interface between basal ganglia and
limbic system, the LHb is involved inmotivational and emotional
control of behavior, playing a critical role in both the stress
response and behavioral responses induced by expected reward.
Further, the LHb operates as a hub between a host of other neural
structures that transforms motivational representation into
appropriate behavioral outputs by regulating monoaminergic
neurotransmission (Stamatakis et al., 2013; Li J. et al., 2017;
Ambrosi et al., 2019). Our rationale for implicating the LHb in
suicidality is founded on a broad base of past research which has
associated LHb dysfunction with many different concepts closely
linked with suicidality.

The LHb in the Desire and Drive for Suicide
Within the world of suicide research, an emerging therapeutic
focus has reconceptualized suicidality on a behavioral
continuum. That is to say of the many suicide risk factors
established over decades of research, some appear to directly
drive suicide-specific thoughts, feelings, and behaviors whereas
other risk factors can be thought of as indirect, in that they
are circumstances, states, or conditions leading the patient to
consider their life not worth living (Tucker et al., 2015; Jobes
et al., 2018). The distinction is subtle, yet important, playing
into the larger conversation of whether a risk factor largely will
influence a person through soliciting thoughts of suicide, or
whether a factor may motivate suicidal behavior. In linking the
function of the LHb to suicidality, we believe it is helpful to
contextualize past research on this continuum.

The LHb and Desire for Suicide
LHb thought to be a downstream structure in the pathway
through which sensory information, projected from other neural
structures (such as the medial septum), generates sensory-
evoked aversion through a net effect of negatively valenced
emotions in animal models (Zhang et al., 2018). This pathway,
activated through glutamatergic and GABAergic neurons, may
be underlying the process through which the LHb increases
the processing of negative stimuli and decreases the processing
of positive stimuli (Belzung et al., 2015). This contributes to
a neurobiological sensitivity to predict punishment even from
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neutral stimuli and this process may underlie the pervasive
negative emotional state that characterizes depression. Over
time, hyperactivity in this pathway’s functional connectivity
may contribute to chronic dysregulation of the habenula,
leading to long-term alterations of dopamine, serotonin,
and norepinephrine transmission that primes a neurological
disposition towards avoidance and facilitates social withdrawal
related to suicidal ideation (Knowland and Lim, 2018; Ambrosi
et al., 2019). In addition, LHb activity has been linked
to insomnia, deficits in circadian rhythm regulation, and
somatization which are all high arousal life stressors linked with
suicidal ideation (Fakhoury, 2017; Mendoza, 2017; Gold and
Kadriu, 2019; Qiao et al., 2020).

Further, due to its function as a communication center
between limbic structures in the forebrain and aminergic centers
in the midbrain, and the structure’s key role in monoamine
transmission and cognition, the LHb is closely linked to
both the emergence and maintenance of treatment-resistant
depressive symptoms, a condition found to co-occur heavily
with hopelessness (Papakostas et al., 2005; Lecourtier and Kelly,
2007; Browne et al., 2018). Hopelessness is thought to be a key
factor in differentiating suicidal ideators from those who do
not experience suicidal thoughts (Wolfe et al., 2019). Indeed,
the LHb has been implicated in anhedonia (Li et al., 2013),
learned helplessness (Li B. et al., 2011), and rumination (Belzung
et al., 2015) which have all been linked to hopeless depression
and suicidality in past literature (Abramson et al., 2000). These
deficits can be linked to the social disconnectedness underlying
the process through which a nonsuicidal person can begin to
develop suicidal ideation.

The LHb and Drive for Suicide
Hyperactivity in the LHb has been found to be associated
with depressive symptomology, anti-reward signaling (systems
that activate to limit or diminish rewarding behavior), and
impairments in reward-seeking behaviors (Matsumoto and
Hikosaka, 2007, 2009; Hong et al., 2011; Proulx et al., 2014).

A further specification of the effect of monoamine theories
of suicide relates to the endocannabinoid (eCB) system in
the LHb. The eCB system consists of receptors, receptor
agonists, and classified as lipid mediators and receptors are
typically situated in the presynaptic terminal of the neuron,
meaning they are synthesized in an activity-dependent manner
compared to neurotransmitters (Shepard and Nugent, 2021).
Dysregulation of the eCB system has been implicated in
neuropsychiatric conditions, including depression and other
stress-related disorders (Castillo et al., 2012; Berger et al.,
2018). Endocannabinoids are widely prevalent throughout the
brain, suggesting that eCBs are fundamental in modulating
synaptic functioning. The eCB system interacts with other
neuromodulatory systems and may thus represent an extension
of the monoamine theory of depression, as it regulates the
release of glutamate, GABA, and other monoamines implicated
in depression (Castillo et al., 2012). Notably in the LHb,
eCB signaling plays a role in controlling synaptic plasticity,
neuronal activity, and subsequent associated behavior, therefore
alterations in eCB regulation of LHb neurons contribute to

LHb dysfunction that is associated with motivational and social
deficits seen in depression and stress-related disorders (Shepard
and Nugent, 2021). In the Fluid Vulnerability Theory of suicide,
eCB levels in the LHb could then play a crucial role in
understanding biological predispositions to suicide risk, which
then could be compounded by chronic stress (Authement et al.,
2018). The LHb is a critical region that controls the expression of
aversive behavior that is activated by aversive stimuli or lack of
expected reward.

There is growing evidence that implicates the habenula
in stress-related behavioral alterations and identifies
endocannabinoids’ role in these processes (Berger et al., 2018;
Vickstrom et al., 2021). Stress engages eCB signaling in the LHb,
evident by rat exposure to social defeat stress demonstrating
increased levels of endocannabinoids and agonist binding affinity
in the LHb compared to non-stressed rats (Berger et al., 2018).
Similarly chronic stress, linked with emotional dysregulation,
affects synaptic transmission and transcriptional plasticity in the
LHb. Thus, we propose that emotional dysregulation induced
by acute suicide risk factors may result in a sensitization of the
LHb, leading to increased LHb activity that is observed during
chronic stress (Cerniauskas et al., 2019). Stress may be affecting
the development of suicidal ideation through activation of the
LHb and subsequent activation of Brown Adipose Tissue (BAT)
thermogenesis, in a process called ‘‘emotional hyperthermia.’’
This involves hyperactivity of the LHb and a corresponding
subtle increase in body temperature that has been shown
to correlate with increases in perseverative and ruminative
behaviors frequently associated with suicidal ideation (Law
and Tucker, 2018; Brizuela et al., 2019). Maladaptive responses
to chronic stress play an important role in the emergence of
mood disorders, especially those with biological vulnerability or
predisposition. Chronic stress creates a marked increase in LHb
activity and increased LHb activity promotes depression-related
behavior (Chen and Kenny, 2018; Cerniauskas et al., 2019). As
a strong link exists between chronic stress, depression-related
thinking, and suicidal ideation (Park et al., 2010), we propose
that these biological mechanisms may be a driving force behind
processes wherein an individual both begins to desire dying by
suicide and further still behind subsequent processes through
which an individual is motivated to engage in suicidal behavior.

The LHb and Capability for Suicide
Another link to LHb function and suicidality could be through
the interpretation of capability for suicide, a term for deficits
in pain and fear processing allowing one to overcome the
drive towards survival inherent in all biological life. Activity
in the LHb is thought to underscore the interpretation of
both physiological and psychological pain as aversive stimuli
(Wirtshafter et al., 1994; Li Y. et al., 2017), potentially implicating
this structure in the induction of feelings of entrapment necessary
for one to act on their suicidal thoughts. Indeed, a growing
body of literature has indicated that hyperactivity in the LHb
may result in both a ‘‘reward deficit syndrome,’’ characterized
clinically by anhedonia, and reduced motivation, along with
an ‘‘enhanced anti-reward syndrome’’ noticeable as dysphoria,
which may be driving suicidal behaviors through entrapment
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(Qiao et al., 2020). Further, chronic dysregulation of the habenula
may lead to long-term alterations of dopamine, serotonin,
and norepinephrine transmission that may facilitate social
withdrawal maladaptive coping related to entrapment and thus,
suicide-related behaviors (Knowland and Lim, 2018; Ambrosi
et al., 2019).

Consistent with cytokine theories of depression (Jeon and
Kim, 2016; Shariq et al., 2018) activation or neuroplasticity
in the LHb may be associated with neuroinflammation found
to be related to greater intensity of suicidal ideation (Brundin
et al., 2015) and greater risk of a completed suicide attempt
(Batty et al., 2016). Rodent models of depression (Zhao et al.,
2018; Guan et al., 2020) have found similar increases in
proinflammatory factors and proteins in the LHb, including
tumor necrosis factor-a (TNF-a), C-reactive protein (CRP),
and pro-inflammatory cytokines such as interleukin-1b (IL-1b),
IL-6, and IL-10. This increase in neuroinflammation within
the LHb appears to be associated with greater depressive
symptoms and reductions in fear processing (Zhao et al., 2018),
particularly notable for suicidality given the LHb’s involvement
in emotion regulation and processing of aversive stimuli
(Ambrosi et al., 2019).

The LHb may be involved in modulating fear and pain which
are theorized to be core components of suicide capability (Joiner,
2005). The LHb contains a number of pain-activated neurons
(PANs), which increase their firing rates when activated by
noxious stimulation. As these neurons are activated, the pain
threshold decreases, meaning that pain tolerance is reduced and
stimuli are more likely to be perceived as painful (Li et al.,
2016). Individuals with high pain tolerance, and therefore higher
levels of capability for suicide, may experience sensitization in
the firing rates of these LHb PANs. Further, this argument
suggests that hyperactivity in the LHb may subsequently lead to
desensitization to critical cognitive and affective signals such as
gratification, danger assessment, and pain sensitivity as shown
in past research (Li Y. et al., 2017; Yang et al., 2018). Indeed, a
pathway has emerged throughwith pain signals are received from
the spinal cord, leading to PAN activation in the habenula. Over
time, chronic stimulation leads to an increase in the excitability
of the LHb neurons which suppresses reward responses projected
to the VTA (dopaminergic) and DRN (serotonergic), implicating
the LHb in both the pain/depression comorbidity (Zhang et al.,
2020). Along this pathway, synaptic changes in the LHb resulting
from desensitization of these structures would indeed result in
the increases in pain tolerance and decreases in pain sensitivity
found to consistently co-occur with the painful and provocative
events comprising an individual’s acquired capability for suicide
(Franklin et al., 2011; Koenig et al., 2016).

Additionally, LHb activity has been implicated in the
processing of fear, meaning there is a conceptual link between
activation in LHb glutamatergic neurons and increases in
fearlessness, particularly in the fearlessness of death (Ribeiro
et al., 2014). Results from rodent model research have found
that inactivation in the LHb influenced contextual memory
deficits and enhanced the fear response to a conditioned
stimulus (Durieux et al., 2020). Thus, we believe it is
likely that hyperactivity in the LHb could lead to deficits

in cueing the fear response in response to suicide-related
stimuli. That is, LHb activation may be differentiating between
individuals who are high in capability for suicide and
those who are low by influencing the likelihood that an
individual will perceive suicide-related stimuli as aversive.
However past research has found a less robust connection
between the habituation to self-injurious or suicidal behavior
and resultant increases in capability for suicide (Ribeiro
et al., 2020), and thus future research should consider
examining whether this hyperreactivity is either static for
each person or dynamic and responsive to an individual’s
environment.

CONCLUSIONS: WHERE DO WE GO FROM
HERE

Consistent with the associations of the LHb with the anti-reward
circuit, depressive symptoms, anhedonia, reductions in
appetitive behaviors such as socialization, and deficits in stress-
related fear responses, we believe the LHb is likely a critical
structure for investigations into the neuropathophysiological
correlates of suicidality. Based on existing research, there is
strong evidence for the habenula’s involvement in suicide and
suicide-related behaviors. Specifically, it is plausible that LHb
dysfunction may play a critical role in facilitating the transition
from suicidal ideation to suicidal behavior.

In the vein of suicide theory, we believe hyperactivity in
the LHb can likely be linked to one’s tendency to perceive
events as painful and provocative, key experiences in the
IPTS and 3ST theories of suicide. Further, neuroplasticity
in the LHb likely plays a crucial role in influencing one’s
baseline levels of suicide risk, such that when psychosocial
stressors activate acute vulnerabilities for suicide risk (per
the IMVT), an individual’s ability to recover and remit
from suicidal crises may depend, in part, on neurobiological
factors in the LHb (e.g., endocannabinoid receptor density,
cytokine levels, and monoaminergic signaling). Once
activated, the LHb may sustain negative emotional states
through key structures in the basal ganglia and limbic
system, promoting an anti-reward strategy that leads to
vulnerabilities in suicidal thoughts and behaviors. Chronic
activation of the LHb may then result in shifts towards
hyperactivity in neuronal cell clusters responsive to aversive
stimuli, functioning as a byproduct of the brain’s reaction
to dysregulated emotional states linked to psychosocial
or environmental cues. This process would then result in
a one-way ‘‘suicide circuit,’’ by which the LHb becomes
sensitized to aversive stimuli, making the suicidal mode easier
and easier to access with each activation. See Figure 1 for
a hypothesis of this proposed pathway. As such, the role
of the LHb, and its long-term modulation in response to
negative stimuli in suicidal behavior should be examined.
Given the technical and methodological challenges of studying
the habenula and the limitations of making conclusions
from animal models to human models, our proposed model
is developed based on research’s current understanding
of the habenula’s role in various cognitive, affective, and
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FIGURE 1 | Theoretical process of habenular “suicide pathway”.
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behavioral processes. Thus, our model may be updated as
our understanding of the habenula and related circuitry
improves.

We believe that a synergistic partnership between
interdisciplinary collaborators can yield potentially life-saving
research that can be used to optimize suicide risk assessment
and prevention practices. Specifically, it would be helpful
to use existing suicide theories generated by psychological
research to inform neuroscience research using human models
and generate hypotheses that can then be tested in animal
models. The findings from neuroscience research can then
be used to refine suicide theories and applied to optimize
suicide risk assessment and prevention practices. As such,

we hope that suicide research moving forward will become
more interdisciplinary and see more collaboration between
neuroscientists and psychologists.
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For many animals, social interaction may have intrinsic reward value over and above its
utility as a means to the desired end. Eye contact is the starting point of interactions
in many social animals, including primates, and abnormal patterns of eye contact are
present in many mental disorders. Whereas abundant previous studies have shown
that negative emotions such as fear strongly affect eye contact behavior, modulation of
eye contact by reward has received scant attention. Here we recorded eye movement
patterns and neural activity in lateral habenula while monkeys viewed faces in the context
of Pavlovian and instrumental conditioning tasks. Faces associated with larger rewards
spontaneously elicited longer periods of eye contact from the monkeys, even though
this behavior was not required or advantaged in the task. Concurrently, lateral habenula
neurons were suppressed by faces signaling high value and excited by faces signaling
low value. These results suggest that the reward signaling of lateral habenula may
contribute to social behavior and disorders, presumably through its connections with
the basal ganglia.

Keywords: lateral habenula, eye contact, reward, primate, electrophysiology

INTRODUCTION

Eye contact is a key element of social interactions between conspecifics and even across species.
This is especially true in primates (Mosher et al., 2011). Abnormal patterns of eye contact are a
common behavioral symptom in autism spectrum disorder (Szatmari et al., 2016). Social behavior
is an intrinsic source of natural reward and can release reward-associated neuromodulators (e.g.,
dopamine and serotonin) (Krach et al., 2010; Trezza et al., 2010; Dölen et al., 2013). However, there
have been few studies on how eye contact behavior relates to reward and reinforcement learning.

In the primates, interactions are driven by long-term relationships and are thus necessarily
shaped by past experience with outcomes of prior interactions. Although some studies have
suggested that aversive feelings such as fear and avoidance lead to gaze aversion (Schneier et al.,
2011), this effect is not found in all cases (Wieser et al., 2009). Given the complexity of affiliative and
antagonistic behaviors in primate societies, we hypothesized that neuronal networks comprising the
reward system might regulate eye contact together.

What are brain structures likely to contribute to social aspects of gaze behavior? Previous work
in the lab established the role of several basal ganglia structures for learning the emotional value
of non-social objects (Hikosaka et al., 2006, 2019). Among them, the lateral habenula (LHb) is
highly sensitive to the emotional significance and interacts with brainstem areas and basal ganglia
which can control the release of reward-associated neuromodulators (e.g., dopamine and serotonin)
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(Matsumoto and Hikosaka, 2007; Hikosaka, 2010; Hu et al.,
2020) that could be important in establishing relationships
and engaging in social behavior. We thus hypothesized that
LHb plays a role in establishing eye contact based on prior
emotional experience.

RESULTS

To test this hypothesis, we recorded 33 LHb neurons in two
monkeys (15 in monkey CH and 18 in monkey KI) performing
an active/passive task in which different face images signaled
four different emotional contexts (Figures 1A,B). The entire
population of recorded cells in the LHb showed consistent
responses to the value of each reward stimuli in the task
procedure. We thus expect the significant population of cells in
the LHb would play a role in modulating the gaze duration/eye
contact. In this task, emotional context varied from trial to trial,
governed by the possibility of large or small juice rewards (“Rich”
or “Poor” contexts) and also by the occurrence or absence of an
aversive airpuff stimulus (“Dangerous” or “Safe” contexts). The
airpuff was only delivered in the passive task.

The face images were assigned four distinct emotional
contexts based on task mode (active or passive) and
amount× probability of the outcome. All face stimuli maintained
consistent emotional contexts in both active and passive tasks
(Figure 1B). (1) Rich-Safe (Rwd+, Pun−): monkeys experienced
big rewards in both tasks. (2) Rich-Dangerous (Rwd +, Pun +):
monkeys experienced big rewards in the active task but
punishment in the passive task. (3) Poor-Safe (Rwd−, Pun−):
monkeys experienced small rewards in both tasks. (4) Poor-
Dangerous (Rwd−, Pun+): monkeys experienced small rewards
in the active task and punishment in the passive task. At the time
of face stimulus onset, the expected reward amount was higher
in the Rich-context (Rich-Safe and Rich-Dangerous) compared
with Poor-contexts (Poor-Safe and Poor-Dangerous) (Figure 1D
and Supplementary Table 1).

Each trial started with the appearance of a face image, the
identity of which informed the monkey whether the context of
the current trial was Rich-Safe, Rich-Dangerous, Poor-Safe, or
Poor-Dangerous (Figure 1A). After a free viewing of the face for
1 s, an active or passive cue appeared at the center of the screen
and respective tasks diverged. In the active task, the monkeys
were required to fixate their gaze (700 ms) on the active cue.
After the fixation, one of the “good” or “bad” objects appeared.
The monkeys were then required to make a saccade to “good”
fractal objects to obtain a juice reward and avoid gazing at
“bad” objects to preserve the possibility of reward later in the
trial. After a “bad” object, there was necessarily a “good” object.
When the “bad” objects appeared, after the avoidance for 1 s,
the active cue re-appeared and “good” objects appeared. The
monkeys then could make a saccade to the “good” object to
obtain a juice reward. The good and bad objects were different
between 4 faces or scenes. Each face or scene environment
contained five different fractals (5 fractals/environment × 16
environments/set = total 80 fractals/set) for “good” and “bad”
objects in the active task and “100,” “50,” and “0%” objects

in the passive task. Monkeys could learn these objects within
five blocks (Active task, 192 trials/block + Passive task, 192
trials/block = total 384 trials/block). After five blocks of the
learning, the gaze pattern and neuronal responses of monkeys
were constantly discriminative to the reward value of stimuli
(Rich vs. Poor environments, Good vs. Bad, 100 vs. 0% objects
in Rich contexts). The passive task was a Pavlovian conditioning
procedure entailing three conditioned stimuli (CS) comprising
different outcome probabilities (100, 50, or 0%). In the passive
task, the monkeys were not required to make a saccade to any
object and could freely observe this. Outcomes in the passive
task occurred irrespective of the monkey’s behavior; thus, the
resulting pattern of eye movements can be considered a form of
natural viewing.

Reward History Modulates LHb Activity
and Eye Contact During Face Viewing
At the start of the trial, LHb neurons were significantly inhibited
by Rich faces and excited by Poor faces (Figure 1C). Furthermore,
in Rich trials, the monkeys’ gaze consistently dwelled longer on
the face images than on Poor trials (irrespective of Danger vs.
Safe) (Figure 2A). LHb neurons showed an initial inhibitory
response to every face lasting from 50 to 150 ms. On Rich trials,
monkeys showed an increase to look at the face at all from
100 to 150 ms after the trial started (Figure 2B). After 150 ms
both LHb activity and gaze behavior discriminated between
Rich and Poor faces. Specifically, on Rich trials as compared
to Poor, the monkeys’ gaze dwelled longer inside rectangular
regions around the eye region, evidently for the sake of discerning
what conditions were on the menu for the current trial. Eye
contact behavior did not differ between Dangerous vs. Safe trials
(Figure 2C). Around 450 ms, the monkeys’ gaze shifted from the
eyes to the center of the screen where the active or passive cue
would appear (Figure 2D). The probability of gaze within the
central window was greater on Rich trials than on Poor trials in
a window of 600-1,000 ms. This indicates that the monkey was
more motivated by Rich context faces to see the upcoming cue
and learn whether an active or a passive trial would follow.

Reward History Modulates LHb Activity
and Saccades to Fractal Objects
To assess the impact of task context on reward modulation of
LHb neurons over and above the impact of social stimuli, we
compared neural responses to saccade targets in the active task
and CS fractals in the passive task. In the active task, LHb was
suppressed by good objects that monkeys were required to fixate
on (> 500 ms), and excited by bad objects that monkeys avoided
(Figures 3A–H). In the passive task, Safe contexts, LHb was
excited by the 0% CS (signaling a disappointing reward omission)
and were inhibited to graded degrees by the 50 and 100% CS
(Figures 3I,J). The probability of saccades to CS increased as a
function of reward probability (Figures 3M,N). In the Dangerous
contexts, LHb was similarly excited (Figures 3K,L) and gaze
to CS suppressed by all CS objects regardless of punishment
probabilities (Figures 3O,P). Although this finding suggests that
reward expectation exerts a more decisive influence on behavior
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FIGURE 1 | Lateral habenula responses to high- and low-valued faces. (A) Face-based procedure with two distinct behavioral tasks (active and passive).
(B) Examples of face images signaling different conditions. Rich and Poor faces were associated with high-valued and low-valued rewards, respectively. Dangerous
faces (but not Safe faces) were associated with punishment in the passive mode. (C) Population LHb responses to the faces during the free viewing period before
the start of each task. Data were from both monkeys and all recorded LHb neurons averaged across entire sessions. (D) Theoretical reward and punishment
predictions at face onset. Floating bars indicate the minimum to the maximum value of outcomes in each trial at the face onset. The lines in the bars indicate the
mean value of the reward (Rich-Safe, 450 µl; Rich-Dangerous, 300 µl; Poor-Safe, 150 µl; Poor-Dangerous, 100 µl) and punishment (Rich-Safe, 0 ms;
Rich-Dangerous, 25 ms; Poor-Safe, 0 ms; Poor-Dangerous, 25 ms) in each trial at the face onset. The mean values were determined by the average of all
combinations of outcomes in the active and passive conditions (Supplementary Tables 1,2).

and LHb neurons than punishment expectation, these identical
responses of LHb activities and gaze to punishment objects
could also have a “warning” role whatever the probability of
airpuff occurrence.

DISCUSSION

Reward History and Eye Contact: A
Perspective of Social Skill/Habitual
Behavior
The present study found that the activities of LHb neurons
are modulated by the reward history of environmental stimuli
(Figure 1C). Moreover, the environments that were associated

with greater rewards elicited prolonged gaze periods (Figure 2).
This relationship between reward experience and gaze duration
was consistently observed in both social (faces, Figure 2)
and non-social stimuli (landscape scenes, Supplementary
Figures 1A–C). In the social environment, monkeys’ eye
contact and face-to-face gaze were strongly modulated by the
history of prior reward experiences. Additionally, the pattern
of LHb activity and gaze behavior was consistently changed
by reward experiences of objects in both natural free viewing
(Figures 3M–P, no action required) and instrumental viewing
(3E–H, action required).

In real life, many animals have inter-species social
gaze/interaction as well as the behaviors within conspecifics.
Significantly, the interactions with human are solid and
crucial to captive or domestic animals (Tuber et al., 1996;
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FIGURE 2 | Eye gaze to high- and low-valued faces. (A) Normalized eye scan patterns during the free viewing period. Hot colors indicate higher gaze probability.
(B–D) Left, green boxes indicate regions of interest. Middle, probability of gaze within the said region over all trials ever recorded in the active and passive conditions
during the entirety of 138 behavioral sessions. Right, quantification of gaze on the face regions. The average duration of gaze inside the region of interest inside the
following time windows: gaze on the face, 0-1,000 ms (top row), gaze at eyes, 0-1,000 ms (middle row), gaze at screen center, 600-1,000 ms (bottom row). Data
were from both monkeys and all behaviors averaged across entire sessions.

Brosnan and De Waal, 2003; Range et al., 2009; Dettmer et al.,
2016). Here, a social bond and emotional history between
the animals and humans could play critical roles in the social
behaviors of animals beyond their species-specific responses
(Stoeger et al., 2012; Katayama et al., 2019). We thus tested LHb
activities and monkey’s social gaze using human faces. We then
propose that the face and eyes of animals could function as a
goal-oriented rewarding object in social contexts and that LHb
neurons play an important role in learning this behavior through
habitual practice and cultural acclimation.

Consistent with this notion, one study reported that face
patches are not observed in newborn primates (Livingstone et al.,
2017), and experience with faces is necessary to develop normal
face viewing behavior and dedicated face processing modules
in the brain (Arcaro et al., 2017). Moreover, in humans, the
interpretation of eye contact varies widely across cultures (Uono
and Hietanen, 2015). This raises the possibility that the culturally
expected pattern of eye contact behavior is a social skill acquired
over the course of normal social development. A previous study
has reported that macaque monkeys have a strong hierarchical
social structure that dominants monopolize 87% of food in the
social tolerance test (Burkart and van Schaik, 2013). This finding
implies that appropriate social recognition and behaviors based
on their social relationship and culture could be critical sources
to their living on the social structures.

How then does the brain modulate eye gaze based on
emotional histories? We recently suggested that parallel circuits
in basal ganglia play an important role in automatic skills and
habitual eye movements (Hikosaka et al., 2019). These studies
showed that primates spontaneously make saccades to objects
associated with reward over the long term. To facilitate neuronal
plasticity of basal ganglia neurons and establish the automatic
behavior, LHb may play an important role in this form of
learning by relaying reward prediction errors signals to dopamine
neurons. In turn, these dopamine neurons facilitate synaptic
plasticity in basal ganglia neurons, thus paving the way for
automatic behavior.

Hypothetical Network Implementing
Lateral Habenula Modulation of Gaze
Holding
How might neural activity in LHb lead to sustained eye contact
on rewarding objects? A crucial mechanism for stopping eye
movements in the brain is modulated by omnidirectional pause
neurons (OPN) in the raphe interpositus nucleus (Optican and
Pretegiani, 2017). The OPN tonically fire during fixation and
abruptly cease their firings before and during a saccade. Then
OPN can directly control saccadic eye movements by inhibiting
and disinhibiting excitatory/inhibitory burst neurons (EBN/IBN)
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FIGURE 3 | Eye gaze to high- and low-valued objects. (A–D) LHb responses to good and bad objects during the active task. (E–H) Probability of gaze on good and
bad objects during the active task. (I–L) LHb responses to the conditioned stimuli (CS) objects during the passive task. (M–P) Probability of gaze on the CS objects
during the passive task. Data were from both monkeys and all recorded LHb neurons and behaviors averaged across entire sessions.

(Hikosaka and Kawakami, 1977; Igusa et al., 1980; Nakao et al.,
1980; Yoshida et al., 1982), premotor neurons of the oculomotor
nerve (abducens nerve) (Hikosaka et al., 1977).

In a previous retrograde tracing study in primates, cells
projecting to OPN were found in brainstem areas including
reticular formation, periaqueductal gray, superior colliculus (SC),
and the habenulopeduncular tract (Langer and Kaneko, 1990). SC
is a well-studied brain area that projects to OPN (Yoshida et al.,
2001; Takahashi et al., 2005) and the premotor burst neurons
that control eye movements (Sugiuchi et al., 2005; Izawa et al.,
2007; Takahashi et al., 2014). Moreover, the basal ganglia-SC
pathway is critical to modulating automatic skills and habitual eye
movements established by reward history (Kim et al., 2015; Amita
and Hikosaka, 2019; Kunimatsu et al., 2021). LHb neurons access

the basal ganglia-SC loop at the level of striatum and dopamine
neurons and are thus well-positioned to modulate emotional
factors driving learning in oculomotor behavior (Figure 4)
(Matsumoto and Hikosaka, 2007; Hong and Hikosaka, 2013).
Whereas the outputs of LHb have been extensively studied in
midbrain dopamine neurons, LHb projections to other brain
stem nuclei are still not clearly appreciated.

Nonetheless, LHb has massive projections to the
periaqueductal gray (Li et al., 1993), reticular formation,
and parabrachial nucleus (Herkenham and Nauta, 1979). These
brainstem areas play an essential role in the motivation of
behavior (Kim et al., 2020) as well as direct motor control of
facial movement and vocalization (Magoun et al., 1937) that
execute quintessentially social gestures. We suggest that this
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FIGURE 4 | Hypothetical network for the influence of emotion on gaze. LHb
neurons regulate dopamine (DA) neurons in substantia nigra pars compacta
and ventral tegmental area through rostromedial tegmental nucleus.
Dopamine neurons in turn send signals to caudate head (CD) nucleus that
projects to superior colliculus (SC) via the external segment of the globus
pallidus (GPe) and substantia nigra pars reticulata (SNr). This basal
ganglia–SC circuit can modulate learning of goal-directed saccadic eye
movements. LHb also has substantial projections to the brainstem structures
such as periaqueductal gray (PAG) and reticular formation (RF). These
brainstem areas can regulate premotor burst neuron (EBN/IBN) and
omnipause neuron (OPN) that control the oculomotor nerve.

LHb-brain stem pathway may play a pivotal role in gaze holding
through the OPN mechanisms and facilitate the execution of
social behaviors in general.

Why Is Eye Contact Important?
Eye contact is a crucial affiliative social behavior that has been
reported from the start of infancy (Ferrari et al., 2009). Primates,
in particular, possess facial features (e.g., prominent irises and
eyebrows, articulate mouth, and facial muscles) optimized to
attract gaze and signal intention and feelings (Zhang et al., 2021).
More broadly, many animals depend on collective behaviors for
survival that must be coordinated and executed at the level of a
pack, flock, swarm, or school (Norris and Schilt, 1988; Stander,
1992). Eye contact might support the organization of gregarious
behavior in many species.

In addition to eyes and faces, hands are a frequent target
of socially guided eye movements (Ninomiya et al., 2020).
A previous study showed that, in monkeys raised without
exposure to faces, eye movements dwelled longer on human
hands than on faces (Arcaro et al., 2017). For captive primates,
the human hand might be an object of critical interest for
predicting rewards, for instance during enrichment activities or
at feeding time.

Like this, there are many social and non-social objects
associated with each reward history in real life. Thus,
sequential behaviors to multiple objects are often required
for attaining goals. For instance, making eye contact can
lead to the discernment of social context, which in turn
can inform subsequent behavior as warranted by the social
goals. In the experiments described here, the monkeys’
eye movements dwelled on the central position as well as
the eye regions (Figure 2). This central gaze fixation was
longer for Rich faces than for Poor faces (Figure 2D). In
our task procedure, the center of the face was the region
where the active or passive cue would appear after the free
viewing stage (Figure 1A). Thus, it would be one of the
significant anticipatory gazes for the upcoming targets (i.e.,
active or passive cue). Indeed, the monkeys’ gaze acquired
the central cue faster in the Rich contexts than in Poor
contexts, implying higher motivation on the former trials
(Supplementary Figures 1D–H).

In summary, the present study found that LHb neuronal
activities represent the reward value of each social and non-
social object sequentially and phasically. We thus suggest that
the sequential LHb neuronal activities and the gazes of monkeys
around the eye region and other prominent reward features in
this study might similarly contribute to monkeys’ interactions
with other animals like a monkey and human interaction as a
sequential goal-directed behavior.

MATERIALS AND METHODS

Two adult rhesus monkeys (both male, 8-years-old, 10-12 kg)
were used for this study. All animal care and experiment
procedures were approved by Animal Care and Use Committee
of the National Eye Institute and complied with the Public Health
Service Policy on the Humane Care and Use of Laboratory
Animals. We recorded 54 single neurons in LHb region
around + 7 mm anterior to the interaural plane and + 1 mm
from midline using a plastic recording chamber and grid with
1 mm spacing. The recording sites were identified by MRI (4.7
T, Bruker). We then found 33 neurons in the LHb that were
sensitive to reward prediction error. The neuronal activities were
inhibited by unexpected reward outcomes and excited by reward
omission and punishment outcomes as shown in the previous
study (Matsumoto and Hikosaka, 2009). The LHb neurons were
recorded from only one grid hole at each hemisphere. The LHb
neurons were distinguished with the surrounding mediodorsal
thalamus region (1 mm away from the LHb neurons) which
showed unclear reward prediction error response.

The neurons in both monkeys were recorded with glass-
coated electrodes (diameter 0.38 mm, 1 M�, Alpha-Omega).
The chamber was tilted posteriorly by 8◦. The electrode
was advanced by an oil-driven micro-manipulator (MO-97A,
Narishige). A microelectrode AC amplifier (model 1800; A-M
Systems) was used to amplify the neuronal signals (10 k gain)
and band-pass filtered from 0.1 to 10 kHz (model 3384; Krohn-
Hite). Single neurons were isolated using an online custom
voltage- and time-based window discriminator in the software
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Blip (www.robilis.com/blip/) and collected at 1 kHz along with
monkey’s eye position (EyeLink 1000 Plus, SR Research).

The monkeys were trained to perform the face-based
active/passive task (five blocks) (Figure 1). They were head-fixed
during the task. At the start of a trial, a face (40◦ × 40◦)1

represented one of four contexts appeared (Rich-Safe, big reward
and no punishment; Rich-Danger, big reward and punishment;
Poor-Safe, small reward and no punishment; Poor-Danger, small
reward and punishment) (Figure 1B). We used these human
face images to investigate the effect of reward history on the
social gaze of captive monkeys who are familiar with interaction
with human caregivers. On half of the trials (192 out of 384
total trials), landscape scenes were used instead of faces2,3 as
non-social stimuli (Supplementary Figure 1). The total of 384
trials was conducted per cell. There was no difference between
the tasks when the face stimuli were used and the tasks when
scene stimuli were used. After 1 s free viewing of the face/scene
stimulus, either an active (Magenta square) or a passive cue
(Magenta circle) (2 × 2◦) appeared at the center of the screen
(Figure 1A middle). The face/scene stimuli stayed on the screen
throughout the entire trial (Figure 1A). The shape of the
cue indicated whether the trial would proceed as an active
or passive task. In the active task, monkeys were required to
fixate (700 ms) on the active cue. After the fixation on the
active cue, either a good or a bad object appeared on the left
or right side of the screen (15 degree). The monkeys could
collect the reward by fixating on the good object that appeared
for 500 ms. They were required to avoid any bad objects that
appeared by not gazing at the object for more than 500 ms.
The volume of the juice reward was adjusted depending on
whether the trial was Rich (600 µl) or Poor (200 µl). In the
active task, reward volume was the same in both the Safe and the
Dangerous contexts (Figure 1B). The passive task was a Pavlovian
conditioning procedure and required no particular behavior from
the monkeys. The monkeys were not needed to fixate on any cue
or object in this condition. Each trial of the passive task started
with a 1 s free viewing epoch of the face/scene stimulus and was
indistinguishable from the preamble to the active task. After the
passive cue appeared at the center screen for 1 s, one of three
objects (fractal images) appeared in the peripheral region of the
face/scene background image. The identity of the fractal stimulus
indicated the probability of the reward/punishment outcome
(100, 50, and 0%). After 1.5 s, monkeys received a reward
(either big or small) in the Rich-Safe and Poor-Safe contexts
and received an airpuff (100 ms) in both Rich-Dangerous
and Poor-Dangerous according to the probabilities previously
foreshadowed by the fractal object. The objects were created using
fractal geometry (Yamamoto et al., 2012). Data were analyzed
using MATLAB (MathWorks) and Prism8 (GraphPad Software)
and presented as mean ± standard error of the mean (SEM).
Firing rates were presented by smoothening with a Gaussian
kernel (σ = 10 ms). The statistical significances were tested using
a one-way analysis of variance (ANOVA) with Tukey post hoc

1https://fei.edu.br/~cet/facedatabase.html
2https://www.google.com/earth
3https://openaerialmap.org

test. The statistical tests were performed on groups of cells and
behaviors from both monkeys.
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815461/full#supplementary-material

Supplementary Figure 1 | Responses to high- and low-valued scenes.
(A) Normalized eye scan patterns during the scene-based task procedure. Hot
colors indicate a higher gaze probability. (B) Lateral habenula responses to the
scenes at the scene onset. (C) Probability of gaze on the scene regions. (D) Start
time of anticipatory gaze on the center region before task cue onset. (E) Start time
of fixation on the active task cue after the cue onset. (F) The rates of trials that
monkeys refused to fixate their gaze on the active cue. (G) Start time of fixation on
the passive task cue after the cue onset. (H) The rates of trials that monkeys
refused to fixate their gaze on the passive cue.
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Background: Loss of estrogen due to menopause or ovarian resection is involved in
the development of anxiety, which negatively impacts work productivity and quality of
life. Estrogen modulates mood by binding to estrogen receptors in the brain. Estrogen
receptor beta (ERβ) is highly expressed in the lateral habenula (LHb), a key site for
controlling the activities of dopaminergic neurons in the ventral tegmental area (VTA)
and serotoninergic neurons in the dorsal raphe nucleus (DRN) that are known to be
involved in anxiety.

Methods: In this study, we examined the role of LHb in the anxiolytic-like effect of
estrogen in ovariectomized (OVX) rats. The establishment of OVX anxiety model was
validated in behavioral tests, including elevated plus maze (EPM) and mirror chamber
maze (MCM) tasks. The expression of c-Fos in the LHb neurons was analyzed by
immunohistochemistry, and monoamine neurotransmitter levels in related nuclei were
analyzed using high-performance liquid chromatography (HPLC).

Results: Estrogen-treated OVX rats showed a lower degree of anxiety-like behavior
than OVX rats. OVX rats showed anxiety-like behavior and low monoamine levels in
the DRN and VTA compared with sham operated and estrogen-treated OVX rats.
c-Fos expression in the LHb was higher than that in the sham operated and estrogen-
treated OVX rats. Intra-LHb injection of the ERβ-selective agonist diarylprepionitrile
(DPN) reduced expression of c-Fos (a neuronal activity marker) and anxiety-like behavior
in OVX rats, but not in normal rats, as evidenced by increased time spent in EPM open
areas and the MCM mirror chamber. These changes coincided with higher levels of
serotonin and dopamine in the DRN and higher dopamine levels in the VTA in OVX rats
receiving intra-LHb DPN compared with those receiving vehicle injection.

Conclusion: These results suggest that OVX-induced anxiety-like behavior may be
associated with increased LHb activity. DPN may inhibit LHb activity to improve
anxiety-like behavior in OVX rats by increasing monoamine neurotransmitter levels in
the DRN and VTA.

Keywords: ovariectomy, estrogen, anxiety-like behavior, lateral habenula, c-Fos, estrogen receptor beta,
monoamine neurotransmitters
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INTRODUCTION

Loss of estrogen during menopause or consequent ovarian
resection can lead to endocrine disorders and neuropsychiatric
symptoms, such as memory impairment, insomnia, anxiety,
and depression symptoms (Schiller et al., 2016; Soares, 2019;
Sovijit et al., 2019). Indeed, 38% of menopausal women
reported experiencing anxiety-like symptoms and 36% reported
experiencing depressive symptoms (Heidari et al., 2017).
Women suffer from anxiety almost twice as much as men
(Craske and Stein, 2016). Menopausal women generally have
lower levels of monoamine neurotransmitters (Zárate et al.,
2002), which may explain why medication (selective serotonin-
reuptake inhibitors and serotonin–norepinephrine reuptake
inhibitors) for anxiety disorders are effective in the treatment
of menopause anxiety (Pinkerton, 2020). These disorders have
a profoundly negative impact on quality of life (Craske and
Stein, 2016), and it is of great clinical significance to investigate
how altered levels of estrogen, in particular estradiol (E2),
influence the pathogenesis of neuropsychiatric disorders. Such
information will help develop specific therapies for menopausal
anxiety disorder.

Studies have shown that anxiety-related behavior is associated
with reduced levels of monoamine neurotransmitters, including
serotonin (5-HT) and dopamine (DA), and the synthesis
and metabolism of these neurotransmitters are influenced by
estrogen. For example, ovariectomy-induced anxiety in rats
is associated with monoamine levels (Pandaranandaka et al.,
2006), and estrogen receptor beta (ERβ) knockout mice exhibit
lower monoamine levels in the brain and anxiety symptoms
(Krezel et al., 2001; Imwalle et al., 2005). Thus, monoamine
neurotransmitters may play an important role in linking anxiety-
like behaviors to the loss of estrogen signaling.

The lateral habenula (LHb), located in the epithalamus, is
one of the few brain regions that control both dopaminergic
and serotonergic systems, and has attracted great attention due
to its critical role in regulating mood disorders (Hu et al.,
2020). Habenular connectivity with the monoaminergic nervous
system may predict treatment responses in depressive psychosis
(Gosnell et al., 2019). The dorsal raphe nucleus (DRN) and
ventral tegmental area (VTA), the key brain regions for the
synthesis and release of 5-HT and DA, are controlled by the
LHb (Lecourtier and Kelly, 2007; Zhao et al., 2015; Metzger
et al., 2017, 2021). The LHb projects to dopaminergic neurons
in the VTA and serotonergic neurons in the DRN (Lecourtier
and Kelly, 2007; Baker et al., 2016) and excitation of the
LHb inhibits firing of dopaminergic neurons in the VTA
(Christoph et al., 1986) and serotonergic neurons in the DRN
(Stern et al., 1979).

Anxiety-like behavior in postpartum mice, which is generated
by removal of their pups, has been shown to be associated
with increased Fos-immunoreactive cell counts in the LHb,
suggesting an association between LHb activation and maternal
anxiety-like behavior (Smith and Lonstein, 2008). Similarly,
increased c-fos mRNA expression has been found in the
habenula of anxious larval zebrafish (Chen et al., 2015).
We previously reported that ovariectomized (OVX) rats had

significantly increased c-fos mRNA and protein levels in the
LHb, and elevated T-type calcium currents in the LHb (Li
et al., 2015; Song et al., 2018). Together, these studies suggest
that LHb neurons may be activated in an estrogen reduction-
induced anxiety state.

Although enrichment of ERβ-expressing cells is found in the
LHb (Shughrue et al., 1997; Mitra et al., 2003; Milner et al., 2010)
but not in the medial habenula (Simerly et al., 1990; Wagner
et al., 1998), the LHb has not been identified as a target of
estrogen. In this study, using an OVX rat model, we tested
whether estrogen exerts anti-anxiety effects by impacting the
LHb and explored the underlying mechanisms involved. Anxiety
behavior was assessed using an elevated plus maze (EPM) and a
mirror chamber maze (MCM), and neuronal activity was assessed
by immunohistochemistry. Monoamine neurotransmitters in
the DRN and VTA were determined using an electrochemical
high-performance liquid chromatography (HPLC) method to
investigate this mechanism.

MATERIALS AND METHODS

Ethics Statement
All animal procedures were carried out in compliance with
international ethical guidelines based on the National Institutes
of Health Guide for the Care and Use of Laboratory Animals
(Council, 2011) and the Management and Use of Experimental
Animals published by the National Science and Technology
Foundation of China (He et al., 2016). The study was approved
by the Committee on the Ethics of Animal Experiments of
the First Hospital of Jilin University (ethical code: 2019024).
Experimental rats were decapitated under anesthesia for brain
sampling, and every effort was made to minimize the pain
experienced by the animals.

Animals
Female Wistar rats (200–220 g) were purchased from Changchun
Yisi Experimental Animal Technology Co., Ltd. The 105 animals
were divided into different groups. The rats were housed (four
rats per cage in the same experimental group) under controlled
temperature, humidity, and light conditions with ad libitum
access to food and water. The lights were programmed on a 12-h
light/dark cycle (lights on at 7:00 a.m.). The rats were randomly
divided into three groups: non-OVX rats (Sham + Oil group),
OVX group (OVX + Oil group), and estrogen supplementation
group (OVX + E2 group). Animals with intra-LHb injection
of diarylprepionitrile (DPN) were randomly divided into four
groups: non-OVX rats and OVX rats were injected with DPN
in the LHb (Sham + DPN/OVX + DPN group) or an
artificial cerebrospinal fluid (Sham + CSF/OVX + CFS) vehicle.
The cannula administration groups were single-caged after
cannula installation to allow a full recovery environment and
to prevent the destruction of cannula from affecting subsequent
experiments. The rats were subjected to fasting and water
deprivation for 12 h prior to surgery. Animals were handled daily
for at least 3 days prior to behavioral testing to reduce their stress
during behavioral testing.
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Drug and Microinjection
17β-Estradiol (E2) (180 µg/ml, E8875) was dissolved in sesame
oil (S3547). E2 dosage and administration schedule were based on
previous studies (Strom et al., 2008). The ERβ-selective agonist
DPN (H5915) was dissolved in dimethyl sulfoxide (DMOS;
D2650) as the stock solution and diluted in artificial CSF as
a treatment solution (2 µg DPN/µl) (Walf and Frye, 2007;
Bastos et al., 2015) to meet the physiological osmotic pressure
requirements for brain injection. Rats were injected with the DPN
treatment solution (DPN groups) or an equivalent dose of DMSO
artificial CSF vehicle (CFS groups). All reagents were purchased
from Sigma–Aldrich.

The rats were gently wrapped in a towel during drug
microinjection. A dual injection tube connected with a
polyethylene tubing (outer diameter (OD), 0.85 mm/inner
diameter (ID), 0.42 mm) filled with solution was inserted into
the dual guide cannula (OD, 0.48 mm/ID, 0.34 mm). Each
polyethylene tube was connected to a 1-µl microsyringe and
the solution was injected into the LHb (200 nl/side) using a
syringe pump (LSP02-1B, Longer Precision Pump Co., Ltd.,
China). The needle was left in place for 1 min before injection.
The injection lasted for 1 min, and the needle was left in the
injection position for 1 min in order to fully diffuse the solution.
Behavioral tests were conducted 10 min after the DPN injection
(Campos et al., 2018).

Surgery Procedures
Rats were anesthetized with pentobarbital (intraperitoneal
injection, 50 mg/kg). Body temperature was maintained using
a thermostatically controlled electric heating pad. Bilateral
ovariectomy was performed as previously described (Deurveilher
et al., 2009) with minor modifications. OVX rats were
administered with E2 to maintain normal E2 stimulation (Li
et al., 2015). Under anesthesia, a longitudinal incision was made
along the dorsal midline. The muscle layer was drawn from
the abdomen through an incision using sterilized hemostatic
forceps. The oviducts were clamped using hemostatic forceps
and the ovaries were removed. The muscle layer was closed,
and then silicone rubber capsules containing E2 dissolved
in sesame oil (Dow Corning, United States, 1.57 mm inner
diameter × 3.18 mm outer diameter; 20 mm in length), which
had been sealed with Type A biogum and pre-incubated in
sesame oil for 16 h, were implanted subcutaneously through
the incision. Plain sesame oil capsules were implanted under
the abdominal skin of the control rats. After surgery, the
rats were returned to the housing facilities for 4 weeks until
they were evaluated in the behavioral tests. The animals
received intraperitoneal injections of 40,000 units of penicillin
daily for 3 days.

Stereotaxic Surgery
Injection sites were determined using a rat brain atlas (Paxinos
and Watson, 2007) and verified in a pre-experiment. The
LHb injection site coordinates were: –3.5 mm (posterior
to bregma), ± 0.7 mm (lateral of bregma), and 4.8 mm
(ventral to bregma).

After anesthesia with pentobarbital (intraperitoneal injection,
50 mg/kg), when the rats showed no movement reaction to a foot
pinch and had a stable breath rate, they were fixed in a stereotaxic
instrument with a rat adaptor (RWD Life Science Co., Ltd.,
Shenzhen, China), with the head being held still with ear bars.
The body temperature was maintained using a thermostatically
controlled electric heating pad. The hair on top of the head
was shaved with an infant hair clipper and the scalp skin was
sterilized with povidone-iodine solution. The scalp was opened
with a midline incision and the underlying skull was cleaned with
saline to create a clear field. The adapter was adjusted to place
the skull at the level position, and holes (diameter 0.6 mm) were
drilled with a cranial drill. Dual guide cannula (OD 0.48 mm,
ID 0.34 mm, RWD Life Science Co., Ltd., Shenzhen, China)
were implanted aiming at the LHb (coordinates above), but
the cannula tip was placed lowered to 4.6 mm ventral to the
skull surface instead of 4.8 mm leaving space for the injector
needle (OD 0.30 mm, ID 0.14 mm, RWD Life Science Co.,
Ltd., Shenzhen, China) to extend 0.2 mm beyond the tip of the
guide cannula. The guide cannula was fixed to the skull surface
by using screws and dental cement. The animals received daily
intraperitoneal injections of 40,000 units of penicillin for 3 days
to prevent infection. The location of the agonist or CFS injected
into the LHb was identified by tracing the tip of inserted cannula.
The cannula was inserted above the LHb and the inner tube was
inserted into the LHb for the injection.

Immunohistochemistry
The rats were anesthetized with pentobarbital (intraperitoneal
injection, 50 mg/kg), and their brains were isolated quickly and
immersed in 10% formalin solution for 24 h, but for no more
than a week. According to the position of the LHb, the brain
was trimmed to contain the LHb and transected to a thickness
of 3 mm. The brains were dehydrated, embedded in paraffin,
and cut into 5 µm sections using a Leica microtome (RM2245).
The sections were deparaffinized with xylene and rehydrated with
gradient alcohol, and then treated with sodium citrate at 95◦C
for 15 min of antigen repair and washed with phosphate-buffered
saline (PBS, 0.01 M) for three times. An immunehistochemical kit
was used according to the manufacturer’s protocol (MX, Fuzhou,
China; catalog no: KIT- 9710). Sections were then incubated
with anti-c-Fos (1:1,000, Abcam, Cambridge, United Kingdom,
catalog no: ab190289) at 4◦C overnight. After completing the
staining steps according to the kit instructions, the sections were
placed in a color-developing agent (MXB; Fuzhou, China; catalog
no: DAB-0031) and the color reaction was terminated with
0.01 M PBS when the color reached an appropriate saturation,
and the sections were sealed with neutral resin. The sections
were examined under a light microscope (Olympus IX71), and
c-Fos immunopositive neurons were counted as an index of
neuronal excitability.

Behavior
The experimental rats were subjected to behavioral tests in
numbered order, regardless of the group. Behavioral experiments
were performed between 5:00 and 7:00 p.m.
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Elevated Plus Maze
The EPM is a behavioral test used to assess anxiety in rodents by
exploiting the conflict between their natural urge to explore and
their aversion to an elevated open environment (Montgomery,
1955; Handley and Mithani, 1984). Our plus-maze apparatus
was a cross-shaped black iron plate 70 cm above the ground,
consisting of two pairs of opposite-facing arms at right angles to
each other. Both arms in one opposite-facing pair were enclosed
by 22.5-cm-high iron plate walls with a low light level (10 lx).
The other two sides were not enclosed by walls (open arms) and
were exposed to moderately bright light (140 lx). Each arm was
15 cm wide and 42.5 cm long, excluding the center 15 cm× 15 cm
intersection region of the plus maze.

During the EPM experiment, rats were placed in the middle
of the arm intersection. Each animal was monitored for 5 min.
A trial was considered invalid if the rat left the maze. The time
spent in the maze and the number of entries into the open
arms were used as anxiety index parameters. All parameters
were measured using a video tracker (EthoVision XT, Noldus,
Netherlands). The anxiety index was calculated as follows: 1
- [(open arm time/test duration) + (open arm entries/total
entries)]/2. Anxiety index values range from 0 to 1, with a
higher anxiety index indicating greater anxiety (Cohen et al.,
2008a,b; Mazor et al., 2009). After each trial, the maze was cleaned
thoroughly with 75% alcohol to prevent smell interference
between the trials.

Mirror Chamber Maze
A mirror chamber was used to assess anxious behavior based on
the idea that conflict avoidance behaviors are triggered in animals
when they see their reflections. The MCM apparatus, which
consisted of an open field chamber (76 cm × 57 cm × 35 cm)
with four mirrored walls connected to a non-mirrored alleyway
(57 cm × 12.5 cm × 35 cm) (Walf et al., 2009), is a modified
version of the original mouse apparatus (Toubas et al., 1990).

The rats were placed individually in a mirror chamber, and
their movements were recorded for 5 min. A shorter duration of
time spent in the mirrored part of the chamber was considered
indicative of anxiety. A central area was drawn between the
mirror and alley to allow the rats to choose whether to enter
the mirror or alley. The anxiety index (modified from our
EPM anxiety index) was calculated as 1 –[(Time in the mirror
chamber/test duration) + (entries in the mirror chamber/total
entries)]/2. The anxiety index values ranged from 0 to 1, with a
higher anxiety index indicating greater anxiety. After each trial,
the maze was cleaned thoroughly with 75% alcohol to prevent
smell interference between the trials.

High-Performance Liquid
Chromatography
Rats were decapitated under deep anesthesia (pentobarbital,
50 mg/kg, intraperitoneal injection) for brain sampling. For
the acquisition of brain tissues, rats were anesthetized and
decapitated 10 min after DPN or CSF was injected into
the LHb. The brain tissue sample needed for separation in
the cerebrospinal fluid on ice was stored in a –80◦C freezer
for later use. Monoamine neurotransmitter concentrations

were determined using reverse-phase HPLC coupled with an
electrochemical detector (Waters 2,465; Waters Corporation,
United States). Each brain tissue sample was weighed, placed in
0.1 M perchloric acid, and then homogenized in a pre-sterilized
pestle (PES-15-B-SI, Axygen). The homogenates were subjected
to ultrasonication for 10 s (cycle 0.5, amplitude 40%), placed on
ice for 30 min, and centrifuged at 12,000 rpm for 15 min at 4◦C.
Supernatants were filtered through a membrane (0.22 µm) and
used immediately for neurotransmitter measurement or stored
at –80◦C for later use. The monoamine neurotransmitters 5-HT
and DA were separated on a Sunfire R© C18 column, with a mobile
phase containing 120 mM disodium hydrogen orthophosphate
(pH 3.2), 250 mg/L sodium octane sulfonate, 80 mg/L EDTA-
2Na, 2 mM KCl, and 16% (v/v) methanol. Standard curves were
used to quantify the neurotransmitter levels in each sample by
calculating the area under the curve. The measured monoamine
neurotransmitter concentrations in the brain homogenate were
corrected for tissue weight and expressed as ng/mg.

Statistical Analysis
Rats were randomly assigned to groups. Analyses were performed
in a manner blinded to the treatment assignments in all
behavioral experiments. Statistical analysis was performed using
Prism 8 (GraphPad Software, San Diego, CA, United States).
Values were excluded if the drug delivery sites were outside
the LHb (pre-established criteria). Statistical differences were
determined using one-way analysis of variance (ANOVA)
for more than three groups. Data that failed the normality
test were analyzed using the Kruskal-Wallis test. When
the results of ANOVAs were significant, Tukey’s multiple-
comparison post-hoc test was conducted. Results are presented
as mean ± standard error (SEM), and group sizes are indicated
in the figure legends, with “n” representing the number
of animals. Correlations between behavioral variables and
neurotransmitters in all experimental groups were investigated
using Pearson’s correlation.

RESULTS

Estrogen Supplementation Alleviated
Ovariectomy-Induced Anxiety-Like
Behavior
To study the behavior of rats after ovariectomy, we divided the
rats into three groups and tested the elevated plus maze and
mirror chamber maze after the different treatments (Figure 1A).
Figure 1B showed the movement tracks of the elevated plus
maze of rats. In the EPM, the results showed that compared
with the Sham + Oil group, OVX + Oil rats spent less time in
the open arms (p < 0.01; Figure 1C), more time in the closed
arms (p < 0.05; Figure 1C), and showed a higher anxiety index
(p < 0.05; Figure 1E). The OVX + E2 group had a lower anxiety
index than the OVX + Oil group (p < 0.05; Figure 1E), which
improved this anxiety state. There was no statistical difference in
the number of open and closed arm explorations among the three
groups (Figure 1D).
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The movement tracks in mirror chamber maze are
shown in Figure 1F. Compared to the Sham + Oil
group, the OVX + Oil group spent significantly less time
exploring the mirror chamber (p < 0.05; Figure 1G) and
had fewer entries into the mirror chamber (p < 0.05;
Figure 1H), showing a higher mean anxiety index value
(p < 0.05; Figure 1I). The OVX + E2 group spent more
time exploring the mirror chamber and had a lower
anxiety index than the OVX + Oil group, which improved
this anxiety state.

Estrogen Supplementation Alleviated
Ovariectomy-Induced the Activation of
c-Fos Expression and Changes in
Neurotransmitters
Immunohistochemistry results showed that the number of c-Fos
in the LHb increased significantly in the OVX + Oil group
compared to that in the Sham + Oil group (p < 0.05,
Figures 2A,B). c-Fos expression in the OVX + E2 group was
significantly lower than that in the OVX + Oil group (p < 0.05,
Figures 2A,B).

Results of the HPLC analysis showed that OVX + Oil
group had significantly lower levels of 5-HT (p < 0.05) and
marginally lower DA (p = 0.06) in the DRN compared with
the Sham + Oil group. The 5-HT and DA levels in the VTA
were significantly lower than those in the Sham + Oil group
(p < 0.05 for 5-HT and DA). Compared with the OVX + Oil
group, the OVX + E2 group showed higher levels of 5-
HT and DA (p < 0.01) in the DRN and DA (p < 0.05)
in the VTA (Figure 2D), indicating that the reduction in
monoamine neurotransmitters may be improved after estrogen
supplementation (Figures 2C,D).

Intra-Lateral Habenula Diarylprepionitrile
Attenuated Anxiety-Like Behavior in
Ovariectomized Rats
To test whether estrogen could improve anxiety-like behavior in
OVX rats through the LHb, we investigated behavioral changes
in OVX rats by injecting DPN into the LHb. A schematic of
the experimental design (Figure 3A), and anxiety behavioral
data obtained from the LHb-microinjected OVX rats are shown
in Figure 3. In the EPM, compared with OVX + CSF rats,
OVX + DPN rats spent significantly more time in the open
arms and less time in the closed arms (p < 0.05; Figure 3C),
had significantly more open arm entries (p < 0.01) and closed
arm entries (p < 0.05; Figure 3D), and had a significantly
reduced mean EPM anxiety index value (p < 0.05; Figure 3E).
Compared with the OVX + CSF rats, the OVX + DPN
rats spent significantly more time in the mirror chamber
(p < 0.01; Figure 3G), showed significantly more entries
into the mirror chamber (p < 0.05; Figure 3H), and had a
significantly reduced mean MCM anxiety index value (p < 0.05;
Figure 3I). There was no significant difference between the
Sham + CFS group and the Sham + DPN group in any
behavioral change.

Intra-Lateral Habenula Injection of
Diarylprepionitrile Can Reduce c-Fos
Expression in the Lateral Habenula and
Increase Monoamine Levels in the
Dorsal Raphe Nucleus and Ventral
Tegmental Area of Ovariectomized Rats
The locations for microinjection of DPN and CSF to the LHb
in the OVX rats are shown in Figure 4A. We quantitatively
evaluated the number of c-Fos positive cells in LHb after
DPN was injected to the LHb. Immunohistochemical images
suggested that the number of c-Fos cells in the LHb was
reduced in response to DPN microinjection into the LHb
(Figure 4B). Marked differences were detected in the LHb.
There was a decrease in the number of c-Fos in the LHb
of rats in the OVX + DPN group when compared to
OVX + CFS group (p < 0.01; Figure 4C) suggesting that
DPN reduced neuronal excitability. There was no change in
the number of c-Fos in the LHb following CFS and DPN
injections in sham rats.

In the DRN, the 5-HT (p < 0.01; Figure 4D) and DA
(p < 0.05; Figure 4E) concentrations were significantly higher
in the OVX + DPN group than in the OVX + CSF group.
In the VTA, DA concentrations were significantly higher in the
OVX + DPN group than in the OVX + CSF group (p < 0.05;
Figure 4E). CFS and DPN injections in sham rats did not change
the concentrations of DRN or VTA neurotransmitters.

Correlation Between Behavioral
Variables and Neurotransmitters in the
Ventral Tegmental Area and Dorsal
Raphe Nucleus
We analyzed the correlations between the behavioral variables
and the levels of monoamine neurotransmitters in the VTA
and DRN of OVX + Oil and OVX + E2 groups (Table 1)
and intra-LHb injection of OVX + CFS and OVX + DPN
groups (Table 2). In the systemic estrogen experimental groups,
Pearson’s correlation coefficient indicated that DA in the VTA
and 5-HT in the DRN were significantly and positively correlated
with the time spent on the open arms in the EPM and the
time/entries in the mirror chamber, but a significant negative
correlation was found with the anxiety index in the EPM/MCM
and the time spent on the closed arms in the EPM. In the
MCM, the DA in the DRN is positively correlated with the
exploration into the mirror and negatively correlated with the
anxiety index. Correlations similar to those found in the systemic
administration groups were also observed in the OVX+CFS and
OVX+ DPN groups.

DISCUSSION

It has been reported that the loss of estrogen can induce anxiety
behavior, and its pathogenesis involves abnormal function of the
estrogen β receptor. The LHb plays an important role in the
development of depression and anxiety (Metzger et al., 2021) and
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FIGURE 1 | E2 supplementation alleviates anxiety behavior in OVX rats. The timeline of experimental design (A), trajectory maps of EPM (B), times spent in the open
arms, closed arms, and center (C), numbers of open-arm entries (D), and mean EPM anxiety index values (E) were compared between the Sham + Oil (n = 11),
OVX + Oil (n = 11), and OVX + E2 (n = 11) groups during a 5-min EPM test period. The trajectory maps of MCM (F), times spent in the mirror chamber (G), numbers
of mirror chamber entries (H), and mean MCM anxiety index values (I) were compared among the Sham + Oil (n = 8), OVX + Oil (n = 9), and OVX + E2 (n = 9)
groups. ∗p < 0.05, ∗∗p < 0.01.
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FIGURE 2 | Systemic administration of estrogen reduces c-Fos expression in the LHb and increases the concentrations of monoamine neurotransmitters in the DRN
and VTA of OVX rats. The representative images of c-Fos expression in the Sham + Oil, OVX + Oil and OVX + E2 rats (A). Systemic administration of estrogen
induced decreased density of c-Fos cells in the LHb. Data are presented as the quantitative analysis of c-Fos positive neurons in the Sham + Oil, OVX + Oil, and
OVX + E2 groups (B). Comparison of 5-HT (C) and DA (D) concentrations in the VTA and DRN among the Sham + Oil (n = 9, 7), OVX + Oil (n = 10, 6), and
OVX + E2 (n = 11, 8) groups. ∗p < 0.05, ∗∗p < 0.01.

has a large distribution of estrogen β receptors (Milner et al.,
2010). However, it is still unclear whether LHb mediates the
anti-anxiety effects of estrogen.

In the present study, we showed that ovariectomy-induced
anxiety behavior could be attenuated with E2 supplementation,
as evidenced by improved performance in the exploration
of the open spaces of the EPM and the mirror chamber
of the MCM. The LHb showed increased c-Fos expression
in ovariectomized rats, and these changes were reversed by

estrogen supplementation. We further found that intra-LHb
injection of the ERβ-selective agonist DPN in OVX rats
reduced the number of c-Fos positive cells and increased
monoamine neurotransmitter levels in the DRN and VTA,
suggesting that reduced neuronal activity of DPN in the
LHb may relieve anxiety-like behavior induced by the loss of
estrogen, possibly through increasing the levels of monoamine
neurotransmitters in the DRN and VTA. The significant
correlations between the behavioral variables and the levels of
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FIGURE 3 | Intra-LHb injection of DPN improves anxiety behavior in sham and OVX rats. Timeline of experimental design (A). The trajectory maps of EPM (B), times
spent in the open arms, closed arms, and center (C), numbers of open-arm entries (D), and mean EPM anxiety index values (E) were compared among the
Sham + CFS (n = 9), Sham + DPN (n = 7), OVX + CFS (n = 9), and OVX + DPN (n = 6) groups during a 5-min EPM test. The trajectory maps of MCM (F), times spent
in the mirror chamber (G), numbers of mirror chamber entries (H), and mean MCM anxiety index values (I) were compared between the Sham + CFS (n = 8),
Sham + DPN (n = 9), OVX + CFS (n = 9), and OVX + DPN (n = 9) groups. ∗p < 0.05; ∗∗p < 0.01.
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FIGURE 4 | Intra-LHb injection of DPN reduces c-Fos expression in the LHb and increases concentrations of monoamine neurotransmitters in the DRN and VTA of
the Sham and OVX rats. Location of the cannula in the LHb (A, left). Coronal sections are 3.36–3.84 mm posterior to bregma. Red and gray circles represent
injection sites in the LHb of OVX + DPN and OVX + CFS rats in the LHb, respectively (A, right). The representative images of c-Fos expression in the Sham + CFS,
Sham + DPN, OVX + CSF, and OVX + DPN groups (B). Intra-LHb injection of DPN induced decreased in the density of c-Fos cells in LHb (C). Data are presented as
quantitative analysis of c-Fos positive neurons in the LHb. Comparison of 5-HT (D) and DA concentrations (E) in the VTA and DRN among the Sham + CFS (n = 10,
10), Sham + DPN (n = 10, 10), OVX + CSF (n = 10, 10), and OVX + DPN (n = 9, 10) groups. ∗p < 0.05; ∗∗p < 0.01.

monoamine neurotransmitters in the VTA and DRN in all intra-
LHb injections of DPN experimental groups further supports the
above hypothesis.

We conducted animal behavioral experiments 4 weeks after
ovariectomy in rats. The rats with 4 weeks of ovariectomy
exhibited anxious behavior in the EPM and MCM tasks, and

estrogen supplementation improved the anxious behavior. These
results are consistent with previous reports showing that loss of
estrogen (Pandaranandaka et al., 2006) or OVX rats exhibited
increased anxiety-like behaviors in the light-dark shuttle box
and locomotor activity tests (Fedotova et al., 2017; Puga-Olguín
et al., 2019). Thus, we are confident that, in this study, the model
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TABLE 1 | Corrections between behavioral variables and neurotransmitters in the VTA and DRN of OVX + Oli and OVX + E2 groups.

VTA DRN

Behavioral variables DA (ng/mg) 5-HT (ng/mg) DA (ng/mg) 5-HT (ng/mg)

r p R p r p r p

Elevated plus maze

Open arms (s) 0.694 0.006 0.276 0.338 0.117 0.689 0.718 0.004

Closed arm (s) –0.624 0.017 –0.266 0.358 –0.088 0.762 –0.625 0.017

Entries open arms (n) 0.472 0.088 0.258 0.372 –0.164 0.574 0.465 0.093

Entries closed arms (n) –0.192 0.509 0.079 0.788 –0.301 0.295 –0.315 0.272

Anxiety index –0.690 0.006 –0.232 0.424 –0.097 0.741 –0.738 0.003

Mirror chamber maze

Mirror (s) 0.592 0.026 0.190 0.515 0.548 0.042 0.671 0.009

Entries mirror (n) 0.760 0.002 0.468 0.091 0.430 0.124 0.585 0.028

Anxiety index –0.627 0.016 –0.300 0.297 –0.607 0.021 –0.650 0.012

TABLE 2 | Corrections between behavioral variables and neurotransmitters in the VTA and DRN of OVX + CFS and OVX + DPN groups.

VTA DRN

Behavioral variables DA (ng/mg) 5-HT (ng/mg) DA (ng/mg) 5-HT (ng/mg)

r p R p r p r p

Elevated plus maze

Open arms (s) 0.586 0.022 –0.109 0.699 0.188 0.502 0.671 0.006

Closed arm (s) –0.660 0.007 0.011 0.968 –0.320 0.230 –0.733 0.002

Entries open arms (n) 0.590 0.020 0.044 0.876 0.384 0.157 0.668 0.007

Entries closed arms (n) 0.414 0.124 –0.121 0.666 0.391 0.146 0.557 0.030

Anxiety index –0.560 0.030 –0.144 0.607 –0.298 0.281 –0.576 0.024

Mirror chamber maze

Mirror (s) 0.688 0.005 –0.137 0.624 0.491 0.063 0.782 0.001

Entries mirror (n) 0.655 0.008 –0.089 0.751 0.592 0.020 0.689 0.004

Anxiety index –0.670 0.006 –0.093 0.740 –0.541 0.037 –0.647 0.009

(s), time in seconds; (n), number; r, Pearson’s correlation coefficient; VTA, ventral tegmental area; DRN, dorsal raphe nucleus; DA, dopamine; 5-HT, serotonin.

was successful, and the results generated from using this model
should be reliable.

The LHb in OVX rats showed an increased expression
of c-Fos, which was inhibited by estrogen supplementation,
which was consistent with our previous results showing
increased c-Fos expression in the LHb 1 week after ovariectomy
(Li et al., 2015). We previously demonstrated that estrogen
supplementation not only reversed the increase in c-Fos
expression in the LHb of OVX rats but also reversed the
expression of Cav3.3 T-type calcium channels and T-type
calcium currents in the LHb of OVX rats (Song et al.,
2018), which is critical for regulating neuronal excitability
(Arbogast, 2008). More importantly, estradiol suppressed
spontaneous firing activity in the LHb neurons compared
with firing rates prior to estradiol treatment using whole-
cell recording (Song et al., 2018). These results suggest that
ovariectomy-induced anxiety behavior may be related to
changes in LHb neuronal activity mediated by T-type calcium
channels and that the LHb may be a potential target for
estradiol action.

In the present study, we found that the ERβ-selective
agonist DPN microinjected into the LHb of OVX rats alleviated
ovariectomy-induced anxiety behavior, as evidenced by improved
performance in the exploration of the open arms of the EPM
and the mirror chamber of the MCM. DPN also decreased c-Fos
expression in the LHb of OVX rats and increased monoamine
neurotransmitter levels in the DRN and the VTA. Estrogen
regulates brain function by affecting the release of monoamine
neurotransmitters (Pandaranandaka et al., 2006; Long et al.,
2018). In the present study, rats showing anxiety-like behavior
following ovariectomy had lower levels of 5-HT/DA in the DRN
and DA in the VTA. 5-HT and DA, which play important roles in
anxiety-like behaviors (Liu et al., 2018; Schanzer et al., 2019), are
synthesized and released into the DRN and VTA, respectively. It
has been suggested A decrease in dopaminergic neuronal activity
in the VTA may be the basis of anxiety-related behavior (Coque
et al., 2011; Rincón-Cortés et al., 2018; Rincon-Cortes and Grace,
2020) and the inhibition of 5-HT neurons in the DRN could
induce anxiety-related behaviors in mice and rats (Nishitani et al.,
2019). Correlation analysis showed that DA in the VTA and 5-HT
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in the DRN were correlated with behavioral variables in the EPM
and MCM in all systemic estrogen experimental groups, which
supports the hypothesis that the DRN and VTA are involved in
the development of anxiety-like behavior.

The LHb plays an important role in the pathogenesis of
anxiety and depression (Yang et al., 2008; Zhao et al., 2015) and is
a key site for controlling neuronal activity in the DRN and VTA.
Activation of the LHb inhibits neuronal activity in the DRN and
VTA. OVX rats exhibited hyperactivity of neurons in the LHb
in the present and previous studies (Li et al., 2015). Therefore,
we hypothesized that OVX-induced anxiety-like behavior may
be attributed to increased neuronal activity of the LHb, leading
to reduced neuronal activity of the DRN and VTA, which
reduces the release of 5-HT and DA neurotransmitters. DPN
microinjected into the LHb of OVX rats suppressed the activity
of LHb neurons, as evidenced by decreased c-Fos expression and
increased levels of 5-HT and DA in the DRN and DA in the VTA.
We suggest that DPN in the LHb suppresses its activity, which
weakens the inhibitory effect on the DRN and VTA, leading
to elevated DRN and VTA neuronal activity and alleviation of
anxiety-like behavior.

Ovariectomy has been reported to reduce gamma-
aminobutyric acid (GABA) levels and GABAA receptor
expression in the hippocampus, amygdala, and other brain
structures (Herbison and Fénelon, 1995; Tominaga et al., 2001).
Binding of estrogen to receptors can increase the synthesis of
the inhibitory neurotransmitter GABA in the brain (McCarthy,
2008). Therefore, we hypothesized that DPN injection into the
LHb may activate GABA neurons and thus inhibit the neuronal
activity of the LHb neurons, leading to improved anxiety behavior
in ovariectomized rats.

It has been reported that c-Fos expression decreases in the
lateral septal nucleus of ovariectomized rats and is restored when
E2 is administered to ovariectomized rats (Puga-Olguín et al.,
2019). About 75% of GABAergic neurons in the septal nucleus
project to the LHb and inhibit its activity (Golden et al., 2016).
Therefore, we hypothesized that the reduced activity of GABA
neurons projected from the lateral septal nucleus to the LHb
weakened its inhibitory effect on the LHb leading to increased
LHb activity and further inhibition of the activity of 5-HT
neurons in the DRN and DA neurons in the VTA, which may
be involved in the development of ovariectomy-induced anxiety
behavior. There is a morphological and functional connection
between VTA and DRN neurons, thus the interaction between
them during ovariectomy-induced anxiety behavior needs to be
further studied.

In summary, estrogen loss can cause anxiety-related behaviors,
and the LHb, which highly expresses ERβ, appears to be
associated with the development of anxiety-related behaviors. In

this study, we demonstrated the effects of estrogen deficiency
induced by ovariectomy in rats, including increased anxiety-like
behaviors, as well as decreased levels of 5-HT and DA in the DRN
and DA in the VTA. It was further found that systemic estrogen
supplementation or local ERβ agonism within the LHb could
improve anxiety-like behavior and reverse estrogen-deficiency-
induced decreases in monoamine neurotransmitter levels of the
DRN and VTA. These results support our hypothesis that the
LHb plays an important role in anxiety associated with estrogen
deficiency owing to its influence on 5-HT and DA levels in the
DRN and DA levels in the VTA.
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