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ORIGINAL ARTICLE

Elevation of p11 in lateral habenula mediates depression-like
behavior
J-S Seo1, P Zhong2, A Liu2, Z Yan2 and P Greengard1
The lateral habenula (LHb) is a key brain region involved in the pathophysiology of depression. It is activated by stimuli associated
with negative experiences and is involved in encoding aversive signals. Hyperactivity of LHb is found in both rodent models of
depression and human patients with depression. However, little is known about the underlying molecular mechanisms. Here we
show that in LHb neurons, p11, a multifunctional protein implicated in depression, is signiﬁcantly upregulated by chronic restraint
stress. Knockdown of p11 expression in LHb alleviates the stress-induced depression-like behaviors. Moreover, chronic restraint
stress induces bursting action potentials in LHb neurons, which are abolished by p11 knockdown. Overexpression of p11 in
dopamine D2 receptor-containing LHb neurons of control mice induces depression-like behaviors. These results have identiﬁed p11
in LHb as a key molecular determinant regulating negative emotions, which may help to understand the molecular and cellular
basis of depression.
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INTRODUCTION
Maladaptive molecular and cellular changes in response to
aversive stimuli contribute to the manifestation of depressionlike symptoms in both animals and humans.1–5 The lateral
habenula (LHb), a nucleus that relays information from the limbic
forebrain to midbrain monoamine nuclei, has been identiﬁed as a
crucial brain region in the regulation of aversion and
depression.6–11 Functional magnetic resonance imaging studies
in humans presenting psychiatric disorders have shown that
hyperactivity of LHb neurons occurs along with depressive
symptoms.9,12–14 Furthermore, metabolic and synaptic activities
of LHb neurons are enhanced in rodent models of depression,
such as those derived from learned helplessness and chronic
stress.15–17
The molecular determinants responsible for the key role of the
LHb in depression remain elusive. One possible candidate is p11, a
multifunctional protein interacting with 5-HT receptors,18–21 ion
channels,19,22–25 enzymes,19,26,27 and chromatin remodeling
factors,18,28 which is critically involved in depression-like behaviors
and antidepressant actions.18,20,28–31 p11 is enriched in distinct
neuronal types, including cholinergic neurons in nucleus
accumbens,31 mossy cells and basket cells in dentate gyrus,28
and layer 5 corticostriatal projection neurons.29 Recently, we have
found that chronic stress induces the loss of p11 in layer 2/3
prelimbic (PrL) dopamine D2 receptor-expressing (D2+) neurons,
which contributes to the diminished PrL glutamatergic synaptic
transmission and depression-like behaviors in stressed animals.30
Here we provide evidence that the elevated expression of p11 in
LHb neurons after chronic stress is strongly linked to LHb
hyperactivation and depression-like behaviors. These results may
contribute to understand the key molecular determinant controlling the responses to aversive signals.

MATERIALS AND METHODS
Animals
All procedures involving animals were approved by the Rockefeller
University Institutional Animal Care and Use Committee and were in
accordance with the National Institutes of Health guidelines. Four
transgenic mouse lines were used in this study: p11-EGFP mice,28,30 D2-Cre
mice,30–32 D2-tdT mice (D2-Cre line crossed with tdTomato line)28,30 and
D1-tdT-D2-eGFP mice (D1-Cre26 crossed with tdTomato line and D2-eGFP
mice).30 The mouse breeding methods are in Supplementary Materials and
Methods.

Restraint stress and antidepressant treatments
The restraint stress and antidepressant treatments were performed as
previously described.28,30,33 See methods in Supplementary Materials and
Methods for details.

Viruses
The virus production was performed as previously described.30 For
optogenetic stimulation, AAV5-CaMKIIa-hChR2 (H134R)-EYFP-WPRE-pA
(ChR2) and AAV5-CaMKIIa-EYFP (eYFP) viruses were purchased from UNC
Vector Core, Chapel Hill, NC, USA, University of North Carolina. See
methods in Supplementary Materials and Methods for details.

Stereotaxic surgery and optogenetic stimulation
The stereotaxic surgery was performed as previously described.30 Brieﬂy,
10-week-old male mice were anesthetized with ketamine and xylazine, and
stereotaxically injected with AAV5-CaMKIIa-hChR2 (H134R)-EYFP-WPRE-pA
(ChR2), AAV5-CaMKIIa-EYFP (eYFP), Lenti-GFP-shRNA (sh-GFP), Lenti-p11GFP-shRNA (sh-p11), AAV2-EF1a-DIO-eYFP-WPRE-hGH (AAV-DIO-eYFP) and
AAV2-EF1a-DIO-p11-WPRE-hGH (AAV-DIO-p11) into the medial part of the
LHb (anteroposterior, − 1.92 mm; mediolateral, ± 0.4 mm; and dorsoventral,
− 2.67 mm from bregma). For optogenetic stimulation of LHb neurons,
after virus injection, a 200 μm-core-diameter optic ﬁber (Doric Lenses,
Quebec, QC, Canada) was implanted into the injection site. After 3 weeks,
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Figure 1. Effects of chronic stress and p11 expression on the activity of LHb neurons. (a) Immunoﬂuorescence image illustrating p11-positive
cells (EGFP+, green) in habenula (Hb) of p11-EGFP mice. Scale bar, 100 μm. DG, dentate gyrus; EP, ependymal cells; IML, inner molecular layer of
DG; LHb, lateral habenula; MHb, medial habenula; PF, parafascicular thalamic nucleus; PV, paraventricular thalamic nucleus; SM, stria
medullaris; 3v, third ventricle. (b, c) Western blot analysis (b) and quantiﬁcation (c) showing the expression of c-fos in control (CON) and
chronically restraint stressed (RST, 2 h per day, 14 days) mice (n = 6 per group). *P o0.05, two-tailed t-test. (d, e) Immunoﬂuorescence image (d)
and quantiﬁcation (e) illustrating c-fos-positive cells (red), p11-positive cells (EGFP+, green) and c-fos+/p11+ cells in LHb from control (CON)
versus restraint stressed (RST) p11-EGFP mice. Scale bar, 20 μm. (n = 6, CON; n = 12, RST). *Po 0.05, two-tailed t-test. (f–h) Western blots and
quantiﬁcation of p11 protein (f, g) and quantitative PCR of p11 mRNA (h) in LHb from CON and RST mice with or without antidepressant
treatments (f and g, n = 10, CON; n = 12 for each group of RST, RST+imipramine (Imi), RST+ﬂuoxetine (Flu) and RST+escitalopram (Esci); h, n = 6
per group). #Po 0.05, ##P o0.01, compared to CON; *P o0.05 and **P o0.01, compared to RST, one-way analysis of variance (ANOVA). (i, j)
Western blots (i) and quantiﬁcation (j) showing the expression of p11 in control versus stressed mice at 14, 30, 60 and 90 days after stress
cessation (n = 6 per group). *Po0.05, **P o0.01, two-way ANOVA. Data presented as means ± s.e.m.
depression-like behavioral tests were performed with 473 nm laser light
(10 mW, 60 Hz, 5 ms, Agilent Technologies, California, CA, USA).11 See
methods in Supplementary Materials and Methods for details.

performed to examine the depression-like phenotypes, and locomotor
activity. Details are included in Supplementary Materials and Methods.

Immunohistochemistry
Behavioral assessments
Behavioral studies including tail suspension test (TST), forced swim test,
sucrose preference test and social interaction test, novelty suppressed
feeding test, fecal boli test and two-way active avoidance test were
Molecular Psychiatry (2018), 1113 – 1119

Immunostaining was carried out using the standard free-ﬂoating method
as previously described.30 Detailed description of antibody preparation,
antigen retrieval, image acquisition and quantiﬁcation is presented in
Supplementary Materials and Methods.
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Western blot analysis and quantitative reverse transcription-PCR
All biochemical analysis were performed as previously described.30 See
Supplementary Materials and Methods for details.

Electrophysiological recordings
Whole-cell patch-clamp recording technique was used to measure
spontaneous action potentials and synaptic currents in LHb neurons. See
Supplementary Materials and Methods for details.

Statistics
Two-sample comparisons were performed using the Student’s t-test, while
multiple comparisons were made using one-way analysis of variance
followed by a Newman–Keuls post hoc test or two-way analysis of variance
by a Bonferroni post hoc test. PRISM software (GraphPad Software, La Jolla,
CA, USA) was used to perform statistical analyses. All data are presented as
means ± s.e.m.

RESULTS
Effects of chronic stress and p11 expression on the activity of LHb
neurons
To investigate the functional role of p11 in LHb, we examined p11
expression in a mouse model of depression, in which mice were
exposed to chronic restraint stress (RST, 2 h per day,
14 days).28,30,33 Immunoﬂuorescence studies of the anatomical

distribution of p11 in habenula with anti-GFP antibody using p11
promoter-driven EGFP (p11-EGFP) mice indicated that p11 was
present in the LHb, especially in the medial part of the LHb, but
not in the medial habenula (Figure 1a). Western blotting results
revealed that the protein level of c-fos, a marker of cell activity,
was signiﬁcantly elevated in Hb from chronically stressed mice
(Figures 1b and c). Double immunoﬂuorescence staining with GFP
and c-fos antibodies in p11-EGFP mice showed that stressed mice
exhibited a signiﬁcantly increased p11 (green) expression in LHb,
which was co-localized with the c-fos (red) expression (Figures 1d
and e). These data indicate that the LHb neurons activated by
chronic stress have elevated p11 expression.
Next, we investigated the impact of antidepressant treatment
on the stress-induced regulation of p11 expression in LHb.
Western blotting and quantitative PCR revealed that the level of
p11 protein and mRNA in LHb were signiﬁcantly increased in
chronically stressed mice, which were reversed by 2-week
treatment with three distinct antidepressants; imipramine (tricylic
class of antidepressant), ﬂuoxetine (selective serotonin reuptake
inhibitor) and escitalopram (Figures 1f–h).
We further examined how long the stress-induced upregulation
of p11 in LHb was sustained. At 14 and 30 days post stress, the
level of p11 in LHb was signiﬁcantly higher than that in control
animals, but at 60 and 90 days post stress, the level of p11 in LHb
had returned to the control level (Figures 1i and j), which was

Figure 2. Knockdown of p11 in lateral habenula (LHb) ameliorates stress-induced depression-like behavior. (a) Immunoﬂuorescence image
illustrating the expression of viral transgene (GFP) after injecting the GFP-tagged p11 shRNA (sh-p11) lentivirus into LHb. Scale bar, 100 μm.
(b, c) Western blots (b) and quantiﬁcation (c) showing the expression of p11 in LHb from control (CON) and stressed (RST) mice with or
without lentiviral injection of GFP-shRNA (sh-GFP) or p11 shRNA (sh-p11) (n = 7 per group). (d–i) Depression-like behavior measured by (d) the
time spent in the interaction zone in SIT, (e) immobility time in tail suspension test (TST) and (f) forced swim test (FST) in the six groups. (g, h)
Anxiety-like behavior measured by (g) the latency to feed in novelty suppressed feeding test and (h) excretion of fecal pellet in fecal boli test
in the six groups. (i) Locomotor activity measured by the average total distance traveled by the six groups (n = 14, CON and RST; n = 8, CON
+sh-GFP and RST+sh-GFP; n = 11, CON+sh-p11; n = 18, RST+sh-p11). *Po 0.05, **P o0.01, one-way analysis of variance. Data presented as
means ± s.e.m.
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consistent with the time frame of depression-like behaviors in
these stressed animals.30
To conﬁrm that depressive behaviors can be induced by direct
activation of LHb via optogenetic stimulation, we injected
AAV-channelrhodopsin (ChR2; AAV-CaMKIIa-ChR2-eYFP) into LHb.
Three weeks later, we optically stimulated ChR2-expressing axons
in LHb, and performed the two-way active avoidance test and the
TST for aversion, helplessness and hopelessness behaviors.
ChR2-injected mice with optogenetic stimulation (ChR2+ON)
exhibited a signiﬁcantly decreased avoidance response and
increased latency to escape the shock in active avoidance test
compared to AAV-eYFP-injected mice (eYFP+ON and eYFP+OFF)
or unstimulated ChR2-injected mice (ChR2+OFF) (Supplementary
Figures S1a and b). ChR2+ON mice also had an increased
immobility in TST (Supplementary Figure S1c), while locomotor
activity was not altered (Supplementary Figure S1d). These data
suggest that LHb activation induces depression-like behaviors,
consistent with prior ﬁndings.10
Next, we tested the role of p11 in depression-like behaviors
induced by direct activation of LHb. Western blotting results
revealed that the protein level of c-fos was upregulated in
optically stimulated ChR2-injected mice (Supplementary Figures
S1e and f), compared to the three control groups. Immunoﬂuorescence staining using c-fos, ChR2 and p11 antibodies revealed
that ~ 98% of ChR2-expressing LHb neurons were c-fos-positive
(c-fos+), and ~ 73% of p11-expressing neurons were
c-fos+/ChR2+ (Supplementary Figure S1g), suggesting that most
of the p11-expressing LHb neurons are activated by optogenetic
stimulation.

Knockdown of p11 in LHb ameliorates stress-induced depressionlike behavior
To determine whether the stress-induced upregulation of p11 in
LHb is responsible for depression-like behaviors, we knocked
down p11 expression by injecting p11 shRNA (sh-p11) lentivirus
into LHb (Figure 2a). The p11 knockdown efﬁciency in vivo was
demonstrated by the signiﬁcantly diminished p11 expression in
LHb from mice with viral expression of p11 shRNA (CON+sh-p11),
compared to those injected with GFP-shRNA (CON+sh-GFP) or
non-injected (CON). In stressed mice with viral injection of p11
shRNA (RST+sh-p11), the stress-induced p11 upregulation was
potently suppressed, compared to those either injected with
GFP-shRNA (RST+sh-GFP) or non-injected (RST) (Figures 2b and c).
We next investigated the effect of p11 knockdown in the LHb
on depression-like behaviors. Compared to the unstressed control
groups (CON and CON+sh-GFP), stressed mice injected with or
without GFP-shRNA to LHb (RST and RST+sh-GFP) exhibited
signiﬁcantly decreased time in the interaction zone in the social
interaction test (Figure 2d), a measurement of social avoidance
and withdrawal behavior. RST and RST+sh-GFP mice also had an
increased immobility in TST (Figure 2e) and forced swim test
(Figure 2f), two measurements of helplessness and hopelessness,
as well as anxiety in the novelty suppressed feeding test
(Figure 2g) and fecal boli test (Figure 2h). Locomotor activity
(Figure 2i) and food consumption (data not shown) were not
altered in these mice. Interestingly, stressed mice with LHb
expression of p11 shRNA (RST+sh-p11) did not exhibit depressionlike behaviors in social interaction test, TST and forced swim test
(Figures 2d–f) or anxiety-like behaviors in novelty suppressed
feeding test and fecal boli test (Figures 2g and h). No behavioral

Figure 3. Chronic stress induces burst ﬁring of action potentials in lateral habenula (LHb) neurons, which is abolished by knockdown of p11.
(a, b) Scatter plots and bar graphs showing the resting membrane potentials (a) and spontaneous action potential (sAP) frequencies (at
− 45 mV) (b) in control (CON) and stressed (RST) mice with or without lentiviral injection of p11 shRNA (sh-p11) or GFP-shRNA (sh-GFP) (n = 12,
CON; n = 10, RST; n = 7, RST+sh-p11; n = 6, RST+sh-GFP). (c) Representative sAP traces in the four groups. (d) Representative traces showing the
membrane excitability at the hyperpolarized level (−65 mV) in CON and RST mice with or without lentiviral injection of sh-p11 or sh-GFP.
Expanded view of the bursting AP trace at the position denoted by *. (e) Bar graphs showing the percent of LHb neurons exhibiting rhythmic
bursting APs (at − 65 mV) in the four groups (n = 13, CON; n = 12, RST; n = 7, RST+sh-p11; n = 6, RST+sh-G).
Molecular Psychiatry (2018), 1113 – 1119

Role of p11 in depression-like behavior
J-S Seo et al

1117

Figure 4. Overexpression of p11 in D2R-containing lateral habenula (LHb) neurons of control animals induces depression-like behavior. (a)
Images showing the co-localization of p11 (green) with dopamine D2 receptor (D2; D2-tdT, red) and CaMKII (blue, a marker of glutamatergic
neurons) in medial part of the LHb neurons from D2-tdT (D2-Cre × tdTomato) mice. Scale bar, 10 μm. (b) Immunoﬂuorescence image
illustrating the localization of D2+ neurons with the viral injection of Cre-dependent eYFP (AAV-DIO-eYFP) into LHb of D2-Cre mice. Scale bar,
100 μm. (c) Immunoﬂuorescence image illustrating the co-localization of Cre-dependent p11 (AAV-DIO-p11) (green) with D2 (red) in LHb
neurons. Scale bar, 20 μm. (d–g) Depression-like behaviors as measured by sucrose preference test (d), tail suspension test (TST; e), forced
swim test (FST; f) and novelty suppressed feeding test (g) in D2-Cre mice with the viral expression of p11 (AAV-DIO-p11) or eYFP (AAV-DIOeYFP) in D2+ LHb neurons (n = 13, AAV-DIO-eYFP; n = 17, AAV-DIO-p11). *P o0.05, **Po0.01, two-tailed t-test. Data presented as
means ± s.e.m.

changes were found in control animals with LHb knockdown of
p11 (CON+sh-p11, Figures 2d–i). These data indicate that the
stress-induced p11 upregulation in LHb contributes to the
manifestation of depression-like behaviors.
Chronic stress-induced hyperexcitability of LHb neurons is
abolished by p11 knockdown
To determine the physiological basis underlying the role of LHb
p11 in stress-induced depression-like behaviors, we examined the
membrane excitability of LHb neurons in control versus stressed
animals with or without p11 knockdown. As shown in Figures
3a–c, the resting membrane potentials (~ −45 mV) and the
spontaneous action potential frequencies of LHb neurons from
stressed animals (RST) were similar to those from control animals
(CON), which were not signiﬁcantly affected by p11 shRNA
injection (RST+sh-p11). When cells were hyperpolarized to
− 65 mV (Figures 3d and e), most of the LHb neurons from control
animals (CON) stopped ﬁring APs, while most of the LHb neurons
from stressed animals (RST) exhibited the rhythmic bursting of
APs. The bursting APs were abolished in stressed animals
injected with p11 shRNA (RST+sh-p11), but not with GFP-shRNA
(RST+sh-GFP).

To test the possibility that the altered excitability of LHb
neurons in stressed animals could be caused by changes in
synaptic inputs, we examined spontaneous excitatory and
inhibitory postsynaptic currents (sEPSC and sIPSC) in LHb neurons.
As shown in Supplementary Figures S2a and b, sIPSC frequency,
but not amplitude, was signiﬁcantly reduced in LHb neurons from
stressed animals. No changes in sEPSC amplitude or frequency
were found (Supplementary Figure S2c). Knockdown of p11 in LHb
from stressed animals signiﬁcantly elevated sIPSC frequency
without changing sIPSC amplitude, while injecting the
GFP-shRNA was ineffective (Supplementary Figures S3a and b).
The amplitude or frequency of sEPSC was not altered by p11 or
GFP-shRNA (Supplementary Figure S3c). Taken together, these
data suggest that the stress-induced hyperexcitability of LHb
neurons may be attributable to the loss of inhibitory inputs, and
p11 may normalize LHb neuronal activity via restoring synaptic
inhibition.
p11 overexpression in dopamine D2 receptor-containing
glutamatergic LHb neurons of control mice induces
depression-like behavior
It has been found that LHb D2+ neurons regulate emotional
behaviors in response to negative reward by altering LHb
Molecular Psychiatry (2018), 1113 – 1119
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neuronal activity.7,8,11,17,34 Therefore, we sought to determine
whether p11 in D2+ LHb neurons was involved in stress-induced
depression-like
behaviors.
Immunoﬂuorescence
staining
(Supplementary Figure S4; Supplementary Tables S1 and 2)
revealed that p11+ neurons in LHb express Ca2+/calmodulindependent kinase II (CaMKII) or vesicular GABA transporter,
suggesting that they are glutamatergic or GABAergic. In the
medial part of LHb, most (~79%) of D2+ neurons, but not D1+
neurons, co-expressed p11 (Figure 4a; Supplementary Figure S5a;
Supplementary Table 3), and most (~88%) of p11+/D2+ neurons
expressed CaMKII (Figure 4a; Supplementary Table S1), but not
vesicular GABA transporter (Supplementary Figure S5;
Supplementary Table 2), indicating that they are glutamatergic
neurons.
To speciﬁcally express p11 in D2+ LHb neurons, we injected
Cre-dependent viruses into LHb of D2-Cre mice. As shown in
Figure 4b, D2-Cre mice injected with AAV-DIO-eYFP exhibited the
distribution of D2+ neurons in the medial part of LHb. D2-Cre mice
injected with AAV-DIO-p11 exhibited the co-expression of p11 and
D2 in LHb (Figure 4c). Depression-like phenotypes emerged in
control mice with viral expression of p11 in D2+ LHb neurons, as
reﬂected in sucrose preference test (Figure 4d), TST (Figure 4e),
forced swim test (Figure 4f) and novelty suppressed feeding test
(Figure 4g) assays. Collectively, these results show that p11
overexpression in D2+ LHb neurons of control animals is sufﬁcient
to induce negative emotional behaviors.
DISCUSSION
The LHb has emerged as a key brain region for the study of
aversive
behaviors
and
the
pathophysiology
of
depression.6,7,9,11,15,35 LHb neurons, especially in the medial part
of the LHb, are activated by aversive emotional cues including
stress, disappointment, fear, aggression or anticipation of a
negative reward in monkeys, as well as rodents.7,15,35,36 Increased
activation of the LHb nucleus leads to the inhibition of the
connected serotonergic, noradrenergic, dopaminergic systems
and stimulation of the hypothalamic–pituitary–adrenal axis.14,37–39
Consistently, depression-like symptoms in neuropsychiatric disorders occur along with hyperactivity of LHb neurons in
humans.9,12,14 Furthermore, in animal models of depression,
synaptic activity, spike output and metabolic activity of LHb
neurons were enhanced,15,16,38 which is in contrast with the
decreased activity in prefrontal cortex (PFC),30,39,40 and ventral
tagmental area.17
In this study, using complementary molecular, electrophysiological and behavioral approaches, we have identiﬁed the stressinduced upregulation of p11 in the LHb neurons as a key
molecular mechanism underlying the role of LHb in depressionlike behaviors. Knockdown of p11 in LHb neurons ameliorated
depressive phenotypes and LHb hyperexcitability in stressed
animals. Moreover, overexpression of p11 in LHb neurons of
control animals induced depression-like behaviors.
p11 is present in various neuronal circuits in distinct neuronal
types, such as cholinergic neurons in nucleus accumbence,31
mossy cells and basket cells in dentate gyrus,28 and layer 5
corticostriatal projection neurons,29 involved in emotional
control.20,28–31 Lower levels of p11 mRNA and protein have been
found in the brains of depressed humans and suicide subjects.18,41
p11 knockout mice exhibit depression-like behavior,18,30,31 and
p11-overexpressing mice show antidepressant-like behaviors.18,20
Recently, we have found that chronic stress induces the downregulation of p11 expression in layer 2/3 PrL cortical neurons and
the attenuation of PrL glutamatergic synaptic transmission, which
are causally linked to depressive symptoms in stressed animals.30
LHb relays information from the limbic forebrain regions,
including PrL, to multiple monoamine centers.16,37 Reciprocal
interaction between LHb and medial PFC (mPFC) via
Molecular Psychiatry (2018), 1113 – 1119

dopaminergic neurons in ventral tagmental area has been found
to regulate emotional and cognitive function in rodent, monkeys
and humans.6,42–44 LHb neurons synapse primarily on dopamine
neurons in the ventral tagmental area projecting to the mPFC.6
Pharmacological and optogenetic manipulation of the LHb activity
could alter dopaminergic regulation of mPFC neuronal activity,
which controls executive processes.6,43,45 In stressed animals, the
decreased p11 expression and diminished synaptic output of PrL
neurons, as well as the increased p11 expression and elevated
excitability of LHb neurons, may cooperatively contribute to the
emergence of depressive phenotypes.
In both LHb and PrL, increased p11 levels are associated with
increased neuronal excitability. It will be important to identify the
underlying molecular mechanisms. Our data indicate that p11
upregulation in the LHb-stressed animals may interfere with
synaptic inhibition, leading to disinhibition and hyperactivation of
the LHb neurons. In addition to the stress-induced upregulation of
p11 in LHb, increased βCaMKII expression and PP2A activity in the
LHb have been found to act as powerful regulators of the LHb
neuronal activity and depression-like phenotypes in stressed
animals,16,46 suggesting that parallel cellular processes converge
in the LHb to dictate the response to aversive signals.
The LHb has two major types of neurons, a majority of
glutamatergic and a minority of GABAergic,37 both of which
express p11. Dopamine signals from the ventral tagmental area
innervate the whole LHb, inﬂuencing LHb neuronal activity and
LHb-dependent functions.6,10,47 D2 receptors are functionally
expressed in the LHb, especially medial part of the LHb, which
regulate aversive behaviors in response to negative rewards.48,49
Interestingly, we have found that overexpression of p11 in this
subpopulation of LHb neurons is sufﬁcient to induce depressive
phenotypes in control animals, conﬁrming that p11 in D2+ LHb
neurons is an important molecular and cellular determinant for
depression.
Finally, it will be important to elucidate the molecular basis for
the opposing action of p11 in LHb where it is a depressant agent
versus p11 in other brain regions examined where it has an
antidepressant action, including the cholinergic neurons in
nucleus accumbence,31 mossy cells and basket cells in dentate
gyrus,28 layer 5 corticostriatal projection neurons29 and D2+
glutamatergic neurons in layer 2/3 PrL cortex.30
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