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Alcohol withdrawal drives depressive behaviors by activating
neurons in the rostromedial tegmental nucleus
Rao Fu1, Wanhong Zuo1, Nimisha Shiwalkar1, Qinghua Mei1, Qing Fan1, Xuejun Chen1, Jing Li1, Alex Bekker1 and Jiang-Hong Ye1

Rostromedial tegmental nucleus (RMTg) GABA neurons exert a primary inhibitory drive onto midbrain dopamine neurons and are
excited by a variety of aversive stimuli. There is, however, little evidence that the RMTg-ventral tegmental area (VTA)-nucleus
accumbens shell (Acb) circuit plays a role in the aversive consequences of alcohol withdrawal. This study was performed in adult
male Long-Evans rats at 48-h withdrawal from chronic alcohol drinking in the intermittent schedule. These rats displayed clear
anhedonia and depression-like behaviors, as measured with the sucrose preference, and forced swimming tests. These aberrant
behaviors were accompanied by a substantial increase in cFos expression in the VTA-projecting RMTg neurons, identified by a
combination of immunohistochemistry and retrograde-tracing techniques. Pharmacological or chemogenetic inhibition of RMTg
neurons mitigated the anhedonia and depression-like behaviors. Ex vivo electrophysiological data showed that chemogenetic
inactivation of RMTg neurons reduced GABA release and accelerated spontaneous firings of VTA dopamine neurons. Finally, using a
functional hemispheric disconnection procedure, we demonstrated that inhibition of unilateral RMTg, when combined with
activation of D1 and D2 dopamine receptors in the contralateral (but not ipsilateral) Acb, mitigated the anhedonia and depression-
like behaviors in alcohol-withdrawal rats. These data show that the integrity in the RMTg-VTA-Acb pathway in a single hemisphere
is sufficient to elicit depression-like behavior during ethanol-withdrawal. Overall, the present results reveal that the RMTg-VTA-Acb
pathway plays a crucial role in the depression-like behavior in animals undergoing alcohol withdrawal, further advocating the RMTg
as a potential therapeutic target for alcoholism.
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INTRODUCTION
Alcohol-use disorder (AUD) is a chronic relapsing brain disease.
Like most abused drugs, alcohol is both rewarding and aversive.
Alcohol’s rewarding properties are mainly mediated by its ability
to increase the activity of dopamine neurons in the ventral
tegmental area (VTA) and the release of dopamine in the
projection targets, including the nucleus accumbens (Acb) [1–3].
Alcohol withdrawal from alcohol-dependent animals is often
associated with a profound decremented mesolimbic dopamine
function [4–6]. Clinical and preclinical studies suggest that
diminished dopamine neurotransmission could be a common
mechanism in both depression [7–10] and alcohol withdrawal
[4–6].
The rostromedial tegmental nucleus (RMTg) comprising a

cluster of gamma-aminobutyric acid (GABA)-ergic neurons,
receives strong and direct excitatory inputs from the lateral
habenula (LHb) [11–14] and exerts a major inhibitory drive onto
midbrain dopamine neurons [13, 15]. These dopamine neurons, in
turn, project heavily to the Acb, thus forming a well-recognized
pathway in addiction behaviors [16].
RMTg neurons encode negative reward signals [12, 17] and are

excited by aversive events [12, 17–19]. As an essential inhibitory
afferent to midbrain dopamine neurons, the RMTg is also implicated
in drugs of abuse [18, 20–23], including alcohol [24–26]. The LHb

has also emerged as a critical brain region in the pathophysiology
of depression [27–29]. As a primary relay between the LHb and the
VTA, the RMTg may function as an essential link in the
neurocircuitry of alcohol withdrawal and relapse drinking, and
therefore a potential target for therapeutic options for neuropsy-
chiatric disorders [30].
To test the hypotheses that alcohol withdrawal excites RMTg

neurons, leading to decreased dopamine neuronal activity, we
measured neuronal firing in the RMTg/VTA, and the inhibitory
postsynaptic currents (IPSCs) in dopamine neurons using electro-
physiological recording combined with the inhibitory DREADD
(Designed Receptor Exclusively Activated by Designed Drug)
technique [31]. We also tested the hypothesis that RMTg
hyperfunction accounts for depressive symptoms by reducing
VTA–dopamine transmission onto the Acb of alcohol-withdrawal
rats, and that pharmacological and/ or chemogenetic inactivation
of the RMTg would attenuate the depressive-like behaviors in
alcohol-withdrawal rats [32].

MATERIALS AND METHODS
Animals
Experiments were performed on a total of 214 adult male Long-
Evans rats (250–300 g at the start of the studies, from Harlan Lab,
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NY). The numbers of 190 rats used in behaviroal experiment are
listed in Table 1. The rats were individually housed and kept on a
12/12 h light/dark cycle (lights off at 11:00 a.m.) in ventilated
Plexiglas cages in a climate-controlled room (20–22 °C), with food
and water ad libitum unless indicated otherwise. Animals were
acclimatized to the housing conditions and handling for at least
7 days before the start of the experiments. All experimental
procedures were performed by the guidelines of the National
Institutes of Health for the Care and Use of Laboratory Animals
and approved by the Institutional Animal Care and Use
Committees of Rutgers, The State University of New Jersey,
Newark, New Jersey.
We examined the effect of pharmacological inhibition of the

RMTg on the sucrose preference test (SPT) and the open-field test
(OFT) in the same group of rats in a counterbalanced manner. To
minimize the potential influence of prior behavioral test on the
next one, we kept the minimal interval between tests for 7 days.
We performed the forced swimming test (FST) on a separate
cohort of rats. In the chemogenetic inactivation of the RMTg
experiments, each rat received three tests in the following
sequence: SPT, OFT, and FST. In the functional cerebral
disconnection experiments, SPT was performed before FST in
the same group of rats.

Intermittent access to 20% ethanol in 2-bottle free-choice (IA2BC)
drinking procedure
We measured ethanol intake in the IA2BC drinking paradigm, as
described in refs. [33–35]; see Supplementary Materials and
Methods for details.

Stereotactic surgery and microinjection procedure
Stereotactic surgery and histological verification were performed,
as described in ref. [25, 36, 37]. For microinfusion chemicals to the
Acb, a unilateral guide cannula (26 gauge; Plastics One, Wall-
ingford, CT) was placed 1mm above the Acb (in mm: A/P: 1.4–1.6;
M/L: ± 1.4; D/V: −6.9 from skull surface). For microinfusion
chemicals to the RMTg, a unilateral guide cannula (26 gauge;
Plastics One) was placed 1mm above the RMTg (in mm: A/P: −6.8;
M/L: ± 0.45; D/V: −6.9 from skull surface); see Supplementary
Materials and Methods.

Brain slice preparation and electrophysiology
Brain slices were prepared, as described in ref. [38]; see Supple-
mentary Materials and Methods.

Immunohistochemistry and Immunofluorescence
The procedures involving brain fixation, immunofluorescence, and
all antibodies used in this study were described in the
“Supplementary Materials and Methods” section.

Chemicals and application
We purchased chemicals and common salts from Sigma-Aldrich
Corporation (St. Louis, MO), ethanol from Pharmco Products
(Brookfield, CT). In total, 6,7-di-nitroquinoxaline-2,3-dione (DNQX)
and 2-amino-5-phosphonopentanoic acid (AP5) were from Tocris.
Clozapine-N-oxide (CNO) was obtained from NIDA Drug supply
program (NIH, Bethesda, MD). The detail for drugs preparation was
described in the “Supplementary Materials and Methods” section.

Measurement of anhedonia and depressive-like behaviors
SPT and FST were conducted in alcohol–naive rats, and rats at 48 -
h withdrawal from the last ethanol-drinking session (EtOH-WD),
see Supplementary Materials and Methods.

RMTg/VTA-Acb shell functional disconnection studies
The functional disconnection procedure was described in refs. [39,
40]. Briefly, rats at 48 -h withdrawal from the last ethanol-drinking
session, before SPT and FST, received a unilateral intra-RMTg
infusion of DNQX+ AP5 (5 and 10 pmol/100 nl/side) combined with
ipsilateral or contralateral intra-Acb shell infusion of SKF38393+
quinpirole (SKF+Quin, 500 pmol/500 nl/side) or vehicle (n= 8-9/
group). At the end of behavioral tests, cannula placements were
assessed by Nissl staining using light microscopy.

Statistical analysis
All data were expressed as a mean ± SEM (standard error of the
mean). To calculate the percent change in sIPSCs and firing for a
given cell, recordings during the first control period (baseline) were
averaged and normalized to 100%. Statistical significance was
assessed using the paired or unpaired t test, one-or two-way ANOVA
or two-way repeated measures ANOVA, followed by a Bonferroni’s
post hoc test. Statistical significance was declared at p < 0.05.

RESULTS
Alcohol withdrawal enhances cFos expression in VTA-projecting
RMTg neurons
Ethanol consumption of rats in the IA2BC paradigm was
significantly escalated, from 2.56 ± 0.22 g/kg/24 h in the first

Table 1. Summary of the groups for animal behavioral test

Group Subgroup Treatment Behavioral test

1 Naive (9) Bilateral Intra-RMTg
DNQX+ AP5 or vehicle infusion

Sucrose preference test
Open-field testEtOH WD (9)

2 Naive (18) Bilateral Intra-RMTg
DNQX+ AP5 or vehicle infusion

Forced swimming test

EtOH WD (23)

3 Naive (37) Bilateral Intra-RMTg
Gi-DREADDs or GFP injection

Sucrose preference test
Open-field test
Forced swimming test

EtOH WD (40)

4 EtOH WD (20) Bilateral Intra-RMTg
Gi-DREADDs or GFP injection

EtOH consumption

5 EtOH WD
(n= 34)

Unilateral Intra-RMTg DNQX+ AP5
Ipsilateral intra-Acb vehicle (n= 8)

Sucrose preference test
Forced swimming test

Unilateral Intra-RMTg DNQX+ AP5
Ipsilateral intra-Acb SKF+Quin (n= 8)

Unilateral Intra-RMTg DNQX+ AP5
Contralateral intra-Acb vehicle (n= 9)

Unilateral Intra-RMTg DNQX+ AP5
Contralateral intra-Acb SKF+Quin (n= 9)
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session to 6.23 ± 0.34 g/kg/24 h at the 24th session (8 weeks),
which maintained the same levels after that, consistent with
previous reports [33, 34, 41]. There were substantially more c-Fos
IR neurons in the RMTg of rats at 48 -h withdrawal from chronic
alcohol (EtOH-WD) than that in the alcohol-naive control (Naive)
rats (Fig. 1a–c). c-Fos expression was increased in both the core
and the periphery of the RMTg [12] and was higher in the core
than the periphery (32.6 ± 2.2 in core vs. 13.1 ± 2.4 in the
periphery, t= 2.898, p= 0.016, n= 6 rats/group, unpaired t test).
To find VTA-projecting RMTg neurons that were activated

during alcohol withdrawal, we combined the retrograde-tracing
technique with cFos-IR. The number of VTA-projecting RMTg
neurons in the EtOH-WD rats was not much different from that of
naive control (59.9 ± 3.4 in Naive, 57.3 ± 4.1 in EtOH-WD, t= 0.476,
p= 0.644, n= 6 rats/group, two-tailed unpaired Student’s t test,
Fig. 1f). However, the proportion of retrograde-labeled neurons
expressing cFos was significantly greater in EtOH-WD rats than in
the naive counterparts (7.7 ± 0.6 in Naive, 22.6 ± 1.2 in EtOH-WD,

t= 11.363, p < 0.001, n= 6 rats/group, two-tailed unpaired Stu-
dent’s t test, Fig. 1g). This result suggests that the connection
between the RMTg and the VTA has been strengthened after
chronic alcohol administration and withdrawal.

Chemogenetic inactivation or pharmacological inhibition of the
RMTg alleviates anhedonia- and depressive-like behaviors in
alcohol withdrawal rats
Consistent with recent results [32], in rats at 48 -h withdrawal from
chronic alcohol drinking, there were clear enhancement in the
immobility in the forced swimming test (FST, Supplementary
Figure 1A–C) and reduction in the consumption of 1% sucrose
solution in the sucrose preference test (SPT, Supplementary
Figure 1D, E). To examine the potential role of the RMTg in these
behaviors, we injected Gi-coupled designer receptor exclusively
activated by the designer drug (DREADD; hM4Di) or the control
vector (GFP) into the bilateral RMTg of 84 rats (Fig. 2a). Histological
verification confirmed 77 rats with the expression of viral vectors

Fig. 1 c-Fos expression of the ventral tegmental area (VTA)- projecting rostromedial tegmental nucleus (RMTg) neurons is increased in
alcohol-withdrawal rats. a, b are representative images showing c-Fos-immunoreactive (IR) neurons in RMTg core (outlined in the dashed
circle) and periphery (outlined in the solid circle) in rats of alcohol naive group (Naive) and 48 -h withdrawal from chronic (10 weeks)
intermittent alcohol consumption group (EtOH-WD). The boxed areas in the insets are enlarged in the corresponding panels. Scale bar=
200 μm. c summary of RMTg cFos-IR cell counting shows cFos-IR RMTg neurons were substantially increased in EtOH-WD rats as compared
with Naive counterparts (for alcohol treatment effect, F1,23= 86.064, p < 0.001, post hoc test, ***p < 0.001 vs. naive, n= 6/groups), and the
increase was greater in the core than the peripheral (for location: F1,23= 29.072, p < 0.001, post hoc test, ^^^p < 0.001 vs. core, n= 6/groups),
revealed by two-way ANOVA followed by Bonferroni t test. d, e are representative images showing the VTA projecting RMTg neurons
(retrobeads labeled, green) expressed cFos (red). Magnified pictures demonstrate the merged RMTg cells (d1,e1) in the areas outlined by the
white soild box in d and e. White arrows indicate the neurons expressing cFos (d2,e2) and are retrogradely labeled (d3,e3), as well as
counterstained by DAPI (d4, e4) of naive and EtOH-WD rats. f, g Alcohol withdrawal did not significantly alter the number of retrogradely
labeled cells in the RMTg (f), but enhances the proportion of retrobeads labeled cells that expressing cFos (g). The animal numbers used are
shown inside the bars. ###p < 0.001 vs. Naive, two-tailed unpaired t test. All data were presented in mean ± S.E.M. Scale bar= 100 μm (d, e) or
10 μm (d1, e1)
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Fig. 2 Chemogenetic inactivation of the rostromedial tegmental nucleus (RMTg) neurons alleviates anhedonia- and depression-like behaviors
in alcohol-withdrawal rats. a The schematic view of a rat injected with hM4Di (Gi)-DREADDs viral vector. CNO clozapine-N-oxide, IP
intraperitoneal. b Left panel, hM4Di-mcherry expression in the RMTg after viral vector injection; right panel, virus expression sites are plotted
on four coronal sections from a rat brain atlas [71]. All hM4Di viral sites (n= 39) are presented at the level of their maximal extents.
Approximate anteroposterior distance to bregma is indicated on each drawing. IPN interpeduncular nucleus, ml medial lemniscus, tth
trigeminothalamic tract. Scale bar= 200 μm. c Representative photomicrographs of the RMTg neurons with mCherry (yellow arrow), GAD67
(yellow arrow) immunoreactivity, and merge (yellow arrow) image from a rat injected with AAV-hM4Di-mCherry into the RMTg. Scale bar=
50 μm. d Pie chart summarizes the proportion of GAD67+ and GAD67− neuronal populations of mCherry+ neurons in the RMTg (RMTg
mCherry+ cell counting= 47.2 ± 7, n= 6 rats). The preference for (e) and consumption of (f) 1% sucrose by the naive and EtOH-WD rats (n= 9
per group) during the RMTg chemogenetic inactivation. Two-way repeat measurement ANOVA group effect F1,35= 41.078, p < 0.001; virus
effect F1,35= 56.366, p < 0.001; group × virus interaction F1,35= 0.0926, p= 0.769 for sucrose preference, and group effect F1,35= 77.804, p <
0.001; virus effect F1,35= 127.551, p < 0.001, group × virus interaction, F1,35= 1.325, p= 0.283 for sucrose intake. The forced swimming and
locomotor activity tests in EtOH-WD and naive rats (n= 9–11 per group) during RMTg chemogenetic inactivation. Two-way ANOVA virus effect
F1,40= 28.914, P < 0.001; group × virus interaction F1,40= 16.097, P < 0.001 for immobile duration (g); virus effect F1,40= 43.601, P < 0.001,
group × virus interaction, F1,40= 10.973, P= 0.002 for latency to immobility (h); virus effect F1,40= 42.874, P < 0.001, group × virus interaction,
F1,40= 20.703, P < 0.001 for swimming time (i); virus effect F1,40= 11.722, P= 0.002, group × virus interaction, F1,40= 1.457, P= 0.235 for total
distance traveled (j). All data are expressed as mean ± SEM, *p < 0.05, **p < 0.001 vs. Naive or Naive GFP, ###p < 0.001 vs. EtOH-WD GFP by
Bonferroni’s post hoc test
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within the RMTg (Fig. 2b). The data of the seven rats that missed
virus expression in the RMTg were excluded from analysis. Cell
counting based on confocal immunofluorescence images showed
that 76.2% of virally transfected neurons (mCherry labeled) in the
RMTg expressed glutamic acid decarboxylase 67 (GAD67), a
marker of GABAergic neurons, implying recruitment of GABAergic
neurons in the RMTg (Fig. 2c, d).
We evaluated the RMTg’s role in the SPT in 36 rats. The

preference and consumption of either 1% sucrose or water during
a 4-h session were measured at 48 h after the last ethanol-drinking
session. CNO (2 mg/kg, I.P.), an agonist of Gi DREADD, admini-
strated 30min before SPT significantly increased sucrose pre-
ference and consumption in both EtOH-WD and naive rats
infected with AAV-hM4Di, but not in rats infected with AAV-GFP
(Fig. 2e, f).
We evaluated the role of the RMTg in the FST in other 41 rats,

which were divided into four groups: EtOH-WD and naive groups,
injected with either AAV-hM4Di (n= 22) or AAV-GFP (n= 19) into
the RMTg. CNO (2 mg/kg, I.P.) shortened the immobility time in
EtOH-WD rats infected with AAV-hM4Di, but not with AAV-GFP
(Fig. 2f–h). However, compared with the vehicle, CNO treatment
did not change the immobility of naive rats infected with either
AAV-hM4Di or GFP. Interestingly, CNO significantly increased the
locomotor activity in both EtOH-WD and naive rats infected with
AAV-hM4Di, but not GFP. These data suggest that chemogenetic
inactivation of the RMTg effectively rescued the anhedonia- and
depression-like behaviors associated with alcohol withdrawal.
Next, we examined the effect of chemogenetic inactivation of

the RMTg on alcohol consumption in a group of rats (n= 20) that
had been drinking ethanol in the IA2BC paradigm for 6 weeks.
These rats later received intra-RMTg AAV-hM4Di or AAV-GFP
injection and re-accessed to ethanol after 7-days recovery from
surgery. The viral injection procedure did not significantly alter the
alcohol consumption on all injected rats (6.17 ± 0.43 vs. 6.41 ±
0.46 g/kg/24 h, t(18)= 1.284, p= 0.218 by paired t test). Also, no
significant difference was found between the hM4Di and GFP
groups (6.27 ± 0.33 vs. 6.56 ± 0.32 g/kg/24 h, t(18)= 0.3, p= 0.769
by t test). At 4–5 weeks after virus injection, we examined the
effect of CNO in a counterbalanced way. A histology study
confirmed 16 rats with RMTg virus expression (Supplementary
Figure 2). Administration of CNO (2 mg/kg, I.P.), but not the vehicle
significantly increased the intake of and the preference for
ethanol, as well as the total fluid intake in rats infected with RMTg
hM4Di, but not those infected with GFP (Supplementary Figure 2).
Also, we examined the effect of pharmacological blockade of

glutamate transmission on the RMTg on the SPT and FST. We
infused the cocktail of DNQX (50 μM) and AP5 (100 μM), the
selective AMPA and NMDA receptor antagonists into the RMTg of
EtOH-WD and naive rats 10min before the SPT and FST, at 48-h
withdrawal from the last drinking session. Histological examina-
tion verified 59 rats had bilateral injector tip sites within the RMTg
(Fig. 3a). Compared with aCSF, intra-RMTg infusion of DNQX plus
AP5 made both EtOH-WD and naive rats consume significantly
more sucrose, as well as enhanced their preference to sucrose
solution over water (Fig. 3b, c). Intra-RMTg DNQX and AP5 also
reduced the immobile duration, prolonged the latency to first
immobility and the swimming time in EtOH-WD rats (Fig. 3i–m),
and increased locomotor activity in both EtOH-WD and naive rats.

CNO inhibits spontaneous firings of RMTg neurons infected with
AAV-hM4Di
We examined the effect of CNO on the spontaneous firings of
RMTg neurons in slices of 12 rats. The basal firing rates of RMTg
neurons in rats infected with GFP were like those infected with
hM4Di (Fig. 4a–d). A two-way RM-ANOVA revealed a significant
group × treatment interaction (F1,20= 5.7, p= 0.027, Fig. 4d). A
post hoc test showed that bath application of CNO (1 μM, 10min)
reversibly decreased the firing rate of 8 out of 12 RMTg neurons

expressing hM4Di (p= 0.001; Fig. 4c, d), but had no effect on
RMTg neurons expressing GFP (p= 0.79; Fig. 4b, d). Moreover,
CNO (1–5 μM) dose-dependently and significantly inhibited the
firings of RMTg neurons expressing hM4Di (F3,27= 9.6, p < 0.001;
Fig. 4e), compared with the vehicle control (0.05% DMSO).

Chemogenetic inhibition of GABA transmission from the RMTg to
VTA-DA neurons increases the activity of VTA-DA neurons
Whole-cell voltage-clamp recordings were made from putative
dopamine (DA) neurons in the VTA, and spontaneous GABAA IPSCs
(sIPSCs) were examined (Fig. 4a) in brain slices from 12 rats. Bath
application of CNO (1–5 μM) was used to activate hM4Di
expressed on the terminals of RMTg neurons that projected to
the VTA. The neurons recorded in the VTA meet conventional
electrophysiological criteria of dopamine neurons (Fig. 5b1, c1).
No significant difference was found about the frequency and
amplitude of basal sIPSCs recorded from putative DA neurons in
rats whose RMTg was infected with hM4Di or GFP (Fig. 5b, c). Bath
application of 1 μM CNO did not affect either the frequency or
the amplitude of sIPSCs in VTA-DA neurons (Fig. 5b, d1, e1)
infected with GFP, but substantially reduced the frequency of
sIPSCs and right-shifted the cumulative distribution of inter-event
intervals on most DA neurons infected with hM4Di (7 out of 10
cells). A two-way RM ANOVA for group × treatment further
confirmed that in RMTg-hM4Di rats there was a significant
interaction effect on sIPSC frequency (F1,19= 4.6, p= 0.044; post
hoc p= 0.005 pre-CNO vs. CNO; Fig. 5d1), but not on sIPSC
amplitude (F1,19= 0.7, p= 0.43; Fig. 5e1). Thus, CNO selectively
and dose-dependently reduced the presynaptic inhibitory synap-
tic transmission to the DA neurons in the VTA of rats whose RMTg
was infected with hM4Di (frequency: F3,30= 10.2, p < 0.001;
amplitude: F3,40= 1.1, p= 0.38; Figs. 5d2, e2).
To determine whether inactivating GABA transmission in the

RMTg will alter the output of VTA-DA neurons, we examined the
effect of hM4Di activation on the spontaneous firings of VTA-DA
neurons. Bath perfusion of 1 μM CNO slightly but significantly
increased (14.5 ± 5.2% increase, n= 11 cells from five rats) the
firing rate of VTA-DA neurons in slices from rats infected with
hM4Di in the RMTg, but not the firing rate of VTA-DA neurons in
rats infected with GFP in the RMTg (0.25 ± 0.77% increase, n=
11 cells from four rats) (t= 2.47, p= 0.014, hM4Di vs. GFP). These
results show that activation of hM4Di on RMTg terminals in the
VTA results in increased dopamine neuron activity.

The anti-depressant effect of RMTg inhibition is mediated by
dopamine transmission in the nucleus accumbens
Mesolimbic dopamine transmission has been implicated in
depression [42], and dopamine neurons projecting to the nucleus
accumbens (Acb) shell receive inhibitory input from the RMTg [43,
44]. We hypothesized that the activation of the VTA-projecting
RMTg GABAergic neurons might underlie the decrease in the
extracellular dopamine levels in the Acb [6, 45], representing the
neural basis of the aversive consequences observed after abrupt
cessation of chronic alcohol intake. To better assess the role of
RMTg-VTA-Acb circuit in anhedonia and depressive behaviors
during alcohol withdrawal, we performed a functional hemi-
spheric disconnection experiment (see the Materials and Methods
section). A unilateral cannula was implanted into the RMTg or Acb
shell of a group of adult male Long-Evans rats that had been
drinking ethanol in the IA2BC paradigm for 10 weeks. One week
after the surgery, these rats resumed drinking in the same IA2BC
schedule for an additional week. SPT and FST were performed
during the 48 -h withdrawal period from the last drinking session.
Ten to 15 min prior to SPT and FST, all rats universally received
unilateral RMTg inhibition (by DNQX+ AP5); they were then
randomly assigned to four subgroups: the 1st subgroup received
the vehicle and the 2nd subgroup a cocktail of SKF-38393 and
quinpirole (SKF+Quin; respectively, selective dopamine D1 and
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D2 agonists), in their ipsilateral Acb shell. The 3rd subgroup
received the vehicle and the 4th subgroup SKF38393+ quinpirole
in their contralateral Acb shell. Histological verification revealed
that the cannula tips of 34 rats (from 40) were within the RMTg
and the Acb shell, and the data of these rats were used for the
analysis (Fig. 6a, b).
In the SPT, rats in the 1st, 2nd, and 3rd subgroups significantly

reduced sucrose preference and consumption compared with the
control alcohol-naive group (Fig. 6c, d). Whereas, rats in the 4th
subgroup significantly increased sucrose preference and con-
sumption compared with the other (1st, 2nd, and 3rd) subgroups.

This result suggests that the integrity of RMTg-VTA-Acb circuit in
one hemisphere is sufficient to elicit anhedonia in alcohol-
withdrawal rats. A similar result was seen in the FST. Rats in the
1st, 2nd, and 3rd subgroups significantly increased immobile
duration and decreased swimming time, as compared with the
control alcohol-naive group. Rats in the 4th subgroup had
significantly shorter immobility time, and longer swimming time
than the other (1st, 2nd, and 3rd) subgroups (Fig. 6e, f). This result
suggests that the integrity of RMTg-VTA-Acb circuit in one
hemisphere is a pre-requisite for depressive behavior in alcohol-
withdrawal rats. These data thus show that the RMTg-VTA-NAc

Fig. 3 Blockade of glutamate transmission on the rostromedial tegmental nucleus (RMTg) neurons improves anhedonia and depression-like
behavior in alcohol-withdrawal rats. a Left panel, representative microphotograph of Nissl staining showing bilateral intra-RMTg guide
cannula placement. Right panel, schematic drawings of coronal sections of the rat brain showing the tips of injector placements from
individual EtOH-WD (n= 32, red blank circles) and naive rats (n= 27, gray solid circles) with accurate bilateral cannula placements in the
RMTg (adapted from [71]). IPN interpeduncular nucleus. Scale bar= 1mm. The preference for and intake of 1% sucrose solution of EtOH-WD
and naive rats (n= 9 per group) after intra-RMTg infusion DNQX (50 μM)+ AP5 (100 μM). Two-way repeat measurement ANOVA group effect
F1,35= 224.327, p < 0.001; treatment effect F1,35= 405.791, p < 0.001; group × treatment interaction F1,35= 0.487, p= 0.505 for sucrose
preference (b), and group effect F1,35= 106.573, p < 0.001; treatment effect F1,35= 405.791, p < 0.001, group × treatment interaction, F1,35=
0.255, p= 0.627 for sucrose intake (c). The swimming behavior and locomotor activity test of EtOH-WD and naive rats (n= 9–12 per group)
after intra-RMTg infusion of DNQX+ AP5. Two-way ANOVA group effect F1,41= 11.413, p < 0.001; treatment effect F1,41= 49.475, p < 0.001;
group × treatment interaction: F1,38= 39.625, p < 0.001 for immobile duration (d); group effect F1,41= 11.282, p= 0.002; treatment effect
F1,41= 41.768, p < 0.001; group × treatment interaction: F1,38= 44.115, p < 0.001 for latency to immobility (e); group effect F1,41= 25.634, p=
0.002; treatment effect F1,41= 4.892, p= 0.003; group × treatment interaction: F1,38= 28.12, p < 0.001 for swimming time (f). Group effect
F1,38= 31.652, p= 0.002 on total distance traveled (g). All data are expressed as mean ± SEM, **p < 0.01,***p < 0.001 vs. Naive or Naive vehicle,
#p < 0.05, ###p < 0.001 vs. EtOH-WD vehicle by Bonferroni’s post hoc test

Alcohol withdrawal drives depressive behaviors by activating neurons in. . .
R Fu et al.

1469

Neuropsychopharmacology (2019) 44:1464 – 1475



circuit plays a crucial role in the dysphoric state during alcohol
withdrawal.

DISCUSSION
Rats withdrawn from chronic alcohol administration showed
anhedonia- and depressive-like behaviors as measured by the
sucrose preference and forced swimming tests, which was
accompanied by a substantial increase in cFos expression in
VTA-projecting RMTg neurons. Unilateral RMTg inhibition, com-
bined with the activation of D1 and D2 dopamine receptors in the
contralateral but not ipsilateral Acb shell, mitigated these aberrant
behaviors, suggesting the integrity in the RMTg-VTA-Acb pathway

in one hemisphere is sufficient for these behaviors. Inactivation of
RMTg neurons reduced IPSCs in dopamine neurons, but
accelerated the firing of dopamine neurons. Although RMTg
inhibition did not reduce alcohol consumption as we expected,
these data strongly show that the RMTg-VTA-Acb circuit plays a
critical role in the negative-affective disorders in alcohol-
withdrawal animals.
We first confirmed the depressive-like behaviors in rats with-

drawn from chronic IA2BC schedule [32, 46]. The symptoms of
depression, including helplessness and anhedonia, were more
often found in alcoholics during the period of alcohol withdrawal
[47, 48]. Depressive-like behavior has also been observed in
rodents withdrawn from chronic intermittent exposure to

Fig. 4 Chemogenetic inactivation of the rostromedial tegmental nucleus (RMTg) neurons. a The experimental scheme. AAV-hM4Di-mCherry
or AAV-GFP were bilaterally infused into the RMTg. Cell-attached recording from the RMTg was performed 21 days later. Representative traces
of spontaneous firings of RMTg neurons infected with GFP (b1) or hM4Di (c1) before (upper), during (middle), and after (bottom) bath
application of 1 μM CNO. Cumulative probability plots for the firing inter-event interval in GFP (b2) and hM4Di (c2) groups. CNO caused a
substantial suppression of firing in 8/11 RMTg neurons infected with hM4Di, but not with GFP. d Mean ± SEM and individual values of 1 μM
CNO effects on RMTg firing rate in GFP and hM4Di infected rats. **p < 0.01, two-way RM ANOVA followed by Bonferroni’s post hoc test.
e Summary of the vehicle (Veh, 0.05% DMSO) and CNO (1, 3, 5 μM) induced % inhibitions of firing rate in hM4Di infected rats. ##p < 0.01, ##p <
0.001 one-way ANOVA
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alcohol vapor [49, 50]. Local infusion of DNQX and AP5 or
chemogenetic inactivation of RMTg neurons alleviated these
behaviors, confirming a critical role of the RMTg in depressive
mood disorder [30].
We then showed that the depressive-like behavior was

accompanied by the increased RMTg activity, as shown by the
increased cFos expression. A similar phenomenon was reported in
rats withdrawn from chronic intermittent exposure to ethanol
vapor [51]. cFos expression in RMTg neurons increases after
reward omission or the presence of negative stimuli [12], and
during morphine withdrawal [18, 22, 52]. Alcohol dependence is
characterized by the emergence of a negative-affective state [53].
We, therefore, infer that the negative-affective state during

withdrawal from the IA2BC paradigm might activate the RMTg.
The LHb provides principal excitatory inputs to RMTg-GABA
neurons [11–13, 54]. The LHb is hyperactive during alcohol
withdrawal [32, 36, 55]. Therefore, the increased excitatory
synaptic transmission from the LHb to RMTg might contribute
to RMTg activation during alcohol withdrawal. Notably, most c-
Fos-immunoreactive neurons in alcohol-withdrawal rats reside in
the RMTg core, from where the neurons preferentially project to
the VTA-DA neurons [12].
VTA-DA neurons are involved in reward coding and motivation

processing. Acute alcohol exposure increases VTA-DA neuron firing
and dopamine release in limbic structures [56–58]. Acute alcohol
withdrawal decreases dopamine neuronal activity [6, 59], the number

Fig. 5 Chemogenetic inactivation of the rostromedial tegmental nucleus (RMTg) terminals on VTA decreases GABA release onto VTA-
dopamine (DA) neurons. a The experimental scheme. AAV-hM4Di-mCherry or AAV-GFP were bilaterally infused into the RMTg. Whole-cell
recording on putative DA neurons in the VTA was performed 35 days later. b, c In the voltage-clamp mode, a series of hyperpolarizing steps
(from a holding potential of −60 to −110mV in 10-mV increments) elicited prominent Ih-like inward current relaxation in the putative DA
neurons of GFP (b1), and hM4Di (c1) injected rats. Representative GABAergic sIPSC traces (b2, c2), and the cumulative probability plots of
sIPSC amplitude and frequency (b3, c3) in the absence and presence of 1 μM CNO. c4, d4 Overall, 1 μM CNO selectively reduced sIPSC
frequency on most (70%) VTA-DA neurons in hM4Di, but not in GFP infected rats. CNO did not have clear effects on sIPSC amplitude. d1, e1
Mean ± SEM and individual values of CNO effects on sIPSC frequency and amplitude. **p < 0.01, two-way RM ANOVA. d2, e2 The vehicle (Veh)
and CNO induced % inhibition on sIPSCs in hM4Di infected rats. ##p < 0.01, ###p < 0.001, one-way ANOVA
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of spontaneously active dopamine neurons [5], as well as dopamine
levels in the Acb [6]. The majority of RMTg neurons (~70–92%) are
GABAergic [12, 13]; thus the RMTg is a significant source of inhibitory
input to the midbrain dopamine neurons. Therefore, increased RMTg
activity could account, at least in part, for the reduced activity of
dopamine neurons during acute alcohol withdrawal.

Acute inhibition of VTA-DA neurons induces multiple distinct
depressive-like behaviors [10]. The alleviation of depressive
behavior may have resulted from a release of VTA-DA neurons
from RMTg inhibition. This possibility is also supported by the
evidence that transient removal of GABAergic inhibition increases
phasic bursts of dopamine neurons [12, 60, 61]. Our results are

Fig. 6 Rostromedial tegmental nucleus (RMTg) regulation of depression-like behavior involves dopamine receptors in the nucleus accumbens
(Acb) shell. a The experimental design for RMTg and Acb shell disconnection procedure in EtOH-WD rats. Left, representative
microphotographs of Nissl staining showing injector placements in the RMTg (upper panel) and Acb shell (bottom panel). Right, diagrams
of series of sections ordered from rostral (left) to caudal (right) showing infusion sites of the RMTg (upper panel) and Acb shell (bottom panel),
as shown by the solid red dots. b Schematic representation of experimental groups with description of unilateral intra-RMTg injection of the
glutamate receptor antagonists (DNQX+ AP5) combined with intra-Acb infusion of vehicle (green) or D1 and D2 dopamine receptor agonizts
(SKF+Quin, blue) in ipsilateral hemisphere, as well as with vehicle (orange) or SKF+Quin (brown) in contralateral hemisphere. c–f The data of
sucrose preference test (SPT, sucrose preference, F4,40= 43.213, P < 0.001; sucrose intake F4,40= 45.429, P < 0.001) and forced swimming test
(FST, immobile duration F4,40= 19.715, P < 0.001; swimming time F4,40= 23.078, P < 0.001) during pharmacological disconnection of RMTg and
Acb shell circuits of EtOH-WD rats. All data were presented in mean ± SEM. One-way ANOVA ***p < 0.001 vs. control group, ###p < 0.001 vs. SKF
+Quin or Veh in contralateral Acb, or Veh in contralateral Acb group by Bonferroni’s post hoc test
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also in accord with previous findings that RMTg ablation reduces
anxiety-like behavior [12], and that injection of the anxiogenic
drug β-carboline increases RMTg cFos expression [62, 63]. Thus,
these studies suggest that RMTg activation may play a crucial role
in keeping the response to aversive stimuli, including negative
mood disorder.
Also, we used the SPT to investigate how RMTg regulates

anhedonia-like behavior. The central dopamine dysfunction has
been widely proposed as a common neurobiological correlate of
the psychopathological expression of anhedonia [48, 64]. RMTg
inactivation alleviated anhedonia in alcohol-withdrawal rats, as
reflected by increased sucrose preference. Given that the RMTg
tonically controls dopamine neuronal activity, these data suggest
that RMTg regulation of anhedonia may involve the dopamine
mesolimbic and mesocortical pathways. The purpose of the FST is
to test the animals’ internal motivational state (“escape or wait to
die”) when facing the threat of drowning. We could interpret the
current observation as RMTg inactivation enhances motivation
toward survival. Decreased sIPSCs in VTA-DA neurons accompa-
nied the attenuated depressive-like behavior. The RMTg sends
strong GABAergic inhibitory projections to the midbrain dopa-
mine neurons, the dorsal raphe, and the pedunculopontine
nucleus [12, 13, 15, 43, 65], all of which are regions implicated
in motivated behaviors. Therefore, RMTg inactivation may account
for enhancing motivation and yield generalized behavioral
activation via the regulation of several pathways. As for the
general function of the RMTg, it has been described as particularly
specialized for representing negative stimuli and for promoting
inhibitory behavioral responses to these stimuli. Moreover, RMTg
lesions selectively impair reactions involving reduction or with-
holding of motor activities (freezing and avoidance) and spared or
enhanced active responses (startle, open-arm escape, and
treading) [12]. However, it remains to be determined whether
RMTg activity and mood disorders such as depressive behaviors
have a causal relationship. e.g., whether RMTg excitation is
enough to induce increased immobility during the FST or if
depressive behavior per se could serve as an independent factor
leading to RMTg excitation.
In the experiments in which DREADDs virus was injected into

the RMTg, in addition to the RMTg, the interpeduncular nucleus
(IPN) of some rats was also infected. Although we did not find a
significant difference in the SPT and FST between rats with and
without IPN infection, we could not exclude a potential role of IPN
in regulating the depression-like behaviors, considering the critical
role of the medial habenula-IPN circuitry in drug addiction,
anxiety, and mood regulation [66]. Depressive behaviors correlate
with dysfunction of mesolimbic dopamine neurons [42, 67].
Anatomically, the RMTg controls the Acb shell projecting VTA-DA
neurons [43, 44]. Using a pharmacological disconnection experi-
ment, we linked together the potential regulatory role of the
RMTg on the dopamine system and its related psychiatric
disorders associated with alcoholism. The attenuation of
depressive-like behavior and anhedonia seen in rats with
unilateral RMTg inhibition combined with dopamine receptor
activation in the contralateral Acb shell suggest that decreased
dopamine transmission in the mesolimbic circuit, especially from
VTA to Acb, may underlie the aversive states associated with
alcohol withdrawal. Additionally, the anti-depressive activity of
RMTg inhibition seems to be mediated through the activation of
the dopamine receptors in the Acb shell. More importantly, the
failure to rescue resulting from other combinations in the
subgroups of alcohol-withdrawal rats suggest that the integrity
of RMTg-VTA-Acb shell circuit in a single hemisphere might be a
pre-requisite for expression of these symptoms during alcohol
withdrawal. A limitation of our current study is that evidence
connecting the RMTg, and the Acb is indirect; we saw depressive-
like behaviors due to changes in the RMTg and the dopamine
receptors in the Acb. Future studies to record the neuronal activity

in the Acb while the RMTg is being manipulated will provide more
direct evidence for the connection. Our data show that inhibition
of Acb dopamine signaling underlies the depressive-like behaviors
that were attenuated by RMTg inhibition. Notably, a previous
study showed that phasic activation of VTA-DA neurons acutely
rescues depression-like phenotype, which requires the functioning
of dopamine receptors in the Acb [10].
Although we propose that RMTg hyperactivity may con-

tribute to anhedonia and depressive behavior, which com-
prises withdrawal symptoms and might be a significant
contributor to relapse [68, 69], we observed, contrary to
expectation, that inactivation of RMTg neurons did not reduce
alcohol consumption. Concerning alcohol consumption, the
current data were in accord with our previous finding that
pharmacological inhibition by muscimol or ablation of RMTg
neurons enhances alcohol consumption [25, 37]. Considering
the RMTg effectuates the aversive properties of cocaine [21],
we interpret our drinking data to indicate that during RMTg
inhibition as a result of a loss of balance between the
rewarding and the aversive effects of alcohol, which influences
voluntary drug intake [70]. Therefore, the reduction of RMTg
response to alcohol’s aversive properties may result in
increased consumption.

CONCLUSION
We showed that depression-like behaviors during acute with-
drawal from chronic alcohol consumption were accompanied by
increased RMTg activity. Given that inhibition of the RMTg or
activation of dopamine receptors in the Acb can alleviate the
depression-like behaviors, it appears that the RMTg and the
projection from the RMTg to the VTA-DA neurons are crucial sites
in the depressive behaviors during alcohol withdrawal.
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