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Low-dose ethanol excites lateral habenula  
neurons projecting to VTA, RMTg, and raphe
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Abstract: It is unclear how social drinking can contribute to the development of addiction in susceptible individu-
als. However, alcohol’s aversive properties are a well-known factor contributing to its abuse. The lateral habenula 
(LHb) is a key brain structure responding to various aversive stimuli, including those related to alcohol. We recently 
reported that ethanol at 10 mM or less that can be achieved by social drinking activates many LHb neurons and 
drives aversive conditioning. The current study sought to identify LHb circuits that are activated by a low-dose of 
ethanol using immunohistochemistry and anatomic tracing techniques on adult Sprague-Dawley rats. We showed 
here that an intraperitoneal injection of ethanol (0.25 g/kg), resulting in a blood ethanol concentration of 5.6 mM, 
significantly increased the number of cFos immunoreactive (IR) neurons in the LHb. Most of the ethanol-activated 
cFos-IR LHb neurons expressed vGluT2 (vesicular glutamate transporters 2, a marker of a glutamatergic pheno-
type). These LHb neurons projected to the ventral tegmental area (VTA), rostromedial tegmental nucleus (RMTg), 
and dorsal raphe. Moreover, injections of the anterograde tracer AAV-CaMKIIa-eGFP into the lateral hypothalamus 
produced a significant amount of labeled fibers with vGluT2 positive terminals on the ethanol-activated LHb cells. 
These results indicate that the LHb neurons stimulated by a low-dose of ethanol project to the VTA, RMTg, and dorsal 
raphe, and receive excitatory projections from the lateral hypothalamus. These neurocircuits may play a crucial role 
in mediating the initial aversive effects produced by a low-dose of ethanol.
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Introduction

An estimated 4.9% of the world’s adult popula-
tion suffers from alcohol use disorder (AUD) [1]. 
However, the mechanism underlying the transi-
tion from social drinking to AUD in susceptible 
individuals remains elusive [2-4]. Accumulating 
evidence suggests that alcohol’s aversive prop-
erties play important roles in relapse drinking 
and the development of AUD [5]. The lateral 
habenula (LHb), a relay station between the 
forebrain and hindbrain, has been found to 
encode aversive signals [6]. For example, LHb 
hyperactivity may represent a cellular mecha-
nism underlying the depressive-like symptoms 
seen in AUD [7-9]. 

LHb activity has been linked to drugs of abuse 
and their associated aversive behaviors. About 

95% of LHb neurons are glutamatergic [10-12]. 
The LHb receives inputs from the limbic areas 
and basal ganglia [13, 14]. Neural signals from 
the LHb affect the ventral tegmental area (VTA) 
and the raphe nucleus directly, and indirectly 
through the rostromedial tegmental nucleus 
(RMTg) [15-18]. Stimulation of the LHb inhibits 
dopaminergic neurons, reducing dopamine-
mediated reward signaling, which could account 
for the aversive effect of cocaine [19]. Also, the 
LHb is involved in ethanol-related aversive 
behaviors, such as conditional taste aversion 
(CTA), anxiety and depression [20-24]. We 
recently reported that low concentrations (10 
mM or less) of ethanol could activate LHb neu-
rons and contribute to conditioned place aver-
sion [25]. Together, these studies suggest that 
alcohol’s aversive properties may involve the 
activation of LHb-related circuits.
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In the current study, we examined cFos expres-
sion in the LHb and the related circuitries fol-
lowing the administration of a low-dose of etha-
nol, using a combination of anatomical tracing 
techniques and immunohistochemistry. We 
found that the LHb neurons stimulated by low-
dose ethanol project to the VTA, RMTg, and 
raphe, and receive excitatory inputs from the 
lateral hypothalamus. These results offer new 
information regarding the targets of a low-dose 
of ethanol at the cellular and circuitry levels.

Material and method

Animals and housing

We conducted all experiments on adult male 
Sprague-Dawley rats (250-300 g at the start of 
the studies). Animals were housed two per cage 
under controlled temperature and illumination 
(12 h/12 h, light/dark cycle) with water and 
food ad libitum. All procedures were approved 
by the Animal Care and Utilization Committee of 
Rutgers, the State University of New Jersey, per 
National Institutes of Health guidelines, mini-
mizing the number of animals used and their 
suffering.

Measurement of blood ethanol concentration

The blood ethanol concentrations (BECs) were 
measured as described [26]. Briefly, tail blood 
was collected 10 min after an intraperitoneal 
injection (i.p.) of 0.25 or 0.5 g/kg ethanol 
(12.5% w/v, prepared with normal saline) from 
an independent group of rats (n=7/group/time 
point). The samples were centrifuged at room 
temperature (21-22°C) for 15 minutes at 8000 
rpm, and 10 μl serum from each blood sample 
was analyzed using NAD+-ADH enzyme spec-
trophotometry [27]. 

Induction of cFos expression by ethanol

To habituate the rats to the injection procedure, 
we gave them intraperitoneal injection (i.p.) of 
saline (1 ml/kg) per day) for two days. On the 
third day, we injected either saline or 12.5% 
(w/v) ethanol (0.25 or 0.5 g/kg) in isotonic 
saline to these rats. To examine the time course 
of cFos expression, at 30 min, 90 min, 4 h and 
8 h post-injection, we sacrificed the rats under 
deep anesthesia with an overdose of sodium 
pentobarbital (50 mg/kg) and transcardially 
perfused with saline followed by 4% parafor-

maldehyde (PFA). We then harvested the brain 
tissues and post-fixed (overnight, at 4°C) in 4% 
PFA and cryoprotected. Serial 30-µm coronal 
sections were cut on a freezing microtome 
(Microm HM550, Walldorf) and collected in 
phosphate-buffered solution (PBS, pH 7.4). 
cFos expression was identified using immuno-
histochemistry (IHC) or immunofluorescence 
(IF) as described [28]. In brief, the tissue was 
incubated overnight with rabbit anti-cFos anti-
body (ABE457, EMD Millipore) diluted to 1:2000 
in PBS with 0.25% Triton-X with 0.01% sodium 
azide at 4°C. For immunohistochemistry, after 
two hours of incubation with biotinylated anti-
rabbit immunoglobulin G (1:200, Vector Labo- 
ratories), the brain sections were incubated 
with avidin-biotin-horseradish peroxidase com-
plex (Vector Elite kit, Vector Laboratories) for 
45 min and visualized using a diaminobenzi-
dine (DAB) staining kit (Vector Laboratories). 
After that, sections were mounted, dehydrated, 
coverslipped and observed under a bright field 
microscope. For IF, the brain sections were first 
incubated with an anti-cFos antibody, mouse 
anti-NeuN (1:1000, ab104225, Abcam) or guin-
ea pig anti-vGluT2 (1:1000, AB2251-I, EMD 
Millipore) antibody. These sections were then 
incubated in one or two of the following: (1) 
Goat anti-rabbit-Texas Red (1:200, Vector 
Laboratories), (2) Goat anti-mouse Texas Red 
(1:200, ab6787, Abcam), (3) Goat anti-rabbit- 
Alexa Flour 405 (1:200, Thermo Fisher 
Scientific) or (4) Goat anti-guinea pig Dylight 
650 (1:200, Thermo Fisher Scientific) for two 
hours. Finally, we mounted and examined them 
under a Nikon Eclipse 90i fluorescence micro-
scope or an A1R confocal microscope. 

Stereotaxic surgeries and anatomical tracing 

To identify the circuits of ethanol-activated LHb 
neurons, we injected 38 rats with retrobeads 
(Lumafluor, Naples, FL) into the VTA, the RMTg, 
and the dorsal raphe (DR), three major projec-
tion areas of the LHb [17, 18, 29, 30]. We then 
examined cFos expression in the LHb in con-
junction with the retrograde tracing. To deter-
mine whether the ethanol-sensitive LHb neu-
rons receive projections from the lateral 
hypothalamus (LH), we injected adeno-associ-
ated virus type 5 (AAV5)-CaMKIIa-eGFP into the 
LH of 16 rats. The LH is known to send glutama-
tergic projections to the medial division of the 
LHb [31, 32]. AAV vectors are well-accepted 
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tools for anterograde tracing of axonal path-
ways in the CNS without causing gliosis or cel-
lular inflammatory reactions [33]. 

We performed surgery using a stereotaxic 
apparatus (Kopf Instruments, Tujunga, CA) on 
rats under anesthesia, induced by ketamine/
xylazine (80/20 mg/kg) and maintained with 
isoflurane, as described previously [34]. Tracers 
or viruses were loaded in glass pipettes (Sci- 
ence Products). For retrograde tracing, we 
injected either Red or Green Retrobeads IX 

(150~300 nl/side) to the stereotaxic coordi-
nates relative to the bregma as follows (in mm): 
VTA: AP-6.0, DV-8.5, ML±2.1; RMTg: AP-7.1, 
DV-8.4, ML±0.8; DR: AP-8.5, ML 0, DV-6.6. We 
injected AAV5-eGFP (300 nl/side, 2.4×1010 gc/
mL, Vector Core, UNC) into the LH: AP-2.6, 
DV-8.6, ML±1.5. All coordinates were in refer-
ence to the Paxinos and Watson rat brain atlas 
[35]. We delivered the tracers or viruses with 
the Nanoliter 2000 microinjection system 
(World Precision Instruments). To minimize tis-
sue damage, we injected slowly at a speed of 

Figure 1. Ethanol causes a significant increase in cFos expression in the lateral habenula (LHb). Images of three 
rostrocaudal levels demonstrate cFos expression in the LHb, medial habenula (MHb) and paraventricular thalamic 
nucleus (PVP) at 90 min after an intraperitoneal injection of saline (A-C) or 0.25 g/kg ethanol (EtOH, A1-C1). (D-F)
Summary graph of the increase of cFos immunoreactive cell density in the LHb, but not in the MHb, and PVP at 90 
min, 4 h and 8 h after the injection of saline or ethanol (0.25 and 0.5 g/kg). Since there was no difference in cFos 
expression in the LHb of rats treated with saline across the various time points, the data across time points were 
collapsed for analysis. ***p < 0.001 vs. any other groups. ###p < 0.001 vs. saline. n=8-10 rats/group, unpaired t-test; 
Scale bar =200 μm. 
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50 nl/10 min. After each injection, we left the 
micropipette in place for an additional 10 min 
to prevent backflow. Then, we sealed the burr 
holes with sterile bone wax and sutured the 
scalp. The rats were then returned to their 
home cages. To enable optimal virus or tracer 
expression in the target region, the animals 
were kept under observation for two-to-three 

weeks following virus injection or for 9-11 days 
after tracer injections, respectively [33]. 

Imaging and cell counting 

The ethanol-stimulated neurons were mapped 
using the cFos IHC approach in the whole 
habenula complex. For a neuron to be consid-

Figure 2. LHb neurons project to the ventral tegmental area (VTA), rostral medial tegmental nucleus (RMTg), and dor-
sal raphe (DR). Images showing green retrobeads injected into the VTA (A, left panel), RMTg (A, middle panel) or DR 
(A, right panel) of ethanol naive rats. Ten days after injection, rats were randomly divided into two groups; one group 
received an intraperitoneal injection (i.p.) of 0.25 g/kg ethanol (EtOH), the other of saline (1 ml/Kg). Then the brain 
tissue was harvested for double staining of retrobeads and NeuN (a neuronal marker) to assess the distribution of 
retrobeads in the LHb. Intra-VTA retrobead injection resulted in a strong retrograde labeling in the LHb (B). Intra-
RMTg or DR injection of retrobeads resulted in a moderate labeling in the LHb (C and D). Intra-VTA and DR or RMTg 
and DR dual-retrobeads injections resulted in a minority of LHb neurons labeled with green and red retrobeads (E 
and F). Compared with saline group, acute ethanol (0.25 g/kg, i.p.) did not significantly alter the ratios of neurons 
projecting to these areas. (G) Summary graph of percentages of cell counting from 5 sections of each rat (n=5/
group). The percentage was calculated by (retrobeads labeling cells/NeuN cells) ×100%. Cell numbers are indicated 
in the bars. ***p < 0.001 vs. RMTg, DR, VTA-DR or RMTg-DR; ###p < 0.001 vs. VTA-DR or RMTg-DR, Bonferroni t-test 
followed by two-way ANOVA. 4v, 4th ventricle; Aq, aqueduct; CLi, the caudal linear nucleus of the raphe; DRc, dorsal 
raphe center; DTgP dorsal tegmental nucleus, pericentral part; IPN, interpeduncular nucleus; ml, medial lemniscus; 
PMnR, Paramedian raphe nucleus; tth, trigeminothalamic tract; VLPAG, ventrolateral periaqueductal gray. Scale bar 
=1 mm (A left panel-C right panel) and 20 μm (B-F).
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ered cFos-immunoreactive (IR), the nucleus 
must be stained with a characteristic dark 
brown dot in a round shape. We counted the 
numbers of IR cells per level in each rat for 5-6 
sections with Nikon NIS software package 
under 10× magnification and averaged the 
results.

In all tracing experiments, we analyzed only 
data from animals with satisfactory tracing or 
with virus injection within the boundaries of the 
VTA, RMTg, DR, or LH. For each retrobeads-
injected rat, we (two researchers who were 
blind to the rat’s treatment history) manually 
counted the LHb cells with retrobeads/cFos 
under 10× magnification in 8-9 sections and 
averaged. To avoid confounding from the differ-
ence in total number of retrogradely-labeled 
cells in the areas of interest among treatment 
groups, we used the number of double stained 
(retrobeads and NeuN) cells, as the total 
labeled neuron population. For the double-trac-
ing experiments, we considered only those 
cells that showed a red (and blue) fluorescence 
restricted to the nucleus and distinct from the 
background as cFos fluorescence positive. 
Then two-dimensional overview pictures (tiles) 
or three-dimensional z stacks were acquired 
using a Nikon A1R confocal laser scanning 
microscope and three different laser lines 
(488, 543 and 633 nm). The contact sites 
between LHb cFos IR cells and LH axonal termi-
nals were observed using a Nikon 60× (1.4 NA) 
oil immersion lens.

Statistical analysis

Analyses were performed using Sigmaplot 12.5 
software (Systat Software). Statistical compari-
sons were carried out with paired or unpaired 
Student’s t-test or with a one-or two-way ANOVA 
followed by a post hoc Bonferroni or Tukey’s 
test as appropriate (two-tailed p < 0.05 was 
considered significant). All values shown in the 
text and figures are expressed as means ± 
SEM.

Results

Ethanol increases cFos expression in the LHb 

 To determine the effect of ethanol on LHb neu-
rons and the time course, we conducted IHC 
staining and counted cFos IR (cFos+) cells in 
the LHb and its neighboring regions at 30 min, 

90 min, 4 h and 8 h after ethanol administra-
tion. Compared to saline injection, a single eth-
anol administration (0.25 or 0.5 g/kg, i.p.) sub-
stantially increased cFos+ cell density in the 
LHb (Figure 1A-C), which was highest at 90 
min, declined and then returned near baseline 
levels 4 to 8 h post-injection (Figure 1D). We 
observed no significant difference in the cFos+ 
cell density between 0.25 and 0.5 g/kg at any 
time points (all p > 0.05). Conversely, ethanol 
(0.25, and 0.5 g/kg, i.p.) did not cause a signifi-
cant change in cFos+ cell density in the medial 
habenula (MHb, Figure 1E) and the posterior 
paraventricular thalamic nucleus (PVP, Figure 
1F) at any time points (all p > 0.05). Moreover, 
ethanol (0.25 or 0.5 g/kg, i.p.) resulted in BEC 
of 5.6±0.3 and 13.0±1.2 mM, respectively at 
10 min post injection, which decreased to 
2.5±0.5 and 9.4±1.4 mM by 90 min. In the fol-
lowing experiments, we used ethanol at the 
dose of 0.25 g/kg.

Ethanol excites LHb neurons with projections 
to the VTA, RMTg, and DR

To investigate the projection targets of ethanol-
activated LHb neurons, we used a combination 
of cFos IR and retrograde tracing technologies. 
We injected green retrobeads alone or together 
with red retrobeads into the VTA, RMTg, and 
DR. We also injected green and red retrobeads 
respectively into the VTA and DR, or the RMTg 
and DR, to explore whether ethanol-activated 
LHb neurons project to both dopaminergic/
GABAergic and serotonergic nuclei. Ten days 
after intra-nucleus microinjections, we injected 
ethanol (0.25 g/kg, i.p.) or saline to the rat. We 
performed c-Fos IHC 90 minutes after ethanol 
or saline injection. As illustrated in Figure 2, the 
VTA injection was centered at the paranigral or 
parabrachial pigmented nucleus of the VTA, 
almost throughout its entire rostrocaudal 
extent (Figure 2A left panel). The RMTg injec-
tion covered mainly the area lateral to the cau-
dal linear nucleus (Cli), beneath the decussa-
tion of the superior cerebellar peduncle (XSCP), 
and above the trigeminothalamic tract and 
interpeduncular nucleus (Figure 2A middle 
panel). The DR injection mostly covered the 
dorsal raphe center (DRc), with minimal spread 
to the pericentral part of the dorsal tegmental 
nucleus (DTgP) and laterodorsal tegmental 
nucleus (LTDg) (Figure 2C right panel). 



Circuits of ethanol-sensitive LHb neurons

222 Int J Physiol Pathophysiol Pharmacol 2017;9(6):217-230

Figure 3. Ethanol-activated LHb neurons project to VTA, RMTg, and DR. Compared to saline, ethanol (0.25 g/kg, 
i.p.) significantly elevated the number of double-labeled (retrobeads- and cFos-positive) LHb cells that project to VTA 
(A), RMTg (B), and DR (C). However, there was no significant difference in the percentage of double-labeled cells in 
retrobeads+ LHb cells among these three projection sites. Moreover, few LHb neurons activated by ethanol simul-
taneously project to both the VTA and DR or both the RMTg and DR (D). Right panels show an enlarged view of the 
boxed areas. Arrowheads indicate the cells with cFos and retrobead co-labeling. (E) Summary graph of cFos+ cells 
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We then compared retrograde labeling in the 
LHb produced by injections in these three 
areas, by calculating the ratio of double stained 
(retrobeads+ and NeuN+ neurons) cells over 
the total number of NeuN+ cells. The results 
revealed that injection of retrobeads into the 
VTA resulted in an intense labeling in the LHb, 
which was stronger than those produced by 
RMTg or DR injection (Two-way ANOVA: F(4,59)= 
347.62, p < 0.001, Figure 2G). RMTg or DR 
injection resulted in a moderate retrograde 
labeling in the LHb. Also, we identified a small 
population of LHb neurons that contained ret-
robeads from both the DR and VTA or RMTg 
injections. Specifically, 2.2% and 1.4% of LHb 
neurons collateralized to innervate VTA and DR, 
and RMTg and DR respectively, indicating a 
minority of LHb neurons project to more than 
one monoaminergic nucleus. Compared to 
saline, ethanol (0.25 g/kg, i.p.) did not signifi-
cantly alter the ratios of LHb neurons with sin-
gle or dual projections to these areas (Two-way 
ANOVA: F(1,59)=0.41, p=0.53). 

Next, to assess whether there is any projection 
specificity of LHb neurons in response to etha-
nol, we quantified the ethanol-activated LHb 
neurons by double staining of the retrobeads 
and cFos. Similar to what is shown in Figure 1, 
we repeatedly observed an increased number 
of c-fos+ LHb neurons in the ethanol-treated 
group (0.25 g/kg, i.p.) than in the saline group 
in rats with single or dual retrobeads injection 
(t(2,63)=65.182, p < 0.001, Figure 3E). We then 
assessed the double-staining of the retrobeads 
and cFos in the LHb. The percentages of double 
stained LHb cells in total retrobead-labeled 
neurons were significantly higher in the etha-
nol-treated groups (0.25 g/kg, i.p.) than in the 
saline-treated group (Two-way ANOVA: F(1,35)= 
236.3, p < 0.001, Figure 3F, F(1,23)=704.76, p < 
0.001, Figure 3G). However, within ethanol 
groups, we observed no significant difference 
either in projection preference for ethanol-acti-
vated neurons among the three targets, VTA, 
RMTg, and DR (Two-way ANOVA: F(2,35)=1.68, 
p=0.24], or between LHb neurons that simulta-
neously project to VTA and DR and that project 

to RMTg and DR (Two-way ANOVA: F(1,23)=0.31, 
p=0.87]. Also, we observed no significant dif-
ference in the interaction between treatment 
and injection sites either in the single injection 
(Two-way ANOVA: F(2,35)=1.72, p=0.24) and  
dual injection groups (F(1,23)=1.03, p=0.36). 
Together, these results suggest that low-dose 
ethanol excites the LHb neurons projecting to 
the VTA, RMTg or DR, and only very few of these 
project to two areas simultaneously.

Ethanol-activated LHb neurons receive excit-
atory innervation from the lateral hypothala-
mus

We recently reported that acute ethanol en- 
hances excitatory glutamatergic neurotrans-
mission to LHb neurons [25]. The LHb receives 
inputs mainly from the limbic system, including 
the glutamatergic projections from the lateral 
hypothalamus (LH) [31, 32]. To test whether the 
LH sends excitatory projections to ethanol-acti-
vated LHb neurons, two weeks before ethanol 
administration, we injected the LH with an AAV 
carrying eGFP under the Ca2+/calmodulin-de- 
pendent protein kinase-α (CaMKIIα) promoter 
(AAV5-CaMKIIa-eGFP), which is expressed ma- 
inly in excitatory neurons [36]. We observed 
robust eGFP fluorescent expression in the LH 
(Figure 4B, 4C), especially around the fornix, 
with only minimal eGFP expression spreading 
to the perifornical area. All 9 rats (3 injected 
with saline, and 6 injected with ethanol) sh- 
ared a similar distribution pattern: eGFP flores-
cence covered 300-500 μm of the rostrocau-
dal extent within the LH nucleus. 

The highest density of eGFP fluorescence-posi-
tive fibers was observed in the LHb, compared 
to other LH target brain regions, including the 
MHb and paraventricular thalamic nucleus 
(PVP, Two Way ANOVA: F(2,100)=69.4, p < 0.001, 
n=5 rats/group, 3 sections/rat, Figure 4E). The 
LHb eGFP fluorescence covered the region 
between Bregma -3.36 to -3.96 mm, consis-
tent with previous findings [31]. Moreover, cFos 
IR neurons were overlapped with vGluT2, the 
marker of glutamatergic neurons (Figure 4D). 

density in ethanol and saline treatment groups. Since no significant differences were found in total number of cFos+ 
neurons within saline or ethanol treatment group, the within-group data were collapsed for analysis. ###p < 0.001, 
vs. saline, by t-test. (F and G) Summary graphs of percentage of cFos+ and retrobeads colabeled cells in total ret-
robeads retrogradely labeled LHb neurons. ***p < 0.001, vs. saline group. Two-way ANOVA followed by Tukey’s post 
hoc analysis, n=6 rats/group, 8-9 sections/rat. Scale bars =100 μm or 10 μm.
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Compared to saline, low-dose ethanol (0.25 g/
kg, i.p.) significantly increased the percentage 
of LHb cells that were stained with both vGluT2 
and cFos (t (1,8)=14.2, p < 0.001, n=5 rats/
group, 3-4 sections/rats). Consistent with the 
immunohistochemistry result, the eGFP-labe- 

led LH axon fibers and terminals seen around 
these cells looked dense and patchy. High- 
magnification confocal imaging found that 
eGFP+ terminals made contacts with LHb cFos 
IR cell bodies (confirmed by 32 deconvoluted 
stacks, Figure 5A, 5B). Remarkably, eGFP+ ter-

Figure 4. Ethanol-activated LHb neurons receive inputs from the lateral hypothalamus (LH). AAV5-CaMKIIa-eGFP 
was infused into the LH of rats, 2-3 weeks before ethanol (0.25 g/kg, i.p.) or saline (1 ml/kg, i.p.). Brain slices 
containing the LH and the LHb were harvested 90 min post-i.p.-injections. (A) Schematic showed the AAV synaptic 
labeling tracing approach. (B) A confocal image of a coronal section illustrating the expression of AAV-eGFP in a 
brain slice containing both the LH and LHb (counterstained with DAPI). (C) High-resolution images of AAV-mediated 
expression of CaMKIIa-eGFP in LH neurons. (D) Confocal images demonstrated the overlap of ethanol-activated 
cFos+ (red) with vGluT2 staining (blue). Notably, a lot of eGFP+ (green) fibers were overlapped with the cell bodies 
(dotted white outlines), and a few vGluT2+ cells targeted by LH terminals were cFos- (white outlines). (E) Summary 
graph of LH-LHb eGFP fluorescence intensity in and around the LHb. MHb, medial habenula; PVP, posterior part of 
paraventricular thalamic nucleus; ***p < 0.001, vs. LHb; ̂ ^^p < 0.001, vs. PVP. (F) Summary graph: ethanol treatment 
increased the percentage of cFos and vGluT2 co-localized cells/vGluT2 cells in LHb. ***p < 0.001, vs. Saline, n=5, 
unpaired t-test. Scale bar =200 μm (B), 20 μm (C & D).
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minals containing vGluT2 also made contact 
with LHb cFos IR cell bodies (Figure 5C, 5D). 
These results suggest that ethanol-activated 
LHb neurons receive excitatory inputs from the 
LH.

Discussion 

In this study, we identified circuits connecting 
to LHb neurons that were activated by a low-

The cFos approach has its caveat. Specifically, 
cFos expression is particularly sensitive to 
stimuli that induce stress [40]. Additionally, 
LHb neurons have been shown to be excited 
[41] or inhibited by nociceptive stimuli [42]. 
Several studies indicated that different forms 
of stress, such as foot shock and water depriva-
tion can activate LHb neurons [43, 44]. To mini-
mize potential false positive results caused by 

Figure 5. Three-dimensional confocal images of LH axonal terminations in 
LHb vGluT2 cells expressing ethanol-induced cFos from rats that received 
an intra-LH injection of AAV5-CaMKIIa-eGFP, and ethanol (0.25 g/kg, i.p.) 2-3 
weeks later. (A-D), show the LHb vGluT2+ cells (blue) expressing cFos (red), 
were contacted by axonal buttons (green) from the LH. Square boxes indicate 
the locations of the contacts. (A1-D1) show enlarged xy-, yz-, and xz- orthogo-
nal views. Notably, (C, D) show the LH axonal varicosities expressing vGluT2 
and, forming contact on LHb cFos+ cells. Since the confocal laser-scanning 
microscope generates in-focus images of selected depth, projection phenom-
ena, in the conventional fluorescence microscope can be ruled out. Scale bars 
=10 μm (A-D) and 5 μm (A1-D1).

dose of ethanol. Ethanol 
(0.25 g/kg, i.p.), producing a 
BEC of 5.6 mM, significantly 
increased the number of 
cFos IR cells in the LHb. Most 
of these neurons expressed 
vGluT2, indicating that they 
were glutamatergic. These 
ethanol-activated LHb cells 
project to the VTA, RMTg, 
and DR, and receive excit-
atory projections from the 
LH. These results provide 
new insight into the targets 
of low-dose ethanol at the 
cellular and circuit levels.

cFos has been widely used 
as an anatomical marker of 
cell activity. After exposure 
to a stimulus, such as etha-
nol, a transient induction of 
cFos occurs [37, 38], and the 
change in cFos expression 
between subjects exposed 
to the stimulus and those in 
basal conditions indicates a 
difference in neuronal activi-
ty. Here, we showed that low-
dose ethanol (0.25 g/kg, i.p.) 
significantly increased cFos 
expression in the LHb, indi-
cating that LHb neurons are 
sensitive to ethanol [25]. 
Additionally, we examined 
the time course of cFos ex- 
pression in response to etha-
nol and found it peaked at 
90 min and returned near 
control levels by 8 hours, 
consistent with a previous 
study examining different 
brain regions [39]. 
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stress, we habituated all the rats to handling 
and the injection procedure before cFos 
experiments. 

Given that cFos expression level was very low in 
the LHb of saline-treated animals, the elevated 
cFos expression in the ethanol group was likely 
a result of the pharmacological effects of etha-
nol. We also acknowledge the limitation regard-
ing the passive administration of ethanol by 
intraperitoneal injection. Compared to volun-
tary drinking, however, injection may provide 
better control over the resulting BEC. Still, this 
route of administration cannot emulate the use 
of alcohol in humans. Therefore, future studies 
should test the response of LHb neurons in 
relation to voluntary consumption of alcohol in 
an animal model. 

Functional significance of LHb output circuits 
in ethanol-related behaviors

Although recent evidence has associated alco-
hol’s aversive properties with its abuse, the 
underlying neuronal mechanisms remain 
unclear. The LHb has emerged as a critical 
brain region in aversion response, as it is acti-
vated by aversive signals such as depression, 
anxiety, and abused drugs including alcohol. 
We observed that the LHb neurons activated by 
a single injection of low-dose ethanol projected 
to the VTA, RMTg, and DR, confirming the effer-
ent fibers from LHb to the midbrain [45, 46]. 
Ethanol-activated LHb neurons are vGluT2 posi-
tive, consistent with the molecular characteris-
tics of LHb neurons that were almost uniformly 
glutamatergic [12]. In this study, we did not 
identify the neuronal type of VTA and RMTg 
neurons that receive inputs from ethanol-excit-
ed LHb cells. However, previous studies have 
documented that LHb neurons form excitatory 
synapses onto VTA-GABAergic interneurons 
[47, 48], and dopaminergic neurons [29, 48, 
49], as well as RMTg-GABAergic neurons [30]. 
Functionally, VTA-dopaminergic neurons have 
been widely reported in motivation and reward 
behavior [50], as well as in aversion [51, 52]. 
Moreover, VTA-GABAergic neurons drive aver-
sion [53]. Furthermore, the RMTg encodes 
aversion [54] and responds to negative reward 
[55], as well as drugs of abuse [56]. Based on 
these findings, we propose that activation of 
LHb neurons or their midbrain output circuits 
(LHb to VTA/RMTg) may be associated with eth-
anol’s aversive properties. This hypothesis is 

supported by our recent report that ethanol 
drives aversive conditioning through the activa-
tion of LHb neurons [25]. Recent evidence has 
linked the RMTg to ethanol-related behaviors. 
For example, RMTg cFos expression was elevat-
ed in rats subjected to ethanol-induced condi-
tion taste aversion (CTA) [20]. Also, RMTg 
lesions accelerated the extinction of ethanol-
induced CTA [57] and pharmacological inhibi-
tion or lesion of the RMTg enhanced ethanol 
consumption in rats [34, 57, 58]. Together, 
these results suggest that the RMTg contrib-
utes to the aversive properties of alcohol. 
However, more studies are needed to further 
investigate the function of the LHb-VTA or LHb-
RMTg circuit in ethanol-related aversive 
behaviors. 

Emerging evidence has demonstrated a role for 
the serotonin-rich DR in mediating alcohol 
reward, preference, dependence, and craving. 
Here we showed that acute ethanol activated 
the LHb-DR circuit. Acute ethanol has also 
been shown to inhibit DR serotoninergic neu-
rons [59, 61], but can elevate 5-HT levels in 
their target areas [61, 62]. The possible inter-
pretations of these conflicting findings could  
be that the elevated 5-HT may suppress DR 
neuronal firing through the activation of 5-HT1 
autoreceptors [63], or that ethanol may 
enhance GABA transmissions to the DR [59]. 
Considering LHb glutamatergic neurons target 
both GABAergic and serotonergic neurons in 
the raphe nucleus [64], we propose that etha-
nol may, through the activation of LHb-DR 
GABAergic circuit, inhibit serotonergic neurons. 
Ultimately, this may contribute to the underly-
ing mechanism connecting serotonin with etha-
nol reward and aversion.

The circuit linking the LHb and DR has also 
been of great interest in other neurobiological 
functions that are related to DR serotonin neu-
rotransmission, including cognitive and emo-
tional functions, pain sensitivity and sleep and 
circadian rhythm regulation [65]. It is notewor-
thy to investigate the function of LHb-DR in 
binge alcohol drinking and the associated 
symptoms such as anxiety, depression or 
hyperalgesia.

Also, there are reciprocal connections between 
the LHb and the raphe. The 5HT-2c receptor is 
also widely distributed in the LHb [12]. We 
recently reported that serotonin increased glu-
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tamate release in the LHb via the activation of 
5-HT 2, 3 receptors. 5-HT modulates glutama-
tergic transmissions to LHb neurons or stimu-
lates the LHb via activation of 5-HT 2/3 recep-
tors [66, 67]. These studies emphasize the 
regulatory role of 5-HT signaling on LHb neu-
rons. However, the role of the LHb-raphe circuit 
in ethanol-related behaviors has not been well 
explored. 

LH inputs on ethanol-activated neurons in the 
LHb

Ethanol could excite LHb neurons through 
enhanced glutamate transmission to LHb neu-
rons [25]. The LHb receives inputs from the LH 
[31], which consists of heterogeneous cell pop-
ulations, including glutamate and GABA, or 
neuropeptides, including orexin, melanin-con-
centrating hormone, neurotensin and galanin 
[68]. To label the LH excitatory neurons, we 
used AAV-CaMKIIa-eGFP with a CaMKIIα pro-
moter as a presynaptic tracer, which exhibits 
expression primarily in excitatory neurons. We 
found that LH axonal varicosities expressed 
vGluT2, forming button-like structures on LHb 
neurons [69]. Also, vGluT2 was extensively 
expressed in the cell body of LHb neuron, indi-
cating LHb neurons are glutamatergic. More 
importantly, ethanol significantly increased the 
percentage of the neurons with cFos and 
vGluT2 double staining in all vGluT2+ cells but 
did not significantly alter the density of vGluT2+ 
inputs around LHb cells, suggesting that the 
ethanol-induced excitation of LHb neurons 
occurs via enhanced glutamate transmission 
but not by increased number of the excitatory 
terminals. Ethanol-induced enhancement of 
glutamate transmission in the LHb neurons is 
mediated by the D1 receptor [25]. Also, the LH 
is sensitive to low-dose ethanol: acute oral 
administration of low (0.75 g/kg) but not higher 
(2.5 g/kg) doses of ethanol-enhanced orexin 
expression in the LH [70]. However, it remains 
unclear whether ethanol directly activates LH 
glutamatergic neurons. Functionally, optoge-
netic stimulation of the LH-LHb pathway pro-
duced real-time place avoidance [31], suggest-
ing the LH-LHb circuit may produce aversive 
behavioral phenotypes. A lesion in the LH-LHb 
circuit increased voluntary ethanol consump-
tion [71], suggesting a link between this path-
way and alcohol’s aversive properties. 

Conclusion

We report that a low-dose of ethanol activates 
LHb neurons that project to the VTA, RMTg, and 
raphe and that these LHb neurons receive 
excitatory projections from the LH. These 
results extend our knowledge on how a low-
dose of alcohol specifically affects the LHb, at a 
cellular and circuit level. 
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