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Abstract

Cocaine addiction is thought to be the result of drug-induced functional changes in a neural network implicated in emotions, learn-
ing and cognitive control. Recent studies have implicated the lateral habenula (LHb) in drug-directed behavior, especially its aver-
sive aspects. Limited cocaine exposure has been shown to alter neuronal activity in the LHb, but the impact of long-term drug
exposure on habenula function has not been determined. Therefore, using c-fos as a marker, we here examined neuronal activity
in LHb in rats that self-administered cocaine for either 10 or 60 days. Both the density of labeled cells and the cellular labeling
intensity were measured in the lateral (LHbL) and medial (LHbM) parts of LHb. After 10 days of cocaine self-administration, both
the density and intensity of c-fos-positive cells were significantly increased in LHbL, but not LHbM, while after 60 days, an
increased density (but not intensity) of labeled neurons in both LHbL and LHbM was observed. Most c-fos-labeled neurons were
glutamatergic. In addition, we found increased GAD65 expression after 10 but not 60 days of cocaine self-administration in the
rostral mesencephalic tegmental nucleus. These data shed light on the complex temporal dynamics by which cocaine self-
administration alters activity in LHb circuitry, which may play an important role in the descent to compulsive drug use as a result
of prolonged cocaine-taking experience.

Introduction

Drug addiction is a chronic relapsing disorder characterized by loss
of control over drug intake (American Psychiatric Association,
2013). Addiction to substances of abuse is thought to be caused by
functional changes in a neural network implicated in emotions,
learning and cognitive control (Robinson & Berridge, 2003;
Goldstein & Volkow, 2011; Koob, 2013; Piazza & Deroche-
Gamonet, 2013; Volkow & Morales, 2015; Everitt & Robbins,
2016) as a result of prolonged exposure to drugs (Deroche-Gamonet
et al., 2004; Vanderschuren & Everitt, 2004; Pelloux et al., 2007;
Jonkman et al., 2012; Vanderschuren & Ahmed, 2013; Limpens

et al., 2014). Brain structures widely implicated in addiction include
the prefrontal cortex, striatum, amygdala and the ventral tegmental
area (VTA) (Jentsch & Taylor, 1999; Feil et al., 2010; Koob &
Volkow, 2010; Hearing et al., 2012; Everitt & Robbins, 2016; Oliva
& Wanat, 2016). More recently, studies have begun to investigate
the role of the lateral habenula (LHb) in addictive behavior, and it
has been suggested that this structure is important for the aversive
aspects of drug intake (Jhou et al., 2013; Meye et al., 2015; Shelton
et al., 2016).
The LHb is a crucial node in the circuitry that connects the limbic

basal forebrain with the monoaminergic cell groups in the mesen-
cephalon, via which the ascending midbrain dopamine and serotonin
projections to the cerebral cortex, basal ganglia and other basal fore-
brain regions can be modulated (Herkenham & Nauta, 1979; Araki
et al., 1988; Ji & Shepard, 2007; Matsumoto & Hikosaka, 2007;
Hikosaka et al., 2008; Jhou et al., 2009b). Based on its structure
and its afferent and efferent connections, it can be subdivided into a
medial part (LHbM) and a lateral part (LHbL) (Herkenham &
Nauta, 1979) that display a complex subnuclear organization
(Andres et al., 1999; Geisler et al., 2003). The medial part collects
more limbic-related inputs whereas the lateral part is more related to
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basal ganglia (Herkenham & Nauta, 1977; Kowski et al., 2008).
Importantly, LHb can exercise control over dopaminergic neurons,
which have been widely implicated in addictive behavior (Robinson
& Berridge, 2003; Koob, 2013; Volkow & Morales, 2015; Everitt &
Robbins, 2016). LHb exerts its influence via direct efferents from its
medial part to VTA, and indirectly by way of projections from its
lateral part to the rostral mesencephalic tegmental nucleus (RMTg),
which contains GABAergic neurons that, in turn, contact the
dopaminergic neurons of VTA (Jhou et al., 2009a; Kaufling et al.,
2009; Omelchenko et al., 2009; Brinschwitz et al., 2010; Barrot
et al., 2012).
Immediate early gene (IEG) studies have reported effects of short-

term exposure to cocaine on LHb function. It is noteworthy that
these cellular responses were far from homogeneous, in that they
strongly differed between the lateral and medial compartments of
LHb (Wirtshafter et al., 1994; Zhang et al., 2005; Kowski et al.,
2009; Zahm et al., 2010). However, little is known about the effects
of prolonged drug exposure, that is, long-term cocaine self-adminis-
tration, on neuronal activation in LHb. As prolonged drug use is a
critical factor in the precipitation of addiction, we here examined
c-fos expression in the LHb in animals that experienced 10 days
(short-term) or 60 days (long-term) of cocaine self-administration.
We compared these cellular activity responses to those after short-
or long-term self-administration of the natural reinforcer sucrose. In
view of the LHb’s complex organization and its considerable length
in the sagittal plane, we studied the lateral and medial subregions of
LHb throughout its rostrocaudal extent. Furthermore, to establish
possible consequences of changes in habenular neuronal activation
for regulation of VTA function, we assessed GABAergic neuronal
activity in the RMTg by quantifying cellular levels of GAD mRNA.
We expected that short-term cocaine self-administration would lead
to activation of glutamatergic neurons in the LHb based on the aver-
sive effects of cocaine after limited exposure to the drug (Jhou
et al., 2013; Meye et al., 2015; Shelton et al., 2016). For this rea-
son, experiments included double-labeling procedures allowing us to
establish a possible glutamatergic identity of the c-fos-expressing
neurons. Whether after prolonged exposure (60 days), there would
be (further) changes in the strength of activation or the pattern of
activated neurons is subject of this study.

Materials and methods

Animals

Male Wistar rats (Charles River, Sulzfeld, Germany) weighing 320–
380 g were housed individually in Macrolon cages (L = 40 cm,
W = 25 cm, H = 18 cm) under controlled conditions (20–21 °C,
55 � 15% relative humidity) and reversed 12 h light–dark cycle
(lights on at 19 h). Each subject received 20 g laboratory chow
(SDS Ltd, UK) per day and free access to water, which was suffi-
cient to maintain body weight and growth. All experiments were
approved by the Animal Ethics Committee of Utrecht University
and were conducted in agreement with Dutch laws (Wet op de Dier-
proeven, 1996) and European regulations (Guideline 86/609/EEC).
The new EU directives from 2010 have been implemented into
Dutch law in 2014. The present experiments were initiated under
the old (1996) guidelines and these are valid until January 1, 2018.

Apparatus

Subjects were trained and tested in operant conditioning chambers
(L = 29.5 cm, W = 32.5 cm, H = 23.5 cm; Med Associates,

Georgia, VT, USA). The chambers were placed in light- and sound-
attenuating cubicles equipped with a ventilation fan. Each chamber
was equipped with two 4.8 cm wide retractable levers, placed
11.7 cm apart and 6.0 cm from the grid floor. A cue light (28 V,
100 mA) was present above each active lever, and a white house
light (28 V, 100 mA) was located on the opposite wall. Sucrose pel-
lets (45 mg, formula F; Research Diets, New Brunswick, NJ, USA)
were delivered at the wall opposite to the levers via a dispenser.
Cocaine infusions were controlled by an infusion pump placed on
top of the cubicles. During the cocaine self-administration sessions,
polyethylene tubing ran from the syringe placed in the infusion
pump via a swivel to the cannula on the animals’ back. In the oper-
ant chamber, tubing was shielded with a metal spring. Experimental
events and data recording were controlled by procedures written in
MedState Notation using MED-PC for Windows.

Surgery

Rats in the cocaine self-administration group were anaesthetized
with ketamine hydrochloride (0.075 mg/kg, i.m.) and medetomidine
(0.40 mg/kg, s.c.) and supplemented with ketamine as needed. A
single catheter was implanted in the right jugular vein aimed at the
left vena cava. Catheters (Camcaths, Cambridge, UK) consisted of a
22 g cannula attached to silastic tubing (0.012 ID) and fixed to
nylon mesh. The mesh end of the catheter was sutured subcuta-
neously (s.c.) on the dorsum. Carprofen (50 mg/kg, s.c.) was admin-
istrated once before and twice after surgery. Gentamycin (50 mg/kg,
s.c.) was administered before surgery and for 5 days post-surgery.
Animals were allowed 10 days to recover from surgery.

Cocaine and sucrose self-administration procedures

Rats were trained to self-administer cocaine under a fixed ratio-1
(FR-1) schedule of reinforcement, as previously published (Veene-
man et al., 2012; Gao et al., 2017). During the self-administration
sessions, two levers were present, an active lever and an inactive
lever. The left or right position of the active and inactive levers was
counterbalanced for individual animals. Pressing the active lever
resulted in the infusion of 0.25 mg cocaine in 0.1 mL saline over
5.6 s, retraction of the levers and switching off of the house light.
During the infusion, a cue light above the lever was switched on,
followed by a 20 s time-out period after which the levers were rein-
troduced and the house light illuminated. The time-out period was
changed to 3 min after five training sessions to increase the session
length. The session ended after 2 h or if animals had obtained 40
cocaine infusions, whichever occurred first. Responding on the inac-
tive lever had no programmed consequences, but was recorded to
assess general levels of activity. After each self-administration ses-
sion, intravenous catheters were flushed with a gentamycin-heparin-
saline solution to maintain the patency of the catheters.
The training procedure for the rats in the sucrose group was simi-

lar to that for cocaine self-administration, with the following excep-
tion – each response on the active lever resulted in presentation of a
sucrose pellet. Subjects in the control group were also exposed to
the self-administration box. Each response on the active lever
resulted in illumination of the cue light for 5.6 s. With respect to
the numbers of animals in experimental groups, in the 10 days
experiment, n = 5 in control, n = 5 in sucrose, n = 6 in cocaine
groups; in the 60 days experiment, n = 6 in control, n = 6 in
sucrose, n = 6 in cocaine groups. For c-fos in situ hybridization
(ISH), three animals were excluded (one control in the 10 days
experiment for both LHbL and LHbM, one control in the 60 days
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experiment for LHbL and one cocaine animal in the 10 days experi-
ment for LHbM), in all cases due to damage of tissue sections. For
GAD65 mRNA ISH, n = 4 in control, n = 6 in cocaine groups for
both 10 and 60 days experiments.

Tissue dissection

After the last training session, rats were moved back to their home
cage and decapitated after 30 min. Upon approval of the Utrecht
Animal Ethical Committee, animals were terminated without prior
anesthesia to avoid unwanted effects on IEG expression. Brains
were quickly removed and immediately frozen in cold isopentane,
then stored at �80 °C. Fourteen micrometer thick coronal sections
were cut at �25 °C in a cryostat (Leica CM 1950) and mounted on
SuperFrost�Plus glass slides (Menzel-Gl€aser, Braunschweig, Ger-
many) and stored at �80 °C.

Probe generation

Probes for c-fos and vGluT2 ISH were designed using PRIMER 3 soft-
ware. Each primer contained either a T7 or T3 RNA polymerase
promoter sequence. A mixture of four different vGluT2 probes with
similar length was used for detecting vGluT2 mRNA signal. The full
sequences of the primers are as follows: c-fos: sense 5`- GTAATA
CGACTCACTATAGGGTCACCCTGCCTCTTCTCAAT -3` and
antisense 5`- AATTAACCCTCACTAAAGGGCACAGCCTGGTGT
GTTTCAC -3`, vGluT2 (1): sense 5`- AATTAACCCTCACTAAAG
GG CAACTCACAGCCTTGCTGAA -3` and antisense 5`- GTAA
TACGACTCACTATAGGGCAGAAGAACGACCCGTGAAT -3`,
vGluT2 (2): sense 5`- AATTAACCCTCACTAAAGGGATGCCCC
TAGCTGGTATCCT -3` and antisense 5`- GTAATACGACTCAC
TATAGGGAGCCAACAACCAGAAGCAGT -3`, vGluT2 (3): sense
5`- AATTAACCCTCACTAAAGGGACAAGTCCCGTGAAGAAT
GG -3` and antisense 5`- GTAATACGACTCACTATAGGGG
AATGGCCTGAATGGAAATG -3`, vGluT2 (4): sense 5` – AATT
AACCCTCACTAAAGGGTCAATGAAATCCAACGTCCA -3` and
antisense 5` – GTAATACGACTCACTATAGGGGCAGGTTTAT
GCTTCGCACT -3`. Probe generation was started with a total RNA
extraction, followed by a cDNA synthesis procedure (Applied
Biosystems, Branchburg, NJ, USA). Specific DNA fragments were
produced using Phusion� High-Fidelity PCR Kit (New England
Biolabs, Germany), and the PCR conditions were 98 °C for 20 s,
60 °C for 40 s, 72 °C for 60 s and a final step at 72 °C for 10 min.
For GAD65 ISH, pBluescript plasmid that contained 2.3 kb GAD65
DNA and T7 or T3 sequence was kindly supplied by N. Tillakaratne
(University of California Los Angeles) (Erlander et al., 1991). The
insert DNA in each clone was amplified by PCR with T7 and T3
primers. PCR conditions were 93 °C for 60 s, 55 °C for 60 s,
72 °C for 60 s and a final step at 72 °C for 10 min. All probes (c-
fos, vGluT2, GAD65) were produced using MAXIscript� T3/T7 In
vitro Transcription Kit (Ambion Inc, Austin, TX, USA). C-fos and
GAD65 probes were labeled by incorporating digoxigenin-labeled
UTP, and vGluT2 probes were labeled by Fluorescein-12-UTP
(Roche Diagnostics GmbH, Mannheim, Germany).

In situ hybridization

For c-fos and GAD65 ISH, coronal sections were fixed in 4%
paraformaldehyde, acetylated using acetic anhydride (0.25% acetic
anhydride in 1.5% triethanolamine buffer), delipidated and
dehydrated. Digoxigenin-labeled RNA probes (5 ng/section) were
applied at 60 °C in a humid chamber to hybridize for 16–20 h.

Post-hybridization stringency washing was 19 saline-sodium
citrate (SSC) at 60 °C (30 min 9 2), followed by a RNase A
treatment in 29 SSC buffer at 37 °C for 15 min. After another
washing in 19 SSC at 60 °C (30 min), sections were incubated
for 1 h in 19 SSC at room temperature. Subsequently, sections
were exposed to blocking solution (1.212% TRIS [2-Amino-2-
(hydroxymethyl)propane-1,3-diol], 0.876% NaCl, 1% blocking
powder; Roche Diagnostics GmbH) for 1 h at room temperature
and incubated with an anti-digoxigenin antibody conjugated with
alkaline phosphatase (1:2500) (Roche Diagnostics GmbH) at 4 °C
overnight. Detection of alkaline phosphatase activity was per-
formed using BCIP/NBT substrate (Roche Diagnostics GmbH) at
room temperature. Color development reaction was stopped in
TRIS–NaCl buffer with EDTA (1.212% TRIS, 0.876% NaCl,
0.0372 % EDTA, pH = 7.5), sections were air-dried and cover-
slipped.
For c-fos and vGluT2 double-labeling ISH, coronal sections were

first hybridized with digoxigenin-labeled c-fos probes (5 ng/section)
at 60 °C overnight. After washing with 29 SSC buffer, sections
were hybridized with fluorescein-labeled vGluT2 probes (5 ng/sec-
tion) at 60 °C overnight. The post-hybridization stringency washing
steps were the same as described above for c-fos ISH. Sections
were incubated with a mix of alkaline phosphatase-conjugated anti-
digoxigenin antibody (1:2500; Roche Diagnostics GmbH) and anti-
Fluorescein-POD antibody (1:1000; Roche Diagnostics GmbH) at
4 °C overnight with alkaline phosphatase-conjugated anti-digoxi-
genin antibody against digoxigenin-labeled c-fos probes and anti-
Fluorescein-POD antibody against fluorescein-labeled vGluT2
probes. Fluorescent signal was amplified using the Tyramide Signal
Amplification (TSA)TM Kit #22 (Ambion, Austin, TX, USA) by
incubating the slides in fluorescein tyramide diluted amplification
buffer (1:100) for 30 min, followed by a further amplification step
using VECTASTAIN� ABC Kit (1:200) (Vector Laboratories,
Burlingame, CA, USA). Finally, digoxigenin-labeled c-fos signal
was detected using the filtered HNPP/Fast Red TR mix for
2 9 20 min at room temperature. The incubation mix contained
10 lL HNPP stock solution, 10 mL Fast Red TR stock solution
and 1 mL detection buffer (HNPP/Fast Red TR system; Roche
Diagnostics GmbH).

Image analysis

Changes in IEG (or GAD65) expression may result in more cells
being detected because the stimulus results in previously undetected
cells synthesizing mRNA above detection levels. However, the
existing (detected) population of cells might also produce more
mRNA without significant changes in numbers. For this reason, both
the number of c-fos- and GAD65-positive cells per surface area (i.e.,
cell density) and individual cellular labeling intensity [expressed as
integrated optical density (OD)] were measured. A MCID Elite
imaging system (Interfocus Imaging Ltd., Linton, UK) was used to
quantify the numbers and/or individual labeling intensity of neurons
immunopositive for c-fos, GAD65 or VGluT2 mRNA. Coronal sec-
tions of the habenula and RMTg were digitized using an objective
magnification of 59 on a Leica DM/RBE photomicroscope con-
nected to a digital camera (EvolutionTM MP Color camera; Media
Cybernetics, Rockville, MD, USA). The segmentation of c-fos and
GAD65 positive cells from background was performed using an
algorithm combining several point operators and spatial filters,
aimed at detecting local changes in gray level and, thus, produce a
measuring template for objects. Images went through histogram
equalization, smoothing (low-pass filter, kernel size 7 9 7), and
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subtraction steps, and positive cells were detected using size and
shape criteria (Gao et al., 2017).
In both the 10- and 60-days experiments, the cell density and

labeling intensity of c-fos positive neurons were plotted against the
rostrocaudal level of LHbL and LHbM (see Fig. 3). The mRNA
levels of c-fos were examined at 10 levels from rostral to caudal of
the LHbL (approximately from Bregma �2.96 mm to Bregma
�4.1 mm) and 13 levels from rostral to caudal of the LHbM
(approximately from Bregma �2.6 mm to Bregma �4.1 mm). The
Bregma positions of each anatomical level are as follows:
level 1 = Bregma �2.6 mm, level 2 = Bregma �2.72 mm, level
3 = Bregma �2.84 mm, level 4 = Bregma �2.96 mm,
level 5 = Bregma �3.09 mm, level 6 = Bregma �3.21 mm, level
7 = Bregma �3.34 mm, level 8 = Bregma �3.46 mm,
level 9 = Bregma �3.59 mm, level 10 = Bregma �3.72 mm, level
11 = Bregma �3.85 mm, level 12 = Bregma �3.97 mm, level
13 = Bregma �4.1 mm. As the very rostral portion of the LHb con-
sists of only the LHbM (Andres et al., 1999), the analysis of the
LHbL comprises fewer anatomical levels than that of the LHbM.
GAD65 mRNA levels were examined in the RMTg area and
expressed as the average of three anatomical levels approximately at
Bregma �6.0 mm to Bregma �6.5 mm (Bourdy & Barrot, 2012).
Parameters that were measured include the number of positive cells
in each subregion, the subregional surface area and the integrated
OD of labeled cell body (representing labeling intensity of positive
cells). The number of positive cells per region of interest was
expressed as cell density, that is, number of cells / mm2.
For the analysis of c-fos and vGluT2 mRNA co-expression, coronal

section images (eight levels from Bregma �3.09 mm to Bregma
�3.97 mm) were captured using a Leica SP2 confocal laser scanning
microscope (Leica Microsystems, Heidelberg, Germany). The scan-
ning was performed with an objective magnification of 409, six focal
planes and one airy unit of a spatial pinhole. The quality of digital
images was improved by three times averaging, and the image size
was expressed as 512 9 512 pixels. Double-labeled samples were
sequentially scanned at wavelengths of 488 and 543 nm. Fluores-
cence emission was then collected in the green and red regions of the
spectrum. A MCID Elite imaging system (Interfocus Imaging Ltd.)
was used for the imaging analysis of the maximum projected images
to determine the co-localization of c-fos and vGluT2.

Statistical analysis

Data were analyzed using SPSS software 20 (IBM, New York, NY,
USA). For the analysis of cocaine/sucrose self-administration behav-
ior, a repeated measures ANOVA was performed with experimental
group (i.e., cocaine self-administration, sucrose self-administration
or control) as a between-subjects factor and self-administration ses-
sion as a within-subject factor. A Greenhouse–Geisser correction
was applied when Mauchly’s test of sphericity indicated that the
assumption of sphericity had been violated. To determine the effects
of 10 or 60 days of cocaine/sucrose self-administration on c-fos
expression, a repeated measures ANOVA was used with experimental
group as a between-subjects factor and rostrocaudal level as a
within-subject factor. Parameters measured included cell density (the
number of c-fos-positive cells/mm2) and labeling intensity (the inte-
grated OD) of each individual cell body. Comparison of c-fos ISH
after 10 and 60 days of cocaine self-administration was performed
by normalizing the data from the cocaine groups to controls per
rostrocaudal level and applying Student’s t-test at each anatomical
level. In addition, Student’s t-test was used to test for differences in
the percentages of cells in the LHbL co-expressing c-fos and vGluT2

after 10 and 60 days of cocaine self-administration. Finally, to deter-
mine the effects of cocaine self-administration on the GAD65
mRNA levels in RMTg, the cell density and the cellular labeling
intensity of GAD65-positive neurons were analyzed by two-way
ANOVA with experimental group and self-administration duration as
between-subjects factors. Same as for c-fos, comparison of GAD65
ISH after 10 and 60 days of cocaine self-administration was per-
formed by normalizing the data from the cocaine groups to controls.

Results

Cocaine and sucrose self-administration behavior

Rats were trained to self-administer cocaine or sucrose for either 10 or
60 days (Fig. 1). Responding on the active lever differed as a function
of group and session in both the 10-day [Fgroup (2, 13) = 25.07,
P < 0.001; Fsession (3.63, 47.2) = 1.74, P = 0.162; Fgroup 9 session

(7.27, 47.2) = 8.04, P < 0.001) and 60-day experiments (Fgroup (2,
15) = 181.9, P < 0.001; Fsession (6.97, 104.5) = 6.28, P < 0.001;
Fgroup 9 session (13.94, 104.5) = 3.67, P < 0.001] (Fig. 1). Post-hoc
analysis showed that the number of rewards obtained in the sucrose
group was significantly higher than that in the control and the cocaine
groups in both experiments (both P < 0.001). In the 60-day but not
the 10-day experiment, the cocaine group obtained more rewards than
the control group (10 days: P = 0.113; 60 days: P < 0.001). When
the numbers of active lever presses between the first and the final
administration sessions were compared, significant increases were
seen in the cocaine group (10 days: t = �7.96, df = 10, P < 0.001;
60 days: t = �10.30, df = 10, P < 0.001), but not in the sucrose
group (10 days: t = �1.53, df = 4.01, P = 0.20; 60 days: t = �0.77,
df = 5, P = 0.48), whereas the number of active lever presses
declined from the first to the final session in the control group in the
10-day (t = 3.54, df = 8, P = 0.008), but not in the 60-day experi-
ment (t = �1.13, df = 10, P = 0.282) (Fig. 1). The average number
of active lever presses was significantly higher than the number of
inactive responses in the cocaine (10 days: t = 6.02, df = 9.87,
P < 0.001; 60 days: t = 34.72, df = 93.7, P < 0.001) and sucrose
self-administration groups (10 days: t = 16.03, df = 18, P < 0.001;
60 days: t = 60.62, df = 75.33, P < 0.001) (data not shown). In the
control group, no differences were seen between the number of active
and inactive lever presses in either experiment (10 days: t = �0.72,
df = 18, P = 0.482; 60 days: t = 1.82, df = 118, P = 0.071) (data
not shown).

Cocaine self-administration induces c-fos expression in lateral
habenula

Lateral part of lateral habenula

Animals were killed and the tissue was collected for c-fos visualiza-
tion 30 min after the final training session. The structure of LHb
varies from rostral to caudal, with LHbM present through the whole
structure while LHbL occurring more caudally (Fig. 2). The distri-
bution of c-fos ISH signal in LHb showed a heterogeneous pattern
through the rostral–caudal extent, but also differed between the med-
ial and lateral parts in specific portions (Fig. 2). In the sucrose and
control groups, the c-fos signal in the LHb was generally very low.
By contrast, in the cocaine self-administration group, we observed
two groups of cells in the LHb. In most cases, the group with stron-
ger signals was located in the LHbL (Fig. 2B and C). The density
of labeled neurons in the LHbL increased from the rostral to the
mid-rostrocaudal levels of the structure (approximately from Bregma

© 2017 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 47, 83–94

86 P. Gao et al.



�3.21 mm to Bregma �3.97 mm) and then decreased again to low
levels in the most caudal part of the LHbL after cocaine self-admin-
istration (Fig. 3). This was observed in both the 10- [Fgroup (2, 12)
= 81.95, P < 0.001; Flevel (2.27, 27.20) = 3.14, P = 0.054;
Fgroup 9 level (4.53, 27.20) = 4.15, P = 0.008] (Figs 2 and 3A) and
the 60-day experiments [Fgroup (2, 14) = 22.38, P < 0.001; Flevel

(2.14, 30.02) = 3.94, P = 0.028; Fgroup 9 level (4.29, 30.02) = 3.75,
P = 0.012] (Fig. 3B). Post-hoc tests revealed that the density of
c-fos-labeled cells was significantly enhanced in the cocaine group
compared with the control and sucrose groups in both the 10 days
(P < 0.001) and 60 days experiments (P < 0.001). No differences
were found between the control and sucrose groups. In the 10-day
experiment, differences between cocaine and the other two groups
were found at rostrocaudal levels 6–12 (approximately from Bregma
�3.21 mm to Bregma �3.97 mm) in the LHbL (cocaine vs. control:
level 6, P = 0.006; level 7, P = 0.009; level 8, P < 0.001; level 9,
P < 0.001; level 10, P < 0.001; level 11, P = 0.033; level 12,
P = 0.005; cocaine vs. sucrose: level 6, P = 0.014; level 7,
P = 0.004; level 8, P < 0.001; level 9, P < 0.001; level 10,
P < 0.001; level 11, P = 0.04; level 12, P = 0.006). In the 60-day
experiment, the cocaine group differed from the control and sucrose
groups at levels 7–12 (approximately from Bregma �3.34 mm to
Bregma �3.97 mm) (cocaine vs. control: level 7, P = 0.012; level
8, P < 0.001; level 9, P < 0.001; level 10, P = 0.028; level 11,
P = 0.005; level 12, P < 0.001; cocaine vs. sucrose: level 7,
P = 0.009; level 8, P < 0.001; level 9, P < 0.001; level 10,
P = 0.028; level 11, P = 0.005; level 12, P < 0.001) (Fig. 3A and
B). Taken together, both 10 and 60 days of cocaine self-administra-
tion evoked an increased density of c-fos-positive neurons in the
LHbL that displayed a rostrocaudal gradient with a peak in cell
numbers at level 8 (Bregma �3.46 mm).
As the density of c-fos-positive cells was increased at levels

7–12 in the LHbL after both short- and long-term cocaine

self-administration, we further analyzed whether the cocaine-induced
increases in density of c-fos-positive neurons differed between the
10- and 60-day experiments at these levels. Student’s t-test showed
that at two levels, cocaine exposure-induced increases in the density
of c-fos neurons were significantly higher after 10 days than after
60 days (level 8: t = 3.05, df = 10, P = 0.012; level 10: t = 3.42,
df = 10, P = 0.007) (Fig. 3E). No differences were seen between
the experiments at the other four levels (level 7: t = 0.27, df = 10,
P = 0.799; level 9: t = 0.07, df = 10, P = 0.945; level 11: t = 0.72,
df = 10, P = 0.489; level 12: t = 0.58, df = 10, P = 0.574)
(Fig. 3E).
For the cellular labeling intensity of c-fos-positive cells in the

LHbL, there was a main effect of group and anatomical level
[Fgroup (2, 12) = 8.11, P = 0.006; Flevel (3.91, 46.94) = 2.95,
P = 0.031] after 10 days of self-administration. However, the inter-
action between group and anatomical level was not significant
[Fgroup 9 level (7.82, 46.94) = 1.48, P = 0.193] (Fig. 3C). Post-hoc
testing showed that the density of c-fos-positive cells in the cocaine
group was significantly higher than that in the control (P = 0.044)
and sucrose groups (P = 0.006). When animals were exposed to
cocaine or sucrose for 60 days, neither the group nor the anatomical
level had a significant main effect on the intensity of c-fos-positive
cells [Fgroup (2, 14) = 1.77, P = 0.207; Flevel (3.58, 50.08) = 1.14,
P = 0.347; Fgroup 9 level (7.15, 50.08) = 0.74, P = 0.639] (Fig. 3D).
To summarize, 10 days of cocaine self-administration increased the
labeling intensity of c-fos-positive cells in the LHbL, but no changes
were observed after 60 days of cocaine self-administration.

Medial part of lateral habenula

After 10 days of self-administration, there were no differences in
the density of c-fos-labeled neurons between the experimental
groups, although c-fos cell density differed as a function of

Fig. 1. Short-term (10 days, A) vs. long-term (60 days, B) self-administration of cocaine or sucrose. Data are presented as mean � SEM number of active
lever presses over animals per group.
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anatomical level [Fgroup (2, 11) = 2.89, P = 0.098; Flevel (3.90,
42.93) = 3.82, P = 0.01; Fgroup 9 level (7.80, 42.93) = 1.79,
P = 0.107] (Figs 2 and 4A). After 60 days of cocaine self-adminis-
tration, there was an increase in the density of c-fos-positive cells in
the LHbM as a function of anatomical level [Fgroup (2, 15) = 11.06,
P = 0.001; Flevel (5.34, 80.06) = 3.18, P = 0.01; Fgroup 9 level

(10.67, 80.06) = 3.25, P = 0.001] (Fig. 4B). Post-hoc tests revealed
that 60 days of cocaine exposure significantly enhanced the density
of c-fos-positive cells in the LHbM compared to the control
(P = 0.001) and the sucrose (P = 0.002) groups (Fig. 4B). The dif-
ferences between cocaine and the other two groups were seen at
rostrocaudal levels 7–9 (cocaine vs. control: level 7, Bregma �3.34,
P = 0.003; level 8, Bregma �3.46, P < 0.001; level 9, Bregma
�3.59, P = 0.002; cocaine vs. sucrose: level 7, P = 0.048; level 8,
P < 0.001; level 9, P = 0.005) (Fig. 4B). Since the 60 days of
cocaine self-administration significantly increased the density of c-
fos-positive cells at three levels (7–9) in LHbM, we further exam-
ined whether this effect was different from that after 10 days at
these levels. Student’s t-test showed no significant differences
between 10 and 60 days of cocaine self-administration (level 7:
t = �2.01, df = 10, P = 0.073; level 8: t = 0.31, df = 10, P = 0.77;
level 9: t = �1.94, df = 6.36, P = 0.098). In summary, 60 days, but
not 10 days of cocaine self-administration enhanced the density of
c-fos-positive cells in the LHbM.
Cocaine or sucrose self-administration did not affect the labeling

intensity of c-fos-positive neurons in the LHbM, although there were
minor rostrocaudal differences [10 days: Fgroup (2, 11) = 2.53,
P = 0.124; Flevel (5.38, 59.22) = 2.59, P = 0.031; Fgroup 9 level

(10.77, 59.22) = 1.43, P = 0.185; 60 days: Fgroup (2, 15) = 0.73,
P = 0.50; Flevel (3.77, 56.52) = 1.88, P = 0.130; Fgroup 9 level

(7.54, 56.52) = 0.85, P = 0.561] (Fig. 4C and D).

The majority of c-fos-positive neurons in the LHbL is
glutamatergic

To test whether the c-fos-positive cells that were induced by the
cocaine self-administration were glutamatergic, we performed a dou-
ble ISH for c-fos and vGluT2. As shown in Fig. 5A–C, most of the
c-fos-positive cells in the LHbL expressed vGluT2 mRNA. After
10 days cocaine exposure, 75.5 � 1.7% c-fos-labeled cells were
vGluT2 positive, and 75.7 � 2.4% were vGluT2 positive after
60 days of cocaine self-administration (Fig. 5D). There were no dif-
ferences in the percentage of c-fos-labeled cells that expressed
vGluT2 between the 10- and 60-days cocaine groups (t = �0.051,
df = 4, P = 0.962). The identity of the vGluT2-negative c-fos-la-
beled cells was not established. The latter cells might have a differ-
ent phenotype; however, they might also produce low levels of
VGlut2 that—in our hands—remained under the detection limit of
the double-labeling procedure. Evidence in the literature suggests
that a GABAergic phenotype is not very likely (Brinschwitz et al.,
2010; Li et al., 2011; Aizawa et al., 2012).

Increases of GAD mRNA in RMTg after 10 days but not
60 days cocaine self-administration

The density and labeling intensity of GAD65-positive cells in RMTg
were compared between the cocaine-exposed groups and control. The
sucrose groups were omitted because sucrose self-administration did
not affect c-fos expression in the habenula. Ten days of cocaine self-
administration increased the GAD65 ISH signals in RMTg (Fig. 6B)
when compared to the control group (Fig. 6A). In contrast, after
60 days of cocaine self-administration, no obvious differences were
observed between the control and cocaine groups (Fig. 6C and D).

A B

C D

Fig. 2. Representative micrographs of c-fos hybridized sections in habenula. Two subregions including medial habenula (MHb) and medial part of lateral habe-
nula (LHbM) are present throughout the rostral–caudal axis of habenula (A–D), whereas the lateral part of lateral habenula (LHbL) is present more caudally
(B–D). Ten days of cocaine self-administration had no effects on c-fos expression in the most rostral and caudal level of lateral habenula (LHb) (A and D; A,
Bregma �2.72 mm, level 2; D, Bregma �4.1 mm, level 13), but increased c-fos in situ hybridization (ISH) signal in the mid-rostrocaudal portion (B and C; B,
Bregma �3.21 mm, level 6; C, Bregma �3.59 mm, level 9). Scale bar: 200 lm in A–D.
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Two-way ANOVA demonstrated that the cocaine-induced increases in
the density of GAD65-labeled neurons were affected by the duration
of self-administration [Fgroup (1, 16) = 3.93, P = 0.065; Fduration (1, 16)
= 11.02, P = 0.004; Fgroup 9 duration (1, 16) = 11.04, P = 0.004].
Post-hoc tests revealed that, compared to control, the density of
GAD65-positive neurons increased significantly in the cocaine group
in the 10-day experiment (t = �4.19, df = 7.40, P = 0.004), but not
in the 60-day experiment (t = �0.98, df = 8, P = 0.354). In addi-
tion, the density of GAD65-positive neurons in the 10 days cocaine
group was higher than that in the 60-days cocaine group (t = 4.53,
df = 10, P = 0.001) (Fig. 6E).
The labeling intensity of the GAD65-positive cells in the RMTg

was also affected by cocaine self-administration in a manner that
depended upon self-administration experience [Fgroup (1, 16)
= 19.06, P < 0.001; Fduration (1, 16) = 14.25, P = 0.002;
Fgroup 9 duration (1, 16) = 14.3, P = 0.002]. Post-hoc tests revealed
that after 10 days of self-administration, the intensity of GAD65-
labeled neurons was significantly increased in the cocaine group

(t = 5.14, df = 8, P = 0.001). After 60 days of self-administration,
there was no difference between the cocaine self-administration and
the control groups (t = 0.49, df = 8, P = 0.644). In addition, the
intensity of GAD65-positive neurons in the 10 days cocaine group
was significantly higher than in the 60 days cocaine self-administration
group (t = 6.05, df = 10, P < 0.001) (Fig. 6F). In summary,
10 days of cocaine self-administration significantly increased both
the density and the labeling intensity of GAD65-positive neurons in
RMTg, while after 60 days no differences were seen between the
cocaine and the control groups.

Discussion

The aim of the present study was to examine the consequences of
prolonged drug taking on neuronal activity in subregions of the
LHb. Increased expression of c-fos was primarily found in the lateral
part of the LHb after both short- and long-term self-administration of
cocaine. The cocaine-exposed animals not only displayed a higher

Fig. 3. Changes in density and labeling intensity of c-fos-positive cells along the rostrocaudal axis in lateral part of lateral habenula (LHbL) after cocaine or
sucrose self-administration. Left panels (A, C) show results after 10 days self-administration, right panels (B, D) after 60 days self-administration. X-axis repre-
sents 10 anatomical levels from rostral to caudal in A–D. Differences in the density of c-fos-positive cells between 10 and 60 days cocaine groups were com-
pared at six anatomical levels (E). Values are presented as mean � SEM cell density or optical density. *P < 0.05, significant difference between cocaine and
control/sucrose groups.
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Fig. 4. Changes in density and labeling intensity of c-fos-positive cells along the rostrocaudal axis in medial part of lateral habenula (LHbM) after cocaine or
sucrose self-administration. Left panels (A, C) show results after 10 days self-administration, right panels (B, D) after 60 days self-administration. X-axis repre-
sents 13 anatomical levels from rostral to caudal. Values are presented as mean � SEM cell density or optical density. *P < 0.05, significant difference between
cocaine and control/sucrose groups.

A B

C D

Fig. 5. Double-labeling in situ hybridization of c-fos mRNA (red in A) and vGluT2 mRNA (green in B) and the merged images (C) in the lateral part of lateral
habenula (LHbL) after 10 days of cocaine self-administration. ‘Arrows’ point to examples of cells that are both c-fos and vGluT2 positive. (D) Percentages of
c-fos-positive cells expressing vGluT2 in LHbL after 10 and 60 days of cocaine self-administration. Scale bar: 75 lm in A–C. [Colour figure can be viewed at
wileyonlinelibrary.com].
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number of c-fos-positive neurons in the LHbL but also enhanced
response intensity of the individual reactive cells. The increase in
reactive cell numbers was similar after short- and long-term
cocaine self-administration. However, the augmented cellular
response intensity was no longer significant after 60 days of
cocaine taking. Cocaine self-administration did not alter cellular
reactivity in the LHbM after short-term drug taking, but after
60 days of self-administration, an increase in the number of
c-fos-positive cells was found in the LHbM. Interestingly, the dis-
tribution of c-fos-positive cells was far from homogeneous as most
reactive neurons were located in the mid-rostrocaudal part of
habenula. The majority of activated neurons in the LHbL was
vGluT2-positive, that is, glutamatergic, after both 10 and 60 days
of cocaine self-administration. Furthermore, in the RMTg, which
is a principal output structure of the LHb, both the number of
GABAergic cells and their individual response intensity were
upregulated after short-term but not after long-term cocaine self-
administration. Together, these data reveal the complex temporal
dynamics by which cocaine self-administration alters activity in

LHb circuitry, which may play an important role in the underly-
ing mechanisms of drug taking with prolonged cocaine use experi-
ence.

Heterogeneous neuronal activation in LHb

c-fos neurons in the present report displayed a highly heterogeneous
distribution that was first and foremost characterized by a gradient
with a peak in the numbers of c-fos-positive neurons in the LHbL
and LHbM centering at (approximately) Bregma levels �3.32 mm
to �3.72 mm. This response pattern may be related to the subnu-
clear organization of the LHb, although a clear distinction between
subnuclei cannot be made on basis of rostrocaudal location (Andres
et al., 1999; Geisler et al., 2003). Besides size and shape of the
habenular subnuclei, differences that were found along the rostro-
caudal extent of LHb in (immuno-) histochemical characteristics
indicative of differences in cellular phenotype may be related to the
present heterogeneous functional response to cocaine self-
administration (Geisler et al., 2003).

A B

C D

E F

Fig. 6. Changes in GAD-65 expression in rostral mesencephalic tegmental nucleus (RMTg) after short- or long-term cocaine self-administration. Four represen-
tative micrographs of hybridized coronal sections show immunostaining of GAD-65 probe after 10 days of cocaine self-administration in the control (A) and
cocaine (B) groups and after 60 days in controls (C) and cocaine-exposed animals (D). The density (E) and labeling intensity (F) of GAD-65-positive cells in
RMTg are expressed as mean � SEM percentage of control. *P < 0.05, significant difference between groups. Scale bar: 200 lm in A–D.
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Comparison of the rostrocaudal response pattern of c-fos expres-
sion after cocaine self-administration with structural connectivity of
LHb does not readily reveal a resemblance. Whereas Goncalves
et al. (2012) found projections from LHb to VTA to originate
mainly from medial and caudal regions, Petzel et al. (2017) in the
rat and Quina et al. (2015) in the mouse demonstrated projections
to VTA and raphe nuclei that are widely distributed throughout the
LHb’s rostrocaudal extent. With respect to dopaminergic input, the
dopamine transporter—a primary target of cocaine—has been shown
to be primarily expressed in the parvocellular and central subnuclei
of the medial division of the LHb complex which are found along
the rostrocaudal length of LHb (Geisler et al., 2003).
In a number of previous studies, a differentiation in the activation

of the lateral and medial parts of LHb has been described. For
example, following the systemic administration of dopamine recep-
tor agonists, neurons were activated only in the LHbL (Wirtshafter
et al., 1994; Kowski et al., 2009). Interestingly, short-term (i.e., one
of six sessions) cocaine self-administration has been found to
increase c-fos expression in both LHbL and in LHbM (Zahm et al.,
2010). In the latter study, the response in the LHbL was comparable
between one and six sessions, whereas the response in the LHbM
declined between the first and sixth cocaine self-administration ses-
sion. In the present study, we observed two clusters of c-fos-labeled
cells in the LHb after cocaine self-administration, with the larger
one situated in the LHbL and the smaller one in the LHbM (see
Fig. 2). The activational response was much stronger in LHbL than
LHbM. Comparison with the subnuclear organization of LHb as
described by Andres et al. (1999) suggests that the larger cluster of
c-fos-positive cells in the LHbL in our study is situated in the oval
part of the LHbL (LHbLO); the smaller cluster of activated neurons
in the LHbM is presumably located in the parvocellular and/or the
central part of the LHbM (LHbMPc and/or LHbMC) (Andres et al.,
1999). Unfortunately, due to technical restrictions, we were not able
to relate the location of the activated neurons precisely to the fine
subnuclear division (Andres et al., 1999; Geisler et al., 2003).
The more global medial-lateral division of the LHb as demon-

strated in our study appears relevant in the context of organization
of the afferent and efferent connections of the habenula (Lecourtier
& Kelly, 2007). Neuroanatomical tracing studies have shown that
the LHbM predominantly receives afferents from limbic-related
areas such as the lateral preoptic and lateral hypothalamic areas,
whereas the LHbL collects primarily inputs from the entopeduncular
nucleus (Herkenham & Nauta, 1977; Lecourtier & Kelly, 2007;
Hikosaka et al., 2008). Thus, the strongest response to cocaine self-
administration in the present paradigm occurred in the basal ganglia-
related portion of the LHb. As regards its efferents, the LHb is
known to issue fibers to VTA, the substantia nigra complex and
adjacent tegmental nuclei, as well as to the raphe nuclei and the lat-
eral hypothalamus (Herkenham & Nauta, 1979; Barrot et al., 2012).
Direct projections from LHb to the dopaminergic VTA originate
predominantly in the LHbM, as do efferents to the 5HT system
(Goncalves et al., 2012; Proulx et al., 2014; Sego et al., 2014).
However, with respect to efferent control over dopaminergic cell
groups, LHb projections—arising from its lateral part—primarily tar-
get the rostral midbrain tegmental nucleus (RMTg), which forms a
GABAergic intermediate between the habenula and the dopaminer-
gic neurons in the VTA (Jhou et al., 2009b; Kaufling et al., 2009;
Omelchenko et al., 2009; Brinschwitz et al., 2010; Balcita-Pedicino
et al., 2011; Proulx et al., 2014). The enhanced c-fos expression in
the present experiments that was observed in LHbL and LHbM
therefore signifies a stronger influence on different aspects of reward
processing involving dopaminergic and serotoninergic mechanisms

after cocaine self-administration (see Proulx et al., 2014; for
review). Our finding that upregulation of c-fos was more robust in
the LHbL suggests an important effect on dopaminergic neurotrans-
mission. That is, increased output of the LHbL may reduce firing
activity of dopaminergic neurons via its glutamatergic projections to
the GABAergic neurons in RMTg. Indeed, a glutamatergic identity
could be established for the majority of c-fos neurons in the present
experiments, as could an augmentative effect on GAD65 expression
in RMTg. The latter findings are in line with the cocaine-induced
c-fos activation that has been reported in the LHbL-to-RMTg
projections (Jhou et al., 2013).

Neuronal activity in LHb after short- and long-term cocaine
use

Cocaine has been shown to both decrease and increase the firing
rate of LHb neurons, with the inhibitory effect preceding excitation
(see Lecca et al., 2014 for review). The increase in firing frequency
may be prolonged and this response is likely related to the c-fos
activation seen in the present study and in other work (Jhou et al.,
2013). Previous reports have shown that exposure to cocaine,
through stimulation of dopamine receptors, increases glutamate func-
tion in the LHb (Maroteaux & Mameli, 2012; Jhou et al., 2013;
Zuo et al., 2013; Neumann et al., 2014; Meye et al., 2015), which
then leads to changes in post-synaptic AMPA receptor function
(Maroteaux & Mameli, 2012; Meye et al., 2015). This provides a
likely underlying mechanism for the increases in c-fos expression
observed in the present study.
As LHb neurons are excited by aversive states and inhibited by

unexpected rewarding events, their activation thus results in inhibi-
tion of dopaminergic neurons and suppression of appetitive behavior
(Matsumoto & Hikosaka, 2009; Bromberg-Martin et al., 2010a;
Bromberg-Martin & Hikosaka, 2011). Interestingly, also activation
of the direct pathway from LHb to VTA appears to have aversive
effects (Lammel et al., 2012). This means that the over-activity in
LHb after cocaine self-administration that was observed in the pre-
sent study likely represents increased inhibition of dopaminergic
neurons, a process that may be associated with aversive effects
evoked by cocaine. Dopaminergic and glutamatergic mechanisms in
the habenula—besides playing a likely role in the observed increase
in c-fos expression—have been shown to be involved in the aversive
effects of cocaine exposure (Jhou et al., 2013; Meye et al., 2015;
Shelton et al., 2016). Moreover, it has been demonstrated that intact
LHb function is necessary for rats to inhibit responding to cocaine-
associated cues when it is signaled that cocaine is not available
(Mahler & Aston-Jones, 2012; Zapata et al., 2017), although there
is no evidence that the habenula is involved in punished cocaine
seeking (see Jean-Richard-Dit-Bressel & McNally, 2014; Zapata
et al., 2017). Thus, the LHb may subserve the ability to inhibit drug
use on the basis of internal (aversive- or expected aversive effects
of the drug) or external stimuli (indicating unavailability of
cocaine).
Importantly, prolonged cocaine exposure has been shown to result

in impaired function of the LHb and its outputs (Meshul et al.,
1998; see also Zahm et al., 2010; Lax et al., 2013). In the context
of these data, our findings suggest that the influence of the LHb
over cocaine use changes with prolonged drug-taking experience. In
early stages of drug use (i.e., after 10 days of self-administration),
the lateral portion of the LHb, perhaps by its output to the RMTg,
may serve to control drug intake by encoding its negative aspects.
After extensive cocaine-taking experience, however, the LHb
involvement shifts somewhat to its medial portion and the
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LHbL-RMTg projection becomes disengaged, as evidenced by the
fact that increased GAD expression in the RMTg was found after
10 days of self-administration only. As a result, the influence of
aversive aspects of drug use on behavior may decline, which pro-
vides a neural pathway by which cocaine taking becomes less sensi-
tive to adversity (Deroche-Gamonet et al., 2004; Vanderschuren &
Everitt, 2004; Vanderschuren & Ahmed, 2013; for reviews see Van-
derschuren et al., 2017). The latter is a hallmark of addictive behav-
ior. Future behavioral studies should directly investigate this
possibility and, in the process, should establish the hypothesized
causal relationship between LHbL activation and GABAergic activ-
ity in RMTg.
In conclusion, the present study demonstrates a strongly heteroge-

neous neuronal activation pattern in LHb after cocaine self-adminis-
tration. After short-term cocaine exposure, increased neuronal
activity predominated in the basal ganglia-related LHbL, whereas
after long-term cocaine self–administration, the limbic-related LHbM
became more engaged. We speculate that this process leads to
increased LHb output to RMTg after short-term drug exposure
resulting in enhanced inhibitory control over mesencephalic
dopaminergic cells and that this effect abates after long-term drug
use. Our finding of increased metabolic activity in the RMTg after
10 days of self-administration but not after 60 days supports this
conjecture. As the LHb is implicated in the processing of negative
emotional stimuli, signaling aversive states related to cocaine taking
may be attenuated after prolonged drug use, possibly leading to
diminished reluctance to engage in drug self-administration.
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