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Brief Communications

Nicotinic Receptors in the Habenulo-Interpeduncular
System Are Necessary for Nicotine Withdrawal in Mice
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In humans, tobacco withdrawal produces symptoms that contribute to the difficulty associated with smoking cessation. Nicotine with-
drawal symptoms can also be observed in rodents. A major standing question is which nicotinic receptor subtypes and which areas of the
brain are necessary for nicotine withdrawal to occur. Using knock-out mice, we previously showed that the 34, but not the 32 subunit of
nicotinic acetylcholine receptors, is necessary for the somatic manifestations of nicotine withdrawal. Since the 34 subunit is highly
expressed in the medial habenula, we focused our studies on the medial habenula and its primary target, the interpeduncular nucleus. In
particular, we studied nicotine withdrawal in mice lacking the o2 or the 5 nicotinic receptor subunits, which are highly expressed in the
interpeduncular nucleus. We precipitated withdrawal by systemically injecting the nicotinic antagonist mecamylamine in mice chroni-
cally treated with nicotine. Both the o2 and the o5 null mutations abolished the somatic manifestations of nicotine withdrawal. In
addition, in wild-type mice chronically treated with nicotine, mecamylamine precipitated withdrawal when microinjected into the
habenula or the interpeduncular nucleus, but not into the cortex, ventral tegmental area or hippocampus. Our results demonstrate a
major role for the habenulo-interpeduncular system and the nicotinic receptor subunits expressed therein, in nicotine withdrawal
symptoms. Our data suggest that the efforts to develop new smoking cessation therapies should concentrate on these areas and receptor

types.

Introduction

The withdrawal symptoms that appear upon smoking cessation
are one of the major factors precluding people from successfully
quitting tobacco use (West et al., 1989). In fact, nicotine with-
drawal and cravings might have a role in tobacco use relapse, even
long after the initial period of withdrawal symptoms (usually ~2
weeks) is over (Allen et al., 2008). In humans, symptoms of nic-
otine withdrawal include, among others, anxiety, irritability, rest-
lessness, bradycardia, and weight gain (Hughes and Hatsukami,
1986; De Biasi and Salas, 2008). Mice display both somatic (e.g.,
shaking, paw tremors or scratching) and affective signs of with-
drawal (e.g., increased anxiety-like behavior in the elevated plus
maze or increased threshold for intracranial self-stimulation).
Those signs can be measured with a number of different behav-
ioral tests (Damaj et al., 2003; De Biasi and Salas, 2008).

The mechanisms underlying nicotine withdrawal are still
poorly understood. In mice, nicotine withdrawal has been pre-
cipitated with antagonists with preferential effects on either
a34-, a432- or a7-containing nicotinic acetylcholine receptors
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(nAChRs) (Damaj et al., 2003; De Biasi and Salas, 2008). We have
shown, however, that the nAChR antagonist methyllicaconitine
(MLA), at concentrations previously thought to be a7-specific,
was able to precipitate nicotine withdrawal in &7 —/— mice (Salas
etal., 2007). This indicates that the nAChR antagonists available
may not be as specific as previously believed and genetic ap-
proaches may render more accurate results. To that end, we pre-
viously showed that the 34, but not the 82 nAChR subunit, is a
critical mediator of withdrawal in mice (Salas et al., 2004). In
addition, mice null for the @7 nAChR subunit showed an inter-
mediate phenotype, as if this subunit contributes to, but is not
necessary for, nicotine withdrawal (Salas et al., 2007). Previously,
systemic MLA had been shown to precipitate the somatic signs of
nicotine withdrawal in mice (Damaj et al., 2003) but not in the rat
(Markou and Paterson, 2001). Central a7 nAChR were also
shown to be involved in the affective signs of withdrawal (Nomi-
kos et al., 1999). Therefore, the a7 subunit is likely involved in
some aspects of nicotine withdrawal.

Given that the 84 nAChR subunit is highly expressed in the
medial aspect of the habenula (MHD) and in the interpeduncular
nucleus (IPN) (Salas et al., 2004), we studied whether nicotinic
activity in the Hb—IPN axis is responsible for nicotine withdrawal
in mice. Hb and IPN are two small nuclei connected by an axon
bundle, the fasciculus retroflexus. In rodents, the Hb—IPN axis
has been implicated in a variety of brain functions and behaviors,
including nociception, learning and memory, motor activity,
sexual and maternal behavior, stress, anxiety, depression, reward,
sleep, eating and drinking behavior (Klemm, 2004).
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To investigate the role of the MHb and IPN in nicotine with-
drawal, we studied mice null for two subunits highly expressed in
the IPN, namely a2 and a5. In addition, the mechanisms of with-
drawal were investigated by intracerebral microinjections of
mecamylamine into the MHb and IPN and control brain areas of
wild-type mice chronically treated with nicotine.

Materials and Methods

Animals

We studied two to 6-month-old C57BL/6] mice and a2 and a5 mutant
mice with their littermate wild-type controls. @2 and a5 mutant mice
were a minimum of generation N8 to N10 inbred into a C57BL/6] back-
ground. Weaning was performed 21 d after birth, and littermates of the
same sex were housed in cages containing a maximum of five animals.
Male and female mice were housed in polycarbonate cages under a 12 h
light/dark cycle, in a temperature controlled room (24 * 2°C, relative
humidity 55 = 10%) with access to food and water ad libitum. All surgical
and experimental procedures were performed during the light phase,
between 7:00 A.M. and 7:00 P.M. The experimenters remained blind to
genotype and treatment until final data analysis. Mice were regenotyped
after the experiments. All procedures were approved by the Baylor Col-
lege of Medicine Animal Care and Use Committee and followed the
guidelines for animal intramural research from the National Institute of
Health.

Surgical procedure

Before surgical procedures, animals were anesthetized by intraperitoneal
injection of a combination anesthetic (ketamine 100 mg/ml, xylazine 20
mg/ml, acepromazine 10 mg/ml) at a dosage of 1.5-2 ml/kg. Lidocaine
HCI (2%) was applied locally before incision and trepanation. The tip of
the cannula guide (internal 33G, Plastics One) was positioned relative to
bregma, using a stereotaxic apparatus (Stoelting). The coordinates (Paxi-
nos and Franklin, 1997) used for cannula placement were as follows:
MHDb, anterior/posterior (AP) —0.17 or —0.18 medial/lateral (ML) *=
0.2, dorso/ventral (DV) —0.27; IPN, 20° angle, AP —0.36, ML + 0.17,
DV —0.49; cortical control, AP —0.2, ML +0.2, DV —0.1; ventral teg-
mental area (VTA) control, 10° angle, AP 0.36, ML 0.16—0.2, DV 0.46, or
5°angle, AP 0.36, ML 0.12—-0.16, DV 0.44. The incisor bar was level with
the interaural line. Two holes were drilled for placement of small brass
screws and the cannula base was secured with carboxylate cement (Du-
relon, 3M). Mice were allowed to recover from surgery for a minimum of
3 d before microinjection and withdrawal testing.

Nicotine treatment

Mice received nicotine treatment by one of two modalities: either via
subcutaneously implanted, constant release, osmotic minipumps (see
Figs. 1A, 2, 3) or via nicotine in the drinking water (see Fig. 1 B). These
two methods allow nicotine delivery either in a constant, highly regulated
amount (minipumps), or in a more variable, pulsatile manner (nicotine
in the water) to better mimic nicotine intake in human smokers. Both
delivery methods were used in the a5 mutants to confirm that the phe-
notypes observed were not an artifact associated with one of the methods.
Mice treated with osmotic minipumps were subcutaneously implanted
with Alzet pumps model 1004 (14 d, flow rate 0.25 ul/h) according to
manufacturer’s instructions. Pumps were filled with either saline or nic-
otine tartrate in saline to deliver a 24 mg/Kg/d dose of nicotine (as free
base) for 13 d. Mice treated with nicotine in the drinking water received
6 weeks of treatment before withdrawal testing. The concentrations of
nicotine in the water increased from 100 wg/ml of nicotine tartrate (mea-
sured as free base) the first week to 300 ug/ml the second week, followed
by a final concentration of 500 ug/ml for the duration of the final 4-week
period (Salmon etal., 2004). A similar regimen has been demonstrated to
produce behavioral tolerance (Sparks and Pauly, 1999) and cause up-
regulation of brain nAChRs (Sparks and Pauly, 1999). To minimize hy-
podypsia due to taste aversion, 2% saccharine was added to the water of
both experimental and control groups.

Nicotine withdrawal
Withdrawal precipitated by systemic mecamylamine. After 13 d of chronic
treatment via minipumps or 6 weeks of nicotine in the drinking water,
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Figure 1. Mecamylamine-induced somatic signs of withdrawal in wild-type, &2—/— and
a5—/— mice. A, Mice receiving nicotine via osmotic minipumps. Total nicotine withdrawal signs in
control mice (+/+) treated with saline (n = 10, black bars) or nicotine (n = 16, white bars),
a2—/— mice treated with saline (n = 8, dark gray bars) or nicotine (n = 12, white bars), and
a5—/— micetreated with saline (n = 9, light gray bars) or nicotine (n = 13, white bars) during the
20 min immediately after mecamylamine injection. B, Mice treated with nicotine in the drinking
water. Total nicotine withdrawal signs over 10 min in control mice (+/) treated with saline (n =
17, black bars) or nicotine (n = 8, white bars), and o5 —/— mice treated with saline (n = 8, dark
gray bars) or nicotine (n = 13, white bars). *p << 0.05 versus +/+ saline (ANOVA and LSD post hoc
comparisons). Error bars represent SEM.

mice were intraperitoneally injected with 3 mg/Kg of racemic
mecamylamine, and immediately put back into their cage. Withdrawal
signs were recorded by an experimenter blind to treatment and genotype,
for 20 min (nicotine in osmotic minipump) or 10 min (nicotine in drink-
ing water). A pilot study conducted on drug-naive C57BL/6] mice indi-
cated that 3 mg/Kg of mecamylamine alone does not increase withdrawal
signs under our experimental conditions (data not shown).

Withdrawal precipitated by mecamylamine microinjection. Mice previ-
ously implanted with cannula guides, as described above, were tested
using a similar behavioral withdrawal paradigm. Microinjections were
made via a stainless-steel injection cannula inserted into the cannula
guide. The injection cannula was attached to a 2.5 ul Hamilton syringe by
polyethylene tubing (PE-20). The injection of 0.5-1 ul saline was fol-
lowed by removal of the injection cannula after 1-2 min and return of the
mouse to its home cage. After a 15-min rest period, the mouse was
observed for somatic signs for 10 min to establish baseline scores. Before
the second injection, the mouse remained in the home cage for 1 h with
access to the respective drinking solution. Subsequently, a second micro-
injection of 0.5 ul of 2 ug/ul mecamylamine solution with 2% methylene
blue was delivered, again followed by a 15-min rest period and a 10-min
scoring period. (—)-Nicotine tartrate and mecamylamine were pur-
chased from Sigma and dissolved in PBS.

For all tests of withdrawal, the following primary parameters represen-
tative of somatic signs of withdrawal were monitored, with each event
receiving a score of one point: grooming, scratching, chewing and shak-
ing. Secondary parameters, scored as no more than one point per minute
during which each the behavior was observed, were as follows: cage
scratching, head nodding, and jumping.
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Tissue preparation A
Immediately after completion of each microin-
jection experiment, mice were decapitated and
their brains frozen in —20°C isopentane. Fresh
frozen brains were cryostat cut (25 wm), slide-
mounted, and the injection site observed using
the methylene blue stain as a marker of cannula
placement. Finally, a light hematoxylin counter-
staining was performed on some brains and the
tissue was dehydrated to assist in verifying the
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During the 20 min of observation after in-
traperitoneal mecamylamine injection,
wild-type mice that were chronically
treated with nicotine exhibited signifi-
cantly more somatic signs of withdrawal
than saline-treated mice or a2 —/— and a5—/— nicotine-treated
mice (Fig. 1A). On ANOVA, there was an effect of genotype
(F2,62) = 4.5,p < 0.01) and an interaction between genotype and
treatment (F(, ;) = 6.5, p < 0.005). On LSD post hoc test, the
group of wild-type mice treated with nicotine was statistically
different to all other groups, while no other comparison was sta-
tistically significantly different (Fig. 1A).

To verify the robustness of the phenotype, we repeated the
withdrawal experiment on a5+/+ and a5—/— mice treated with
nicotine in the drinking water instead of osmotic pump. As seen
in Figure 2 B, nicotine-treated wild-type mice showed obvious
nicotine withdrawal, while a5—/— mice (both saline and nico-
tine treated) were comparable with saline-treated wild-type mice.
ANOVA revealed an effect of genotype (F; 4,y = 10.7, p < 0.005),
an effect of treatment (F, 4,y = 8.6, p < 0.01), and an interaction
(F(1,42) = 14.3, p < 0.0005). On LSD post hoc analysis, the nicotine-
treated wild-type group was statistically different to all other groups.
No other comparison was statistically different (Fig. 1B).

Figure2.

Mecamylamine microinjection to the MHb or IPN, but not
the cortex, hippocampus, or VTA, precipitates somatic signs
of nicotine withdrawal in wild-type mice

In wild-type mice chronically treated with nicotine, with-
drawal symptoms were recorded for 10-min scoring periods
before and after mecamylamine microinjection into either the
habenula, the cortex, the hippocampus, the VTA or the IPN.
In those mice, mecamylamine precipitated a statistically
equivalent increase in somatic signs of nicotine withdrawal
when injected into the Hb or the IPN, but not when injected
into the cortex, hippocampus, or VTA (Figs. 2, 3). The scores
of premecamylamine and postmecamylamine injection in
chronic saline-treated and preinjection in nicotine-treated
mice showed no statistical difference. Cortical, hippocampus,

Nicotine withdrawal signs in wild-type mice after brain microinjection of mecamylamine into habenula, cortex, and
hippocampus. 4, Schematic of injection sites (left panel, habenula and cortex; right panel, hippocampus). B, Withdrawal signs
after microinjection of saline (Sal, black bars) and 1 g of mecamylamine (Meca, white bars) into the habenula (V = 4, 5,
respectively), cortex (N = 6), or hippocampus (Hippo; N = 4). *p << 0.005 Sal versus Meca for same site and same chronic
treatment (Neuman—Keuls post hoc comparisons). Error bars represent SEM.

and VTA microinjections in nicotine-treated mice produced
preinjection and postinjection scores similar to saline-treated
and preinjection baseline scores. Data were analyzed with
ANOVA using two variables: location (cortex, VTA, Hb, IPN,
hippocampus) and drug (saline, mecamylamine, repeated
measure). There was an effect of location (F(, ,,, = 6.6, p <
0.005), an effect of drug (F(, ,,) = 26.3, p < 0.00005), and an
interaction between location and drug (F,,;, = 10.7, p <
0.00005). For Hb and IPN, we performed ANOVA using three
variables: location (Hb, IPN), treatment (saline, nicotine) and
drug (saline, mecamylamine, repeated measure). There was an
effect of treatment (F(, ;5) = 5.3, p < 0.05), an effect of drug
(F1 18 = 26.8,p < 0.0001), and an interaction between treat-
ment and drug (F(; 5 = 17.1, p < 0.001). On Newman-Keuls
post hoc comparisons, the only significant differences found
were that the IPN/nicotine/mecamylamine and the Hb/nico-
tine/mecamylamine groups were different from all other
groups, but not different from each other (Figs. 2, 3). For
visual purposes, the Hb data are shown together with the cor-
tex and hippocampus controls (Fig. 2) and the IPN data to-
gether with the VTA controls (Fig. 3).

Discussion

We have shown that the lack of either the a2 or a5 nAChRs
subunits is sufficient to decrease the somatic signs of
mecamylamine-induced nicotine withdrawal to the baseline lev-
els exhibited by saline-treated mice. We have previously demon-
strated that lack of the 34 subunit produces a similar phenotype
(Salas et al., 2004). While no data has been published showing an
effect of the a2 null mutation on nicotine’s effects, the a5 subunit
has already been implicated in the effects of nicotine in mice. We
previously demonstrated that a5—/— mice have decreased sen-
sitivity to the acute effects of nicotine both at high doses (sei-
zures) and moderate doses (hypolocomotion) (Salas et al., 2003).
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Figure 3. Nicotine withdrawal signs in wild-type mice after microinjection of
mecamylamine into the IPN and VTA. 4, Schematic of injection sites. B, Withdrawal signs after
microinjection of saline (Sal, black bars) and 1 r.g of mecamylamine (Meca, white bars) into the
IPN (N = 6,7, respectively) or VTA (N = 10). *p << 0.05 Sal versus Meca for same site and same
chronic treatment (Neuman—Keuls post hoc comparisons). Error bars represent SEM.

The a5 subunit has also been linked to somatic (but not affective)
signs of nicotine withdrawal in mice (Jackson et al., 2008).

The a5 and 34 subunits are in a gene cluster that also contains
the a3 subunit (Boulter et al., 1990). Data from genetic screens in
humans support the hypothesis that this genetic cluster influ-
ences nicotine addiction behavior. For example, in a recent asso-
ciation analysis of 306,207 single nucleotide polymorphisms
(SNPs) studied in a sample of 15,771 smokers, the primary allele
correlation with nicotine dependence was a SNP within
CHRNAS3 (the a3 nAChR subunit) which is in a linkage disequi-
librium block also containing the a5 and 84 nAChR subunit
genes (Thorgeirsson et al., 2008). Other recent reports showed an
involvement of variants in those three nAChR subunits as risk
factors for heavy smoking (Berrettini et al., 2008) and lung cancer
susceptibility (Amos et al., 2008; Hung et al., 2008). Therefore,
several studies suggest that the gene cluster containing the a3, a5
and 34 subunits is important for nicotine addiction.

The three nAChR subunits that have an effect on nicotine
withdrawal in mice (a2, @5, and 34) have in common an over-
lapping expression pattern: the 34 subunit is highly expressed in
the MHb and is present in the IPN (Salas et al., 2004), the 5
subunit is present in the MHDb (Broide et al., 2002) and is highly
expressed in the IPN (Wada et al., 1990), and the 2 subunit is
highly expressed in the IPN (Ishii et al., 2005). Although these
subunits are also expressed in other areas, no other brain system
contains an expression pattern consistent with shared functions.
In addition, the Hb and the IPN are connected through the fas-
ciculus retroflexus, suggesting shared functions. The habenulo-
interpeduncular system has been implicated in several behaviors
such as anxiety-like, feeding and sleeping patterns, stress, aggres-
sion, sexual and maternal behavior, among others (Klemm,
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2004). Interestingly, the Hb has also been shown to modulate
dopaminergic activity in striatal areas (Matsumoto and Hiko-
saka, 2007), which are known to be important for the effects of
drugs of addiction, including nicotine (Hyman et al., 2006).

It was previously established that systemic mecamylamine
precipitates withdrawal in nicotine-treated rodents (Malin et al.,
1994). To address the hypothesis that the MHb—IPN axis is a
mediator of nicotine withdrawal, we implanted cannulae into
specific brain regions of nicotine-treated mice, using microinjec-
tions of mecamylamine to precipitate withdrawal. As hypothe-
sized, we found that injection of mecamylamine into the Hb or
the IPN, but not in several other brain areas, is sufficient to pre-
cipitate withdrawal in mice chronically treated with nicotine. It
must be noted that whether nicotine withdrawal is centrally or
peripherally mediated has been highly controversial. Watkins et
al. (2000) concluded that in rats, somatic signs of withdrawal
have an important peripheral component, while withdrawal-
induced elevations in reward thresholds in self intracranial stim-
ulation were centrally mediated. It was also reported that periph-
eral nicotinic antagonists can precipitate withdrawal in
dependent rats (Hildebrand et al., 1997). In contrast, Malin et al.
(1997) reported that central, but not peripheral hexamethonium,
precipitates somatic signs of withdrawal in rats. Our data suggests
that central effects are necessary and sufficient for the somatic
effects of withdrawal. However, we cannot rule out the possibility
that peripheral effects also contribute to withdrawal.

We hypothesize that chronic nicotine treatment produces
neuroadaptations at the level of the Hb—IPN axis. When nicotine
is present in an addicted brain, nearly continuous activation of
B4-, a2- and/or a5-containing channels in the MHb-IPN axis
may be responsible for maintaining modulated neural activity. In
our withdrawal model, mecamylamine is added to critical areas
to precipitate withdrawal. We suggest that the instantaneous de-
crease in nAChR activation in this area, in a brain that has already
undergone nicotine-induced neuroadaptations, is what precipi-
tates withdrawal symptoms. In mice that lack the necessary sub-
units for neuroadaptation to occur, nicotine withdrawal cannot
be precipitated. In contrast, mice lacking the 82 subunit, which is
necessary for nicotine self-administration and reward (Picciotto
et al., 1998; Maskos et al., 2005), demonstrated normal
mecamylamine-precipitated nicotine withdrawal (Salas et al.,
2004). The segregation of the roles of these two types of nAChRs,
B2-containing nAChRs in the VTA—striatum axis as important
for self-administration (Maskos et al., 2005), and B4/a5/a2-
containing nAChRs in the Hb—IPN axis as important for nicotine
withdrawal, is a critical piece of data to understand nicotine ad-
diction at the molecular and brain systems level. Because the
Hb-IPN axis is part of a bigger circuit that includes reward areas
such as the VTA and the striatum, other brain areas and other
nAChR subtypes could be affected by Hb/IPN activity.

In conclusion, we have shown that the a2 and a5 nAChRs
subunits are necessary mediators of nicotine withdrawal in mice.
Importantly, we also demonstrated that blockade of nicotinic
activity in the Hb—IPN axis, a brain region where these subunits
are expressed, precipitates nicotine withdrawal in mice that have
been chronically treated with nicotine. Both withdrawal and re-
ward are likely to be important in mediating nicotine addiction.
We showed that somatic withdrawal is mediated mainly by the
nAChRs in the MHb and IPN. To develop novel and increasingly
effective drug therapies for smoking cessation, it will be necessary
to understand the specific roles of each nAChR subunit in normal
physiology as well as in disease. Our data point to certain nAChR
types, in a very specific region of the brain, as mediators of nico-
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tine withdrawal, and therefore as potentially relevant therapeutic
targets.
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