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Abstract

Habenulo-interpeduncular nicotinic receptors, particularly those containing a3, 4 and a5
subunits, have recently been implicated in the reinforcing effects of nicotine. Our laboratory has
shown that injection of a3p4 nicotinic receptor antagonists into the medial habenula (MHDb)
decreases self-administration of multiple abused drugs, including nicotine (Glick et al., 2006;
2008; 2011). However, it is unclear whether blockade of MHb nicotinic receptors has a direct
effect on mesolimbic dopamine. Here, we performed /n vivo microdialysis in female rats.
Microdialysis probes were implanted into the nucleus accumbens (NAcc) and a3f4 nicotinic
receptor antagonists (18-methoxycoronaridine; 18-MC or a.-conotoxin AulB; AulB), were
injected into the ipsilateral MHb, just prior to systemic nicotine (0.4 mg/kg, s.c.). Dialysate
samples were collected before and after drug administration and levels of extracellular dopamine
and its metabolites were measured using HPLC. Acute nicotine administration increased levels of
extracellular dopamine and its metabolites in the NAcc. Pre-treatment with intra-habenular AulB
or 18-MC prevented nicotine-induced increases in accumbal dopamine. Neither drug had an effect
on nicotine-induced increases in dopamine metabolites, suggesting that a3p4 receptors do not
play a role in dopamine metabolism. The effect of intra-habenular blockade of a3pB4 receptors on
NAcc dopamine was selective for acute nicotine: neither AulB nor 18-MC prevented increases in
NAcc dopamine stimulated by acute d-amphetamine or morphine. These results suggest the
mesolimbic response to acute nicotine, but not to acute administration of other drugs of abuse, is
directly modulated by a.3p4 nicotinic receptors in the MHb, and emphasize a critical role for
habenular nicotinic receptors in nicotine’s reinforcing effects.
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1. Introduction

Conventional targets for smoking cessation pharmacotherapy have historically been
nicotinic receptors concentrated in the dopaminergic mesolimbic pathway, primarily a4p2*
and a6B2* subtypes (Gotti et al. 2010; Picciotto et al. 1998; Rollema et al. 2007). Recently,
however, converging evidence from both human genetic and animal studies has strongly
implicated nicotinic receptor subunits such as a5, a3 and 4 in human nicotine dependence
and nicotine reinforcement and withdrawal in laboratory animals (Bierut et al. 2008;
Chatterjee et al. 2011; Fowler et al. 2011; Frahm et al. 2011; Glick et al. 2002; Salas et al.
2009; Struthers et al. 2009). These nicotinic receptor subunits are not found in great
abundance in the mesolimbic dopamine tract, but high densities are concentrated in the
medial habenula (MHDb) and interpeduncular nucleus (IPN) which together comprise a major
cholinergic tract in mammalian brain (Clarke et al. 1985; Grady et al. 2009; Mulle et al.
1991; Quick et al. 1999).

The habenulo-interpeduncular pathway has long been known to have indirect and direct
influence on the mesolimbic dopamine system (Nishikawa et al. 1986; Sutherland 1982).
Yet, while the circuitry between mesolimbic structures and the lateral habenula (LHb) has
been well-characterized, strongly implicating the LHb in negative reward processes
(Matsumoto and Hikosaka 2007), the MHb is both pharmacologically and anatomically
distinct from the LHb (Bianco and Wilson 2009). As a result, the potential interactions
between the MHb and the conventional reward circuitry in the brain is much less
understood. There is some evidence from anatomical studies that the MHb and IPN may
directly or indirectly interact with the ventral tegmental area (VTA) (Herkenham and Nauta
1977; Kim and Chang 2005; Phillipson and Pycock 1982), but little is known about how the
MHb and IPN interact functionally with the VTA or other mesolimbic structures.

Our laboratory has been investigating the role of 18-methoxycoronaridine (18-MC), a potent
antagonist of a3p4 receptors, in addiction to nicotine and other drugs of abuse (Glick et al.
1996). 18-MC is an allosteric inhibitor of a3p4 receptors (IC5¢ = 0.75 pM) with no activity
at a4p2 receptors (Pace et al. 2004). When injected either systemically or directly into the
MHDb, 18-MC decreases the self-administration of multiple drugs of abuse, including
nicotine (Glick et al. 2006; Glick et al. 2008; Glick et al. 2011). In addition, a.-conotoxin
AulB, a selective a.3p4 antagonist (Luo et al. 1998), has an identical effect on drug self-
administration when injected into the MHb (Glick et al. 2011). Importantly, neither 18-MC
nor AulB decreases drug self-administration when delivered into the VTA, a primary
component of the mesolimbic reward pathway (Glick et al. 2006; Glick et al. 2008; Glick et
al. 2011).

Recent studies have provided compelling evidence that nicotinic receptors in the MHb-IPN
pathway regulate nicotine reinforcement, dependence and withdrawal (Fowler et al. 2011,
Frahm et al. 2011; Glick et al. 2011; Salas et al. 2009). The goal of the present study was to
determine whether modulation of nicotinic receptors in the MHb has an effect on the
mesolimbic dopamine response to acute nicotine. To accomplish this, we measured changes
in extracellular dopamine levels in the nucleus accumbens using /n vivo microdialysis.

2. Material and methods

2.1 Animals

Naive female Sprague—Dawley rats (250-275 g; Taconic, Germantown, NY, USA) were
housed individually in a colony room on a 12-h light cycle (lights on at 7 a.m.). All animals
were allowed free access to normal chow and water. The experiments were performed in
accordance with the Guide for the Care and Use of Laboratory Animals (Institute of
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Laboratory Animal Resources, Commission on Life Sciences, National Research Council
1996).

As performed in previously published studies (Maisonneuve and Glick 1999; Taraschenko et
al. 2007), rats were implanted with one 22-gauge microinjection guide cannula (Plastics
One, Roanoke, VA, USA) over the MHb, and one microdialysis guide cannula (CMA
Microdialysis, North Chelmsford, MA, USA) over the ipsilateral NAcc. Left and right
placement of the cannulae was alternated from rat to rat. Stereotaxic coordinates were
determined according to Paxinos and Watson (1986) such that the tip of the injector was
located in the MHb (in mm from Bregma: AP = -4.2; ML =+ 2.9; DV = -5.0 using a 24°
angle) and the microdialysis probe was aimed at the NAcc (AP =+1.6; ML =%+3.1; DV =
-4.2 using a 14° angle). Rats were monitored daily and were allowed 3-5 days to recover
before microdialysis experiments.

2.3 In vivo microdialysis

Animals were placed in the dialysis chamber on the afternoon before the experiment and a
CMA dialysis probe (inner diameter, 0.5 mm; length, 2 mm; membrane, polycarbonate;
cutoff, 20,000 Da) was inserted through the guide cannula. The probe was perfused with
artificial cerebrospinal fluid (ACSF; 146 mM NacCl, 2.7 mM KCI, 1.2 mM CaCly, 1.0 mM
MgCl,) overnight at a flow rate of 1 ul/min. The collection of brain perfusates began the
following morning. Samples were collected in tubes containing 2 pl of 1.1 N perchloric acid
solution (containing 1.4 mM EDTA and 2.8 mM sodium metabisulfite). After five, 20-
minute baseline samples were collected, animals received an intra-habenular injection of 18-
MC, AulB, or each respective vehicle, followed 20 minutes later by an acute, subcutaneous
(s.c.) injection of nicotine (0.4 mg/kg or vehicle). The dose of 0.4 mg/kg nicotine was
selected as it typically elicits robust increases in accumbal dopamine overflow (Cadoni and
Di Chiara 2000; Dong et al. 2010). Intra-habenular injections were administered at 1 ul over
1 minute using a 10 pl Hamilton microsyringe. To prevent backflow, the injection cannula
(26 gauge) was held in place for an additional minute. Following the acute injection of
vehicle or nicotine, dialysate samples were collected every 20 minutes for 3 hr.

2.3.1 Analytical procedure—The dialysate samples were analyzed for dopamine, 3,4-
dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA) using high-
performance liquid chromatography (HPLC). The HPLC system with electrochemical
detection was comprised of an ESA 540 autosampler (ESA, North Chelmsford, MA, USA),
an ESA solvent delivery unit, an ESA column (MD-150/RP-C18; 3 um diameter), and an
ESA electrochemical detector (Coulochem I1) with an ESA 5020 guard cell and an ESA
5014B analytical cell. The glassy carbon working electrode was set at a potential of 300 mV
with respect to the reference electrode. The MD-TM mobile phase (ESA) was comprised of
0.075 puM sodium dihydrogenphosphate, monohydrate, 0.0017 uM 1-octanesulfonic acid, 25
UM EDTA in 10% HPLC grade acetonitrile, adjusted to a pH of 3.0 with phosphoric acid.
Mobile phase was pumped at a rate of 0.53 ml/minute. Chem Station Plus software (Agilent
Technologies, Wilmington, DE, USA) was used to analyze chromatograms.

2.3.2 In vitro recovery of dopamine—The afternoon prior to the microdialysis
experiment, probes were placed in a standard solution containing dopamine (14 nM) and
flushed with ACSF at 1 pL/minute for 20 minutes. To calculate /in vitro recovery, dopamine
was calculated as a percentage of the concentration in the standard. The mean recovery of
dopamine obtained from the 2 mm probes was 26.3 + 2.3%.
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2.4 Histology

2.5 Drugs

Following each experiment, animals were euthanized with an injection of sodium
pentobarbital (50 mg/kg) and brains were rapidly removed and frozen at —80°C, then
sectioned (25 pm) using a cryostat. Placement of injector cannulae and microdialysis probes
were determined to be in the MHb or NAcc, using a rat brain atlas (Paxinos and Watson
1986) (Figure 1). Animals with injector cannulae outside the MHb or microdialysis probe
cannulae that did not reach the NAcc shell were excluded from the study. In total, 11
animals were removed from the study: 8 were excluded due to injector cannulae being
outside the MHb and 3 were excluded due to faulty microdialysis probes.

Nicotine bitartrate (NIC; 0.4 mg/kg; dose expressed as free base) was dissolved in sterile
saline, neutralized with 0.1 N NaOH and injected subcutaneously at a volume of 1 ml/kg
(s.c.). D-Amphetamine was dissolved in sterile saline and injected intraperitoneally (i.p.).
18-Methoxycoronaridine (18-MC; Obiter Research, Champaign, IL, USA) was dissolved in
a solution of 50% DMSO and injected in a 1 pl volume. Alpha-conotoxin AulB (AulB;
generously provided by Dr. J. Michael Mclntosh, University of Utah) was dissolved in
ACSF and injected in a 1 pl volume. Unless otherwise specified, drugs were obtained from
Sigma-Aldrich, St. Louis, MO, USA).

2.6 Statistical analysis

3. Results

Basal extracellular concentrations of dopamine, DOPAC and HVA (expressed as pmol per
ul) were analyzed separately for each pre-treatment drug (18-MC or AulB) using repeated
measures analysis of variance (ANOVA) with drug dose as the independent variable and
time as the repeated measures variable. Provided that basal concentrations of dopamine and
its metabolites were equivalent across treatment groups, levels of dopamine, DOPAC and
HVA were then expressed as percents of the respective baseline means for all subsequent
analyses. Repeated measures ANOVAs were used to analyze differences in data expressed
as percent of baseline, with drug dose as the independent variable and time as the repeated
measures variable. Significant repeated measures ANOVAs were followed by Bonferroni
post-hoc comparisons of samples collected following drug injection.

3.1 18-MC treatment effects

3.1.1 Basal levels of dopamine and its metabolites—Among the 18-MC-treated
rats, there were no significant differences in basal concentrations of dopamine among
treatment groups (F (5, 33) = 1.91, p > 0.05, using repeated measures ANOVA). Within this
group of animals, mean basal dopamine was 0.02 £+ 0.004 pmol/10 ul (mean + SEM; n =
39). The mean basal levels of accumbal DOPAC and HVA in the same animals were 15.59
+0.17 and 8.63 + 0.11 pmol/ 10 pl, respectively. When evaluated using repeated measures
ANOVA, there were no differences in basal concentrations of the metabolites among
treatment groups. For DOPAC, there was no significant main effect of group (F (5, 32) =
0.82, p > 0.05). Similarly, repeated measures ANOVA revealed no significant differences in
basal levels of HVA in 18-MC-treated rats (Group effect: F (5, 32) = 1.37, p > 0.05).

3.1.2 Effect of intra-habenular 18-MC on nicotine-induced increases in
accumbal dopamine—In this experiment, rats were given an intra-habenular injection of
vehicle (50 % DMSO) or 18-MC (5, 10, 20 pg/ul), 20 minutes prior to an acute, systemic
injection of nicotine (0.4 mg/kg; s.c.) or vehicle (saline). As indicated in Figure 2, acute
nicotine administration significantly increased extracellular levels of dopamine in the NAcc
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in animals pre-treated with vehicle (Time effect: F (14, 168) = 2.62, p < 0.01). In this group
of rats (VEH + NIC), extracellular dopamine increased by approximately 160% of baseline
levels.

Intra-habenular injection with 18-MC (5, 10, 20 pg/pl) prior to nicotine injection dose-
dependently attenuated increases in extracellular dopamine elicited by acute nicotine (Figure
2; main effect of Group F (5, 33) = 6.88, p < 0.01; Group by Time interaction F (40, 264) =
1.17, p > 0.05. The highest dose of 18-MC, 20 pg/pl, significantly decreased elevations in
extracellular dopamine elicited by acute nicotine (Figure 2, inset). Notably, this dose of 18-
MC had no effect on accumbal dopamine levels when administered into the MHDb prior to a
vehicle injection (F (1, 11) = 0.98, p > 0.05 compared to vehicle group).

3.1.3 Effect of intra-habenular 18-MC on nicotine-induced increases in
dopamine metabolism—In addition to changes in extracellular dopamine, the
metabolites DOPAC and HVA were also measured in dialysates using HPLC. As shown in
Figure 3, acute nicotine elicited increases in dopamine metabolism in rats pretreated with
vehicle (VEH + NIC group), as indicated by corresponding increases in both DOPAC and
HVA (DOPAC Time effect: F (8, 256) = 11.07, p < 0.01; HVA Time effect = F (8, 256) =
11.07, p < 0.01). In this group of rats (VEH + NIC group), nicotine increased extracellular
DOPAC to 133% above basal levels. Similarly, extracellular HVA was increased following
nicotine injection, to 161% of baseline (Figure 3). We next examined nicotine-induced
changes in accumbal levels of DOPAC and HVA following pretreatment with intra-
habenular 18-MC (5, 10, 20 ug/ul). Unlike its effects on nicotine-induced increases in
extracellular dopamine, 18-MC pretreatment did not affect nicotine elicited elevations in
DOPAC at any dose of 18-MC tested (no significant effect of Group: F (3, 22) = 1.69, p >
0.05). Similarly, infusion of 18-MC into the MHb had no effect on nicotine-induced
increases in HVA (no significant effect of Group: F (3, 22) = 1.79, p > 0.05).

3.2 AulB treatment effects

3.2.1 Basal levels of dopamine and its metabolites—Among the animals in the
experiments using AulB, there were no differences in basal dopamine levels (main effect of
group: F (3, 20) = 0.71, p > 0.05). In this group of animals (n = 24), the mean (+ SEM)
concentration of dopamine was 0.028 pmol/10 pl + 0.001. The mean basal levels of DOPAC
and HVA were 18.22 £ 0.13 and 9.19 + 0.21 pmol/10 pl, respectively, in AulB-treated rats.
When evaluated using repeated measures ANOVA, there were no differences in basal
concentrations of the metabolites among treatment groups. For DOPAC, there was no
significant main effect of group (F (3, 18) = 0.71; p > 0.05). Likewise, treatment groups did
not differ with respect to basal levels of HVA (F (3, 20) = 0.49, p > 0.05).

3.2.2 Effects of AulB on nicotine-induced increases in accumbal DA overflow
—After basal concentrations of dopamine and its metabolites were not found to differ, the
effects of intra-habenular AulB on nicotine-induced increases in accumbal dopamine were
examined. As in the experiments with 18-MC above, rats were given an intra-habenular
injection of AulB (25 pmol/ pl) or vehicle (ACSF) 20 minutes prior to an acute, systemic
injection of nicotine (0.4 mg/kg; s.c.) or vehicle (saline). As indicated in Figure 4, acute
nicotine significantly increased extracellular levels of dopamine in the NAcc in rats
pretreated with vehicle (main effect of Time: F (14, 168) = 3.35, p < 0.01). The increase in
dopamine was approximately 172% of baseline in vehicle pretreated rats given acute
nicotine (VEH + NIC group).

Next, we examined the effect of pretreatment with AulB on nicotine-induced increases in
extracellular dopamine in the NAcc. Repeated measures ANOVA revealed a significant
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effect of treatment group (F (1, 12) = 8.29, p < 0.01), indicating that AulB (25 pmol),
injected into the MHDb prior to nicotine administration, prevented nicotine-induced increases
in extracellular dopamine (Figure 4). This dose of AulB did not itself have an effect on
dopamine levels (no main effect of treatment group comparing VEH-VEH with AUIB-VEH:
(F (1, 8) =1.45, p > 0.05).

3.2.3 Effect of intra-habenular AulB on nicotine-induced increases in
dopamine metabolism—As shown in Figure 4, acute nicotine treatment increased
dopamine metabolism. Extracellular DOPAC rose to 122% of baseline, which was a
significant increase above basal concentrations (Time effect: F (14,154) = 2.30; p < 0.01).
Similar increases in HVA were observed with acute nicotine treatment (141% of baseline; F
(14,168) = 3.94; p < 0.01. When AulB was injected into the MHb prior to nicotine
treatment, it had no effect on nicotine-induced increases in extracellular DOPAC or HVA
(DOPAC: Group effect: F (1,10) = 0.62; p > 0.05; HVA Group effect: F (1,12) = 0.01; p
>0.05).

3.3 Effect of intra-habenular injection of a3B4 nicotinic receptor antagonists on increases
in accumbal extracellular dopamine elicited by other drugs of abuse

As indicated in Figure 5, when AulB was administered into the MHb twenty minutes prior
to a systemic injection of d-amphetamine, it did not prevent d-amphetamine-induced
increases in accumbal dopamine (F (1,14) = 0.22; p > 0.05). As expected, d-amphetamine (1
mg/kg; i.p.) caused a marked increase in extracellular dopamine levels in the NAcc,
elevating dopamine to approximately 1600% of baseline levels. Pretreatment with AulB
prior to d-amphetamine injection resulted in dopamine levels that were approximately
1460% of baseline. This lack of effect on acute d-amphetamine is in agreement with
previous data showing intra-habenular infusion of 18-MC does not affect increases in
dopamine elicited by acute morphine injection (Taraschenko et al. 2007).

4. Discussion

Here we show that habenular blockade of nicotinic receptors modulates the mesolimbic
dopamine response to acute nicotine. Intra-habenular injection of the a3p4 nicotinic
receptor antagonists 18-MC and a.-conotoxin AulB blocked nicotine-induced increases in
extracellular dopamine in the NAcc. These data provide further evidence that the habenulo-
interpeduncular system interacts with the mesolimbic dopamine pathway. Recently, we
demonstrated that intra-habenular injection of either 18-MC or AulB decreases intravenous
nicotine self-administration (Glick et al. 2011). The present results using /n vivo
microdialysis complement these results, and further suggest a critical role for nicotinic
receptors in the MHb in nicotine reinforcement (Fowler et al. 2011; Frahm et al. 2011).

Recently, nicotinic receptor subunits in the MHb (including a3, a5 and 4 subunits) have
been implicated in nicotine reinforcement, dependence and withdrawal (Fowler et al. 2011;
Frahm et al. 2011; Glick et al. 2011; Salas et al. 2009). Moreover, genome wide association
studies in humans have identified polymorphisms in chromosome 15 (housing the a5, a3
and B4 subunit genes) that are associated with increased risk for nicotine dependence and
lung cancer (Bierut et al. 2008; Hung et al. 2008). A variety of nicotinic receptor subunits
have been identified in the MHb-IPN tract but the majority of receptors in the MHb appear
to be a3p4 nicotinic receptors (Grady et al. 2009; Quick et al. 1999). There is a possibility
that intra-habenular 18-MC may be acting at multiple nicotinic receptor subtypes other than
a3p4. While 18-MC has a 25-fold greater selectivity for a3p4 receptors (ICsg = 0.75 pM)
than for a4p2 receptors, its activity at several other receptor subtypes, including those
containing a5, a6 or B3 subunits, is unknown. Although 18-MC binds with low affinity (1
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to 5 uM) to all three opioid receptors (Glick et al. 1999), it does not share /n vivo effects
characteristic of morphine and other opioid agonists. For instance, unlike morphine (1-2 nM
affinity at mu opioid receptors), 18-MC has no analgesic properties (Hough et al.,
unpublished data), nor does it affect respiration or blood pressure (Glick et al., 1999), both
of which are decreased by morphine. Moreover, it seems likely that the effect of 18-MC
observed here is due to a3p4 nicotinic receptor blockade since an identical effect was seen
using the selective a3p4 receptor antagonist a-conotoxin AulB (Luo et al. 1998).

While habenular a3p4 receptor antagonism appears to reduce both nicotine self-
administration (Glick et al. 2011) and nicotine-evoked increases in accumbal dopamine
(present study), there are known differences between acute and chronic nicotine
administration on mesolimbic dopamine (Benwell and Balfour 1992). Therefore, acute
administration of nicotine may not affect mesolimbic dopamine in the same way as would
chronic, self-administered nicotine. For example, decreasesin NAcc dopamine overflow are
detected when measured directly after chronic nicotine self-administration (Rahman et al.
2004). Further research is necessary to determine whether a34 receptor blockade in the
MHb similarly affects mesolimbic dopamine during nicotine self-administration.

The experiments here described here pertain to a3p4 nicotinic receptor antagonist effects on
acute drug. While nicotine’s effects were antagonized, we also demonstrated that there was
no effect of habenular a3p4 receptor blockade on accumbal dopamine increases stimulated
by acute injection of d-amphetamine. Taraschenko et al (2007) showed a similar lack of
effect of intra-habenular 18-MC on increases in extracellular dopamine evoked by acute
morphine, and Szumlinksi et al. (2000) showed a similar lack of effect of systemic 18-MC
on increases in extracellular dopamine evoked by acute cocaine. Thus, blocking a.3p4
receptors in the MHb does not appear to antagonize increases in accumbal dopamine evoked
by acute administration of drugs other than nicotine. Not surprisingly, 18-MC more potently
blocks the effects of nicotine than it does other drugs of abuse (Glick et al. 2000). This
difference may occur because acute nicotine directly stimulates nicotinic receptors in both
the MHb-IPN pathway and the mesolimbic dopamine pathway. Interactions with other drugs
such as opioids and stimulants may only occur as a result of modulation of the mesolimbic
pathway by the MHb-IPN, and/or after a chronic or sensitizing regimen of drug
administration. This is evidenced by the fact that, while they are ineffective on acute drug
responses, both 18-MC and AulB, when injected into the MHDb, decrease the chronic self-
administration of methamphetamine (Glick et al. 2008) and morphine (Glick et al. 2006).
Furthermore, intra-habenular 18-MC blocks the sensitized (but not the acute) response to
morphine (Taraschenko et al. 2007), and systemic 18-MC blocks the sensitized (but not the
acute) response to cocaine (Szumlinski et al. 2000).

In these experiments, nicotine increased dopamine metabolism in the NAcc, as observed by
robust increases in both DOPAC and HVA, similar to previous experiments using acute
nicotine (Benwell and Balfour 1992; Brazell et al. 1990; Janhunen and Ahtee 2004;
Salminen et al. 1999; Toth et al. 1992). However, 18-MC and AulB blocked nicotine
induced increases in extracellular dopamine in the NAcc without affecting corresponding
increases in dopamine metabolism. Similar results have been reported using systemic 18-
MC (Glick et al. 1998). The nonselective nicotinic receptor antagonist mecamylamine has
been reported to block nicotine-induced increases in both dopamine and its metabolites /in
vivo (Hildebrand et al. 1998; Janhunen et al. 2005; Seppa et al. 2000). A similar blockade of
dopamine metabolism occurs using the selective a.6p2* antagonist, N,N'-dodecane-1,12-
diyl-bis-3-picolinium dibromide (Rahman et al. 2008), but does not occur with the a4*-
selective antagonist dihydro-p-erythroidine (Seppa et al., 2000). A conclusion can be
reached that nicotinic receptors differ in their ability to modulate dopamine metabolism.
These differences do not appear to be related to the mechanism of receptor blockade, but are
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more likely related to receptor subunit composition and/or location. For instance, a.6p2*
receptors, which are abundant in the mesolimbic pathway, including on dopamine cell
bodies in the VTA (Gotti et al. 2010), may preferentially affect dopamine metabolism. This
corresponds to an early study of the striatum (Leikola-Pelho et al. 1990) that observed that
different nAChRs were involved in regulating dopamine metabolism compared to dopamine
release. Our results suggest that a3p4 receptors, at least those in the MHDb, do not play a role
in dopamine metabolism.

In conclusion, we have demonstrated here that a3p4 receptor modulation in the MHb has a
direct, albeit distal, effect on mesolimbic dopamine output. While it is still unclear precisely
how nicotinic receptors in the habenulo-interpeduncular pathway modulate the mesolimbic
dopamine pathway, it is likely that the MHb plays a larger role in mediating nicotine’s
effects on dopamine than does the IPN. For instance, while a3p4 receptor blockade in the
MHDb decreases nicotine self-administration, blockade of a3p4 receptors in the IPN tends to
increase self-administration (Glick et al., 2011), as does lidocaine inactivation of the IPN
(Fowler et al. 2011). Anatomical studies have identified neurons in the MHDb that project to
the VTA and NAcc (Geisler and Zahm 2005; Phillipson and Pycock 1982), as well as a
unilateral projection from the MHb to the LHb (Kim and Chang 2005), which in turn sends
projections to and from the VTA (Christoph et al. 1986; Herkenham and Nauta 1977;
Omelchenko et al. 2009). Therefore, it is possible that nicotine acts in the MHb to inhibit the
LHb, and blockade of a3B4 nicotinic receptors in the MHb removes this inhibition. While
further research is necessary to identify the specific mechanism(s) by which the MHb
influences the mesolimbic dopamine pathway, our results support the utility of targeting
a3p4 nicotinic receptors in the MHb for the development of smoking cessation
pharmacotherapies.
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Figure 1. Location of injector cannulae (A) and microdialysis probes (B) in the MHb and NAcc,
respectively

Injector cannulae and microdialysis guide cannulae were implanted ipsilaterally; placement
(right or left) was alternated from rat to rat. Injector and probe placements were examined in
brain sections and verified to be in the MHb (between 4.30 and 3.80 mm posterior to
bregma) or the NAcc (between 1.20 mm and 1.70 mm anterior to bregma) according to the
rat brain atlas (Paxinos and Watson, 1986). Data from 8 animals were discarded due to
injector cannulae implanted outside of the MHDb; an additional 3 animals were excluded due
to malfunctioning and/or misplaced microdialysis probes. Abbreviations: LHbL/LHbM =
lateral habenula; D3V = third ventricle; MHb = medial habenula; aca = anterior
commissure; AcbSh = nucleus accumbens shell; Acbc = nucleus accumbens core.
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Figure 2. Intra-habenular pretreatment with 18-M C attenuatesincreasesin accumbal
extracellular dopamine following acute nicotine injection

After collection of five stable, baseline samples, animals were given an intra-habenular
injection of 18-MC or vehicle (at t = =20 minutes), followed by a systemic injection of
nicotine or vehicle at 0 minutes (see arrows). Nicotine (0.4 mg/kg, s.c.) itself increased
extracellular dopamine in the NAcc (An * indicates p < 0.05; ** indicates p < 0.01, VEH +
NIC group compared to VEH + VEH group). Animals were pre-treated with an injection of
either vehicle or 18-MC (5, 10, 20 pg/pl) into the MHb. 18-MC dose-dependently decreased
nicotine-induced elevations in extracellular dopamine. This was significant at the highest
dose of 18-MC tested, 20 pg/pl (20 MC + NIC group). ++ indicates a significant decrease in
extracellular dopamine in rats treated with 20 MC + NIC (p < 0.01 compared to VEH+ NIC
group). INSET: direct comparison of VEH+NIC and 20 MC+NIC groups: (* indicates p <
0.05; ** indicates p < 0.01, Bonferroni post-hoc tests following repeated measures ANOVA;

n = 6-7 per group).
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Figure 3. Intra-habenular injection of 18-M C has no effect on nicotine induced increasesin

dopamine metabolism in the NAcc

18-MC (5, 10, 20 pg/ul) or vehicle was injected into the MHb 20 minutes prior to an acute
injection of nicotine (0.4 mg/kg; s.c.) or vehicle (arrows indicate intra-habenular injection of
18-MC or vehicle at —20 minutes, followed by systemic injection of nicotine or vehicle at 0
minutes). Nicotine increased extracellular NAcc levels of both DOPAC (Panel A) and HVA
(Panel B; ** indicates p < 0.01 Bonferroni post-hoc test following repeated measures
ANOVAS; n = 5-7 per group). However, there was no effect of 18-MC pretreatment on
increases in extracellular DOPAC or HVA (p > 0.05 18-MC groups compared to VEH +

NIC group).
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Figure 4. Intra-habenular AulB blocksincreasesin accumbal extracellular dopamine elicited by
acute nicotine but does not affect nicotine-induced increases in dopamine metabolism

AulB (25 pmol/ pl) or vehicle was administered into the MHb, followed by an acute
injection of nicotine (0.4 mg/kg; s.c.) or vehicle, at =20 minutes and 0 minutes, respectively,
as indicated by arrows. Panel A: Acute nicotine increased extracellular dopamine in the
NAcc (** indicates significant difference from VEH+VEH group; p < 0.01; n = 5-8 per
group). AulB, injected into the MHb prior to nicotine treatment, completely blocked
increases in accumbal dopamine elicited by systemic nicotine (++ indicates significant
difference between VEH+NIC and AulB + NIC groups; p < 0.01). Panel B: AulB did not
affect increases in extracellular DOPAC following a systemic nicotine injection. Panel C:
Similarly, AulB did not block increases in extracellular HVA elicited by acute nicotine.
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Figure 5. Nicotinic a.3p4 receptor blockadein the MHb does not affect increasesin accumbal
dopamine elicited by acute administration of other drugs of abuse

A: Rats (n = 4 per group) were given an intra-habenular injection of AulB or vehicle 20 min
prior to an acute i.p, injection of d-amphetamine (1 mg/kg). d-amphetamine administration
caused a robust increase in extracellular dopamine in the NAcc; this was not attenuated by
AulB pretreatment. B: 18-MC did not have an effect on extracellular dopamine levels in the
NAcc following an acute injection of morphine (5 mg/kg., i.p.; 18-MC data were re-plotted
from Fig. 7 of Taraschenko et al., 2007; n = 5-7 per group).
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