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Behavioral/Cognitive

a3+ Nicotinic Acetylcholine Receptors in the Habenula-
Interpeduncular Nucleus Circuit Regulate Nicotine Intake

Karim S. Elayouby,' Masago Ishikawa,! Angeline J. Dukes,* ““Alexander C. W. Smith,' Qun Lu,’

Christie D. Fowler,? and Paul J. Kenny'
"Nash Family Department of Neuroscience, Icahn School of Medicine at Mount Sinai, New York, New York 10029, *Department of Neurobiology
and Behavior, University of California Irvine, Irvine, California 92697, and *Department of Molecular Medicine, Scripps Research, Jupiter, Florida

33458

Allelic variation in CHRNA3, the gene encoding the a3 nicotinic acetylcholine receptor (nAChR) subunit, increases vulnerabil-
ity to tobacco dependence and smoking-related diseases, but little is known about the role for a3-containing («3:*) nAChRs
in regulating the addiction-related behavioral or physiological actions of nicotine. a3+ nAChRs are densely expressed by
medial habenula (mHb) neurons, which project almost exclusively to the interpeduncular nucleus (IPn) and are known to
regulate nicotine avoidance behaviors. We found that Chrna3™" "™ hypomorphic mice, which express constitutively low lev-
els of a3+ nAChRs, self-administer greater quantities of nicotine (0.4 mg kg™ per infusion) than their wild-type littermates.
Microinfusion of a lentivirus vector to express a short-hairpin RNA into the mHb or IPn to knock-down Chrna3 transcripts
markedly increased nicotine self-administration behavior in rats (0.01-0.18 mg kg™" per infusion). Using whole-cell record-
ings, we found that the a3f4+ nAChR-selective antagonist a-conotoxin AulB almost completely abolished nicotine-evoked
currents in mHb neurons. By contrast, the a3f2:* nAChR-selective antagonist -conotoxin MII only partially attenuated these
currents. Finally, micro-infusion of a-conotoxin AulB (10 um) but not a-conotoxin MII (10 um) into the IPn in rats increased
nicotine self-administration behavior. Together, these data suggest that a3$4* nAChRs regulate the stimulatory effects of nic-
otine on the mHb-IPn circuit and thereby regulate nicotine avoidance behaviors. These findings provide mechanistic insights
into how CHRNAS3 risk alleles can increase the risk of tobacco dependence and smoking-related diseases in human smokers.
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(s )

Allelic variation in CHRNA3, which encodes the a3 nicotinic acetylcholine receptor (nAChR) subunit gene, increases risk of
tobacco dependence but underlying mechanisms are unclear. We report that Chrna3 hypomorphic mice consume greater
quantities of nicotine than wild-type mice and that knock-down of Chrna3 gene transcripts in the habenula or interpeduncu-
lar nucleus (IPn) increases nicotine intake in rats. a-Conotoxin AulB, a potent antagonist of the @334 nAChR subtype,
reduced the stimulatory effects of nicotine on habenular neurons, and its infusion into the IPn increased nicotine intake in
rats. These data suggest that a3 34 nAChRs in the habenula-IPn circuit regulate the motivational properties of nicotine. /

acetylcholine receptors (nAChRs), with those containing the a4
and (2 subunits (denoted as @432+ nAChRs) being the most
prevalent in the central nervous system. a4 32:* nAChRs in the
ventral tegmental area (VTA) regulate the stimulatory effects of
nicotine on mesoaccumbens dopamine transmission, an action
considered critical for the reinforcing properties of the drug
(Maskos et al., 2005; Liu et al., 2012). Allelic variation in the

ignificance Statement

Introduction

Nicotine is considered the major component of tobacco respon-
sible for addiction in cigarette smokers (Stolerman and Jarvis,
1995). Nicotine exerts its actions in the brain through nicotinic
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CHRNA5-CHRNA3-CHRNB4 gene cluster located in chromo-
some region 15q25, which encodes the a5, a3, and 84 nAChR
subunits, respectively, increases the risk of tobacco dependence
and smoking-related diseases (Amos et al., 2008; Berrettini et al.,
2008). In particular, variation in CHRNA3 has been repeatedly
associated with vulnerability to tobacco dependence and the
number of cigarettes smoked per day, with the rs1051730 single
nucleotide polymorphism (SNP) being strongly implicated
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(Amos et al., 2008; Marques-Vidal et al., 2011; Ware et al., 2011).
Little is currently known about the mechanisms by which a3
nAChRs regulate the motivational properties of nicotine to influ-
ence tobacco dependence vulnerability in this manner.

In contrast to a4 and 82 nAChR subunits, which are widely
distributed throughout the mammalian brain, &3, a5, and $4
nAChR subunits show far more restricted expression profiles.
The highest brain concentrations of a3 nAChR subunits are
detected in the medial habenula (mHb), with much lower levels
detected in the interpeduncular nucleus (IPn), superior cervical
ganglion, superior colliculus, pineal gland, and the nucleus of the
solitary tract (Wada et al., 1989; Sheffield et al., 2000; Yeh et al.,
2001). Chrna5 knock-out mice, which do not express functional
a5+ nAChRs, consume greater quantities of nicotine than their
wild-type littermates, reflected by greater responding for the
drug in the intravenous self-administration procedure (Fowler et
al., 2011). Virus-mediated re-expression of @5 nAChR subunits
in the mHb-IPn circuit of Chrna5 knock-out mice normalizes
their otherwise increased levels of nicotine intake (Fowler et al.,
2011). Conversely, virus-mediated knock-down of a5 subunits
in the mHb-IPn circuit, transient inactivation of this pathway
accomplished by local infusions of the anesthetic lidocaine, or
pharmacological blockade of NMDA receptor-mediated gluta-
matergic transmission in the IPn, all result in increased nicotine
intake in rats (Fowler et al., 2011). Furthermore, overexpression
of B4 nAChR subunits increases the aversive properties of nico-
tine in mice, with this action thought to reflect enhanced sensi-
tivity of mHb neurons to the stimulatory actions of nicotine
(Frahm et al., 2011). Together, these findings suggest the mHb-
IPn circuit regulates nicotine avoidance behaviors, which protect
against risk of developing tobacco dependence (Fowler and
Kenny, 2014). Considering their high concentrations in the
mHb-IPn circuit, we tested the hypothesis that a3+ nAChRs
located in this circuit regulate the motivational properties of
nicotine.

Materials and Methods

Animals

Male and female C.129S(B6)-Chrna3™ "™ (Chrna3™ 1) mice
were obtained from The Jackson Laboratory and bred in our animal
facilities with wild-type BALB/c] mice. The mutant mice were main-
tained on this BALB/cJ background to enhance their rates of survival
(<60% survival on BALB/c background versus <2% survival on C57BL/
6 or 129S background; https://www.jax.org/strain/012621). Breeding was
conducted by mating heterozygous pairs to obtain experimental subjects.
All mice were at least sixweeks of age at the time when experiments
were initiated. Male Wistar rats (275-300 g) were obtained from Charles
River and housed one to two per cage. Mice and rats were group housed
(two to three per cage) and maintained in an environmentally controlled
vivarium on a 12/12 h reversed light/dark cycle. During self-administra-
tion procedures, subjects were food restricted to 85-90% of their free-
feeding body weight, with water available ad libitum. All procedures
were conducted in strict accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved
by the Institutional Animal Care and Use Committee.

Genotyping

Around 21d of age mouse pups were weaned, and their tails were
clipped for genetic analysis. Genotyping was performed as previously
described (Fowler et al., 2011). The primers used were as follows: for-
ward (5'-TGT GTT GTC CCT GTC TGC TC-3’) and reverse (5'-GCA
AGT CCC CTT AAT TGC TG-3"). The band for the wild-type gene was
at 211 bp, and the a3 mutant gene was ~320 bp.
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Drugs

For intravenous self-administration, (-)-nicotine hydrogen tartrate salt
(Sigma) was dissolved in 0.9% sterile saline (pH ~7.4). All doses of nico-
tine refer to free-base. a-Conotoxin AulB, a-conotoxin MII and meca-
mylamine were purchased from Tocris. Catheter integrity was tested
using the ultrashort-acting barbiturate anesthetic Brevital (methohexital
sodium, Eli Lilly).

Generation of lentivirus

For a3 subunit knock-down, short hairpin interfering RNAs (shRNA)
directed against transcripts of the rat Chrna3 gene were designed using
the GenScript online construct builder (shRNA sequence). The following
sequence was used for all experiments: GCC ATG GTG ATT GAT CGC
ATC). The shRNA was cloned into the pRNAT-U6.2/Lenti construct
containing GFP (GenScript). The control vector was identical but with-
out the gene insert. To generate lentivirus supernatant, HEK-293FT
packaging cells (3.75 x 106,293 cells per 10-cm plate) were transfected
with the vectors along with the pPPACKF1TM Lentiviral Packaging kit
using lipofectamine reagent and plus reagent (Invitrogen). Medium
containing virus particles (~10 ml) was harvested 48-60 h posttrans-
fection by centrifugation at 76,755 x g for 5min to pellet cell debris.
Supernatant was filtered through 0.45-mm polyvinylidene difluoride
(PVDF) filters (Millex-HV), centrifuged at 32,000 x g for 90 min and
the precipitate re-suspended in 100-ul PBS. Supernatants were ali-
quoted into 10-pl volumes and stored at —80°C until use. Viral super-
natant titers were determined using the Lentivector Rapid Titer kit
(System Biosciences). The number of infectious units per ml of superna-
tant (IFU ml™") was calculated as follows: multiplicity of infection (MOI) of
the sample x the number of cells in the well on infection x 1000/l of viral
supernatant.

RNA isolation and real-time RT-PCR

Rats were euthanized by inhalation of CO,, their brains rapidly removed
and frozen on dry ice, then stored at —80°C until use. Brains were sliced
on a cryostat, and samples from mHb, IPn, and other sites were col-
lected and pooled across subjects because of the small size of brain
area, then stored at —80°C until RNA isolation. Cells grown in mono-
layer or dissected brain tissue was homogenized in RNA-STAT60
(Tel-Test Inc.) and vortexed with chloroform. Samples were centri-
fuged for 15min at 12,000 x g and the upper aqueous RNA-contain-
ing layer was removed for an additional RNASTAT60/chloroform
extraction. The RNA was precipitated with isopropanol overnight at
—20°C and centrifuged for 30 min at 12,000 x g. The RNA pellets
were washed twice with 70% ethanol/RNAase-free water and subse-
quently resuspended in RNAsecure (Ambion/Applied Biosystems),
and ~10 pg of RNA from each sample was treated with Turbo DNase
(Ambion/Applied Biosystems) for 60 min at 37°C to degrade residual
genomic DNA. To assess RNA levels, samples were reverse tran-
scribed into cDNA using the TagMan High Capacity cDNA Reverse
Transcription kit (Applied Biosystems). They were then processed
using the TagMan Universal PCR kit and the rat Chrna3 gene expres-
sion assay (Applied Biosystems). Samples were quantified by real-
time RT-PCR (7900 Real-Time PCR system; Applied Biosystems). All
data were normalized to [B-actin levels as an internal control.
Comparison between groups were made using the method of 2744,

Intravenous surgery

Mice and rats were anesthetized using an isoflurane (1-3%)/oxygen
vapor mixture and prepared with intravenous catheters. Catheters con-
sisted of a 6-cm (mice) or 12-cm (rats) length of SILASTIC tubing fitted
to guide cannula (Plastics One), which was bent at a curved right angle
and encased in dental acrylic. The catheter tubing was passed subcutane-
ously from the animals back to the right jugular vein, and a 1-cm (mice)
or 2.5-cm (rats) length of catheter tip inserted into the vein, then secured
to the vein with surgical silk suture. Catheters were flushed daily with
physiological sterile saline solution (0.9%, w/v) containing heparin (10—
60 USP units/ml). Catheter integrity at the end of each experiment was
tested using Brevital.
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Intracranial surgery

For lentivirus microinjections, rats were anesthetized using an isoflurane
(1-3%)/oxygen vapor mixture and positioned in a stereotaxic frame
(Kopf Instruments). To target the mHb (bilateral), the incisor bar was
adjusted to 5 mm above plane, and the injector needle was adjusted to a
10° angle toward midline (AP: —2.2 mm from bregma; ML: =1.5 mm
from midline; DV: —4.9 mm from brain surface). For the IPn, the incisor
bar was adjusted to the flat skull position and the injector needle was
angled at 10° toward midline (AP: —6.72 mm from bregma; ML: =1.6
mm from midline; DV: —8.5 mm from brain surface). For conotoxin
injections, rats were implanted with guide cannula (Plastics One) posi-
tioned 2 mm above the IPn (10° angle toward midline, AP: —6.72 mm
from bregma; ML: 1.6 mm from midline; DV: —6.5 mm from brain
surface). The injector needle extended 2 mm below the tip of the can-
nula. All of the injections (1-pl injection volume) were administered at a
rate of 1 ul per min; the injector needle was left in place for an additional
2 min after the injection to allow for diffusion. For conotoxin microin-
jections into the IPn, infusions occurred ~10 min before the initiation of
the self-administration session.

Intravenous self-administration

Mice and rats were mildly food restricted to 85-90% of their free-feeding
body weight and trained to press a lever in an operant chamber (Med
Associates) for food pellets (20-mg pellets mice, 45-mg pellets rats;
TestDiet) under a fixed-ratio 5, time out 20 s (FR5T0O20) schedule of
reinforcement. Once stable responding was established (~30 pellets per
session in mice; ~90 pellets per session in rats), which required approxi-
mately five sessions in mice and rats, subjects were prepared with intra-
venous jugular catheters as described above. The animals were permitted
>48 h to recover from surgery then permitted to acquire intravenous
nicotine self-administration behavior by autoshaping during 1-h daily
sessions, 6-7 d per week. Specifically, animals were placed into the oper-
ant chamber and permitted to respond on the previously food-rein-
forced lever according to the same FR5TO20 schedule of reinforcement
until stable responding for nicotine infusions was established. Nicotine
was delivered through silastic tubing connected at one end to the intra-
venous catheter and at the other to a Razel syringe pump (Med
Associates). Each session was conducted using two retractable levers
(one active, one inactive). Completion of the response criteria on the
active lever resulted in the delivery of an intravenous nicotine infusion
(0.03-ml infusion volume for mice; 0.1-ml volume for rats). Responses
on the inactive lever were recorded but had no scheduled consequences.
The animals were presented with each dose of nicotine for at least 3d,
and the mean intake for the last two sessions was used for statistical anal-
yses. For rats, nicotine doses were presented according to a within-sub-
ject Latin square design. Between each dose, subjects were permitted to
respond for the training dose of nicotine (0.1 mg kg™ ' per infusion for
mice; 0.03mg kg™ ' per infusion for rats) for 2d or until responding
returned to baseline levels. For mice, nicotine doses were presented
according to an ascending dose schedule (0.03 then 0.4 g kg™" per infu-
sion) before mice were permitted to respond for saline. Subjects were
excluded from analyses if catheter integrity was compromised during the
experiment (visual leakage) or they failed to respond to intravenous
Brevital infusion delivered after the final self-administration session had
been completed.

Fluorescence immunolabeling

Subjects were anesthetized with a ketamine (100mg kg™ ')/xylazine
(10mg kg™ ') drug combination and perfused through the ascending
aorta with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M PBS
(pH 7.4). Brains were harvested, postfixed for 2 h, and then stored in
30% sucrose in PBS. All brains were cut into 40-pum coronal sections on
a cryostat, and sections stored in 0.1 M PBS with 0.01% sodium azide at
4°C. To determine the location of lentivirus-infected cells (tagged with
GFP), we used a chicken polyclonal IgG that recognizes a 27-kDa pro-
tein derived from the jellyfish Aequorea victoria. To identify IPn, we
used a guinea pig polyclonal IgG that recognizes the vesicular ACh
transporter (VAChT). Sections were rinsed in 0.1 M PBS with 0.3%
Triton X-100 (PBT) and then blocked in 10% normal donkey serum/
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PBT. Thereafter, sections were incubated in the primary antibody,
chicken anti-GFP (1:2000; Millipore) or guinea pig anti-VAChT
(1:500; Millipore), in PBT at 4°C overnight. The sections were rinsed
and incubated in DyLight 488 donkey anti-chicken (1:400; Jackson
ImmunoResearch) and/or DyLight 594 donkey anti-guinea pig
(1:400; Jackson ImmunoResearch) in 0.3% PBT for 2 h. Finally, the
sections were rinsed, mounted on slides with vectashield containing
DAPI (Vector Laboratories), and coverslipped. Control procedures
included processing the secondary antibodies alone to verify back-
ground staining, processing each primary with the secondary anti-
body to verify laser-specific excitation, assessing autofluorescence in
an alternate laser channel with tissue lacking that laser-specific probe,
and using sequential scanning. For subsequent fluorescent images,
only the brightness and/or contrast levels were adjusted postacquisi-
tion and were imposed across the entire image.

Brain slice preparation for electrophysiology recordings

Male rats (three to six months) were used for all electrophysiology
experiments. Rats were anesthetized with isoflurane followed by trans-
cardial perfusion with oxygenated (95% O,/5% CO,) NMDG HEPES so-
lution (92 mm NMDG, 2.5 mm KCl, 1.2 mm NaH,PO,, 30 mm NaHCOs3,
20 mm HEPES, 25 mM glucose, 5 mM Na' ascorbate, 2 mm thiourea,
3 mMm Na® pyruvate, 10 mm MgSO, 7H,0, 0.5 mm CaCly, and 2 mm
H,O, with pH adjusted to 7.3-7.4, 300-310 mOsm). The brain was
quickly removed into ice-cold NMDG HEPES solution for >1 min; 300-
um-thick coronal slices containing mHb were cut using a vibratome
(Leica VT12008S). Slices were then moved into a prewarmed (32°C) re-
covery chamber and conducted the stepwise Na* spike-in procedure
(Ting et al., 2018), then kept at room temperature for at least 1 h, in the
following solution: 95% 0,/5% CO,-equilibrated HEPES-holding-solu-
tion containing the following: 92 mm NaCl, 2.5 mm KCl, 1.2 mm
NaH,PO,, 30 mm NaHCOs3, 20 mm HEPES, 25 mu glucose, 5 mm Na®
ascorbate, 2 mum thiourea, 3 mm Na™* pyruvate, 2 mm MgSO, 7H,0, and
2 mm CaCl, 2H,0.

Effects of a3* nAChR-selective antagonists on nicotine-evoked currents
Recordings were made under an upright microscope (Scientifica
SliceScope Pro 2000, Scientifica) equipped with infrared differential in-
terference contrast optics for visualization. Slices were transferred to a
recording chamber and superfused with standard recording artificial
CSF (aCSF) containing the following: 124 mm NaCl, 2.5 mm KCl, 1.2 mm
NaH,PO,4, 24 mm NaHCO;, 5 mm HEPES, 12.5 mMm glucose, 2 mm
MgSO, 7H,0 and 2 mm CaCl, 2H,0, adjusted to pH 7.3-7.4, 295-305
mOsm. All data were recorded from the soma of mHb neurons at 32°C
using a Multiclamp 700B amplifier (Molecular Devices), filtered at
3 kHz, amplified five times, and then digitized at 10 kHz with a Digidata
1550 analog-to-digital converter (Molecular Devices). Input resistance
was monitored continuously, and data from experiments were discarded
if this parameter changed by >20% during recordings. Patch pipettes
were made from borosilicate glass capillary tubing (1B150F-4; World
Precision Instruments) using a micropipette puller (PC-10; Narishige).
To isolate nAChR currents, the internal recording pipette solution was
potassium-based and contained the following: 130 mm K™ gluconate, 4
muM KCl, 0.3 mm EGTA, 10 mm HEPES, 4 mm MgATP, 0.3 mm Na,GTP,
and 10 mm phosphocreatine; pH adjusted to 7.3 with KOH while the
external solution was aCSF +0.5 um TTX+ 100 uMm picrotoxin, + 5 um
NBQX+ 50 um APV. Voltage was held at —60 mV (Vhold = —60 mV).
For nicotine application, a glass pipette filled with nicotine solution
(30 um), identical to a typical recording pipette, was connected to a
micropressure ejection system (PICOSPRTIZER’III, Parker, USA).
Ejection pipettes were moved to ~20-40 pm of the recorded cell using a
manipulator and nicotine applied every 60 s. A baseline nAChR current
was recorded for 5min, then vehicle (aCSF) or each concentration of
nAChR antagonist was applied using the same perfusion system by
switching the perfusion line.

Statistical analyses
All data were analyzed by two-tailed ¢ test or by one-way or two-way
ANOVA using within-subject or between-subject comparisons with or
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without repeated measures, as appropriate. Analyses A
were conducted using GraphPad Prism software.
Statistically significant main or interaction effects were
followed by Bonferroni post hoc tests. The criterion for
statistical significance was set at p < 0.05.

Results

Chrna3"™" "™ mice had reduced body weights
and were smaller in size compared with their
wild-type littermates (Fig. 1A), consistent with
reports from the vendor. When we trained adult
male and female Chrna®™ "™ mice (n=12 in
total) to lever-press for food rewards under a
FR5TO20 schedule of reinforcement, they
demonstrated no overt behavioral abnormal-
ities and earned similar numbers of food pellets
as male and female wild-type mice (n = 12; two-
way ANOVA: genotype x session interaction:
F(s5100) = 0.699, p=0.6255; data from sessions
5-10 after stable responding was established;
Fig. 1B). When the mice were permitted to
respond for intravenous nicotine infusions, we
found that Chrna3"™" "™ mice tolerated the
drug poorly and showed a high level of post-session
sickness or death in response to nicotine consump-
tion. Of the original 12 Chrna3™" "™ mice, five
males and four females were euthanized or found
dead during the nicotine self-administration phase
of the experiment, with only three female mutant
mice completing the entire experiment (Fig. 1C). By
contrast, only a single female wild-type mouse
became ill and was euthanized over the course of the
entire experiment (Fisher’s exact test: p=0.001; Fig.
1C). When we compared nicotine responding data collected from
the surviving Chrna3™ "™ mice with data collected from the 5
female wild-type littermates, we found that the mutant mice
responded at higher levels for nicotine (two-way ANOVA: geno-
type: Fug = 1162, p=0.0358; dose: Fip15 = 28.89, p < 0.0001;
interaction: F(y,12) = 4.985, p = 0.0266; Fig. 1D). Analysis of the abso-
lute amounts of nicotine consumed at each unit dose of the drug
(number of infusions earned X unit dose of nicotine) showed that
intake differed between Chrna3™ "™ mice and wild-type mice
(two-way ANOVA: genotype: F(; 6 = 11.62, p < 0.05; dose: F( 15) =
51.8, p < 0.0001; interaction: F, 15 = 21.7, p=0.0001; Fig. 1E). This
effect was evident at the 0.4 mg kg~ ' unit dose, at which the mutant
mice self-administered around four times more nicotine than wild-
type mice (Fig. 1E).

Next, we investigated the role for @3+ nAChRs in the mHb-
IPn circuit in regulating nicotine intake. To accomplish this, we
generated a shRNA directed against rat Chrna3 gene transcripts
(Lenti-shRNA-Chrna3) to knock-down a3 subunit expression
(Fig. 2A). To control for the effects of virus transduction, a sec-
ond lentivirus was developed that was identical to Lenti-shRNA-
Chrna3 but did not contain the shRNA insert (Lenti-Control).
We packaged the vectors into lentivirus particles and confirmed
that they efficiently transduced mHb neurons in vivo (Fig. 2B).
Indeed, we detected cells expressing green-fluorescent protein
(GFP™) in the mHb but not in surrounding brain sites of rats af-
ter microinjection of Lenti-shRNA-Chrna3 into the mHb (Fig.
2B). GFP" axons were also detected in the IPn (Fig. 2B), the
main site to which mHb neurons project. We also confirmed
that Lenti-shRNA-Chrna3 knocked down Chrna3 transcript
expression. Using real-time PCR (RT-PCR), we found that a3

Figure 1.
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subunit mRNA expression was lower in rat PC12 cells, which
constitutively express Chrna3 transcripts, after transfection with
Lenti-shRNA-Chrna3 compared with the Lenti-Control con-
struct (f4) = 55.35, p<<0.0001; Fig. 2C). Similarly, a3 subunit
transcripts were reduced (~70%) in habenular tissue collected
from rats approximately three weeks after they were microin-
jected into the mHb with Lenti-shRNA-Chrna3 particles com-
pared with rats injected with Lenti-Control particles (¢,) = 3.498,
p < 0.05; Fig. 2D). Hence, the Lenti-shRNA-Chrna3 vector effi-
ciently transduces mHb neurons and knocks down a3 nAChR
subunit expression.

Next, to investigate the effects of knocking down @3 nAChR
subunit expression in mHb neurons on the reinforcing proper-
ties of nicotine, rats were injected with Lenti-shRNA-Chrna3 or
Lenti-Control vectors into the mHb. Approximately three weeks
later, both groups of virus-treated rats were trained to lever-press
for food rewards during 1 h daily sessions until they established
stable responding under a FR5TO20 schedule of reinforcement.
The Lenti-shRNA-Chrna3 and Lenti-Control rats did not differ
in their acquisition of the lever-press response and earned similar
numbers of food rewards (two-way ANOVA: lentivirus X ses-
sion interaction: F(s 195 = 0.441, p =0.819; data not shown). Rats
were then implanted with jugular catheters and permitted to
respond for intravenous nicotine infusions (0.03mg kg ' per
infusion) for at least 7 d under a FR5TO20 schedule of reinforce-
ment until stable intake was established. The Lenti-shRNA-
Chrna3 and Lenti-Control rats did not differ in the number of
nicotine infusions they earned, with both groups demonstrating
stable levels of responding after approximately five sessions
(two-way ANOVA: lentivirus x session interaction: F(;,ys) =
1.161, p=0.328; data not shown). Thereafter, the unit dose of
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Figure 2. Lentiviral-mediated knock-down of the &3 nAChR subunit. A, Map of pRNAT-U6.2/Lenti vector used to generate Lenti-shRNA-Chrna3 and Lenti-Control viruses. Also shown is a
graphical representation of the microinjection of lentivirus particles into mHb of rats. B, Immunostaining for GFP (green) confirms lentivirus-infected cells were localized to the mHb (left panel).
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a GFP and DAPI co-labeled cell in the mHb. The cross-marks indicate the location of the smaller panel views along the y-z-axis (right) and x-z-axis (below) to demonstrate 3D localization of
GFP and DAPL. Scale bar: 10 um. The lower right panel shows an image of GFP-labeled axons (arrows) in the IPn. VAChT-labeling (red) demonstrates specificity of expression in IPn. Scale
bar: 50 um. €, Real-time PCR data for a3 subunit mRNA in PC12 cells 24 h posttransfection with the Lenti-shRNA-Chrna3 vector. Data are presented as mean (==SEM) fold change compared
with the control mean (method of Z'AAG); #:#3kp << 0.0001, unpaired t test. D, Real-time PCR data for &3 subunit mRNA in habenular tissue of rats approximately three weeks after microin-
jection of Lenti-Control or Lenti-shRNA-Chrna3 particles into the mHb. Data are presented as mean (*=SEM) fold change; p << 0.05, unpaired t test. E, Nicotine responding in male rats
expressing Lenti-Control (n=24) or Lenti-shRNA-Chrna3 (n=16) in the mHb across a broad range of nicotine doses. Data are presented as mean (==SEM) number of nicotine infusions;
skp < 001, main effect of virus in two-way repeated-measures ANOVA for unit doses 0.06-0.18 mg kg ~". F, Quantities of nicotine consumed at each unit dose available were calculated.
Data are presented as mean (== SEM) total nicotine intake; *xp << 0.001, main effect of virus in two-way repeated-measures ANOVA.
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Figure 3.  Knock-down of a3 nAChR subunit expression in the IPn increases nicotine intake in rats. A, Graphical representa- quantities than Lenti-Control rats (two-

tion of the microinjection of Lenti-Control or Lenti-shRNA-Chrna3 particles into IPn of rats. B, The upper panel shows a repre- ..
sentative image of GFP-labeling (green) in the IPn with DAPI counterstaining (blue). Scale bar: 100 pum. Lower panel shows a way ANOVA: lentivirus: Fo35 = 8.780,
higher-magpification image of GFP (green) and DAPI (blue) colocalized labeling in cells in the IPn. Section is counterstained P = 0.0052; dose: Fis100) = 109.9, p<
with VCHAT (red) to confirm localization of GFP-positive cells specifically in the IPn. Scale bar: 10 pum. €, Nicotine self-adminis- ~ 0-0001; interaction: Fs199) = 6.604, p <
tration in male rats expressing Lenti-Control (n = 11) or Lenti-shRNA-Chrna3 (n=7) in the IPn across a broad range of doses. ~ 0.0001; Fig. 2F).

Data are presented as mean (= SEM) number of nicotine infusions; *p << 0.05, main effect of virus in two-way repeated-meas- To investigate whether a3# nAChRs
ures ANOVA. D, The total quantities of nicotine consumed at each unit dose available were calculated. Data are presented as in the IPn regulate nicotine intake, we
mean (= SEM) total nicotine intake; s<p << 0.05, main effect of virus in two-way repeated-measures ANOVA. injected Lenti-shRNA-Chrna3 or Lenti-

Control vectors into the IPn of rats (Fig.
3A). Approximately three to four weeks
nicotine available for self-administration was varied to generate a later, GFP™" cells were detected within
dose-response function. The Lenti-shRNA-Chrna3 rats tended  the IPn and not in surrounding brain sites (Fig. 3B). Rats injected
to respond at higher levels than Lenti-Control rats for nicotine  with Lenti-shRNA-Chrna3 did not differ from Lenti-Control rats

infusions, with this effect most apparent for doses on the de-  in their responding for food rewards under the FR5TO20 sched-
scending portion of the dose-response function (two-way  ule (two-way ANOVA: lentivirus: F(; 15y = 1.291, p=0.273; ses-
ANOVA: lentivirus: F(y 35 = 3.766, p=0.0598; dose: Fs190) =  sion: Fs5g0 = 55.85, p<<0.0001; interaction: F5gp = 2.054,

20.67, p < 0.0001; interaction: F(s190) = 1.409, p=0.22; Fig. 2E). ~ p=0.08; data not shown). Similarly, responding for the training
Previously, we found that shRNA-mediated knock-down of  dose of 0.03mg kg ' per infusion did not differ between the
Chrna5 transcripts in mHb increased nicotine self-administra-  groups, with both groups demonstrating stable levels of respond-
tion in rats only for unit doses on the descending portion of the  ing after approximately five sessions (two-way ANOVA: lentivi-
dose-response function (>0.06 mg kg_lg Fowler et al, 2011).  rus: F56) = 1.129, p=0.886; session: F(712) = 8.785, p=0.0002;
Therefore, we compared responding between groups for the interaction: F(;;15) = 0.886, p=0.521; data not shown). After
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a3 34 nAChRs regulate the stimulatory effects of nicotine on mHb neurons. A, Graphical representation of the whole-cell recording procedure used to measure the stimulatory

effects of nicotine on mHb neurons (upper panel) and representative nAChR current traces in mHb neurons evoked by nicotine (30 rum) pulses (every 60 s) before and after treatment with
mecamylamine (10 wu; lower panel). Also shown is the mean relative nAChR-mediated currents (==SEM) in mHb neurons superfused (shaded area) with aCSF (n =3 cells from n =3 rats) or
mecamylamine (10 wum; n =4 cells/n = 4 rats); #=<p < 0.001, main effect of mecamylamine in two-way repeated-measures ANOVA. B, Representative nAChR current traces in mHb neurons
before and after treatment with a-conotoxin MIl (cx-Ctx MII; 1 or 5 wum; left panel). Mean relative nAChR-mediated currents (==SEM) in mHb neurons superfused (shaded area) with c-Ctx MII
(1 um, n=5 cells/n =5 rats or 5 um, n =3 cells/n =3 rats; right panel); *:xp < 0.01, main effect of concentration in two-way repeated-measures ANOVA. C, Representative nAChR current
traces in mHb neurons before and after treatment with a-conotoxin AulB (c-Ctx AulB; 1 or 5 wum; left panel). Mean relative nAChR-mediated currents (%=SEM) in mHb neurons superfused
(shaded area) with c-Ctx MII (1 gm, n=5 cells/n=5 rats or 5 um, n =3 cells/n =3 rats; right panel); *:p < 0.001, main effect of concentration in two-way repeated-measures ANOVA.
D, Mean relative nAChR-mediated currents (== SEM) in mHb neurons treated with c-Ctx MII or cx-Ctx AulB; sp << 0.05, interaction effect in two-way repeated-measures ANOVA.

stable responding was established at the training dose, both
groups were permitted to respond for a range of nicotine doses
as described above. We found that Lenti-shRNA-Chrna3 rats
responded more vigorously than Lenti-Control rats (two-way
ANOVA: lentivirus: Fj 16 = 6.165, p=0.0245; dose: Fsg0) =
17.22, p <0.0001; interaction: F(sgg) = 1.45, p=0.2155; Fig. 3C).
When total quantities of nicotine consumed for each unit dose
were calculated, we found the Lenti-shRNA-Chrna3 rats con-
sumed significantly greater quantities of nicotine than Lenti-
Control rats (two-way ANOVA: lentivirus: F 6 = 8.146,
p <0.05; dose: F(sg0) = 34.15, p<<0.0001; interaction: F(sgp) =
2.989, p < 0.05; Fig. 3D).

a3 nAChR subunits can combine with 82 or 84 subunits to
form functional a382+% or a3B4+ nAChRs, respectively. We
used whole-cell recordings to investigate whether either or both
of these a3* nAChR subtypes regulate the stimulatory effects of
nicotine on the mHb-IPn circuit (Fig. 4A). First, we confirmed
that nicotine-evoked nAChR-mediated currents in mHb neurons
can be pharmacologically isolated. The relatively non-selective
but a3* nAChR preferring nAChR antagonist mecamylamine
(10 um) abolished pharmacologically isolated currents evoked by
nicotine in mHb neurons (>80% inhibition), confirming that
these currents were regulated by nAChRs (two-way ANOVA:
mecamylamine: F(; 5y = 35.63; p = 0.01; incubation time: F(1470) =
32.12, p<<0.0001; interaction: F(1470) = 32.48, p<<0.0001; Fig.
4A). The a3 B2+ nAChR antagonist a-conotoxin MII (1-5 um)
attenuated nicotine-evoked currents in mHb neurons (~40%
maximum inhibition; two-way ANOVA: concentration: F(;¢) =
19.06; p=0.0047; incubation time: F1484) = 15.00, p < 0.0001;
interaction: F(j484) = 4.449, p<0.0001; Fig. 4B). The a3 4
nAChR antagonist a-conotoxin AulB (1-5 um) greatly attenu-
ated nicotine-evoked currents in mHb neurons, with the highest

concentration almost completely abolishing the actions of nico-
tine (>70% inhibition; two-way ANOVA: concentration: F(; 5) =
39.31; p=0.008; incubation time: F(j484) = 47.13, p<0.0001;
interaction: F(1484) = 12.07, p < 0.0001; Fig. 4C). Direct compari-
son of the effects of a-conotoxin MII and a-conotoxin AulB
confirmed that a-conotoxin AulB had greater efficacy in block-
ing nicotine-evoked currents in mHb neurons (two-way
ANOVA: conotoxin: F 6 = 13.03, p=0.005 concentration:
Fia16) = 66.95, p < 0.0001; interaction: F(z,16) = 66.95, p < 0.0001;
Fig. 4D).

Finally, we investigated whether @382 or a3 34 nAChRs in
the mHb-IPn circuit regulate nicotine intake. Rats surgically
implanted with a guide cannula targeted toward the IPn were
trained to intravenously self-administer nicotine (Fig. 5A). After
stable levels of responding were established, rats received intra-
IPn infusions of vehicle and a-conotoxin AulB (10 um), or vehi-
cle and a-conotoxin MII (10 um) according to a within-subject
crossover designs. IPn infusion of a-conotoxin MII had no
effects on intake (f;) = 0.102, p =0.912; Fig. 4B). By contrast, IPn
infusion of a-conotoxin AulB increased nicotine intake (t) =
5.16, p < 0.001; Fig. 5C). Accuracy of injection sites in IPn was
confirmed for all rats included in the analyses (Fig. 5D).

Discussion

Allelic variation in CHRNA3, the gene encoding the a3 nAChR
subunit, increases vulnerability to tobacco dependence in
humans (Amos et al., 2008; Berrettini et al., 2008; Marques-Vidal
et al, 2011; Ware et al, 2011). a3* nAChRs are densely
expressed in the habenula-IPn circuit, which is known to regu-
late nicotine avoidance behaviors (Fowler et al., 2011; Frahm et
al., 2011; Tuesta et al., 2017). Here, we show that mutant mice
with hypomorphic expression of a3+ nAChRs consume more
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Infusion of a3 3 4-selective nAChR antagonist into IPn increases nicotine intake. A, Graphical representation of the microinjection of conotoxin into the IPn of rats (top panel). Also shown is

a representative image of a coronal section highlighting the microinfusion site in the IPn of a rat (bottom panel). B, Nicotine self-administration in male rats (n = 8) injected with a-conotoxin MIl or vehi-
cle 10 min before the self-administration session. Data are presented as mean (== SEM) number of nicotine infusions. ¢, Nicotine self-administration in male rats (n = 9) injected with ce-conotoxin AulB or
vehicle 10 min before the self-administration session according to a crossover design. Data are presented as mean (== SEM) number of nicotine infusions; *=+p << 0.001, paired ¢ test. D, Diagrammatic
representation of coronal sections from the rat brain showing histologic reconstruction of the microinjection sites in the IPn. Black circles indicate locations of injector tips located inside the IPn from rats
included in statistical analyses. E, Graphical summary of proposed mechanisms by which a3 nAChRs in the mHb-IPn circuit regulate nicotine intake. It is proposed that a3 34 nAChRs located somato-
dendbitically and presynaptically on mHb neurons, and on afferents from IPn neurons, are activated by nicotine to trigger nicotine avoidance behaviors.

nicotine than their wild-type littermates. Using an RNA interfer-
ence approach, we found that knock-down of @3 nAChR subunit
transcripts in the mHb or IPn increased nicotine intake in rats.
Using slice electrophysiology recordings in rats, we show that
a3 34 nAChRs play a prominent role in regulating the stimula-
tory effects of nicotine on mHb neurons. Finally, infusion of the
a3 84 nAChR-selective antagonist a-conotoxin AulB into the
IPn of rats, the brain site to which mHb neurons project almost
exclusively, increased nicotine intake in rats. These findings sug-
gest that a3* nAChRs in the habenula-IPn circuit regulate nico-
tine intake (Fig. 5E). Hence, diminished a3+ nAChR-mediated
neurotransmission in the habenula-IPn circuit in individuals
who carry CHRNA3 risk alleles may contribute to their elevated
levels of tobacco consumption and higher incidence of smoking-
related diseases.

The a3 subunit was the first mammalian nAChR subunit to
be cloned (Boulter et al., 1986), yet little is known about its role
in the addiction-relevant behavioral actions of nicotine. A major
obstacle has been the fact that null mutation of Chrna3 results in
postnatal lethality in mice (Xu et al, 1999). Recently, a mouse
line with hypomorphic expression of a3 subunits was developed
(Caffery et al., 2009). In these mice, the Chrna3 gene was modi-
fied by introducing five nucleotide mutations in exon 5 and a
loxP-flanked neomycin (neo) resistance cassette upstream of
exon 5 (Chrna™ "™ mice; Caffery et al., 2009). These modifi-
cations result in reduced constitutive expression of @3* nAChRs
(Caffery et al., 2009), and when maintained on a BALB/c back-
ground ~60% of the mutant mice survive to adulthood (Caffery
et al., 2009). We observed no overt behavioral abnormalities in
the Chrna®™ """ mice, and they learned to respond for food
rewards in a manner indistinguishable from their wild-type lit-
termates. By contrast, the mutant mice had elevated levels of

responding for intravenous nicotine infusions and consumed
greater quantities of the drug. However, the Chrna®™!-/H"rt
mice were remarkably sensitive to adverse effects of nicotine
and showed sickness-like behavior after each self-administra-
tion session, with only three females but no male mutant mice
successfully completing the experiment. This is consistent
with the autonomic dysfunction previously reported in these
mice (Caffery et al., 2009), and in mice with complete genetic
ablation of the Chrna3 gene (Xu et al., 1999), which was likely
exacerbated by nicotine consumption. Although nicotine had
such detrimental effects in the mutant mice, they persisted in
responding for the drug and consumed greater quantities than
their wild-type littermates. This continued consumption de-
spite adverse outcomes is reminiscent of the compulsive
tobacco use seen in habitual smokers that often persists de-
spite awareness of potentially devastating health consequen-
ces. Such adverse responses to nicotine in the mutant mice,
resulting in just a small number of females that successfully
completed the entire experiment, raises notable concerns
about their utility for addiction-focused behavioral studies.
Nevertheless, these findings support a role for a3+ nAChRs in
regulating the motivational properties of nicotine. Moreover,
these findings may have relevance to smoking-related diseases
associated with autonomic dysfunction, such as cardiovascu-
lar disease or type-2 diabetes (Duncan et al., 2019; Garcia et
al., 2020), in smokers who carry CHRNA3 risk alleles that
result in deficient a3# nAChR-mediated transmission.

The highest concentrations of a3* nAChRs in the mamma-
lian brain are found in the habenula (Rassadi et al., 2005), with
Chrna3 transcripts also detected in the IPn (Rassadi et al., 2005;
Caffery et al., 2009). To investigate whether a3* nAChRs in the
habenula-IPn circuit regulate nicotine intake we developed a
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lentivirus-based shRNA against Chrna3 transcripts. Using this virus,
we found that @3 subunit knock-down in the mHb or IPn of rats
increased their nicotine intake. This finding is similar to the effects
of knocking down a5 nAChR transcripts in the mHb in rats
(Fowler et al,, 2011). Conversely, overexpression of 34 subunits in
the habenula-IPn circuit decreases nicotine intake in mice (Frahm
et al,, 2011). Hence, nAChRs that contain subunits encoded by the
CHRNA5/CHRNA3/CHRNB4 gene cluster, which has been heavily
implicated in tobacco dependence vulnerability (Hung et al., 2008;
Thorgeirsson et al., 2008), are likely to act in the habenula-IPn cir-
cuit to regulate nicotine intake. While disruption of a3+ nAChR-
mediated transmission, either globally in Chrna3 hypomorphic
mice or restricted to the habenula-IPn circuit in lentivirus- rats,
increased nicotine intake, the effect sizes were relatively modest
when compared with previous manipulations of Chrna5 or other
gene transcripts in this circuit performed by our group (Fowler et
al., 2011; Tuesta et al., 2017; Duncan et al., 2019). This may suggest
that while a3* nAChRs are involved in regulating the actions of
nicotine on the habenula-IPn circuit, other nAChRs subtypes, most
notably a4 32a5+ nAChRs, may play a more prominent role. It is
also noteworthy that a3* nAChR subunit knock-down in habenula
or IPn did not impact the acquisition of nicotine self-administration
in rats. However, the major smoking-related phenotype observed in
those who carry CHRNA3 risk alleles is a greater number of ciga-
rettes smoked per day. This is thought to reflect the reduced aver-
sive properties of nicotine in smokers who carry CHRNA3/A5/B4
risk alleles (Jensen et al., 2015), which may in turn relate to attenu-
ated actions of nicotine on the habenula-IPn circuit (Fowler et al.,
2011). Consequently, abnormalities in rates of acquisition of nico-
tine self-administration behavior in &3 nAChR-deficient animals
may be apparent only when unit doses of nicotine greater than
0.03mg kg~ ' are used, which have greater stimulatory effects on
the habenula-IPn circuit (Kenny and Markou, 2006; Kenny et al,,
2009; Duncan et al., 2019).

a3 subunits can co-assemble with 82 or 84 subunits to form
functional nAChRs (Sheffield et al., 2000). We found that the
a3 B 4% nAChR-selective antagonist @-conotoxin AulB markedly
attenuated the stimulatory effects of nicotine on mHb neurons,
as measured using whole-cell recordings, similar to the actions of
the broad-spectrum nAChR antagonist mecamylamine. By con-
trast, equimolar concentrations of the a3 32+ nAChR-selective
antagonist a-conotoxin MII only partially attenuated the effects
of nicotine. This suggests that a3 34* nAChRs likely to play an
important role in regulating the actions of nicotine on habenular
neurons, whereas «382* nAChRs are less involved. Consistent
with these observations, infusion of a-conotoxin AulB into the
IPn of rats, at a concentration two-fold higher than that required
to block the actions of nicotine in slice recordings, increased
their nicotine intake. By contrast, intra-IPn infusion of an equi-
molar concentration of a-conotoxin MII had no effect on nico-
tine intake. These data further support a role for @3* nAChRs in
the habenula-IPn circuit, particularly the a3 34 nAChR subtype, in
regulating nicotine intake. It is important to note that local knock-
down of a3 subunits in the IPn also increased nicotine intake. The
mechanisms by which a3* nAChRs expressed by IPn neurons can
influence nicotine intake is unclear, but it was recently reported IPn
afferents to the laterodorsal tegmental nucleus (LDTg) are activated
by nicotine, with this action provoking noxious responses to the
drug (Wolfman et al,, 2018). Hence, nicotine is likely to stimulate
both @3* nAChRs located on habenula inputs to the IPn and also
those located on IPn afferents to the LDTg and elsewhere in the
brain, to elicit nicotine avoidance behaviors and decrease nicotine
self-administration behavior (Fig. 5E).

Elayouby et al. ® a3 nAChRs and Nicotine Reinforcement

It has been reported that AT-1001, a novel a3 84* nAChR
antagonist with modest actions at a482 or a7 nAChRs,
decreased nicotine self-administration in rats after systemic
administration (Toll et al., 2012). This finding may appear at
odds with the increased nicotine intake reported here in a3%*
nAChR-deficient animals. Although AT-1001 is a potent
a3 B4+ nAChR antagonist (ICsy ~35 nm), it also inhibits non-
nAChR targets, including the serotonin transporter, o recep-
tors, muscarinic receptors and histamine receptors (Toll et al.,
2012). Hence, decreased nicotine intake induced by AT-1001
could reflect actions at non-nAChR targets. The ibogaine de-
rivative 18-methoxycoronaridine (18-MC) is also an a3 34
nAChR antagonist and similar to AT-1001 it reduces nicotine
intake in rats after systemic administration (Glick et al., 1998),
but increases intake after IPn infusion (Glick et al., 2011).
Therefore, it is possible that AT-1001 and 18-MC decrease
nicotine intake after systemic administration by actions at
ganglionic a3+ nAChRs in the autonomic nervous system. If
so, this raises questions about the feasibility of developing a3
nAChR agonists or positive allosteric modulators to enhance
a3# nAChR-mediated transmission in the habenula-IPn cir-
cuit for the treatment of tobacco dependence.

In addition to increased risk of tobacco dependence, individ-
uals who carry genetic variation across the CHRNA5-CHRNA3-
CHRNB4 gene cluster are also vulnerable to other neuropsychi-
atric disorders. For example, the rs1051730 allelic variant in
CHRNAS3 is associated with increased risk of alcohol use and
abuse (Joslyn et al., 2008) and an interaction of smoking status
and body mass (Freathy et al., 2011). Allelic variation at three loci
in the intron region (rs112712252, rs190825809, and rs116932868)
may protect against opioid dependence (Muldoon et al.,, 2014).
Further, allelic variation in CHRNA3 is associated with differences
in cognitive flexibility (Zhang et al., 2010), externalizing behaviors
(Stephens et al., 2012), body mass index (Freathy et al, 2011;
Tyrrell et al., 2012), reward deficits (Robinson et al., 2013), and
schizophrenia (Petrovsky et al., 2010, 2013). Considering that a3+
nAChRs are so densely expressed in the mHb-IPn circuit, these
human genetics findings hint at broader roles for this circuit
beyond tobacco dependence that are relevant to many other neu-
ropsychiatric disorders.

In summary, our findings suggest that a3 84* nAChRs regulate
the stimulatory effects of nicotine on the mHb-IPn circuit and
thereby control nicotine intake (Fig. 5E). Hence, @384+ nAChRs
may protect against tobacco addiction by promoting nicotine avoid-
ance behaviors through modulation of the habenula-IPn circuit.
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