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p4-Nicotinic Receptors Are Critically Involved in Reward-
Related Behaviors and Self-Regulation of Nicotine
Reinforcement
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Nicotine addiction, through smoking, is the principal cause of preventable mortality worldwide. Human genome-wide
association studies have linked polymorphisms in the CHRNA5-CHRNA3-CHRNB4 gene cluster, coding for the a5, a3,
and B4 nicotinic acetylcholine receptor (nAChR) subunits, to nicotine addiction. f4*nAChRs have been implicated in
nicotine withdrawal, aversion, and reinforcement. Here we show that p4*nAChRs also are involved in non-nicotine-
mediated responses that may predispose to addiction-related behaviors. /4 knock-out (KO) male mice show increased
novelty-induced locomotor activity, lower baseline anxiety, and motivational deficits in operant conditioning for palata-
ble food rewards and in reward-based Go/No-go tasks. To further explore reward deficits we used intracranial self-
administration (ICSA) by directly injecting nicotine into the ventral tegmental area (VTA) in mice. We found that, at
low nicotine doses, f4KO self-administer less than wild-type (WT) mice. Conversely, at high nicotine doses, this was
reversed and f4KO self-administered more than WT mice, whereas p4-overexpressing mice avoided nicotine injections.
Viral expression of f4 subunits in medial habenula (MHb), interpeduncular nucleus (IPN), and VTA of 4KO mice
revealed dose- and region-dependent differences: f4*nAChRs in the VTA potentiated nicotine-mediated rewarding
effects at all doses, whereas f4*nAChRs in the MHb-IPN pathway, limited VTA-ICSA at high nicotine doses. Together,
our findings indicate that the lack of functional f4*nAChRs result in deficits in reward sensitivity including increased
ICSA at high doses of nicotine that is restored by re-expression of f4*nAChRs in the MHb-IPN. These data indicate that
P4 is a critical modulator of reward-related behaviors.

Key words: addiction; habenula; interpeduncular nucleus; nicotine; nicotinic receptors; reward

(s )

Human genetic studies have provided strong evidence for a relationship between variants in the CHRNA5-CHRNA3-CHRNB4
gene cluster and nicotine addiction. Yet, little is known about the role of 34 nicotinic acetylcholine receptor (nAChR) subunit
encoded by this cluster. We investigated the implication of S4*nAChRs in anxiety-, food reward- and nicotine reward-related
behaviors. Deletion of the 34 subunit gene resulted in an addiction-related phenotype characterized by low anxiety, high nov-
elty-induced response, lack of sensitivity to palatable food rewards and increased intracranial nicotine self-administration at
high doses. Lentiviral vector-induced re-expression of the 34 subunit into either the MHb or IPN restored a “stop” signal on
nicotine self-administration. These results suggest that S4*nAChRs provide a promising novel drug target for smoking

cessation. j

Introduction deaths per year (WHO, 2011). Self-motivated cessation rates are
very low, with only 3-10% of smokers able to abstain for
>12 months, even with pharmacological cessation aids (Hartmann-
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Boyce et al.,, 2013). Therefore, it remains essential to further
investigate the neurobiological mechanisms involved in
nicotine dependence and its action on nicotinic acetylcho-
line receptors (nAChRs). nAChRs are ligand-gated cation
channels, activated by the endogenous neurotransmitter ac-
etylcholine (ACh), that assemble into homo- or hetero-pen-
tamers of a (a2-a7 and a9-«10) and B (B2-B4) subunits
(McGehee and Role, 1995; Gotti et al., 2009). Although the
roles of widely expressed nAChR subtypes, like B2-contain-
ing (82*) and a7* nAChRs have been largely investigated this
past decade (Changeux, 2010; Picciotto and Mineur, 2014),
much less work has been conducted on a5*, a3*, and B4*
nAChRs encoded by the CHRNA5-CHRNA3-CHRNB4 gene
cluster, in which genetic variants have been linked to high pre-
disposition to nicotine dependence in humans (Amos et al.,
2008; Thorgeirsson et al., 2008; Weiss et al., 2008; Saccone et
al., 2009).

B4*nAChRs are almost exclusively expressed in the medial
habenula (MHD), its efferent target the interpeduncular nucleus
(IPN), autonomic ganglia, and at low levels in the ventral teg-
mental area (VTA; Zoli et al., 1995; Klink et al., 2001; Azam et
al., 2002; Salas et al., 2004a). B4*nAChRs are involved in nico-
tine-induced MHb-IPN activity (Shih et al, 2014) and are the
sole nAChR subtype allowing stimulation of ACh release in the
IPN (Grady et al., 2009; Beiranvand et al., 2014). The MHb-IPN
axis is a key player in nicotine withdrawal and consumption,
implicating both a5 and 4 subunits (Salas et al., 2004a,b, 2009;
Velasquez et al., 2014). Knock-out mice (KO) of a5 and B4
nAChRs show similarly reduced nicotine withdrawal syndrome
and anxiety-like response (Jackson et al., 2008; Salas et al., 2009).
Transgenic mice overexpressing B4*nAChRs (“Tabac”) show
increased sensitivity to the aversive properties of nicotine and con-
sequently decreased nicotine drinking behavior and strong condi-
tioned place aversion at low nicotine doses that have no effects in
wild-type (WT; Frahm et al., 2011). The 4 subunit is implicated
also in nicotine positive reinforcement. Mice overexpressing
the entire gene cluster show increased sensitivity to acute nic-
otine, facilitated self-administration, and MHb activation, but
reduced nicotine-induced activation of the VTA (Gallego et
al., 2012). Intravenous self-administration (IVSA) of nicotine
is reduced in B4KO mice; yet nicotine-induced mesolimbic
dopamine (DA) release and sensitivity of VTA DA neurons to
nicotine are increased (Harrington et al., 2016). Also, intra-
habenular injection of the a3f4 receptor antagonist 18-
methoxycoronaridine blocked mesolimbic DA release (Glick
et al., 2006; McCallum et al., 2012).

Given these contrasting data, we further explored the role of
B4*nAChRs in anxiety-related behaviors, sensitivity to palatable
food rewards, and nicotine’s reinforcing properties using intra-
cranial self-administration (ICSA) in the VTA (Maskos et al.,

This work was supported by FP7 ERANET program (NICO-GENE), the Institut Pasteur, Center National de la
Recherche Scientifique CNRS UMR 3571 (U.M.) and CNRS UMR 5287 (V.D.) and the Agence Nationale pour la
Recherche (ANR-10-BLAN-1437, project “NICOSTOP”), the French National Cancer Institute (INCa-
CANCEROPOLE-TABAC-01-16022), the EC FP7 Grant agreement “NeuroCypres” project, Fondation EDF, the
Fondation des Treilles, and the Foundation for Medical Research FMR. U.M. is a member of the Laboratory of
Excellence, Bio-Psy Labex; as such this work was supported by French state funds managed by the Agence
Nationale pour la Recherche (ANR) within the Investissements d’Avenir program under reference ANR-11-
IDEX- 0004-02. The team of U.M. is part of the Ecole des Neurosciences de Paris Ile-de-France Network. Work
in New York was supported by National Institute on Drug Abuse Grant P30DA035756. We thank Stéphanie
Pons for constant support and discussions, and Martine Soudant for technical assistance.

The authors declare no competing financial interests.

Correspondence should be addressed to Vincent David at vincent.david@u-bordeaux.fr.

https://doi.org/10.1523/JNEUR0SCI.0356-19.2020
Copyright © 2020 the authors

Husson, Harrington etal. @ 34*nAChRs, Reward, and Control of Nicotine Intake

2005; Besson et al., 2006; David et al., 2006; Exley et al,, 2011;
Tolu et al,, 2013) in WT, B4KO, B4-overexpressing Tabac mice,
and KO mice re-expressing 34 in either the VTA or the MHb-
IPN pathway.

Methods

Animals and ethical statement

All surgical and experimental procedures were conducted in ac-
cordance with the European Community’s. Council Directive of
24 November 1986 (86/609/EEC) and a local ethics committee
[Comité d’Ethique en Expérimentation Animale de I'Université de
Bordeaux (CEE50), and Comité d’Ethique en Expérimentation
Animale de I'Institut Pasteur, 2013-0097]. We used WT (C57BL/
6] strain), B4*-nAChR KO mice (84—/— mice), bacterial artificial
chromosome transgenic mice overexpressing the (4 subunit
(Tabac; Frahm et al.,, 2011). All were males and were raised at
Charles River Laboratories, submitted to the same life conditions.
Mice were housed with ad libitum access to food and water in a
temperature-controlled room (23°C) with a 12 h light/dark cycle
(lights on at 8:00 A.M.). Following surgery for VT'A-ICSA prepa-
ration, mice were housed individually. Mice were aged 2-
3 months for lentivirus injections and 3-4 months (25-30 g) at the
beginning of the behavioral experiments.

Locomotor activity

Spontaneous horizontal locomotor activity of S4KO and WT
mice in a new environment was recorded for 14 h using auto-
mated locomotor boxes (Actimeter apparatus, Imetronic). The
first 2 h were recorded during the end of the light phase (18:00-
20:00), the remaining 12 h corresponding to the dark phase of
the cycle.

Elevated plus maze

Anxiety-like behavior was assessed in the elevated plus maze
(EPM). The apparatus was composed of gray PVC and consisted
of four arms. Each arm was 30 cm long, 7 cm wide, and 60 cm
above the ground. The four arms were joined at the center by a 7
cm square platform. Two opposite arms of the plus maze were
“closed” by 24-cm-high sidewalls but open on the top, and the
other arms did not have sidewalls. Light intensity in open arms
was 70 Ix. At the beginning of each test, the mouse was placed in
the center of the maze in a cylinder (7 cm in diameter, 17 cm
high) for 30 s. Then, the cylinder was removed and the animal
was allowed to explore all arms of the maze freely for 8 min. An
entry was counted when the mouse entered an arm with all 4
feet. Four independent groups of WT (n=15) and KO (n=16)
mice received an intraperitoneal injection of either NaCl or nico-
tine 0.2 mg/kg, 10 min before testing. The number of entries and
latency to enter open and closed arms were measured, as well as
the time spent and the distance traveled in open and closed
arms. Data were expressed as the open/total entry ratio, percent-
age time and percentage distance in open arms.

Operant conditioning for a palatable food reward

The apparatus used were five rectangular operant chambers
(28cm L, 18cm W x 18cm H) constructed of black PVC.
Briefly, each chamber was equipped with a total of 11 nose-poke
holes (13 mm diameter) distributed over three of its inner walls.
Three of these (Holes 1-3 from left to right) were placed in a
horizontal row on the left wall. Five holes forming an X (Holes
4-8 from left to right, and top to bottom) were placed on the
front wall. And finally, the last three holes were spaced in a
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vertical column on the right wall (Holes 9-11 from top to bot-
tom). Each nose-poke hole was equipped with a light emitting
diode for its illumination, and a pair of photobeam cells for the
detection of the mouse nose poking into that hole. On the floor
near the rear wall was located a liquid dispenser delivering liquid
reinforcements via an electro-valve release mechanism. They
were trained for nose-poking using a continuous reinforcement
schedule, that is, any nose-poke resulted in the immediate deliv-
ery of 7 pl of 2% sucrose whole-milk reward. C57BL/6] Mice typ-
ically emit ~50 reinforced responses after five to six daily 20 min
sessions (Cho and Jeantet, 2010).

Reward-guided Go/No-go discrimination procedure

Mice were first familiarized with crisp reward as small, 5mm®
pieces freely available in their home cage during the 3 d preced-
ing the beginning of experiments. The first session consisted of a
10 min free exploration of the Y-maze. Starting on Day 2, each
daily session consisted in four consecutive trials, two of which
were reinforced (R+) with the delivery of one 5mm? piece of
crisp, whereas the other 2 were not (R—). Small pieces (5 mm?)
of naturally flavored crisps (Vico) were chosen as food reward af-
ter previous studies showing that motivation to learn a Y-maze
discrimination task was obtained with a very low level of depri-
vation (Baudonnat et al., 2011). Therefore mice were deprived to
reach 95% of their ad libitum body weight 3 d before the begin-
ning of experiments. For each trial, the door of only one arm
(which could be reinforced or not) was open. The reinforced
arm (R+) remained constant through training, but the presenta-
tion order changed randomly from one session to another.
Latency to enter arm R+ and R— are measured. Discrimination
performance was assessed using the ratio between R+ and R—
latencies. Successful discrimination was obtained when the mean
R+ latency is significantly shorter than R— latency for three con-
secutive sessions (R+/R— < 1). C57BL/6] mice typically reached
this criterion after six sessions.

Intra-VTA nicotine self-administration

Nicotine reinforcement was assessed using a previously described
mouse model of VT'A-ICSA based on choice behavior between a
nicotine-reinforced and a neutral arm in a Y-maze discrimination
task, and detecting both rewarding and aversive properties
(Besson et al., 2006; David et al., 2006; Exley et al., 2011; Tolu et
al, 2013). This task was previously shown to be well adapted to
detect reward deficits in mutant mice, and allows excellent tempo-
ral and spatial, region-specific delivery of nicotine for targeting
brain structures such as the VTA.

The present experiments were conducted in a gray Plexiglas
Y-maze, the arms of which were separated by an angle of 90°.
The stem and the arms were 31 cm long and 12 cm high. The
starting box (14 x 8 cm) was separated from the stem by a sliding
door. Each arm had a sliding door at its entrance and a photo-
electric cell 6 cm from its end. Mice were implanted unilaterally
into the posterior VTA, using the coordinates of lentiviral injec-
tions. Before each experimental session, a stainless-steel injection
cannula (outer diameter 0.229 mm, inner diameter 0.127 mm)
was inserted into the VTA and held in a fixed position by a small
connector. The tip of the injection cannula projected beyond the
guide-cannula by 1.5 mm. It was connected by flexible polyethyl-
ene tubing to the microinjection system, which housed a 5 ul
Hamilton syringe containing a solution of nicotine in artificial
CSF (aCSF; microperfusion fluid; Phymep). The first session
consisted of a 10 min free exploration of the Y-maze. During the
second session, mice were habituated to being connected to the
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self-injection system (no injection). In subsequent sessions, the
interruption of photocell beams by the mouse entering the rein-
forced arm of the Y-maze triggered an intra-VTA injection of
nicotine which lasted 4 s. Because the photo beams were located
only 6 cm from the end of each arm, the mouse had to enter an
arm completely to end a trial. Therefore, partial entrance into the
arm did not count as a choice. Entering the non-reinforced arm
produced no injection, and entering either arm terminated the
trial. The animal’s movements were detected using an optical
system and transmitted to a computer, which rotated the injector
in the same direction, thus avoiding twisting. Intracranial injec-
tions were conducted using an automated computer-controlled
apparatus for precise and reproducible delivery of nicotine
(YAA, Imetronic). Following a 25 s enclosure in the target arm,
the mouse is guided back to the start arm to end the trial. Mice
were submitted to 10 trials per session with a 1 min intertrial
interval, and one session per day. A maximum of 10 injections
could be obtained by each mouse per daily session (chance level:
50%). The number of triggered injections within the nicotine-re-
inforced arm per daily session (number of self-administrations)
and the self-injection latency for each subject were automatically
recorded (“YAA” software, Imetronic). The mean of one daily
session provided one graph plot. The nicotine-associated arm
was assigned randomly and alternatively to each mouse, and
remained constant through the experiments. The experimenter
was blind to the genotypes.

Drugs

(-)-Nicotine hydrogen ditartrate salt (Sigma-Aldrich) was dis-
solved in aCSF (Phymep) and the pH adjusted to 6.9-7.4 using
NaOH. Doses used were 0.4, 2, 4, 24, and 48 mm nicotine (salt
concentration), delivered intracranially as 50 nl injections (10,
50, 100, 600, and 1200 ng/50 nl nicotine).

Lentiviral expression vector

A lentiviral vector was generated based on the work by Harrington
et al. (2016). The construct (Fig. 1A), contains 84 mouse cDNA
and green fluorescent protein (GFP) genetic sequences, whose
expression is driven by the phosphoglycerate kinase (PGK) pro-
moter (PGK-$4). The p4-containing lentiviral construct was
obtained by subcloning strategies. The control lentiviral vector (LV)
induces GFP expression only (PGK-GFP).

Stereotaxic surgical procedure for LV delivery

WT and KO mice were anesthetized by intraperitoneal ketamine
and xylazine (5:1; 0.10 ml/10 g) and placed with the skull
exposed in a stereotaxic frame (Stoelting). Surgery was con-
ducted under aseptic conditions. The VTA was targeted as previ-
ously described (Tolu et al, 2013), and the MHb and IPN
targeted as recently published (Harrington et al., 2016). LVs were
injected bilaterally into the VTA at anteroposterior —3.40 mm
from bregma, lateral £0.5 mm and ventral —4.4 mm from the
surface. The MHb was targeted from bregma and skull surface
at: anterior —1.90 mm, lateral +1.25 mm and ventral —2.40 mm
(Paxinos and Franklin, 2001). Injections were conducted using
pulled glass pipettes at an angle of = 20°. Two 0.5 ul volumes of
LV were delivered bilaterally at 0.2 ul/min (PGK-£4 300 ng/ul,
PGK-GFP 75ng/ul p24 protein). The IPN was targeted at ante-
rior: —3.60 mm, lateral: =1.60 mm, and ventral: —4.50 mm
from bregma and skull surface at an angle of 20°. A metal 35-
gauge needle was used to deliver a single injection of 2 ul LV to
the central region of the IPN (PGK-B4 75ng/ul, PGK-GFP
25ng/ul p24 protein). LV-injected mice underwent behavioral
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testing 5 weeks postinjection. LV-injected mice were A
euthanized 2-4 weeks post-injection for immunohis-
tological analysis (Fig. 1B).

Quantification of 4*nAChR expression

Mice were euthanized by CO, The brains were
dissected and frozen at —80°C. Twenty micrometer
coronal sections were obtained using a cryostat at
—20°C and thaw mounted onto microscope slides
(Menzel Glaser SuperFrost Plus). Radioligand binding
was performed as described previously (Harrington et
al., 2016), using the [B2*-specific 5-Iodo-A-85380
dihydrochloride (25 nm, A85380, Tocris Bioscience)
as the cold ligand. Total I125-epibatidine (220 pwm,
2200 Ci/mmol-specific activity, PerkinElmer) in situ
binding indicates localization of heteromeric nAChRs.
A85380-resistant 1125-epibatidine binding indicates
localization of putatively S4*nAChRs, because 1125-
epibatidine is displaced from B2*nAChR sites.
Following the binding procedure, slides were exposed
to a Biomax MR film (Kodak) for 16 h. Developed
films were scanned at 1600 dpi for analysis using Fiji
software. The mean inverse luminosity of three back-
ground points was subtracted from the measured
inverse luminosity of autoradiographic puncta. Data
were normalized to WT controls. Autoradiographic
analysis of brains following nicotine VTA-ICSA
revealed the heterogeneous nature of 34 re-expression
in the MHb among individuals. As in the study of

RRE

Figure 1.
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pTRIPAU3-PGK-B4-IRES-eGFP-WPRE;13135bp

RNA

pack. sig. cPPT CTS

AU3

o-GFP a-TH

Validation of lentiviral transduction in the VTA, IPN, and MHb. 4, LV contains 34 mouse

Harrington et al. (2016), mice with a low level of 34
subunit re-expression relative to WT according to
radioligand binding (mean 28%), exhibited a KO-
like response to nicotine. Therefore, subjects with
this low level of re-expression (<30%) were
removed from the current study as well. We
observed no A8530-resistent I125-epibatidine
binding in the LHb. Radioligand binding and im-
munofluorescence testing cannot be done on the
same mouse brain (due to technical considera-

¢DNA and GFP genetic sequences, whose expression are driven by the PGK promoter. Control LV (PGK-GFP)
was injected in WT and KO mice. LV for 34*nAChR expression (PGK-34) was injected in another group of
KO, targeting the VTA, MHb, and IPN. Five weeks later, mice started nicotine VTA-ICSA. At the end of the
last VTA-ICSA session, brains were removed for histologic control of stereotaxic implantation, control of LV-
induced GFP expression (immunofluorescence) and determination of lentivector-introduced 34 expression
(radioligand binding). B, Representative images of test (34-IRES-GFP) LV-induced GFP (green) expression
in the VTA, IPN, and MHb in three different WT brains. Immunofluorescence was used to label GFP and ty-
rosine hydroxylase (TH; dopamine neuron marker), and choline acetyltransferase (ChAT; cholinergic neurons
marker). Scale bar, 500 pm (D3V: dorsal third ventricle). €, Photomicrograph of a thionine-stained coronal
brain section (60 m) through the guide-cannula track (top arrow) and the nicotine injection site in the VTA
(bottom arrow). AP coordinate is relative to interaural line (Paxinos and Franklin, 2001).

tions), however, residual GFP expression was occa-

sionally noted in the LHb (Fig. 1B). Yet LV-

induced B4 re-expression was never observed in

the LHb likely because there were no @3 subunits, which are
required for B4 subunit assembly. Therefore, we anticipate no
impact on the present findings.

Immunohistofluorescence

Deeply anesthetized WT and KO mice (ketamine:xylazine solu-
tion, i.p.) were intracardially perfused with PBS and 4% parafor-
maldehyde. Sixty-micrometer-thick coronal brain sections were
obtained using a vibratome (Leica Microsystems). Sections were
incubated in 10% normal horse serum (NHS) plus 0.2% Triton
X-100 in PBS for 3 h. Proceeding incubations were conducted in
2% NHS and 0.04% Triton X-100. Primary antibodies used: rab-
bit anti-GFP (Life Technology), sheep anti-tyrosine hydroxylase
(Millipore), goat anti-choline acetyl transferase (Chemi-Con) at
1:500 dilution, overnight, 4°C. Corresponding secondary anti-
bodies (donkey anti-rabbit AlexaFluor-488, Abcam; donkey anti-
sheep Cy5, Jackson; donkey anti-goat AlexaFluor-546, Life
Technologies) were used for localization of primary antibodies at
a 1:500 dilution for 4 h, room temperature. Images were obtained
using a Zeiss fluorescent microscope.

Histologic control

Implantation of nicotine-injection cannulas and tissue damage
around the VTA injection site were verified for all subjects
included in statistical analyses, using photomicrographs of thio-
nine-stained frontal brain sections (60 um) through the guide-
cannula tracks. Out of 94 implanted animals, 7 were removed
from the experiments for misplacement or blood clotting. A rep-
resentative example of correct implantation and tissue damage is
provided in Figure 1C, there was no observable tissue alteration
at the level of the targeted structure (VTA), which appeared vir-
tually intact following repeated nicotine injections, independ-
ently of the mouse genotype or nicotine dose. Arrows show the
tip of injection cannula (site of injection, low) or guide-cannula

(high).

Statistical analyses

For anxiety- and reward-related behavioral tasks, all parameters
were tested using two-way ANOVAs with “Genotype” as a
between-subjects factor and “Session” as a within-subjects
repeated measure. Nicotine self-administration was tested with
two-way ANOVAs using the mean number of self-injections or
total amount of nicotine intake (ng) as dependent variables,
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Genotype as a between-subjects factor and Session as a within-
subjects repeated measure. Significant main effects were explored
by Newman-Keuls post hoc tests. Statistical analysis of A8380-re-
sistant I125-epibatidine autoradiography was conducted with
unpaired ¢ test or one-way ANOVA followed by Tukey’s post hoc
tests. A significance level of p < 0.05 was used for all statistical
analyses.

Results

Effects of 4 KO on anxiety-related behaviors
Novelty-induced locomotor activity

Novelty-induced activity and spontaneous locomotion during
the dark phase were measured in B4KO (n=15) and WT
(n=16). Analyses of the first 2 h revealed that KO mice exhibited
a significant increase in horizontal activity, which was more pro-
nounced during the first 10 min and toward the end of the light-
exposed session: Genotype Effect: F(; 59y = 1.88 ns; Time effect:
Fa34s) = 27.43, p<<0.0001; Genotype x Time interaction:
F(12,348) = 2.02, p = 0.02 (Fig. 24). In contrast, no difference was
observed at any time between the two genotypes regarding spon-
taneous locomotor activity during the dark phase, which pro-
gressively decrease overnight similarly in both groups (Genotype
Effect: F(; 12y = 0.13 ns; Time effect: F7; 5049y = 25.51, p < 0.0001;
Genotype x Time interaction: F(7; 5040y = 0.92 ns; Fig. 2B).

Elevated plus maze

We assessed anxiety level in 84KO and WT littermates and the
anxiolytic effects of nicotine (0.2 mg/kg, i.p.) using the EPM task.
Vehicle-treated 84KOs displayed an increase in all parameters
i.e., the ratio of open arm/total entries (Fig. 2C), percentage time
spent in the open arms (Fig. 2D) and percentage distance trav-
eled in the open arms (Fig. 2E). The effects of a nicotine pre-
injection (0.2 mg/kg, i.p.) 10 min before the task also strongly
depended on the genotype: whereas all three parameters
increased significantly in nicotine-treated W'T subjects, no effects
were observed in $4KO mice. Two-way ANOVAs consistently
revealed a significant effect of Genotype on open arm entries,
percentage time spent and distance traveled in the open arms
(Faas) = 922, p = 0.059% F1 53 = 13.8, p=0.018 and F, 3=24.3,
p=0.0002, respectively); a main effect of nicotine treatment on
both percentage time (F(; 53 = 9.51, p = 0.005) and distance trav-
eled in open arms (F(;,3 = 9.00, p=0.005), as well as a signifi-
cant Genotype x Nicotine interaction (F(,3 = 11.3, p=0.027
and F(;,3) = 8.00, p=0.009, respectively). Together, these data
show a strong decrease in anxiety levels in 84KO and a clear
anxiolytic effect of nicotine in WT mice.

Behavioral responses of f4KO mice in non-nicotine reward-
dependent behaviors

Operant conditioning on a continuous-reinforcement schedule
Both B4KO and WT mice progressively learned the task over the
12 acquisition sessions when using the 2% sucrose sweet milk.
However, whereas most WT mice reached an asymptotic per-
formance of 100 rewards by Session 9, KO mice exhibited a flat
learning curve and earned half the number of rewards obtained by
WT mice (Fig. 2F). These observations are supported by a two-
way ANOVA revealing a strong Genotype effect (F(y1,)=26.23,
p=0.0003), a Session effect (Fy,121)=57.77, p<0.0001) and a
Genotype x Session interaction (F(y,121)=29.61, p<<0.0001).
When the sucrose concentration was increased to 10%, WT mice
doubled the number of rewards earned by session (Fig. 2F). In
contrast, KO mice were insensitive to variations in the sucrose
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concentration, as attested by the number of rewards earned which
remained around 40 * 5/20 min session despite changes in su-
crose concentration (Genotype effect: F(; ;1) =45.79, p < 0.0001).

Go/No-go discrimination procedure

We used another non-hippocampus-dependent task based on a
successive discrimination procedure (Go/No-go) to further
assess both motivational and executive processes (Marighetto et
al.,, 1999). WT mice successfully learned to discriminate between
R+ and R— arms of the Y-maze, exhibiting significant difference
between R+ and R— latency by Session 4, reaching full discrimi-
nation criteria within 6 d (Fig. 2G). In contrast, KO mice did not
exhibit any difference in the latency to reach R+ and R— over
sessions (Fig. 2H). Strikingly, whereas impulsivity or executive
deficits are typically associated with a non-discriminant decrease
in R+ and R— latency, $4KO displayed instead an undifferenti-
ated increase of both R+ and R— latency. These observations are
supported by a three-way ANOVA revealing a significant effect
of Genotype: F(1 16 = 26.60, p = 0.005, a main effect of Reward
(R+ vs R—): F(y,16) = 21.05, p = 0.017, a Session effect: Fs59) =
5.47, p = 0.0001 and a Genotype x Reward interaction: Fs g9y =
6.42, p=0.0119).

VTA-ICSA responses in f4KO mice
B4*nAChRs have inverse effects on nicotine reward as a function
of dose
We first compared WT and KO mice using low doses of nicotine.
Because no difference was observed with nicotine doses of 10
and 50 ng/50 nl in the number of nicotine self-injections, data
obtained with these two doses were pooled (two-way ANOVA,
Dose effect in WT: F(; 7)=3.53 ns and Dose x Session interaction,
F(6,42) = 1.12 ns; in KO, Dose effect: F(; 6y = 0.36 ns, and Dose x
Session interaction: Fgs4) = 1.93 ns). KO mice self-administered
less nicotine than WT over the acquisition phase (Genotype
effect: F(; 1) = 11.5, p = 0.002; Fig. 3A). At the optimally reinforc-
ing dose of 100 ng, both WT and KO mice exhibited a significant
and similar preference for the nicotine-reinforced arm of the Y-
maze (Fig. 3B; ANOVA Session effect: F(s 75y = 12.0, p<<0.0001).
We then investigated the effects of high doses (7d at 600 ng
followed by 7 d at 1200 ng/50 nl) in mutant strains expressing dif-
ferent levels of the 34 subunit: WT, 84KO and 34 overexpressing
Tabac mice. At 600 ng, KO mice exhibited a weak preference for
the nicotine-reinforced arm, which remained stable across ses-
sions with no significant difference between WT and KO groups
(Fig. 3C). Conversely, Tabac mice exhibited a marked avoidance
of nicotine, remaining below chance level over all sessions, leading
to a significant Genotype effect (two-way ANOVA): F, ,3) = 3.75,
p=0.039; no Session effect: Fs135) = 0.62 ns; and no Genotype X
Session interaction: Fj;135) = 0.60ns. Doubling the dose (600-
1200 ng) enhanced genotype-dependent effects. Whereas nicotine
VTA-ICSA further increased over sessions in KO mice, choice of
the nicotine reinforced-arm remained at chance level in WTs,
whereas Tabac mice displayed a strong avoidance (two-way
ANOVA, Genotype effect: F,»3) = 9.47, p=0.001; Session effect:
Fe133 = 1.41ns; Genotype x Session interaction: Fj;j3s) =
1.38 ns). Post hoc analysis confirmed that KO mice preferred the
nicotine-reinforced arm, whereas Tabac mice preferred the non-
reinforced arm compared with WT mice or chance (Fig. 3C).
Analyses of nicotine intake were consistent with the number of
self-administration events for each genotype. Indeed, the total
amount of nicotine intake increased in WT in a dose-dependent
manner, but significantly more in KO and conversely less in
Tabac mice, leading to strong effects of Dose: F(; 46 = 41.97,
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the session corresponding to the last 2 h of the light cycle (4) and during the 12 h overnight dark phase (B) in 34KO (n=15) and WT littermates (n = 16). Post-hoc tests: *p << 0.05 following
Genotype x Time interaction. C—E, EPM: ratio of Open arm/Total entries, percentage time spent in the open arms, percentage distance traveled in the open arms (=SEM), and effects of nico-
tine pretreatment (0.2 mg/kg) on anxiety-related response in B4K0 and WT mice. *p << 0.05: NaCl vs Nicotine or WT vs KO; **p << 0.01: WT vs KO. F, Palatable food-rewarded operant condi-
tioning. Mean number (==SEM) of rewards eamned during each 20 min daily sessions over the acquisition phase with 2% sucrose sweet milk (Sessions 1-12) and subsequent increase to a 10%
sucrose concentration (Sessions 13—19) in 34KO and WT mice (Post-hoc tests: *p << 0.05, **p << 0.01, ***p << 0.001: compared with WT mice; ###p << 0.001: Genotype main effects). G, H,
Go/No-go task (successive discrimination procedure for a palatable food reward. H: habituation session). Mean time to enter R+ vs R— arms of a Y-maze in WT (G) and 34KO (H) mice. Post-

hoc tests: *p << 0.05, **p << 0.01. ###p = 0.005: Reward main effect.

p<<0.0001; Genotype: F46 = 13.30, p=0.001 and Dose x
Genotype interaction: F(, 45) = 3.62, p = 0.035 (Fig. 3E).

The dose-response curve (Fig. 3D) shows the mean number
of self-injections for the last 3 d of the acquisition phase in WT
and in KO mice. A genotype-dependent, opposite behavioral pat-
tern was observed: nicotine intake dose-dependently decreased in
WT while increasing in KO mice (two-way ANOVA, Genotype

effect: F(; 65y = 1.47 ns; Dose effect: F365) = 1.72ns; Genotype X
Dose interaction: F(3 65y = 4.38, p =0.039; ANOVA for Dose effect
in WT: F365 = 3.87, p=0.018). At the lowest dose (10-50 ng),
KO mice did not exhibit any preference for the nicotine-rein-
forced arm. Conversely, at the highest dose (1200 ng), KO trig-
gered significantly more nicotine self-injections than WT (Fig.
3D). Although the total amount of nicotine intake dose-
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Figure 3.  Intra-VTA nicotine self-administrations (SAs) in WT, KO and Tabac mutant mice. A, Mean number (=SEM) of SAs in

WT (n=9) and KO (n=11) mice at 10-50 ng (ANOVA; Genotype effect: p = 0.002. Post-hoc tests: *p << 0.05 vs WT mice). B, Mean
number (= SEM) of SAs in WT (n=7) and KO (n=8) mice at the dose of 100 ng (two-way ANOVA; Session effect: "p < 0.0001.
C, Mean number (=SEM) of SAs in WT (n=10), KO (n=9), and [34-overexpressing (Tabac, n=7) mice at 600 ng, followed by
seven sessions at 1200 ng (ANOVA for 600 ng and1200 ng: Genotype effect; p =0.039, p=0.001, respectively. Post-hoc tests:
*p < 0.05 vs WT mice.). D, Dose—response curve based on the mean number of SAs (==SEM) for the last 3 d of the acquisition
phase according to nicotine doses in WT mice (n =7-10 per dose) and in KO mice (n=8-11 per dose). The number of self-infusions
dose-dependently decreased in the WT group while increasing in KO mice.*p << 0.05: KO vs WT following Genotype x Dose interac-
tion and significant Dose effect in WT. E, Total amount of nicotine intake (ng) in WT, KO, and Tabac mice. From 600 to 1200 ng, nic-
otine intake steadily increased in KO while conversely decreasing significantly in Tabac to lower levels relative to WT (¥p << 0.05 vs
WT; #p << 0.05 vs KO). At the highest dose of 1200 ng, only KO mice continue to take up to 1.3 times the maximum nicotine amount
reached by WT (*p << 0.05 vs WT). F, Total amount of nicotine intake (ng) during self-administration as measured at the end of the
last three VTA-ICSA sessions for doses ranging from 10-50 to 1200 ng in WT and KO. At low to medium doses (10-50 to 100 ng),
nicotine intake increased dose-dependently in both WT and 34K0s, however, KO mice consumed significantly less nicotine in the
low-dose range (10-50 ng: *p << 0.05 vs WT). Conversely, KO consumed up to 1.5 times the amount of WT intake at 1200 ng
(**p << 0.01 vs WT).

dependently increased in both groups, it was lower in KO com-
pared with WT for the lowest dose (10-50 ng; Fig. 3F); but con-
versely KO mice reached 1.5 times the WT level at 1200 ng (Dose
effect: Fi365 = 11.98, p=0.001; Genotype effect F(;¢5 = 8.70,
p=0.044; Dose x Genotype interaction Fg;¢5 = 7.41, p=0.007).
Importantly, no physical manifestations, such as scratching or
shaking, were observed at any doses. Again, total intake confirmed
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the genotype-dependent inverse dose-
response pattern observed with the
number of self-administrations (SAs).

Overexpression of B4*nAChRs in the
VTA of B4 KO mice increases nicotine
ICSA

We used targeted, region specific LV
re-expression of the 84 subunit to iden-
tify the role of three [B4-expressing
brain regions (MHb, IPN and in the
VTA) in nicotine self-administration
(Fig. 1A). Two groups of mice were
injected with the control LV (WT-
GFPY™ and KO-GFPY™), whereas
one group received the LV for f4
expression (KO—,84VTA). At the end of
the last VTA-ICSA session, transduc-
tion was verified by immunofluorescent
detection of GFP, and VTA expression
of B4 was determined using autoradio-
graphic assessment of I'**-epibatidine
binding sites. LV transfer of the B4
genetic sequence into the VTA of KO
mice successfully increased A85380-re-
sistant I'*-epibatidine binding sites in
this brain region (Fig. 4A4). We found
that 84*nAChRs level are very low or
undetectable in the VTA of WT mice,
therefore a quantification of relative
B4*nAChR restoration was not con-
ducted. Radioligand binding was also
detected in the periphery of the neigh-
boring IPN. Immunofluorescence anal-
ysis confirmed successful infection of
the VTA, as revealed by GFP expres-
sion (Fig. 1B).

At the dose of 600ng, both WT-
GFPY™ and KO-GFPY'™ mice ex-
hibited a similar, slight preference for
nicotine reminiscent of non-vectorized
WT and KO mice (Fig. 4B). However,
increasing the dose up to 1200 ng had
an opposite effect on these two geno-
types: whereas the number of nicotine
SAs remained close to chance level in
WT-GFPV™ or even tended to decrease,
this parameter increased in KO-GFPY™
mice. WT-GFPY™ did not significantly
differ from WT mice: F 1;)=1.09 ns; in
contrast KO-B4"™ exhibited a rapid
increase in nicotine VTA-ICSA at the
dose of 600ng, and remained signifi-
cantly higher than both WT-GFpPY™*
and KO-GFPY™ mice at 1200ng. A
two-way ANOVA for the 600 ng dose
yielded a Genotype effect: F;,1) = 3.79,

p=0.035; a Session effect: Fs126 = 5.38, p<<0.0001; and no
Genotype x Session interaction: F,526 = 1.65ns. At 1200
ng, Genotype effect: F,,1) = 24.76, p=0.001; no Session effect:
Fis,126) = 0,51s; but a Genotype x Session interaction: F(;5,126) =
4.69, p<<0.0001. As already observed in non-vectorized mice,
KO-GFPY™ exhibited a higher total amount of nicotine intake
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than WT-GFPY™ at the highest dose
(1200 ng), and expression of the 34 subunit
in the VTA of KO mice (KO- B4VTA) was
associated with an increase in nicotine
intake at both doses (Fig. 4C; Dose effect:
F142) = 25.70, p <0.0001; Genotype effect:
Fouy = 2870, p<00001; Dose x
Genotype interaction: F4 = 1048,
p=0.0002). These results further support
the genotype-dependent pattern revealed
by analyses of the number of SAs.

Re-expression of B4*nAChRs into either
the MHb or IPN limits VTA-ICSA of high
doses of nicotine

Two groups of mice were injected with the
control LV (WT-GFPM®, =6 and KO-
GFPMM® ;1= 8), and one group received
the LV for B4 expression (KO-B4™M™®,
n=6) in the MHb. Targeting the MHb
is challenging considering its small size
and the fact that these nuclei flank the dor-
sal third ventricle. Therefore, levels of
B4*nAChR re-expression were systemati-
cally verified among mice which comple-
ted nicotine VTA-ICSA. A85380-resistant
1'**-epibatidine binding demonstrates that
the LV successfully increases B4*nAChR
binding sites in the MHb (Fig. 5A). After
quantification of radiographic intensity, we
identified mice with expression levels
>30% that of WT-GFPM™, because a
threshold effect of habenular B4*nAChR
expression on nicotine self-administration
had been identified previously (Harrington
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Figure 4.  Effects of overexpression of B4*nAChRs in the VTA on nicotine VTA-ICSA. A, LV re-expression of B4*nAChRs in

the VTA: '*-staining in coronal sections of WT-GFP'™, KO-GFP'™, and KO-34'™ brains. The left column shows total I'*-
epibatidine binding, illustrative of heteromeric nAChRs. The right column shows 1'-epibatidine binding of adjacent brain
sections after displacement from B32*nAChR sites (A85380). AP coordinate is relative to the interaural line (Paxinos and
Franklin, 2001). B, Mean number (==SEM) of intra-VTA nicotine SAs in VTA- vectorized mice (WT-GFP'™, KO-GFP'™, KO-
B4™ all groups n=8) at 600 and 1200 ng. ANOVA at 600 ng: Genotype and Session effects; at 1200 ng: Genotype effect.
Post-hoc tests: **p << 0.01; ***p << 0.001 (vs WT); #p << 0.05, ##p << 0.01 (vs KO). C, Total amount of nicotine intake (ng)
for doses ranging from 600 ng to 1200 ng in WT-GFP'™, K0-GFP'™, and KO- 34'™ mice. Both KO strains exhibited increased

et al,, 2016). The KO- B4 group demon-
strated a mean MHDb autoradiographic in-
tensity of 53.6% that of WT-GFPM®
controls (*£6.5% SEM), which was statisti-
cally greater than levels found in KO-GFPM™ mice (15.0 + 4.2%,
unpaired £ test: p < 0.0001; Fig. 5A). Immunofluorescence analysis
also reveals successful infection of the MHb, using GFP expression
as a marker (Fig. 1B).

Expression of GFP in the MHb did not affect nicotine VTA-
ICSA either in WT- or KO-GFPM™ mice, which performed sim-
ilarly to their non-vectorized counterparts at both nicotine doses.
In contrast, MHb re-expression of $4*nAChR restored a WT-
like profile in KO-B4M™ (Fig. 5B). Although this did not reach
statistical significance at the dose of 600ng (Genotype effect:
F17) = 2.76 nis; Session effect: Fg102) = 2.38, p=0.022), raising
the dose up to 1200 ng decreased nicotine choice to chance level
in both WT-GFPM™ and KO-B4M™, whereas KO-GFPM!®
continued to show a marked preference for nicotine (Genotype
effect: F5,17 = 9.10, p=0.006; Session effect: F 102 = 1.74ns;
Genotype x Session interaction: F(12102) = 0.88 ns). Post hoc tests
confirmed that at 1200ng, KO-B4M™ mice followed WT-
GFPMHP (KO- ﬁ4MHb vs WT-GEPMH n); but differ from KO-
GFPM™™ (Fig, 5B).

Re-expression of S4*nAChRs in the IPN also decreases posi-
tive reinforcing effects of high doses of nicotine in S4KO mice.
Two groups were injected with the control LV (WT-GFP™™N and
KO-GFP™), and one group of KO received the LV for 34 re-
expression (KO- ﬁ4IPN) in the IPN. After completion of VTA-

nicotine intake compared with WT-GF
with WT at the 600 ng, and also to the KO-GFP'™ at the 1200 ng dose. Post-hoc tests: *p < 0.05 vs WT; #p << 0.05 vs KO.

P'™ at the 1200 ng dose, but this parameter was even higher in K0—/34VTA compared

ICSA, KO- B4 mice were assessed for 84*nAChR expression
at the site of LV delivery. Quantification of A85380-resistant 1125-
epibatidine autoradiographic intensity shows that S4*nAChR
expression is rescued to 64.2% of WT- GFP™™ controls (+9.7%
SEM; Fig. 5C). Radioligand binding is almost absent in the KO-
GFP™ controls (2.3 = 0.6% SEM, unpaired ¢ test: p = 0.0014).
Immunofluorescence analysis also confirmed successful infection
of the IPN, and expression of GFP (Fig. 1B).

KO-GFP™ exhibited a dose-dependent increase in nicotine
intake with a marked preference for nicotine at 1200 ng, similarly
to KO mice (Fig. 5D). WT-GFP™™ displayed a WT phenotype,
their performances being close to chance level throughout
the VTA-ICSA experiment. IPN re-expression of B4 in KO
mice (KO-B4™™ mice) resulted in a sharp decrease in nicotine
self-injections at both 600 and 1200 ng compared with their
GFP-expressing controls, their performances becoming similar
to WT-GFP*™ mice. (600ng Genotype effect: F(, ;5 = 3.56,
p=0.038; Session effect: Fq0) = 1.70ns; Genotype X Session
interaction: F(1590) = 0.60ns; 1200 ng Genotype effect: F, 15) =
7.45, p=0.0029; Session effect: Fg99) = 1.12ns; Genotype X
Session interaction: F;, o9y = 0.87 nns). As for their non-vectorized
counterparts, KO-GFP™™ mice self-administered more nicotine
than both WT-GFP™ and KO- 84'™ mice at 1200 ng (Fig. 5D).
Analyses of total amount of nicotine intake confirmed the higher
consumption of KO-GFPM™® " IPN_ a5 already observed in non-
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Figure 5. Effects of re-expression of 34*nAChRs in the MHb-IPN pathway on nicotine VTA-ICSA. 4, €, I'*-staining in coronal sections of WT-GFP""™®, K0-GFP" and K0- 34" brains and
of WT-GFP™, KO-GFP™ and K0-B84™ brains, at the level of the MHb (4) and the IPN (C), respectively. Left columns show total I'*-epibatidine binding, illustrative of heteromeric nAChRs.
Right columns show I'*-epibatidine binding of adjacent brain sections after displacement from B2*nAChR sites, revealing putative B34*nAChRs. Right panels show quantification of A85380-re-
sistant 1125-epibatidine autoradiography of MHb- and IPN-injected mice submitted to intra-VTA nicotine SA. Mean inverse luminosity of autoradiographic puncta are expressed relative to
WT-GFPM™® and WT-GFP™ controls. **p < 0.01, ****p < 0.0001 (unpaired t tests). B, D, Mean number (==SEM) of intra-VTA nicotine SAs in MHb- and IPN-vectorized mice (WT-GFPM! o ™
KO-GFPMHo o PN 0 gaMtib or IPN. ; — 6_8) at 600 ng and 1200 ng. Post-hoc tests: *p << 0.05, **p < 0.01, ***p < 0.001 (vs WT) *p < 0.05, p < 0.01; *p < 0.001 (vs KO); following
main effects of Genotype. £, F, Total amount of nicotine intake (ng) for doses ranging from 600 ng to 1200 ng in mice re-expressing the /34 subunit in either the MHb (WT-GFPY™®, K0-GFPMH®,
and KO-34™%) or the IPN (WT-GFP™, KO-GFP™, and KO-34™). LV induced re-expression of /34 in either the MH or the IPN led to a strikingly similar pattern of normalized, WT-like nicotine
intake whatever the dose used. Post-hoc tests: *p << 0.05 vs WT; *p << 0.05 vs KO.
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vectorized and in KO-GFP'™ mice at the highest dose
(1200 ng), thus providing further evidence that re-expression of
34 in either the MHDb or IPN restored the regulation of nicotine
intake to WT-GFPMHP o IPN Jevels (MHb, Dose effect: F4) =
162.30, p <0.0001; Genotype effect: F534 = 11.08, p=0.001;
Dose x Genotype interaction: F(, 34y = 3.67, p =0.036; IPN, Dose
effect: F(30) = 152.22, p<< 0.0001; Genotype effect: F39) =
10.55, p =0.003; Fig. 5E,F, respectively).

Together these results show that, despite the anatomic prox-
imity of VTA and IPN, B4 over/re-expression elicited inverse
responses, i.e., showing increased and decreased SA, respectively.
Furthermore, analysis of different SA parameters (number of
self-infusions and total nicotine intake) across re-expression
studies provides converging evidence that 84*nAChRs, in both
the MHb and IPN, mediate a stop signal on nicotine VTA-ICSA.

Discussion

In the present study, we characterized the implication of
B4*nAChRs in anxiety- and reward-related behaviors. We report
converging evidence showing that S4KO exhibit severe impair-
ments in reward processing. In the operant conditioning task for
a palatable food reward, KO mice progressed over acquisition
sessions and eventually learned the task, however they earned a
very low number of rewards and did not increased their
responses to higher sucrose concentrations compared with their
WT counterparts. Food-training responses in mice undergoing
intravenous self-administration procedures have not reported
differences between WT and B4KO (Harrington et al.,, 2016).
However a critical factor could be that no food deprivation was
used here. This may have allowed detecting a sucrose reward
effect not observable under strong food deprivation. Several
brain areas that express 34 could account for this difference. For
instance B4*nAChR are present in olfactory and taste circuits
(Qian et al., 2018; Spindle et al., 2018). Also viral knockdown of
the B4 subunit in hypothalamic proopiomelanocortin neurons
blocked the anorexigenic effect of cytisine, a selective agonist of
a3 4 nAChRs (Mineur et al.,, 2011; Calarco et al., 2018).

To further assess motivational vs cognitive processes, we used
a Go/No-go task based on a successive discrimination procedure.
WT mice rapidly acquired (5-6 training days) a Go/No-go
response to successive presentation of R+ and R— arms of the
maze, but this behavior was not present in S4KOs. Again, such
an undifferentiated increase in time to reach both R+ and
R- can be interpreted as a motivational deficit, whereas non-dis-
criminating decreases in R+/R— latencies are related to impul-
sivity or memory impairment (Marighetto et al, 1999).
Together, low reward score, insensitivity to the hedonic value of
palatable foods, non-discriminating, increased latencies in the
Go/No-go task and reduced nicotine self-administration all sug-
gest that S4KO mice display a blunted response to food and nic-
otine rewards reminiscent of a reward-deficit syndrome (Blum et
al., 2000).

Response to novelty has been related to the vulnerability to
develop addiction (Piazza et al., 1989). B4KO mice displayed a
significant increase in novelty-induced activity. Because activity
during the dark phase of the cycle was similar in WT and
B4KOs, this cannot be considered as an alteration of motor
behavior. However, exposure to an inescapable environment can
elicit either an escape or an exploratory behavior, thus novelty-
preference could be a more reliable predictor of vulnerability
(Belin et al.,, 2016). We show here that S4KO mice expressed a
low level of anxiety in the EPM task, and were insensitive to the
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anxiolytic effects of nicotine. These results are in agreement with
previous studies reporting decreased anxiety-related responses
and EPM-induced and heart rate in 84KO mice (Picciotto et al.,
2002; Salas et al., 2003; Semenova et al., 2012; Ables et al., 2017;
Wolfman et al., 2018). It would be interesting to dissect which
brain area expressing 54" nAChRs is implicated in this trait.

We used a mouse model of ICSA to investigate the reactivity
of the reward system by injecting nicotine directly into the VTA.
This procedure is a powerful paradigm to assess positive rein-
forcing/aversive properties of drugs of abuse, an interesting fea-
ture when using substances considered sometimes as low
reinforcers such as nicotine (Maskos et al., 2005; Besson et al.,
2006; David et al., 2006; Exley et al., 2011). Extensive evidence
supports the view that acute reinforcing properties of drugs of
abuse play a critical role in the early stages of the addiction cycle,
in particular for drug-related habits and possibly relapse (Wise
and Koob, 2014). In agreement with the reduced nicotine IVSA
observed in B4KO mice (Harrington et al., 2016), we found a
decrease in nicotine VTA-ICSA at low to moderate doses.
Concurrent nicotine delivery and electrophysiological measure-
ments in the same brain area was not technically feasible, but
previous work has provided valuable information on nicotine-
induced activity of VTA-DA cells in 84KO mice (Harrington et
al,, 2016). Although a slight increase in the sensitivity of VTA-
DA neurons to IV nicotine in KO mice compared with WT
group was observed at the lowest dose, nicotine-induced bursting
and more specifically the number of spikes within burst, a pa-
rameter closely related to reinforcing properties (Tolu et al,
2013), was significantly reduced in 84KOs.

When increasing the nicotine dose up to 10 times the thresh-
old, KO mice exhibited SA levels similar to WT. The difference
in responding to high nicotine doses when using IVSA vs ICSA
could be due to the recruitment of systemic/autonomic nAChRs
when using IVSA. Indeed, one of the most interesting findings of
the current study is the converging evidence provided by two pa-
rameters (number of self-injections and total amount of nicotine
intake) indicating that self-limitation processes normally occur-
ring at the highest doses in WT, are altered in $4KO mice. By fo-
cusing on the reward system, VTA-ICSA allows to explore the
effects of high doses, an interesting prospect with regards to the
relationship between human genetic variants in the CHRNAS5-
A3-B4 locus and heavy smoking (Thorgeirsson et al, 2008;
Weiss et al., 2008). Direct comparison of brain nicotine concen-
trations achieved in rodents and humans is difficult, mainly
because of differences in routes of administration and related
pharmacokinetics. Following one cigarette (or 10 puffs), brain
nicotine concentration has been estimated between 0.5 and 1 um
(Rose et al., 2010). We observed nicotine VTA-ICSA at concen-
trations starting from 10 to 100 um in WT mice. The EDs,
for ACh or nicotine-induced activation of nAChRs are very simi-
lar and depend on the receptor subtype and affinity, ranging
from 70 to 200 um for a4B2* and «7*AChRs, respectively,
and both synaptic ACh release and nicotine-evoked currents
peak at millimolar concentrations (Buisson and Bertrand, 2001).
Interestingly, in habitual smokers the absence of puft-associated
oscillations (spikes) in brain nicotine concentration suggests that
heavy smoking could be more related to the progressive increase
in nicotine concentration (Rose et al., 2010). While S4KO mice
dose-dependently increased their nicotine intake up to the milli-
molar range, VTA-ICSA decreased at higher doses in WT mice
and B4 overexpressing Tabac mice learned to avoid nicotine,
choosing the non-reinforced arm in 75% of trials. The opposite
pattern of B4KO and Tabac mice suggests that nicotine intake is
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inversely related to the amount of functional B4 subunits. These
observations are consistent with previous reports suggesting an
implication of these receptors in nicotine’s aversive effects
(Fowler and Kenny, 2014; Antolin-Fontes et al., 2015). However,
Tabac mice express $4*nAChRs also in brain regions that show
nondetectable levels in WT mice, such as amygdala, substantia
nigra, and supra-mammillary nuclei (Frahm et al.,, 2011), that
could contribute to the aversion to nicotine shown in these mice.

Because VTA re-expression of the 4 subunit in KO mice
produced neither a WT nor a Tabac phenotype, we attribute the
self-regulation of nicotine intake at high doses to extra-VTA
B4*nAChRs. Re-expression of the 4 subunit in either the MHb
or IPN restored self-limitation effects toward a WT-like pheno-
type. Despite the adjacent localization of IPN with the VTA and
likely stimulation of both VTA and IPN nAChRs by intra-VTA
nicotine, we observed opposite effects of IPN (decrease) and
VTA (increase) re-expression of 4 on nicotine VTA-ICSA.
Because B4*nAChR expression was very low or even undetect-
able in the VTA of WT mice (Gahring et al., 2004; Yang et al.,
2009; Baddick and Marks, 2011), reward facilitating effects could
be related to an overexpression of VT'A 34 subunits, or ectopic
expression in neuronal subpopulations of the VTA. Therefore, it
is difficult to infer the physiological role of VTA B4*nAChRs
from the re-expression study. Yet, restoration of a self-limited
nicotine intake through MHb or IPN re-expression suggests that
the alteration of the MHb-IPN-negative feedback control in
B4KO mice may have promoted a “go” signal for high doses of
nicotine. Thus, MHb-IPN B4*nAChRs appear to mediate an
ACh-dependent stop signal. In agreement with this view, lido-
caine-induced inactivation of either MHb or IPN increases nico-
tine IVSA in the rat, whereas lentiviral overexpression of B4
subunit in the MHD decreases nicotine consumption in the two-
bottle drinking test (Fowler et al, 2011; Slimak et al., 2014).
Notably, our results suggest an implication of S4*nAChRs in a
“satiety-like” signal limiting nicotine VTA-ICSA, rather than
aversion per se. As reported here for the 34 subunit, re-expres-
sion of the &5 subunit in the MHb of a5KO mice reduced aber-
rant SA of high doses of nicotine, whereas MHb-specific
knockdown of this subunit in rats mimics the increase in nico-
tine intake of a5KO mice (Fowler et al.,, 2011). Consistently,
viral-induced expression of an allelic variant of CHRNAS5
(a5D398N) found in heavy smokers, in the MHb of Tabac mice,
restored nicotine intake to WT levels (Frahm et al,, 2011).
Therefore, there are striking similarities in the SA phenotype of
a5 and B4-null mutants as reported here. Interestingly, levels of
a5 (more in VTA and few in MHb) and 84 subunit expression
(low in VTA and dense in MHDb) are inverted in WT (Hsu et al,,
2013, 2014). Understanding their respective role in emotional
regulation could help to develop new therapeutic interventions
against tobacco dependence.

The demonstration that 84*nAChRs act outside of the VTA
to limit ICSA of high nicotine doses raises a question regarding
the endogenous cholinergic stimulation of S4*nAChRs. The sep-
tum is an appealing target, because it receives a DAergic input
from the VTA and sends a cholinergic output to the MHb
(Contestabile and Fonnum, 1983; Sperlagh et al., 1998). Inhibition
of VT'A-D1 dopamine receptors blocks the rewarding effects of
intraseptal GABA(A) agonists (Gavello-Baudy et al., 2008), and
selective elimination of the dorsal septo-habenular pathway results
in aversive learning deficits (Yamaguchi et al, 2013). Further
research is required to investigate the role of the meso-septo-habe-
nular circuit in the reward/aversion balance, and how this infor-
mation is relayed from the MHb-IPN pathway to the VTA. To
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date, there is evidence for direct influences through MHb- or IPN-
VTA connections (Sutherland, 1982), or indirectly through IPN-
dependent modulation of the dorsal raphe nucleus (Hsu et al.,
2013, 2014) or through IPN-laterodorsal tegmentum projections
(Ables et al., 2017; Wolfman et al,, 2018). Although a5*nAChRs
presynaptically modulate glutamate and noradrenaline release in
the IPN, only 84*nAChRs stimulate IPN ACh release (Grady et
al., 2009; Beiranvand et al., 2014). In the present study, nicotine
infusions were restricted to the VTA, thus raising an important
question about the relevance of this ACh-dependent negative feed-
back mechanism in smokers. Chronic nicotine upregulates
nAChRs in rodent and human brain and sensitize the MHb-IPN
pathway (Marks et al., 1992; Mamede et al., 2007; Arvin et al,
2019). The behavioral consequences of this sensitization are not
fully understood, and it is unclear whether direct effects of nico-
tine on this circuit and/or chronic treatment are necessary
(Gorlich et al., 2013). Optogenetic stimulation and nicotine are
equally effective in priming aversion through activation of IPN
GABAergic neurons (Morton et al., 2018). Here we report that
VTA nicotine infusions elicit a 84, MHb/IPN-mediated negative
feedback regulating intake. Therefore, any alteration of the
B4*nAChR function could result in a dampened self-limiting sig-
nal. Importantly, if not strictly nicotine-dependent, this endoge-
nous ACh B4-mediated mechanism could be relevant for other
drugs of abuse as well, thus accounting for the implication of
CHRNA3/A5/B4 cluster variants in the risk of dependence on
multiple substances (Sherva et al., 2010). Similar regulatory effects
of MHb and IPN B4*nAChRs stimulation on nicotine VTA-ICSA
are also consistent with a feedback inhibition of MHb by IPN neu-
rons (Ables et al., 2017). How ACh, and other neurotransmitters
in the Hb-IPN, regulate positive/negative motivational signals is a
critical question for future research.

In conclusion, we demonstrate that lack of functional
B4*nAChRs results in an addiction-related phenotype character-
ized by decreased anxiety, severe impairments in reward-guided
behaviors, decreased nicotine SA at low to moderate doses, but
increased nicotine intake at doses eliciting self-limitation in WT
animals. LV-induced re-expression of the 84 subunit into either
the MHD or IPN restored the self-limiting signal on nicotine SA,
suggesting that activation of S4*nAChRs in the MHb-IPN axis
exerts a negative control on central nicotine reward.
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