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ABSTRACT 36 
 37 
Nicotine addiction, through smoking, is the principal cause of preventable mortality worldwide. Human 38 

genome-wide association studies have linked polymorphisms in the CHRNA5-CHRNA3-CHRNB4 gene 39 

cluster, coding for the α5, α3 and β4nAChR subunits, to nicotine addiction. β4*nAChRs have been 40 

implicated in nicotine withdrawal, aversion and reinforcement. Here we show that β4*nAChRs also are 41 

involved in non-nicotine-mediated responses that may predispose to addiction-related behaviors. β4-42 

knockout (KO) male mice show increased novelty-induced locomotor activity, lower baseline anxiety, and 43 

motivational deficits in operant conditioning for palatable food rewards and in reward-based go/no go 44 

tasks. To further explore reward deficits we employed intracranial self-administration (ICSA) by directly 45 

injecting nicotine into the ventral tegmental area (VTA) in mice. We found that, at low nicotine doses, β4KO 46 

self-administer less than wild-type (WT) mice. Conversely, at high nicotine doses, this was reversed and 47 

β4KO self-administered more than WT mice while β4 overexpressing mice avoided nicotine injections. 48 

Viral expression of β4 subunits in medial habenula (MHb), interpeduncular nucleus (IPN) and VTA of β4KO 49 

mice revealed dose- and region-dependent differences: β4*nAChRs in the VTA potentiated nicotine-50 

mediated rewarding effects at all doses, whereas β4*nAChRs in the MHb-IPN pathway, limited VTA-ICSA 51 

at high nicotine doses. Together, our findings indicate that the lack of functional β4*nAChRs result in 52 

deficits in reward sensitivity including increased ICSA at high doses of nicotine that is restored by re-53 

expression of β4*nAChRs in the MHb-IPN. These data indicate that β4 is a critical modulator of reward-54 

related behaviors.  55 

 56 

 57 
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SIGNIFICANCE STATEMENT 58 
 59 

Human genetic studies have provided strong evidence for a relationship between variants in the 60 

CHRNA5-CHRNA3-CHRNB4 gene cluster and nicotine addiction. Yet, little is known about the role of 61 

β4 nicotinic acetylcholine receptor (nAChR) subunit encoded by this cluster. We investigated the 62 

implication of β4*nAChRs in anxiety-, food reward- and nicotine reward-related behaviors. Deletion of 63 

the β4 subunit gene resulted in an addiction-related phenotype characterized by low anxiety, high 64 

novelty-induced response, lack of sensitivity to palatable food rewards and increased intracranial 65 

nicotine self-administration at high doses. Lentiviral vector-induced re-expression of the β4 subunit into 66 

either the MHb or IPN restored a “stop” signal on nicotine self-administration. These results suggest that 67 

β4*nAChRs provide a promising novel drug target for smoking cessation. 68 

  69 
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Tobacco consumption is the primary cause of preventable mortality and morbidity worldwide, with 70 

an estimated 6 million deaths per year (WHO, 2011). Self-motivated cessation rates are very low, with 71 

only 3-10% of smokers able to abstain for longer than 12 months, even with pharmacological cessation 72 

aids (Hartmann-Boyce et al., 2013). Therefore, it remains essential to further investigate the 73 

neurobiological mechanisms involved in nicotine dependence and its action on nicotinic acetylcholine 74 

receptors (nAChRs). nAChRs are ligand-gated cation channels, activated by the endogenous 75 

neurotransmitter acetylcholine (ACh), that assemble into homo- or hetero-pentamers of alpha (α2-α7 and 76 

α9-α10) and beta (β2-4) subunits (McGehee and Role, 1995; Gotti et al., 2009). While the roles of widely 77 

expressed nAChR subtypes, like β2-containing (β2*) and α7* nAChRs have been largely investigated this 78 

past decade (Changeux, 2010; Picciotto and Mineur, 2014), much less work has been conducted on α5*, 79 

α3* and β4* nAChRs encoded by the CHRNA5-CHRNA3-CHRNB4 gene cluster, in which genetic 80 

variants have been linked to high predisposition to nicotine dependence in humans (Amos et al., 2008; 81 

Thorgeirsson et al., 2008; Weiss et al., 2008; Saccone et al., 2009). 82 

β4* nAChRs are almost exclusively expressed in the medial habenula (MHb), its efferent target the 83 

interpeduncular nucleus (IPN), autonomic ganglia and at low levels in the ventral tegmental area (VTA) 84 

(Zoli et al., 1995; Klink et al., 2001; Azam et al., 2002; Salas et al., 2004a). β4*nAChRs are involved in 85 

nicotine-induced MHb-IPN activity (Quick 1999; Shih et al., 2014) and are the sole nAChR subtype 86 

allowing stimulation of ACh release in the IPN (Grady et al., 2009; Beiranvand et al., 2014). The MHb-IPN 87 

axis is a key player in nicotine withdrawal and consumption, implicating both α5 and β4 subunits (Salas et 88 

al., 2004b; Salas et al., 2004a; Salas et al., 2009; Velasquez et al., 2014). Knockout mice (KO) of α5 and 89 

β4 nAChRs show similarly reduced nicotine withdrawal syndrome and anxiety-like response (Jackson et al., 90 

2008; Salas et al., 2009). Transgenic mice overexpressing β4*nAChRs (“Tabac”) show increased 91 

sensitivity to the aversive properties of nicotine and consequently decreased nicotine drinking behavior 92 

and strong conditioned place aversion at low nicotine doses that have no effects in wild-type (WT) (Frahm 93 

et al., 2011). The β4 subunit is implicated also in nicotine positive reinforcement. Mice overexpressing the 94 
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entire gene cluster show increased sensitivity to acute nicotine, facilitated self-administration and MHb 95 

activation, but reduced nicotine-induced activation of the VTA (Gallego et al., 2012). Intravenous self-96 

administration (IVSA) of nicotine is reduced in β4KO mice; yet nicotine-induced mesolimbic DA release 97 

and sensitivity of VTA dopamine (DA) neurons to nicotine are increased (Harrington et al., 2015). Also, 98 

intra-habenular injection of the α3β4 receptor antagonist 18-Methoxycoronaridine blocked mesolimbic DA 99 

release (Glick et al., 2006; McCallum et al., 2012). 100 

Given these contrasting data, we further explored the role of β4*nAChRs in anxiety-related behaviors, 101 

sensitivity to palatable food rewards, and nicotine’s reinforcing properties using intracranial self-102 

administration (ICSA) in the VTA (Maskos et al., 2005; Besson et al., 2006; David et al., 2006; Exley et 103 

al., 2011; Tolu et al., 2013) in WT, β4KO, β4-overexpressing Tabac mice, and KO mice re-expressing β4 104 

in either the VTA or the MHb-IPN pathway. 105 

 106 

METHODS 107 
 108 

Animals and ethical statement. All surgical and experimental procedures were conducted in 109 

accordance with the European Community's Council Directive of 24 November 1986 (86/609/EEC) and 110 

a local ethics committee (Comité d’Éthique en Expérimentation Animale de l’Université de Bordeaux 111 

(CEE50), and Comité d’Éthique en Expérimentation Animale de l’Institut Pasteur, 2013-0097). We used 112 

WT (C57BL/6J strain), β4*-nAChR KO mice (β4-/- mice), bacterial artificial chromosome transgenic mice 113 

over-expressing the β4 subunit (Tabac) (Frahm et al., 2011). All were males were raised at Charles 114 

River, France, submitted to the same life conditions. Mice were housed with ad libitum access to food 115 

and water in a temperature-controlled room (23ºC) with a 12h light-dark cycle (lights on at 8.00 a.m.). 116 

Following surgery for VTA-ICSA preparation, mice were housed individually. Mice were aged 2-3 117 

months for lentivirus injections and 3-4 months (25-30 g) at the beginning of the behavioral experiments. 118 

 119 

 120 



 

6 
 

Locomotor activity. Spontaneous horizontal locomotor activity of β4KO and WT mice in a new 121 

environment was recorded for 14 hours using automated locomotor boxes as described previously 122 

(Dominguez et al. 2016). The first two hours were recorded during the end of the light phase (18:00-123 

20:00), the remaining 12 hours corresponding to the dark phase of the cycle. 124 

 125 

Elevated plus-maze. Anxiety-like behavior was assessed in the elevated-plus maze (EPM). The 126 

apparatus was composed of grey PVC and consisted of 4 arms. Each arm was 30-cm long, 7 cm wide, 127 

and 60 cm above the ground. The 4 arms were joined at the center by a 7 cm square platform. Two 128 

opposite arms of the plus maze were “closed” by 24 cm-high sidewalls but open on the top, and the 129 

other arms did not have sidewalls. Light intensity in open arms was 70 lx. At the beginning of each test, 130 

the mouse was placed in the center of the maze in a cylinder (7 cm in diameter, 17 cm high) for 30 s. 131 

Then, the cylinder was removed and the animal was allowed to explore all arms of the maze freely for 132 

8 min. An entry was counted when the mouse entered an arm with all 4 feet. Four independent groups 133 

of WT (n=15) and KO (n=16) mice received an i.p. injection of either NaCl or nicotine 0.2mg/kg, 10min 134 

before testing. The number of entries and latency to enter open and closed arms were measured, as 135 

well as the time spent and the distance traveled in open and closed arms. Data were expressed as the 136 

open/total entry ratio, percent time and percent distance in open arms.  137 

 138 

Operant conditioning for a palatable food reward. The apparatus used were five rectangular operant 139 

chambers (28 cm L, 18 cm W x 18 cm H) constructed of black PVC. Briefly, each chamber was 140 

equipped with a total of 11 nose-poke holes (13mm in diameter) distributed over three of its inner walls. 141 

Three of these (holes # 1–3 from left to right) were placed in a horizontal row on the left wall. Five holes 142 

forming an X (holes # 4 through 8 from left to right, and top to bottom) were placed on the front wall. And 143 

finally, the last three holes were spaced in a vertical column on the rightwall (holes # 9 through 11 from 144 

top to bottom). Each nose poke hole was equipped with a light emitting diode (LED) for its illumination, 145 
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and a pair of photobeam cells for the detection of the mouse nose poking into that hole. On the floor 146 

near the rear wall was located a liquid dispenser delivering liquid reinforcements via an electro-valve 147 

release mechanism. They were trained for nose-poking using a continuous reinforcement schedule, that 148 

is, any nose-poke resulted in the immediate delivery of 7μl of 2% sucrose whole milk reward. C57BL6/J 149 

Mice typically emit about 50 reinforced responses after five to six daily 20-min sessions (Cho and 150 

Jeantet, 2010). 151 

 152 

Reward-guided go/no go discrimination procedure. Mice were first familiarized with crisp reward as 153 

small, 5mm² pieces freely available in their homecage during the three days preceding the beginning of 154 

experiments. The first session consisted of a 10-min free exploration of the Y-maze. Starting on day 2, 155 

each daily session consisted in 4 consecutive trials, 2 of which were reinforced (R+) with the delivery of 156 

one 5mm² piece of crisp, whereas the other 2 were not (R-). Small pieces (5 mm2) of naturally flavored 157 

crisps (Vico®) were chosen as food reward after previous studies showing that motivation to learn a Y-158 

maze discrimination task was obtained with a very low level of deprivation (Baudonnat et al. 2011). 159 

Therefore mice were deprived to reach 95% of their ad libitum body weight three days before the 160 

beginning of experiments.  For each trial, the door of only one arm (which could be reinforced or not) 161 

was open. The reinforced arm (R+) remained constant through training, but the presentation order 162 

changed randomly from one session to another. Latency to enter arm R+ and R- are measured. 163 

Discrimination performance was assessed using the ratio between R+ and R- latencies. Successful 164 

discrimination was obtained when the mean R+ latency is significantly shorter than R- latency for 3 165 

consecutive sessions (R+/R- < 1). C57BL6/J mice typically reached this criterion after 6 sessions. 166 

 167 

Intra-VTA Nicotine Self-administration. Nicotine reinforcement was assessed using a previously 168 

described mouse model of VTA-ICSA based on choice behavior between a nicotine-reinforced and a 169 

neutral arm in a Y- maze discrimination task, and detecting both rewarding and aversive properties 170 
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(Besson et al., 2006; David et al., 2006; Exley et al., 2011; Tolu et al., 2013). This task was previously 171 

shown to be well adapted to detect reward deficits in mutant mice, and allows excellent temporal and 172 

spatial, region-specific delivery of nicotine for targeting brain structures such as the VTA. 173 

The present experiments were conducted in a gray Plexiglas Y-maze, the arms of which were 174 

separated by an angle of 90°. The stem and the arms were 31 cm long and 12 cm high. The starting 175 

box (14×8 cm) was separated from the stem by a sliding door. Each arm had a sliding door at its 176 

entrance and a photoelectric cell 6 cm from its end. Mice were implanted unilaterally into the posterior 177 

VTA, using the coordinates of lentiviral injections. Before each experimental session, a stainless-steel 178 

injection cannula (outer diameter 0.229 mm, inner diameter 0.127 mm) was inserted into the VTA and 179 

held in a fixed position by a small connector. The tip of the injection cannula projected beyond the 180 

guide-cannula by 1.5 mm. It was connected by flexible polyethylene tubing to the microinjection system, 181 

which housed a 5-μL Hamilton syringe containing a solution of nicotine in artificial cerebrospinal fluid 182 

(aCSF) (microperfusionfluid; Phymep®). The first session consisted of a 10-min free exploration of the 183 

Y-maze. During the second session, mice were habituated to being connected to the self-injection 184 

system (no injection). In subsequent sessions, the interruption of photocell beams by the mouse 185 

entering the reinforced arm of the Y-maze triggered an intra-VTA injection of nicotine which lasted 4 s. 186 

Because the photobeams were located only 6 cm from the end of each arm, the mouse had to enter an 187 

arm completely to end a trial. Therefore, partial entrance into the arm did not count as a choice. Entering 188 

the non- reinforced arm produced no injection, and entering either arm terminated the trial. The animal’s 189 

movements were detected using an optical system and transmitted to a computer, which rotated the 190 

injector in the same direction, thus avoiding twisting. Intracranial injections were carried out using an 191 

automated computer-controlled apparatus for precise and reproducible delivery of nicotine (YAA, 192 

Imetronic, Pessac, France). Following a 25-second enclosure in the target arm, the mouse is guided 193 

back to the start arm to end the trial. Mice were submitted to 10 trials per session with a 1-min inter-trial 194 

interval, and one session per day. A maximum of 10 injections could be obtained by each mouse per 195 
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daily session (chance level: 50%). The number of triggered injections within the nicotine-reinforced arm 196 

per daily session (number of self-administrations) and the self-injection latency for each subject were 197 

automatically recorded (“YAA” software, Imetronic, Pessac, France). The mean of one daily session 198 

provided one graph plot. The nicotine-associated arm was assigned randomly and alternatively to each 199 

mouse, and remained constant through the experiments. The experimenter was blind to the genotypes. 200 

 201 

Drugs. (-)-Nicotine hydrogen ditartrate salt (Sigma®) was dissolved in artificial cerebrospinal fluid 202 

(aCSF, Phymep®) and the pH adjusted to 6.9-7.4 using NaOH. Doses used were 0.4, 2, 4, 24 and 48 203 

mM nicotine (salt concentration), delivered intracranially as 50-nl injections (10, 50, 100, 600 and 1200 204 

ng/50 nl nicotine). 205 

 206 

Lentiviral expression vector. A lentiviral vector was generated based on Maskos and colleagues 207 

(Harrington et al., 2015). The construct (see Figure 1A), contains β4 mouse cDNA and green 208 

fluorescent protein (GFP) genetic sequences, whose expression is driven by the phosphoglycerate 209 

kinase (PGK) promoter (PGK-β4). The β4-containing lentiviral construct was obtained by subcloning 210 

strategies. The control LV induces GFP expression only (PGK-GFP). 211 

 212 
Stereotaxic Surgical Procedure for lentiviral vector (LV) Delivery. WT and KO mice were 213 

anesthetized by intraperitoneal ketamine and xylazine (5:1; 0.10 ml/10g) and placed with the skull 214 

exposed in a stereotaxic frame (Stoelting Co., Wood Dale, IL). Surgery was conducted under aseptic 215 

conditions. The VTA was targeted as previously described (Tolu et al., 2013), and the MHb and IPN 216 

targeted as recently published (Harrington et al., 2015). Lentiviral vectors were injected bilaterally into 217 

the VTA at antero-posterior -3.40 mm from Bregma, lateral ±0.5 mm and ventral -4.4 mm from the 218 

surface. The MHb was targeted from bregma and skull surface at: anterior −1.90 mm, lateral ±1.25 mm 219 

and ventral −2.40 mm (Paxinos and Franklin, 2001). Injections were conducted using pulled glass 220 

pipettes at an angle of ± 20°. Two 0.5 μl volumes of LV were delivered bilaterally at 0.2 μl/min (PGK-β4 221 
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300 ng/μl, PGK-GFP 75 ng/μl p24 protein). The IPN was targeted at anterior: −3.60 mm, lateral: 222 

−1.60mm, and ventral: −4.50mm to bregma and skull surface at an angle of 20°. A metal 35-gauge 223 

needle was used to deliver a single injection of 2 μl LV to the central region of the IPN (PGK-β4 75 224 

ng/μl, PGK-GFP 25 ng/μl p24 protein). LV-injected mice underwent behavioral testing 4 weeks post-225 

injection. AAV-injected mice were euthanized 2-4 weeks post-injection for immunohistological analysis 226 

(Figure 1B). 227 

 228 

Quantification of β4* nAChR expression. Mice were euthanized by CO2. The brains were dissected 229 

and frozen at -80°C. 20μm coronal sections were obtained using a cryostat at -20°C and thaw mounted 230 

onto microscope slides (Menzel Glaser SuperFrost Plus). Radioligand binding was performed as 231 

described previously (Harrington et al., 2015), with the use of the β2*-specific 5-Iodo-A-85380 232 

dihydrochloride (25nM, A85380, Tocris Bioscience, Bristol UK) as the cold ligand. Total I125-epibatidine 233 

(220pM, 2200Ci/mmol specific activity, PerkinElmer, Inc., Waltham MA) in situ binding indicates 234 

localization of heteromeric nAChRs. A85380-resistant I125-epibatidine binding indicates localization of 235 

putatively β4* nAChRs, since I125- epibatidine is displaced from β2* nAChR sites. Following the binding 236 

procedure, slides were exposed to a Biomax MR film (Kodak) for 16 hours. Developed films were 237 

scanned at 1600dpi for analysis using Fiji software. The mean inverse luminosity of three background 238 

points was subtracted from the measured inverse luminosity of autoradiographic puncta. Data were 239 

normalized to WT controls. Autoradiographic analysis of brains following nicotine VTA-ICSA revealed 240 

the heterogenous nature of β4 re-expression in the MHb among individuals.  As in the study of 241 

Harrington et al. (2016), mice with a low level of β4 subunit re-expression relative to WT according to 242 

radioligand binding (mean 28%), exhibited a KO-like response to nicotine. Therefore, subjects with this 243 

low level of re-expression (<30%) were removed from the current study as well. We observed no A8530-244 

resistent I125-epibatidine binding in the LHb.  Radioligand binding and immunofluorescence testing 245 

cannot be done on the same mouse brain (due to technical considerations), however residual GFP 246 
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expression was occasionally noted in the LHb (Figure 1B). Yet LV-induced β4 re-expression was never 247 

observed in the LHb likely because there were no α3 subunits, which are required for β4 subunit 248 

assembly, are expressed in the LHb. Therefore, we anticipate no impact on the present findings. 249 

 250 

Immunohistofluorescence. Deeply anesthetized WT and KO mice (ketamine:xylazine solution i.p.) 251 

were intracardially perfused with PBS and 4% paraformaldehyde. 60μm-thick coronal brain sections 252 

were obtained using a vibratome (Leica Microsystems, Wetzlar, Germany). Sections were incubated in 253 

10% normal horse serum (NHS) plus 0.2% tritonX-100 in PBS for three hours. Proceeding incubations 254 

were conducted in 2% NHS and 0.04% tritonX-100. Primary antibodies used: rabbit anti-GFP (Life 255 

Technology, OR USA), sheep anti-tyrosine hydroxylase (Millipore, CA USA), goat anti-choline acetyl 256 

transferase (Chemicon, CA, USA) at 1:500 dilution, overnight, 4°C. Corresponding secondary 257 

antibodies (donkey anti-rabbit Alexa-488, Abcam; donkey anti-sheep Cy5, Jackson; donkey anti-goat 258 

Alexa-546, Life Technologies) were used for localization of primary antibodies at a 1:500 dilution for 4 259 

hours, room temperature. Images were obtained using a Zeiss fluorescent microscope. 260 

 261 

Histological control. Implantation of nicotine-injection cannulas and tissue damage around the VTA 262 

injection site were verified for all subjects included in statistical analyses, using photomicrographs of 263 

thionine-stained frontal brain sections (60 μm) through the guide-cannula tracks. Out of 94 implanted 264 

animals, 7 were removed from the experiments for misplacement or blood clotting.  A representative 265 

example of correct implantation and tissue damage is provided in Figure 1C:  there was no observable 266 

tissue alteration at the level of the targeted structure (VTA), which appear virtually intact following 267 

repeated nicotine injections, independently of the mouse genotype or nicotine dose. Arrows show the tip 268 

of injection cannula (site of injection, low) or guide-cannula (high). Scale bar 0.5 mm. 269 

 270 
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Statistical analyses. For anxiety- and reward-related behavioral tasks, all parameters were tested 271 

using two-way ANOVAs with “Genotype” as a between-subjects factor and “Session” as a within-272 

subjects repeated measure. Nicotine self-administration was tested with two-way ANOVAs using the 273 

mean number of self-injections or total amount of nicotine intake (ng) as dependent variables, 274 

“Genotype” as a between-subjects factor and “Session” as a within-subjects repeated measure. 275 

Significant main effects were explored by Newman-Keuls post-hoc tests. Statistical analysis of A8380-276 

resistant I125-epibatidine autoradiography was conducted with unpaired t-test or one-way ANOVA 277 

followed by Tukey's post-hoc tests. A significance level of p<0.05 was used for all statistical analyses. 278 

 279 

RESULTS 280 

 281 
Effects of β4 KO on anxiety-related behaviors 282 

Novelty-induced locomotor activity. Novelty-induced activity and spontaneous locomotion during the 283 

dark phase were measured in β4KO (n=15) and WT (n=16). Analyses of the first two hours revealed that 284 

KO mice exhibited a significant increase in horizontal activity which was more pronounced during the 285 

first 10 min and toward the end of the light-exposed session: Genotype Effect: F1,29=1.88 ns; Time 286 

effect: F12,348=27.43 p<0.0001; Genotype x Time interaction: F12,348=2.02 p=0.02 (Figure 2A). In 287 

contrast, no difference was observed at any time between the two genotypes regarding spontaneous 288 

locomotor activity during the dark phase, which progressively decrease overnight similarly in both 289 

groups (Genotype Effect: F1,12=0.13 ns; Time effect: F71,2049=25.51 p<0.0001; Genotype x Time 290 

interaction: F71,2049=0.92 ns) (Figure 2B). 291 

 292 

Elevated plus maze. We assessed anxiety level in β4KO and WT littermates and the anxiolytic effects of 293 

nicotine (0.2 mg/kg, i.p.) using the EPM task. Vehicle-treated β4KO displayed an increase in all 294 

parameters evaluating anxiety-related responses, i.e. the ratio of open arm/total entries (Figure 2C), 295 

percent time spent in the open arms (Figure 2D) and percent distance travelled in the open arms (Figure 296 
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2E). The effects of a nicotine pre-injection (0.2 mg/kg, ip) 10 min before the task also strongly depended 297 

on the genotype: whereas all three parameters increased significantly in nicotine-treated WT subjects, no 298 

effects were observed in β4KO mice. Two-way ANOVAs consistently revealed a significant effect of 299 

Genotype on open arm entries, percent time spent and distance travelled in the open arms (F1,23=9.22 300 

p=0.059; F1,23=13.8 p=0.018 and F1,23=24.3 p=0.0002; respectively); a main effect of nicotine treatment on 301 

both percent time (F1,23=9.51 p=0.005) and distance travelled in open arms (F1,23=9.00 p=0.005), as well 302 

as a significant Genotype x Nicotine interaction (F2,23=11.3 p=0.027 and F2,23=8.00 p=0.009; respectively). 303 

Post-hoc tests further revealed significant differences between WT/NaCl and WT/Nico groups on these 304 

parameters (p=0.0002 and p=0.0004; respectively), WT/NaCl and KO/NaCl groups (p=0.033; p=0.009 305 

respectively) but not KO/NaCl and KO/Nico. Together, these data show a strong decrease in anxiety levels 306 

in β4KO and a clear anxiolytic effect of nicotine in WT mice. 307 

 308 

Behavioral responses of β4 KO mice in non-nicotine reward-dependent behaviors 309 

Operant conditioning on a continuous-reinforcement schedule. Both β4KO and WT mice 310 

progressively learned the task over the 12 acquisition sessions when using the 2% sucrose sweet milk. 311 

However, whereas most WT mice reached an asymptotic performance of 100 rewards by session 9, KO 312 

mice exhibited a flat learning curve and earned half the number of rewards obtained by WT mice (Figure 313 

2F). These observations are supported by a two-way ANOVA revealing a strong Genotype effect 314 

(F1,11=26.23 p=0.0003), a Session effect (F11,121=57.77 p<0.0001) and a Genotype x Session interaction 315 

(F11,121=29.61 p<0.0001). When the sucrose concentration was increased to 10 %, WT mice doubled the 316 

number of rewards earned by session (Figure 2F). In contrast, KO mice were insensitive to variations in 317 

the sucrose concentration, as attested by the number of rewards earned which remained around 40±5 / 318 

20 min session despite changes in sucrose concentration (Genotype effect: F1,11=45.79  p<0.0001). 319 

 320 

Go - No go discrimination procedure. We used another non hippocampus-dependent task based on a 321 
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successive discrimination procedure (Go-No go) to further assess both motivational and executive 322 

processes (Marighetto et al., 1999). WT mice successfully learned to discriminate between R+ and R- 323 

arms of the Y-maze, exhibiting significant difference between R+ and R- latency by session 3, reaching 324 

full discrimination criteria within 6 days (Figure 2G). In contrast, KO mice did not exhibit any difference 325 

in the latency to reach R+ and R- over sessions (Figure 2H). Strikingly, whereas impulsivity or executive 326 

deficits are typically associated with a non-discriminant decrease in R+ and R- latency, β4KO displayed 327 

instead an undifferentiated increase of both R+ and R- latency. These observations are supported by a 328 

three-way ANOVA revealing a significant effect of Genotype: F1,16=26.60 p=0.005, a main effect of 329 

Reward (R+ vs R-): F1,16=21.05 p=0.017, a Session effect: F5,90=5.47 p=0.0001 and a Genotype x 330 

Reward interaction: F5,90=6.42 p=0.0119). 331 

 332 

VTA-ICSA responses in β4KO mice   333 

β4*nAChRs have inverse effects on nicotine reward as a function of dose. We first compared WT 334 

and KO mice using low doses of nicotine. Since no difference was observed with nicotine doses of 10 335 

and 50ng/50nl in the number of nicotine self-injections, data obtained with these two doses were pooled 336 

(two-way ANOVA, Dose effect in WT: F1,7=3.53 ns and Dose x Session interaction, F6,42=1.12 ns; in KO, 337 

Dose effect: F1,9=0.36 ns and Dose x Session interaction: F6,54=1.93 ns). KO mice self-administered less 338 

nicotine than WT over the acquisition phase (Genotype effect: F1,18=11.5 p=0.002) (Figure 3A). At the 339 

optimally reinforcing dose of 100 ng, both WT and KO mice exhibited a significant and similar 340 

preference for the nicotine-reinforced arm of the Y-maze (Figure 3B) (ANOVA Session effect: F6,78=12.0 341 

p<0.0001).  342 

We then investigated the effects of high doses (7 days at 600ng followed by 7 days at 343 

1200ng/50nl) in mutant strains expressing different levels of the β4 subunit: WT, β4KO and β4 344 

overexpressing Tabac mice. At 600ng, KO mice exhibited a weak preference for the nicotine-reinforced 345 

arm, which remained stable across sessions with no significant difference between WT and KO groups 346 
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(Figure 3C). Conversely, Tabac mice exhibited a marked avoidance of nicotine, remaining below 347 

chance level over all sessions, leading to a significant Genotype effect (two-way ANOVA): F2,23=3.75 348 

p=0.039; no Session effect: F6,138=0.62 ns; and no Genotype x Session interaction: F12,138=0.60 ns. 349 

Doubling the dose (600 to 1200ng) enhanced genotype-dependent effects. Whereas nicotine VTA-ICSA 350 

further increased over sessions in KO mice, choice of the nicotine reinforced-arm remained at chance 351 

level in WTs, while Tabac mice displayed a strong avoidance (two-way ANOVA, Genotype effect: 352 

F2,23=9.47 p=0.001; Session effect: F6,138=1.41 ns; Genotype x Session interaction: F12,138=1.38 ns). 353 

Post-hoc analysis confirmed that KO mice preferred the nicotine-reinforced arm, while Tabac mice 354 

preferred the non-reinforced arm in comparison to WT mice or chance (Figure 3C). Analyses of nicotine 355 

intake were consistent with the number of self-administration events for each genotype. Indeed, the total 356 

amount of nicotine intake increased in WT in a dose-dependent manner, but significantly more in KO 357 

and conversely less in Tabac mice; leading to strong effects of Dose: F1,46=41.97 p<0.0001; Genotype: 358 

F2,46=13.30 p=0.001 and Dose x Genotype interaction: F2,46=3.62 p=0.035 (Figure 3E).  359 

The dose-response curve (Figure 3D) shows the mean number of self-injections for the last three 360 

days of the acquisition phase in WT and in KO mice. A genotype-dependent, opposite behavioral 361 

pattern was observed: nicotine intake dose-dependently decreased in WT while increasing in KO mice 362 

(two-way ANOVA, Genotype effect: F1,65=1.47 ns; Dose effect: F3,65=1.72 ns; Genotype x Dose 363 

interaction: F3,65=4.38 p=0.039; ANOVA for Dose effect in WT: F3,65=3.87; p=0.018). At the lowest dose 364 

(10-50 ng), KO mice did not exhibit any preference for the nicotine-reinforced arm. Conversely, at the 365 

highest dose (1200ng), KO triggered significantly more nicotine self-injections than WT (Figure 3D). 366 

While the total amount of nicotine intake dose-dependently increased in both groups, it was lower in KO 367 

as compared to WT for the lowest dose (10-50ng; Figure 3F); but conversely KO mice reached 1.5 368 

times the WT level at 1200ng (Dose effect: F3,65=11.98 p=0.001; Genotype effect F1,65=8.70 p=0.044; 369 

Dose x Genotype interaction F3,65=7.41 p=0.007). Importantly, no physical manifestations, such as 370 

scratching or shaking, were observed at any doses. Again, total intake confirmed the genotype-371 
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dependent inverse dose-response pattern observed with the number of SAs. 372 

 373 

Overexpression of β4*nAChRs in the VTA of β4 KO mice increases nicotine ICSA. We used 374 

targeted, region specific LV re-expression of the β4 subunit to identify the role of three β4-expressing 375 

brain regions (MHb, IPN nd VTA) in nicotine self-administration (Figure 1A). Two groups of mice were 376 

injected with the control LV (WT-GFPVTA and KO-GFPVTA), whereas one group received the LV for β4 377 

expression (KO-β4VTA). At the end of the last VTA-ICSA session, transduction was verified by 378 

immunofluorescent detection of GFP, and VTA expression of β4 was determined using autoradiographic 379 

assessment of I125-epibatidine binding sites. LV transfer of the β4 genetic sequence into the VTA of KO 380 

mice successfully increased A85380-resistant I125-epibatidine binding sites in this brain region (Figure 381 

4A). We found that β4*nAChRs level are very low or undetectable in the VTA of WT mice, therefore a 382 

quantification of relative β4*nAChR restoration was not conducted. Radioligand binding was also 383 

detected in the periphery of the neighboring IPN. Immunofluorescence analysis confirmed successful 384 

infection of the VTA, as revealed by GFP expression (Figure 1B). 385 

At the dose of 600ng, both WT-GFPVTA and KO-GFPVTA mice exhibited a similar, slight 386 

preference for nicotine reminiscent of non-vectorized WT and KO mice (Figure 4B). However, 387 

increasing the dose up to 1200ng had an opposite effect on these two genotypes: whereas the number 388 

of nicotine SAs remained close to chance level in WT-GFPVTA or even tended to decrease, this 389 

parameter increased in KO-GFPVTA mice. WT-GFPVTA did not significantly differ from WT mice: 390 

F1,11=1.09 ns; in contrast KO-β4VTA exhibited a rapid increase in nicotine VTA-ICSA at the dose of 391 

600ng, and remained significantly higher than both WT-GFPVTA and KO-GFPVTA mice at 1200ng. A two-392 

way ANOVA for the 600ng dose yielded a Genotype effect: F2,21=3.79 p=0.035; a Session effect: 393 

F6,126=5.38 p<0.0001; and no Genotype x Session interaction: F12,126=1.65 ns. At 1200ng, Genotype 394 

effect: F2,21=24.76, p=0.001; no Session effect: F6,126=0,5 ns; but a Genotype x Session interaction: 395 
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F12,126=4.69, p<0.0001. As already observed in non-vectorized mice, KO exhibited a higher total amount 396 

of nicotine intake than WT at the highest dose (1200ng), and expression of the β4 subunit in the VTA of 397 

KO mice (KO-β4VTA) was associated with an increase in nicotine intake at both doses (Figure 4C; Dose 398 

effect: F1,42=25.70 p<0.0001; Genotype effect: F2,42=28.70 p<0.0001; Dose x Genotype interaction: 399 

F2,42=10.48 p=0.0002). These results further support the genotype-dependent pattern revealed by 400 

analyses of the number of SAs. 401 

  402 

Re-expression of β4*nAChRs into either the MHb or IPN limits VTA-ICSA of high doses of 403 

nicotine. Two groups of mice were injected with the control LV (WT-GFPMHb, n=6 and KO-GFPMHb, 404 

n=8), and one group received the LV for β4 expression (KO-β4MHb, n=6) in the MHb. Targeting the MHb 405 

is challenging considering its small size and the fact that these nuclei flank the dorsal third ventricle. 406 

Therefore, levels of β4*nAChR re-expression were systematically verified amongst mice which 407 

completed nicotine VTA-ICSA. A85380-resistant I125-epibatidine binding demonstrates that the LV 408 

successfully increases β4*nAChR binding sites in the MHb (Figure 5A). After quantification of 409 

radiographic intensity, we identified mice with expression levels greater than 30% that of WT-GFPMHb, 410 

since a threshold effect of habenular β4*nAChR expression on nicotine self-administration had been 411 

identified previously (Harrington et al., 2016). The KO-β4MHb group demonstrated a mean MHb 412 

autoradiographic intensity of 53.6% that of WT-GFPMHb controls (±6.5% SEM), which was statistically 413 

greater than levels found in KO-GFPMHb mice (15.0±4.2%, unpaired t-test: p=0.0014, Figure 5A). 414 

Immunofluorescence analysis also reveals successful infection of the MHb, using GFP expression as a 415 

marker (Figure 1B). 416 

Expression of GFP in the MHb did not affect nicotine VTA-ICSA either in WT- or KO-GFPMHb 417 

mice, which performed similarly to their non-vectorized counterparts at both nicotine doses. In contrast, 418 

MHb re-expression of β4*nAChR restored a WT-like profile in KO-β4MHb (Figure 5B). Although this did 419 
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not reach statistical significance at the dose of 600ng (Genotype effect: F2,17=2.76 ns; Session effect: 420 

F6,102=2.38 p=0.022), raising the dose up to 1200ng decreased nicotine choice to chance level in421 

both WT-GFPMHb and KO-β4MHb, whereas KO-GFPMHb continued to show a marked preference for 422 

nicotine (Genotype effect: F2,17=9.10 p=0.006; Session effect: F6,102=1.74 ns; Genotype x Session 423 

interaction: F12,102=0.88 ns). Post-hoc tests confirmed that at 1200ng, KO-β4MHb mice followed WT-424 

GFPMHb (KO- β4MHb vs WT-GFPMHb ns); but differ from KO-GFPMHb (Figure 5B). 425 

Re-expression of β4*nAChRs in the IPN also decreases positive reinforcing effects of high doses 426 

of nicotine in β4KO mice. Two groups were injected with the control LV (WT-GFPIPN and KO-GFPIPN), 427 

and one group of KO received the LV for β4 re-expression (KO-β4IPN) in the IPN. After completion of 428 

VTA-ICSA, KO-β4IPN mice were assessed for β4*nAChR expression at the site of LV delivery. 429 

Quantification of A85380-resistant I125-epibatidine autoradiographic intensity shows that β4*nAChR 430 

expression is rescued to 64.2% of WT- GFPIPN controls (±9.7% SEM, Figure 5C). Radioligand binding 431 

is almost absent in the KO-GFPIPN controls (2.3% ± 0.6% SEM, unpaired t- test p<0.0001). 432 

Immunofluorescence analysis also confirmed successful infection of the IPN, and expression of GFP 433 

(see Figure1B). 434 

KO-GFPIPN exhibited a dose-dependent increase in nicotine intake with a marked preference for 435 

nicotine at 1200ng, similarly to KO mice (Figure 5D). WT-GFPIPN displayed a WT phenotype, their 436 

performances being close to chance level throughout the VTA-ICSA experiment. IPN re-expression of 437 

β4 in KO mice (KO-β4IPN mice) resulted in a sharp decrease in nicotine self-injections at both 600 and 438 

1200 ng as compared to their GFP-expressing controls, their performances becoming similar to WT-439 

GFPIPN mice. (600 ng Genotype effect: F2,15=3.56 p=0.038; Session effect: F6,90=1.70 ns; Genotype x 440 

Session interaction: F12,90=0.60 ns; 1200 ng Genotype effect: F2,15=7.45 p=0.0029; Session effect: 441 

F6,90=1.12 ns; Genotype x Session interaction: F12,90=0.87 ns). As for their non-vectorized counterparts, 442 

KO-GFPIPN mice self-administered more nicotine than both WT-GFPIPN and KO-β4IPN mice at 1200ng 443 
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(Figure 5D). Analyses of total amount of nicotine intake confirmed the higher consumption of KO, as 444 

already observed in non-vectorized and in KO-GFPVTA mice at the highest dose (1200 ng), thus 445 

providing further evidence that re-expression of β4 in either the MHb or IPN restored the regulation of 446 

nicotine intake to WT levels (MHb, Dose effect: F1,34=162.30 p<0.0001; Genotype effect: F2,34=11.08 447 

p=0.001; Dose x Genotype interaction: F2,34=3.67 p=0.036; IPN, Dose effect: F1,30=152.22 p<0.0001; 448 

Genotype effect: F2,30=10.55 p=0.003. Figure 5E and 5F, respectively). 449 

Together these results show that, despite the anatomical proximity of VTA and IPN, β4 over/re-450 

expression elicited inverse responses, i.e. showing increased and decreased SA, respectively. 451 

Furthermore, analysis of different SA parameters (number of self-infusions and total nicotine intake) 452 

across re-expression studies provides converging evidence that β4*AChRs, in both the MHb and IPN, 453 

mediate a “stop signal” on nicotine VTA-ICSA.   454 

 455 
DISCUSSION 456 

 457 
In the present study, we characterized the implication of β4*nAChRs in anxiety- and reward-458 

related behaviors. We report converging evidence showing that β4KO exhibit severe impairments in 459 

reward processing. In the operant conditioning task for a palatable food reward, KO mice progressed 460 

over acquisition sessions and eventually learned the task, however they earned a very low number of 461 

rewards and did not increased their responses to higher sucrose concentrations compared to their WT 462 

counterparts. Food-training responses in mice undergoing intravenous self-administration procedures 463 

have not reported differences between WT and β4KO (Harrington et al., 2015). However a critical factor 464 

could be the low level of deprivation (5%) used here, that may have allowed detecting a sucrose reward 465 

effect, not observable under strong food deprivation. Several brain areas that express β4 could account 466 

for this difference. For instance β4*nAChR are present in olfactory and taste circuits (Qian et al., 2018; 467 

Spindle et al., 2018). Also viral knockdown of the β4 subunit in hypothalamic proopiomelanocortin 468 

neurons blocked the anorexigenic effect of nicotine observed in β4KO mice (Mineur et al., 2011; Calarco 469 
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et al., 2018).  470 

To further assess motivational vs cognitive processes, we used a Go/No go task based on a 471 

successive discrimination procedure. WT mice rapidly acquired (5-6 training days) a Go/No go response 472 

to successive presentation of R+ and R- arms of the maze, but this behavior was not present in β4KOs. 473 

Again, such an undifferentiated increase in time to reach both R+ and R- can be interpreted as a 474 

motivational deficit, whereas non-discriminating decreases in R+/R- latencies are related to impulsivity 475 

or memory impairment (Marighetto et al., 1999). Taken together, low reward score, insensitivity to the 476 

hedonic value of palatable foods, non-discriminating, increased latencies in the Go / No go task and 477 

reduced nicotine self-administration (see below) all suggest that β4KO mice display a blunted response 478 

to food and nicotine rewards reminiscent of a reward-deficit syndrome (Blum et al., 2000). 479 

Response to novelty has been related to the vulnerability to develop addiction (Piazza et al., 480 

1989). β4KO mice displayed a significant increase in novelty-induced activity. Since activity during the 481 

dark phase of the cycle was similar in WT and β4KOs, this cannot be considered as an alteration of 482 

motor behavior. However, exposure to an inescapable environment can elicit either an escape or an 483 

exploratory behavior, thus novelty-preference could be a more reliable predictor of vulnerability (Belin et 484 

al., 2016). We show here that β4KO mice expressed a low level of anxiety in the EPM task, and were 485 

insensitive to the anxiolytic effects of nicotine. These results are in agreement with previous studies 486 

reporting decreased anxiety-related responses and EPM-induced and heart rate in β4KO mice (Picciotto 487 

et al., 2002; Salas et al., 2003; Semenova et al., 2012; Ables et al., 2017; Wolfman et al., 2018). It would 488 

be interesting to dissect which brain area expressing β4* nAChRs is implicated in this trait.   489 

We used a mouse model of ICSA to investigate the reactivity of the reward system by injecting 490 

nicotine directly into the VTA. This procedure is a powerful paradigm to assess positive 491 

reinforcing/aversive properties of drugs of abuse, an interesting feature when using substances 492 

considered sometimes as low reinforcers such as nicotine (Maskos et al., 2005; Besson et al., 2006; 493 

David et al., 2006; Exley et al., 2011). Extensive evidence supports the view that acute reinforcing 494 
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properties of drugs of abuse play a critical role in the early stages of the addiction cycle, in particular for 495 

drug-related habits and possibly relapse (Wise and Koob, 2014). In agreement with the reduced nicotine 496 

IVSA observed in β4KO mice (Harrington et al., 2015), we found a decrease in nicotine VTA-ICSA at 497 

low to moderate doses. Concurrent nicotine delivery and electrophysiological measurements in the 498 

same brain area was not technically feasible, but previous work has provided valuable information on 499 

nicotine-induced activity of VTA-DA cells in β4KO mice (Harrington et al., 2015). Although a slight 500 

increase in the sensitivity of VTA-DA neurons to IV nicotine in KO mice as compared to WT group was 501 

observed at the lowest dose, nicotine-induced bursting and more specifically the number of spikes within 502 

burst, a parameter closely related to reinforcing properties (Tolu et al., 2013), was significantly reduced 503 

in β4KOs.  504 

When increasing the nicotine dose up to ten times the threshold, KO mice exhibited SA levels 505 

similar to WT. The difference in responding to high nicotine doses when using IVSA vs ICSA could be 506 

due to the recruitment of systemic/autonomic nAChRs when using IVSA. Indeed, one of the most 507 

interesting findings of the current study is the converging evidence provided by two parameters (number 508 

of self-injections and total amount of nicotine intake) indicating that self-limitation processes normally 509 

occurring at the highest doses in WT, are altered in β4KO mice. By focusing on the reward system, 510 

VTA-ICSA allows to explore the effects of high doses, an interesting prospect with regards to the 511 

relationship between human genetic variants in the CHRNA5-A3-B4 locus and heavy smoking 512 

(Thorgeirsson et al., 2008; Weiss et al., 2008). Direct comparison of brain nicotine concentrations 513 

achieved in rodents and humans is difficult, mainly because of differences in routes of administration 514 

and related pharmacokinetics. Following one cigarette (or 10 puffs), brain nicotine concentration has 515 

been estimated between 0.5 and 1 μM (Rose et al. 2010). We observed nicotine VTA-ICSA at 516 

concentrations starting from 10 to 100μM in WT mice. The ED50 for ACh or nicotine-induced activation 517 

of nAChRs are very similar and depend on the receptor subtype and affinity, ranging from 70 μM to 200 518 

μM for α4β2* and α7*AChRs respectively, and both synaptic ACh release and nicotine-evoked currents 519 
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peak at millimolar concentrations (Buisson and Bertrand, 2001). Interestingly, in habitual smokers the 520 

absence of puff-associated oscillations (spikes) in brain nicotine concentration suggests that heavy 521 

smoking could be more related to the progressive increase in nicotine concentration (Rose et al., 2010). 522 

While β4KO mice dose-dependently increased their nicotine intake up to the millimolar range, VTA-ICSA 523 

decreased at higher doses in WT mice and β4 over-expressing Tabac mice learned to avoid nicotine, 524 

choosing the non-reinforced arm in 75% of trials. The opposite pattern of β4KO and Tabac mice 525 

suggests that nicotine intake is inversely related to the amount of functional β4 subunits. These 526 

observations are consistent with previous reports suggesting an implication of these receptors in 527 

nicotine’s aversive effects (Fowler and Kenny, 2014; Antolin-Fontes et al., 2015). However, Tabac mice 528 

express β4*nAChRs also in brain regions which show non detectable levels in WT mice, such as 529 

amygdala, substantia nigra and supramammillary nuclei (Frahm et al., 2011), that could contribute to the 530 

aversion to nicotine shown in these mice.  531 

Since VTA re-expression of the β4 subunit in KO mice produced neither a WT nor a Tabac 532 

phenotype, we attribute the self-regulation of nicotine intake at high doses to extra-VTA β4*nAChRs. 533 

Re-expression of the β4 subunit in either the MHb or IPN restored self-limitation effects towards a WT-534 

like phenotype. Despite the adjacent localization of IPN with the VTA and likely stimulation of both VTA 535 

and IPN nAChRs by intra-VTA nicotine, we observed opposite effects of IPN (decrease) and VTA 536 

(increase) re-expression of β4 on nicotine VTA-ICSA. Since β4*nAChR expression was very low or even 537 

undetectable in the VTA of WT mice (Gahring et al., 2004; Yang et al., 2009; Baddick and Marks, 2011), 538 

reward facilitating effects could be related to an overexpression of VTA β4 subunits, or ectopic 539 

expression in neuronal subpopulations of the VTA. Therefore, it is difficult to infer the physiological role 540 

of VTA β4nAChRs from the re-expression study. Yet, restoration of a self-limited nicotine intake through 541 

MHb or IPN re-expression suggests that the alteration of the MHb-IPN negative feedback control in 542 

β4KO mice may have promoted a “go” signal for high doses of nicotine. Thus, MHb-IPN β4*nAChRs 543 

appear to mediate an ACh-dependent “stop” signal. In agreement with this view, lidocaine-induced 544 
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inactivation of either MHb or IPN increases nicotine IVSA in the rat, whereas lentiviral over-expression 545 

of β4 subunit in the MHb decreases nicotine consumption in the two-bottle drinking test (Fowler et al., 546 

2011; Slimak et al., 2014). Notably, our results suggest an implication of β4*nAChRs in a “satiety-like” 547 

signal limiting nicotine VTA-ICSA, rather than aversion per se. As reported here for the β4 subunit, re-548 

expression of the α5 subunit in the MHb of α5KO mice reduced aberrant SA of high doses of nicotine, 549 

while MHb-specific knockdown of this subunit in rats mimics the increase in nicotine intake of α5KO 550 

mice (Fowler et al., 2011). Consistently, viral-induced expression of an allelic variant of CHRNA5 551 

(α5D398N) found in heavy smokers, in the MHb of Tabac mice, restored nicotine intake to WT levels 552 

(Frahm et al. 2011). Therefore, there are striking similarities in the SA phenotype of α5 and β4 null 553 

mutants as reported here. Interestingly, levels of α5 (more in VTA and few in MHb) and β4 subunit 554 

expression (low in VTA and dense in MHb) are inverted in WT (Hsu et al., 2013; Hsu et al., 2014). 555 

Understanding their respective role in emotional regulation could help to develop new therapeutic 556 

interventions against tobacco dependence. 557 

The demonstration that β4*nAChRs act outside of the VTA to limit ICSA of high nicotine doses 558 

raises a question regarding the endogenous cholinergic stimulation of β4*nAChRs. The septum is an 559 

appealing target, since it receives a DAergic input from the VTA and sends a cholinergic output to the 560 

MHb (Contestabile and Fonnum, 1983; Sperlagh et al., 1998).  Inhibition of VTA-D1 dopamine receptors 561 

blocks the rewarding effects of intraseptal GABA(A) agonists (Gavello-Baudy et al., 2008), and selective 562 

elimination of the dorsal septo-habenular pathway results in aversive learning deficits (Yamaguchi et al., 563 

2013). Further research is required to investigate the role of the meso-septo-habenular circuit in the 564 

reward/aversion balance, and how this information is relayed from the MHb-IPN pathway to the VTA. To 565 

date, there is evidence for direct influences through MHb- or IPN-VTA connections (Sutherland, 1982), 566 

or indirectly through IPN-dependent modulation of the dorsal raphe nucleus (Hsu et al., 2013; Hsu et al., 567 

2014) or through IPN-laterodorsal tegmentum (LDtg) projections (Ables et al., 2017; Wolfman et al., 568 

2018). While 5*nAChRs presynaptically modulate glutamate and noradrenaline release in the IPN, 569 
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only β4*nAChRs stimulate IPN ACh release (Grady et al., 2009; Beiranvand et al., 2014).  In the present 570 

study, nicotine infusions were restricted to the VTA, thus raising an important question about the 571 

relevance of this ACh-dependent negative feedback mechanism in smokers. Chronic nicotine 572 

upregulates nAChRs in rodent and human brain and sensitize the MHb-IPN pathway (Marks et al., 573 

1992; Mamede et al., 2007; Arvin et al., 2019).  The behavioral consequences of this sensitization are 574 

not fully understood, and it is unclear whether direct effects of nicotine on this circuit and/or chronic 575 

treatment are necessary (Gorlich et al., 2013). Optogenetic stimulation and nicotine are equally effective 576 

in priming aversion through activation of IPN GABAergic neurons (Morton et al., 2018). Here we report 577 

that VTA nicotine infusions elicit a β4, MHb/IPN-mediated negative feedback regulating intake. 578 

Therefore, any alteration of the β4*nAChR function could result in a dampened self-limiting signal.  579 

Importantly, if not strictly nicotine-dependent, this endogenous ACh β4-mediated mechanism could be 580 

relevant for other drugs of abuse as well, thus accounting for the implication of CHRNA3/A5/B4 cluster 581 

variants in the risk of dependence on multiple substances (Sherva et al., 2010). Similar regulatory 582 

effects of MHb and IPN β4*nAChRs stimulation on nicotine VTA-ICSA are also consistent with a 583 

feedback inhibition of MHb by IPN neurons (Ables et al., 2017). How ACh, and other neurotransmitters 584 

in the Hb-IPN, regulate positive/negative motivational signals is a critical question for future research. 585 

In conclusion, we demonstrate that lack of functional β4*nAChRs results in an addiction-related 586 

phenotype characterized by decreased anxiety, severe impairments in reward-guided behaviors, 587 

decreased nicotine SA at low to moderate doses, but increased nicotine intake at doses eliciting self-588 

limitation in WT animals. LV-induced re-expression of the β4 subunit into either the MHb or IPN restored 589 

the self-limiting signal on nicotine SA, suggesting that activation of β4*nAChRs in the MHb-IPN axis 590 

exerts a negative control on central nicotine reward. 591 
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FIGURE LEGENDS 610 
 611 

Figure 1. Validation of lentiviral transduction in the VTA, IPN and MHb. (A) Lentiviral vector 612 

contains β4 mouse cDNA and green fluorescent protein (GFP) genetic sequences, whose expression 613 

are driven by the phosphoglycerate kinase (PGK) promoter. Control LV (PGK-GFP) was injected in WT 614 

and KO mice. LV for β4*nAChR expression (PGK-β4) was injected in another group of KO, targeting the 615 

VTA, MHb and IPN. Five weeks later, mice started nicotine VTA-ICSA. At the end of the last VTA-ICSA 616 

session, brains were removed for histological control of stereotaxic implantation, control of LV-induced 617 

GFP expression (immunofluorescence) and determination of lentivector-introduced β4 expression 618 

(radioligand binding). 619 

(B) Representative images of test (β4-IRES-GFP) LV-induced GFP (green) expression in the VTA, IPN 620 

and MHb in three different WT brains. Immunofluorescence was used to label GFP and tyrosine 621 

hydroxylase (TH, dopamine neuron marker), and choline acetyltransferase (ChAT, cholinergic neurons 622 

marker). Scale bar: 500 μm.  (C) Photomicrograph of a thionine-stained coronal brain section (60 m) 623 

through the guide-cannula track (top arrow) and the nicotine injection site in the VTA (bottom arrow). AP 624 

coordinate is relative to interaural line (Franklin and Paxinos, 2001). 625 

 626 

Figure 2. Anxiety-related and reward-dependent behaviors in β4KO mice. (A, B) Novelty-induced 627 

locomotor activity. Mean number (SEM) of photobeam crosses during the first two hours of the session 628 

corresponding to the last two hours of the light cycle (A) and during the 12-h overnight dark phase (B) in 629 

β4KO (n=15) and WT littermates (n=16). (C-E) Elevated-Plus maze. Ratio of Open arm/Total entries, 630 

percent time spent in the open arms, percent distance travelled in the open arms (SEM) and effects of 631 

nicotine pretreatment (0.2mg/kg) on anxiety-related response in β4KO and WT mice. (F): Palatable 632 

food-rewarded operant conditioning. Mean number (SEM) of rewards earned during each 20-min daily 633 

sessions over the acquisition phase with 2% sucrose sweet milk (sessions 1-12) and subsequent 634 

increase to a 10 % sucrose concentration (sessions 13-19) in β4KO and WT mice (### p<0.001: 635 
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Genotype main effects). (G-H) Go / No go task (successive discrimination procedure for a palatable food 636 

reward). Mean time to enter R+ vs R- arms of a Y-maze in WT (G) and β4KO (H) mice. *p<0.05; 637 

**p<0.01; ***p<0.001: compared to WT mice. ### p=0.005: Genotype main effects. 638 

 639 

Figure 3. Intra-VTA nicotine self-administration in WT, KO and Tabac mutant mice. (A) Mean 640 

number (SEM) of self-administrations (SAs) in WT (n=9) and KO (n=11) mice at 10-50ng (ANOVA; 641 

Genotype effect: p=0.002). (B) Mean number (SEM) of SAs in WT (n=7) and KO (n=8) mice at the dose 642 

of 100ng (two-way ANOVA; Session effect: ††† p<0.0001). H: habituation session. (C) Mean number 643 

(SEM) of SAs in WT (n=10), KO (n=9) and β4-overexpressing (Tabac, n=7) mice at 600ng, followed by 7 644 

sessions at 1200ng (ANOVA for 600ng and1200 ng: Genotype effect; p=0.039 and p=0.001 respectively). 645 

(D) Dose-response curve based on the mean number of SAs (±SEM) for the last three days of the 646 

acquisition phase according to nicotine doses in WT mice (n=7-10 per dose) and in KO mice (n=8-11 per 647 

dose). The number of self-infusions dose-dependently decreased in the WT group while increasing in KO 648 

mice.* p<0.05: KO vs WT following Genotype x Dose interaction and significant Dose effect in WT. (E) 649 

Total amount of nicotine intake in WT, KO and Tabac mice. From 600 to 1200ng, nicotine intake steadily 650 

increased in KO while conversely decreasing significantly in Tabac to lower levels relative to WT (*p<0.05 651 

vs WT; #p<0.05 vs KO). At the highest dose of 1200ng, only KO mice continue to take up to 1.3 times the 652 

maximum nicotine amount reached by WT (*p<0.05: vs WT) . (F) Total amount of nicotine intake (ng) 653 

during self-administration as measured at the end of the last 3 VTA-ICSA sessions for doses ranging 654 

from 10-50ng to 1200ng in WT and KO. At low to medium doses (10-50ng to 100ng), nicotine intake 655 

increased dose-dependently in both WT and β4KOs, however KO mice consumed significantly less 656 

nicotine in the low dose range (10-50ng: *p<0.05 vs WT). Conversely, KO consumed up to 1.5 times the 657 

amount of WT intake at 1200 ng (**p<0.01: vs WT). 658 

 659 
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Figure 4. Effects of overexpression of β4*nAChRs in the VTA on nicotine VTA-ICSA. (A) LV re-660 

expression of β4*nAChRs in the VTA: I125-staining in coronal sections of WT-GFPVTA, KO-GFPVTA, and 661 

KO-β4VTA brains. The left column shows total I125-epibatidine binding, illustrative of heteromeric nAChRs. 662 

The right column shows I125-epibatidine binding of adjacent brain sections after displacement from 663 

β2*nAChR sites (A85380). AP coordinate is relative to the interaural line (Franklin and Paxinos, 2001). 664 

(B) Mean number (SEM) of intra-VTA nicotine SAs in VTA- vectorized mice (WT-GFPVTA, KO-GFPVTA, 665 

KO-β4VTA, all groups n=8) at 600ng and 1200ng. ANOVA at 600 ng: Genotype and Session effects; at 666 

1200 ng: Genotype effect. Post-hoc tests: **p<0.01; *** p<0.001 (vs WT); # p<0.05, ## p<0.01 (vs KO). 667 

(C) Total amount of nicotine intake (ng) for doses ranging from 600ng to 1200ng in WT-GFPVTA, KO-668 

GFPVTA and KO-β4VTA mice. Both KO strains exhibited increased nicotine intake as compared to WT-669 

GFPVTA at the 1200ng dose, but this parameter was even higher in KO-β4VTA as compared to WT at the 670 

600ng, and also to the KO-GFPVTA at the 1200ng dose. Post-hoc tests: *p<0.05 vs WT; # p<0.05 vs KO. 671 

 672 

Figure 5. Effects of re-expression of β4*nAChRs in the MHb-IPN pathway on nicotine VTA-ICSA. 673 

(A, C) I125-staining in coronal sections of WT-GFPMHb, KO-GFPMHb and KO-β4MHb brains and of WT-674 

GFPIPN, KO-GFPIPN and KO-β4IPN brains, at the level of the MHb (A) and the IPN (C), respectively. Left 675 

columns show total I125-epibatidine binding, illustrative of heteromeric nAChRs. Right columns show 676 

I125-epibatidine binding of adjacent brain sections after displacement from β2*nAChR sites, revealing 677 

putative β4*nAChRs. Right panels show quantification of A85380-resistant I125-epibatidine 678 

autoradiography of MHb- and IPN-injected mice submitted to intra-VTA nicotine SA. Mean inverse 679 

luminosity of autoradiographic puncta are expressed relative to WT-GFPMHb controls. **p<0.01; 680 

****p<0.0001 (unpaired t-tests). (B, D) Mean number (SEM) of intra-VTA nicotine SAs in MHb- and IPN-681 

vectorized mice (WT-GFPMHb or IPN, KO-GFPMHb or IPN, KO-β4MHb or IPN, n=6-8) at 600ng and 1200ng. Post-682 

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 683 
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effects of Genotype. (E, F) Total amount of nicotine intake (ng) for doses ranging from 600ng to 1200ng 684 

in mice re-expressing the β4 subunit in either the MHb (WT-GFPMHb, KO-GFPMHb and KO-β4MHb) or the 685 

IPN (WT-GFPIPN, KO-GFPIPN and KO-β4IPN). LV induced re-expression of β4 in either the MH or the IPN 686 

led to a strikingly similar pattern of normalized, W-like nicotine intake whatever the dose used. Post-hoc 687 

tests: *p<0.05: vs WT; #p<0.05: vs KO. 688 

  689 
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