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Summary  18 

Nicotine, by stimulating ventral tegmental area (VTA) dopaminergic neurons, has a 19 

rewarding effect that drives tobacco consumption. In turn, the interpeduncular nucleus (IPN) is 20 

thought to become activated at high nicotine doses to restrict drug intake. However, the 21 

dynamics of the IPN response to nicotine and its impact on the rewarding effect of the drug 22 

remain unknown. To address this issue, we have developed a genetically-modified mouse 23 

model, in which a "suicide" antagonist of nicotinic acetylcholine receptors (nAChRs) 24 

selectively attaches to a designer β4 nAChR subunit. By locally infusing this antagonist in the 25 

IPN, we achieved pharmacologically-specific and sustained antagonism of nAChRs containing 26 

the β4 subunit. By combining this chemogenetic method with in vivo electrophysiology, we 27 

show that even at low doses, nicotine activates and inhibits two different populations of IPN 28 

neurons, and that b4-containing nAChRs are only involved in the activation response. 29 

Furthermore, blocking the response to nicotine selectively in the IPN increased both the 30 

sensitivity of the VTA to the drug and its rewarding effect in a conditioned place preference 31 

paradigm. These findings indicate that the IPN is engaged across a large range of nicotine doses 32 

and acts as a regulatory brake on the nicotine reward circuit.  33 

  34 
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Introduction 35 

 36 

Nicotine is an addictive chemical substance found in the tobacco plant. Even though the 37 

percent of cigarette smokers currently decreases worldwide, there is a dramatic rise in the use 38 

of electronic nicotine delivery systems, particularly in teenagers.1 Understanding the 39 

physiological mechanism of nicotine addiction is thus crucial for developing effective strategies 40 

to help individuals break free from its grip. Nicotine exerts its effects by binding to nicotinic 41 

acetylcholine receptors (nAChRs). There are nine different alpha (a2-9) and three different beta 42 

(b2-4) nAChR subunits in the brain, which assemble to form a variety of hetero- and homo-43 

pentameric structures.2  44 

The initiation of addiction to nicotine involves the mesolimbic dopamine (DA) reward 45 

system.3 Nicotine acts as a positive reinforcer by activating a4b2 nAChRs located in the ventral 46 

tegmental area (VTA),4–8 which leads to the release of DA in the nucleus accumbens.9 Nicotine 47 

also elicits negative effects, depending on the dose. In particular, a reinforcing dose that 48 

motivates drug intake5 also drives anxiety.9 At higher doses, nicotine has been described as 49 

aversive, thus motivating avoidance.10–13 These competing reinforcing and aversive properties 50 

of nicotine, together with the feeling of satiety, are consistent with the observation that humans 51 

and laboratory rodents titrate their nicotine intake when high doses are available.5,11,12,14  52 

The aversive effect of high-dose nicotine involves the neural pathway projecting from 53 

the medial habenula (Mhb) to the interpeduncular nucleus (IPN).5,10,11 Neurons belonging to 54 

this pathway express high densities of rare nAChR subunits, notably a3, a5 and β4.15–17 In 55 

particular, the a3 and β4 subunits are almost absent in the VTA18 and in other parts of the 56 

brain.17,19 Knock-out mice lacking a511 or β412,20,21 consume more nicotine than wild-type (WT) 57 

mice, especially at high doses, and their consumption level is restored upon viral re-expression 58 

of these nAChR subunits in the Mhb11,20 or IPN.12,20,21 Similarly, knocking down a3 selectively 59 
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in the Mhb or IPN22, or pharmacologically blocking a3β4 nAChRs in the IPN23, results in 60 

increased self-administration of nicotine in the rat. Because the a3β4 nAChR has lower affinity 61 

for nicotine than the a4β2 nAChR2,24, one current hypothesis is that nicotine is rewarding at 62 

low doses because it activates primarily a4β2 receptors of the VTA, while it is aversive at high 63 

doses because only then does it activate a3β4 nAChRs of the MHb-IPN axis.5,13 It is currently 64 

unknown whether the IPN also responds to low doses of nicotine in vivo, and how this may 65 

affect the balance between the reinforcing and aversive properties of the drug.  66 

 67 

Results 68 

 69 

 Conditioning at a low dose of nicotine in b4-/- mice 70 

 To assess the rewarding properties of low-dose nicotine, we employed an unbiased 71 

conditioned place preference (CPP) paradigm. Acute intraperitoneal administration of nicotine 72 

at a dose of 0.5 mg/kg consistently induces a preference for the drug-paired chamber in 73 

C57BL/6 mice.68,25–27 However, lower doses of nicotine typically produce neither aversion nor 74 

preference for the drug in WT mice.27–29 Accordingly, a low dose of nicotine (0.2 mg/kg) did 75 

not induce a preference compared to saline in wild-type mice, but did induce nicotine preference 76 

in mutant mice lacking the nAChR b4 subunit (Figure 1A). This subunit is abundant in the 77 

MHb-IPN pathway but virtually absent in other brain regions including the VTA,18 suggesting 78 

that low doses of nicotine may act through b4-containing nAChRs, conceivably within the 79 

MHb-IPN pathway, to modulate the rewarding effect of the drug. To address this question, we 80 

devised a method that enables long-lasting and exclusive manipulation of b4-containing 81 

nAChR subtypes in targeted brain regions. 82 

 83 

Designing chemogenetic tools for sustained nAChR antagonism. 84 
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We have previously developed a chemogenetic method to manipulate specific nAChR 85 

subtypes in the living mouse with light.6,30 It relies on the covalent attachment of a 86 

photoswitchable tethered ligand called MAHoCh near the acetylcholine binding pocket, by 87 

replacing the amino acid glutamate at position 61 by a cysteine (E61C) in the b2 or b4 nAChR 88 

subunit. While this method allows rapid and reversible control of nicotinic signaling, its in vivo 89 

application requires mice to be continuously connected to an external light source, which poses 90 

challenges for long-term behavioral experiments.31 To overcome this limitation, we sought to 91 

extend the chemogenetic toolbox for nAChR control, by developing a method that would allow 92 

sustained receptor antagonism without the need for light stimulation. The idea was to covalently 93 

attach a synthetic antagonist to a genetically-encoded cysteine tag at the nAChR surface, in 94 

close proximity to the agonist binding pocket (Figure 1B). The antagonist acts as a suicide 95 

inhibitor: its covalent attachment to the cysteine residue increases the local concentration of the 96 

antagonist in the vicinity of the receptor and leads to permanent occupation of the agonist 97 

binding pocket, resulting in sustained antagonism. The newly developed tethered antagonist, 98 

named MPEG4Ch, contains a cysteine-reactive maleimide (M) group at one end, a choline (Ch) 99 

ligand at the other end, and a flexible poly-ethylene glycol (PEG) linker in between (Figure 100 

1B). To maximize the versatility of our chemogenetic toolbox, we designed MPEG4Ch so that 101 

it antagonizes nAChRs after attachment to the very cysteine residue (E61C) that makes nAChRs 102 

photocontrolable (Figure 1B).6,30 The size of the PEG linker (consisting of four ethylene glycol 103 

units) was thus chosen to match that of the photoswitchable azobenzene linker in MAHoCh 104 

(Figure S1A).  105 

To experimentally validate our strategy, we heterologously expressed WT and cysteine-106 

substituted a3b4 nAChRs in Xenopus oocytes. The mutation E61C in b4 had minimal effect 107 

on the receptor sensitivity to acetylcholine (Figure S1B), indicating that the mutant receptor is 108 

functional, which is consistent with our previous findings.30 After incubation of the oocytes 109 
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with 15 µM MPEG4Ch and subsequent washing, there was a robust inhibition of a3b4E61C 110 

receptors at both EC50 and saturating concentrations of acetylcholine (~90% and 80%, 111 

respectively, Figure 1C), but no effect on WT receptors, indicating that the cysteine substitution 112 

is required for the antagonistic action of MPEG4Ch.  113 

 114 

Knock-in mice for the manipulation of endogenous nAChRs. 115 

 To manipulate nicotinic signaling while preserving endogenous nAChR expression 116 

patterns, we produced a knock-in mouse line carrying a single point mutation at codon position 117 

61 in the gene encoding the nAChR b4 subunit (b4E61C, Figure S1C).  The amplitudes of 118 

nicotine-induced currents were identical in the knock-in and the WT mice (Figure 1D), 119 

suggesting unchanged nAChR expression profiles in the neurons of mutant mice, as expected. 120 

We also verified that IPN neurons of these mice had no obvious electrophysiological alteration 121 

(Figure S1D-G), and that the mice had no discernable phenotypical alteration (Figure S1H-I). 122 

These results indicate that the b4E61C minimally (if at all) perturbs nicotinic signaling.  123 

 We then assessed the ability of MPEG4Ch to inhibit b4-containing nAChRs in neurons 124 

of the knock-in mouse. IPN brain slices of adult WT and b4E61C mice were treated with 125 

MPEG4Ch, extensively washed, and the amplitude of nicotine-induced currents was measured 126 

in whole-cell recordings. MPEG4Ch treatment markedly decreased the amplitude of the 127 

response to nicotine in b4E61C mice (> 60%), but had no effect in WT mice (Figure 1D). This 128 

result confirms that b4-containing nAChRs are the main receptor subtypes in the IPN,12 and 129 

that the engineered E61C mutation is required for MPEG4Ch-induced nAChR antagonism.  130 

Next, we examined the ability of MPEG4Ch to conjugate to b4E61C-containing 131 

nAChRs in vivo. MPEG4Ch was infused into the IPN of anesthetized mice, and brain slices 132 

were prepared on the following day. MPEG4Ch reduced nicotine-induced currents in IPN 133 

neurons of b4E61C mice by about 80%, but had no effect in WT mice (Figure 1E). Since 134 
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MPEG4Ch irreversibly reacts with cysteine residues, the antagonism should persist as long as 135 

the MPEG4Ch-conjugated receptors remain at the cell surface. To investigate the duration of 136 

antagonism, brain slices were prepared 1 to 10 days after a single injection of MPEG4Ch in the 137 

IPN, and we found that the antagonistic effect persisted up to 10 days (Figure 1E). Therefore, 138 

MPEG4Ch can be used as a cysteine-reactive covalent ligand, providing efficient, long-lasting, 139 

and subtype-specific antagonism of b4E61C-containing nAChRs. 140 

 141 

Blocking the IPN is sufficient to induce a preference to low-dose nicotine  142 

We then investigated whether the rewarding effect of low-dose nicotine in b4 knock-143 

out mice (Figure 1A) was due to the absence of b4 in the IPN. We selectively blocked b4 144 

nAChRs in the IPN with MPEG4Ch, and carried out the CPP test. Sham-injected b4E61C mice 145 

served as the control group. MPEG4Ch was injected 3 days prior to the conditioning phase, to 146 

ensure continuous nAChR antagonism throughout the protocol. Only the MPEG4Ch-treated 147 

mice, but not the sham-treated mice, developed a preference for low-dose nicotine (Figure 1F), 148 

therefore reproducing the result with the knock-out mice, and indicating that b4-containing 149 

nAChRs of the IPN play a key role in setting the rewarding value of nicotine, especially at low 150 

dose.  151 

 152 

 Dose-dependent effects of nicotine on IPN neurons in vivo 153 

 To understand the mechanism by which the IPN affects the rewarding effect of the drug, 154 

we first assessed the sensitivity of the IPN to acute nicotine injections in vivo. We used a 155 

microdrive multielectrode manipulator to record the electrical activity of IPN neurons in 156 

anesthetized mice (Figure 2A). Acute intravenous (i.v.) injection of 30 µg/kg nicotine, a 157 

reinforcing dose typically used to probe nicotine response in VTA neurons6,9,32, evoked 158 

opposing responses (activation vs. inhibition) in IPN neurons (Figure 2A). Of the 168 neurons 159 
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recorded, 97 (58 %) showed an increase in firing rate, while 71 (42 %) showed a decrease, and 160 

these variations were absent with saline injection (Figure 2B-C and S2A). The two populations 161 

of neurons could not be distinguished based on their spontaneous firing rates (Figure S2B), but 162 

there was a correlation between the spontaneous firing rate and the amplitude of the response 163 

to nicotine, in both activated and inhibited cells (Figure S2C). These results are consistent with 164 

previous data obtained using the juxtacellular technique in neurons that were labelled and 165 

confirmed to be located in the IPN.12 166 

We then assessed the sensitivity of IPN neurons to a range of nicotine doses (7.5 to 60 167 

µg/kg) and found that the effect of nicotine was dose-dependent, but that the polarity of the 168 

response (i.e., activation or inhibition) was not. Indeed, neurons that were activated by nicotine 169 

at 30 µg/kg were activated across all doses tested, and similarly, inhibited neurons maintained 170 

their inhibition at all doses (Figure 2D). The two populations of neurons are thus distinct and 171 

not overlapping. Most of the neurons (36/37), whether activated or inhibited, responded to the 172 

lowest dose of 7.5 µg/kg. 173 

 174 

b4-containing nAChRs mediate activation of IPN neurons by nicotine 175 

 We employed our new chemogenetic strategy to assess the contribution of b4-176 

containing nAChRs to the response of IPN neurons to nicotine in vivo. MPEG4Ch (or saline for 177 

the control sham group) was locally infused in the IPN of b4E61C mice with the microdrive 178 

multielectrode manipulator, and the electrical activity of IPN neurons was recorded after a 179 

couple of hours (Figure 2E). MPEG4Ch did not affect the spontaneous electrical activity of IPN 180 

cells (Figure S2E). However, the amplitude of nicotine-induced activation was markedly 181 

reduced in MPEG4Ch-treated animals, for both 7.5 and 30 µg/kg doses (Figure 2E-F). In 182 

contrast, the amplitude of nicotine-induced inhibition was unaffected by the MPEG4Ch 183 

treatment, in agreement with observations previously made in b4-/- mice12. We reproduced these 184 
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experiments in WT mice and showed that MPEG4Ch, without the ability to anchor to nAChRs, 185 

had no effect on the response to nicotine, confirming the molecular specificity of the method 186 

(Figure S2D). Together, these results indicate that IPN b4-containing nAChRs are recruited 187 

even at low nicotine doses, and predominantly contribute to the nicotine response in activated 188 

neurons.  189 

   190 

 The IPN is more sensitive to nicotine than the VTA. 191 

 Our results indicate that IPN neurons respond to i.v. nicotine doses as low as 7.5 µg/kg. 192 

In comparison, previous studies have reported that VTA DA neurons start responding at twice 193 

this dose (15 µg/kg).8,31,32 To compare the relative sensitivities of the VTA and IPN to nicotine, 194 

we conducted two independent experiments. First, we recorded bulk neuronal activity in each 195 

brain region using fiber photometry. The VTA or IPN of WT mice were transduced with the 196 

calcium sensor GCaMP7c, and proper transduction and fiber location were verified with post-197 

hoc immunochemistry (Figures 3A-B). Mice were anesthetized and different doses of nicotine 198 

(7.5 - 60  µg/kg) were injected i.v. while monitoring the GCaMP signal. Nicotine increased the 199 

calcium signal in the IPN across all doses tested (Figure 3A), while responses in the VTA were 200 

only detected from the 30 µg/kg dose onward (Figure 3B).   201 

 In a second step, we positioned one tetrode in the VTA and another one in the IPN to 202 

simultaneously record in the two structures. Overall, the amplitude of firing frequency variation 203 

was greater in IPN neurons than in putative DA (pDA) neurons of the VTA at all nicotine doses 204 

tested (Figure 3C). VTA pDA neurons started to respond at a dose of 15 µg/kg (Figure 3C), in 205 

agreement with previous recordings of identified VTA dopaminergic neurons,7,9 while IPN 206 

neurons responded at all doses. Specifically, the lowest nicotine dose tested (7.5 µg/kg) 207 

increased the firing rate of IPN neurons but not of VTA pDA neurons (Figure 3D). Collectively, 208 
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these optical and electrophysiological recordings strongly suggest that IPN neurons respond to 209 

nicotine with greater sensitivity and greater amplitude than VTA DA neurons. 210 

 211 

The IPN lowers the rewarding effect of nicotine  212 

We then hypothesized that the response to nicotine in the IPN impacts on the response 213 

in the VTA, potentially explaining why animals with a reduced nicotine response in the IPN 214 

showed an increased preference for nicotine. We took advantage of our newly-developed 215 

chemogenetic approach to inhibit the response to nicotine solely in the IPN while recording in 216 

the VTA. MPEG4Ch (or saline for control mice) was infused into the IPN of b4E61C mice, and 217 

the response of VTA neurons to nicotine i.v. injections was subsequently measured with 218 

tetrodes. Strikingly, VTA neurons of MPEG4Ch-treated mice, but not of control mice, 219 

responded to the injection of low-dose nicotine (7.5 µg/kg, Figure 3E). Furthermore, the 220 

amplitude of the response to nicotine was greater for MPEG4Ch-treated mice than for control 221 

animals, even when a higher, more standard dose of 30 µg/kg was administered. To rule out the 222 

possibility that MPEG4Ch may have diffused outside the IPN, we carried out two control 223 

experiments. First, we infused MPEG4Ch in the VTA of b4E61C mice, and found that this 224 

treatment had no effect on the response of VTA pDA neurons to nicotine (Figure S3A), in 225 

agreement with the reported absence of b4-containing nAChRs in the VTA.18 Then, we checked 226 

whether infusion of MPEG4Ch in the IPN could affect neurons of the MHb, a distant brain 227 

region with dense expression of b4-containing nAChRs. Incubation of MHb slices with 228 

MPEG4Ch profoundly decreased the amplitude of nAChR currents, confirming the strong 229 

expression level of b4 in the MHb,17 but infusion of MPEG4Ch in the IPN had no effect on the 230 

response of MHb neurons to nicotine (Figure S3B). Taken together, these experiments indicate 231 

that the effect of MPEG4Ch on VTA neurons is unlikely to be attributed to the its diffusion 232 

outside the IPN. Therefore, blocking the response to nicotine selectively in the IPN boosted the 233 
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amplitude of the response to the drug in the VTA, providing a mechanistic understanding of the 234 

increased sensitivity to nicotine in b4-/- mice.21 235 

 236 

Discussion 237 

 238 

 Making receptors light-controllable is a valuable method for probing neurotransmission 239 

with high spatiotemporal precision.31,33 However, it is not convenient for manipulations that 240 

require long-term effects, particularly in behaving mice. To overcome this limitation, we 241 

expanded the toolbox for controlling nAChRs, by developing a knock-in mouse line (b4E61C) 242 

and a corresponding suicide inhibitor (MPEG4Ch) that forms a covalent bond with the cysteine 243 

amino acid installed in the knock-in mouse. The method provides efficient antagonism 244 

(approximately 80%) with immediate onset (maleimides react within minutes with thiols34), 245 

sustained effect (several days), absolute pharmacologically specificity (nAChRs containing the 246 

b4 subunit only) and anatomical precision. This combination of properties is difficult to achieve 247 

with traditional pharmacological tools, because small molecules rarely show receptor-subtype 248 

specificity, and their effects ware off rapidly due to diffusion in brain tissues. While gene knock-249 

down strategies using shRNAs can achieve long-lasting inhibition of receptors in targeted 250 

tissue, the overall degree of silencing was found to vary tremendously,35,36 and the effect takes 251 

weeks to occur.  252 

In this study, we used this chemogenetic method in knock-in mice, where the WT 253 

nAChR b4 subunit has been replaced with a “silent” mutant subunit, ensuring proper expression 254 

profiles and untouched nicotinic transmission. We provide here direct evidence that b4-255 

containing nAChRs are functionally expressed at high levels in both IPN and MHb neurons. In 256 

principle, this mouse line could also be used in combination with previously-developed 257 

photoswitchable tethered ligands6,30 to afford rapid, optical manipulation of endogenous 258 
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nAChRs. Alternatively, local injection of a viral vector could be used to get restricted 259 

expression of the b4E61C subunit in targeted cell types.6,33 In b4E61C knock-in mice, a single 260 

bolus dose of MPEG4Ch resulted in robust receptor inhibition for several days, which suggests 261 

that bioconjugation of MPEG4Ch to the thiol group of cysteine residues is fully irreversible, as 262 

demonstrated for other PEG-substituted maleimide reagents.34 This finding also suggests that 263 

the lifetime of nAChRs in vivo is in the order of weeks, which is compatible with the median 264 

lifetime of about 10 days measured for neuronal receptors in the mouse brain.37  265 

A previous study utilizing c-fos imaging reported that the IPN only responds to high, 266 

aversive doses of nicotine, and not to a lower, rewarding dose.11 This led to the hypothesis that 267 

the IPN is only engaged at high nicotine doses to limit drug intake.5,13 By recording IPN neurons 268 

in live animals, we have revealed their sensitivity to a wider range of nicotine concentrations. 269 

We found that the IPN responds to concentrations of nicotine that do not activate the VTA. 270 

More importantly, we found that the effect of low-dose nicotine on the IPN translates into a 271 

reduced potency of the drug in the VTA. This implies that the mesolimbic DA and MHb-IPN 272 

pathways, which encompass the IPN and VTA, do not work independently. Our results also 273 

uncover that low, sub-rewarding doses of nicotine can act through a3b4 nAChRs, which are 274 

commonly considered as low-affinity receptors.24 We suggest that the IPN acts as a brake on 275 

the VTA to decrease the rewarding value of the drug and ultimately to limit drug intake. 276 

The mechanism by which the IPN reduces the effect of nicotine in the VTA remains 277 

unclear. Currently, there is no evidence for a direct neural connection from the IPN to the 278 

VTA.38,39 However, the laterodorsal tegmentum (LDTg) has been identified as an important 279 

functional relay between these two structures. GABAergic projections from the IPN to the 280 

LTDg are modulated by nicotine, and their optogenetic stimulation elicits avoidance behavior.13 281 

The LDTg, in turn, sends excitatory glutamatergic and cholinergic inputs to the VTA, and their 282 

activation mediates reward.40,41 It is thus plausible that nicotine, by activating GABAergic 283 
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projections from the IPN to the LDTg, gates afferent excitatory signals onto the VTA, thereby 284 

decreasing the direct impact of the drug on DA neurons. The IPN is nevertheless a complex, 285 

heterogenous structure with multiple subnuclei and different populations of GABAergic 286 

projection neurons and interneurons, each with precise molecular and anatomical 287 

signatures.38,42,43 Nicotine-activated and -inhibited neurons could not be identified solely on 288 

basis of electrophysiological criteria. Further investigations are necessary to determine whether 289 

IPN neurons projecting to the LDTg are activated or inhibited by nicotine, and whether the IPN 290 

regulates the encoding of rewards other than nicotine in the VTA.  291 
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Figure titles and legends 324 

Figure 1: Chemogenetic method for sustained antagonism of b4-containing nAChRs.  325 

A. Left, unbiased CPP protocol. Middle, representative heat maps for a WT and a b4-/- mouse. 326 

Right, preference for the nicotine-paired chamber.  327 

B. Top left, b4E61C-containing nAChR irreversibly antagonized after covalent attachment of 328 

MPEG4Ch. Bottom left, chemical structure of MPEG4Ch. Right, side view of the agonist 329 

binding site in the a3b4 nAChR in complex with nicotine (PDB: 6pv7)44, with E61 shown in 330 

red.  331 

C. Left, ACh-induced currents recorded using two-electrode voltage clamp, before and after 332 

MPEG4Ch treatment. Right, average currents before and after MPEG4Ch treatment.  333 

D. Left, patch-clamp recording with puff application of nicotine on IPN slices. Representative 334 

(middle) and average (right) nicotine-induced currents recorded from slices treated or not with 335 

MPEG4Ch.   336 

E. Left, local infusion of MPEG4Ch in the IPN, 1 to 10 days before preparing the slices. Middle, 337 

percent inhibition of nicotinic current in IPN neurons one day after MPEG4Ch infusion. Right, 338 

nicotine-induced current 1 to 10 days after MPEG4Ch infusion.  339 

F. Left, nicotine CPP protocol after MPEG4Ch treatment. Middle, representative animal 340 

positions. Right, preference for the nicotine-paired chamber.   341 
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Figure 2:  b4-containing nAChRs are specifically involved in the activation of IPN 342 

neurons by nicotine  343 

A. Left, schematics of the microdrive multielectrode manipulator setup for tetrode recordings. 344 

Middle, a blue dye was injected at the recording site coordinates. Right, two IPN neurons 345 

recorded simultaneously on two channels, one activated (blue) and one inhibited (red) by 346 

nicotine.  347 

B. Distribution of the responses to i.v. injections of nicotine or saline.  348 

C. Time course (left) and firing frequency variation (right) after i.v. nicotine (or saline) 349 

injections, for nicotine-activated and -inhibited IPN neurons.  350 

D. Variation in firing frequency for nicotine-activated and -inhibited IPN neurons, following 351 

i.v. injections of different doses of nicotine. Neurons were classified as activated or inhibited 352 

based on their response at the 30 µg/kg dose (or alternatively 60 µg/kg for a few neurons not 353 

recorded at 30 µg/kg).  354 

E. Left, infusion of MPEG4Ch (or saline for controls) in the IPN of b4E61C mice, followed by 355 

tetrode recordings in the IPN. Middle, time course of responses to nicotine injection. Right, 356 

cumulative fraction of the percent change in firing rate in response to nicotine injection.  357 

F. Maximum amplitude of activation or inhibition following an i.v. injection of nicotine or 358 

saline.   359 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.05.561018doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.05.561018
http://creativecommons.org/licenses/by-nc-nd/4.0/


VTA

IPN

IF

IPN 

Tetrode
recordings

Local dye
injection 

Nicotine 30 μg/kg i.v. A

3 mV
1 s

+
-

Nicotine (168)

Saline (168)

***

B

Firing rate variation (%)

0.015

0.010

0.005

0.000
-200 0 200 400 600

Fr
ac

tio
n o

f n
eu

ro
ns

E

Nicotine
30 μg/kg 

Saline 

C

0

200

400

600

Fir
ing

 fr
eq

ue
nc

y v
ar

iat
ion

 (%
)

Sal. Nic. Sal. Nic.

25%

200 s

Nicotine-
activated

(97)

Nicotine-
inhibited

(71)

Nicotine-
activated

Nicotine-
inhibited

*** ***

D

Fir
ing

 fr
eq

ue
nc

y v
ar

iat
ion

 (%
)

-100

-75

-50

-25

0

0

200

400

600
Nicotine-activated Nicotine-inhibited 

15 307.5Sal 60
Nicotine dose (μg/kg)

***
***

***
***

*** ***
***

***

Fir
ing

 fr
eq

ue
nc

y v
ar

iat
ion

 (%
)

Fr
eq

ue
nc

y V
ar

iat
ion

 (%
)

Saline Nic. 7.5

200

150

100

0

-100

50

-50

17
20 30

18

***
sham

MPEG4Ch

25%
200 sNicotine

30 μg/kg

0.2

0.4

0.6

0.8

1

0

Cu
m

ul
at

iv
e 

fra
ct

io
n

0 100 300200-100
Change in firing rate (%)

sham
*

15 307.5Sal 60
Nicotine dose (μg/kg)

MPEG4Ch infusion
in the IPN

IPN

β4E61C mice

 

Tetrode recording
 in the IPN

Ch. 1

Ch. 2

F

Nic. 30 

*

10
13

13 6

+MPEG4Ch

MPEG4Ch

n.s

n.s

***

n.s

*

n.s

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 6, 2023. ; https://doi.org/10.1101/2023.10.05.561018doi: bioRxiv preprint 

Alexandre Mourot
Figure 2

https://doi.org/10.1101/2023.10.05.561018
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

Figure 3: The IPN decreases the VTA response to nicotine.  360 

A. Transduction of the IPN with AAV1-hSyn-GCaMP7c, followed by implantation of the optic 361 

fiber, and a representative coronal brain slice showing the fiber tip and proper expression of 362 

GCaMP7c. Time course (middle) and maximum amplitude (right) of the GCaMP7c response 363 

after i.v. injection of nicotine at different doses.  364 

B. Same as in A) but for the VTA.  365 

C. Top left, simultaneous tetrode recordings with one electrode in the IPN and another one in 366 

the VTA. Representative (bottom left) and average (right) change in firing frequency in IPN 367 

and pDA neurons following i.v. injection of nicotine.   368 

D. Time course (left) and average change (right) of the response of IPN and VTA neurons to 369 

an i.v. injection of 7.5 µg/kg nicotine or saline.  370 

E. Left, tetrode recordings in the VTA following local infusion of MPEG4Ch into the IPN of a 371 

b4E61C mouse. Middle, time course of the response to an i.v. injection of 7.5 µg/kg nicotine 372 

(or saline). Only about a third (6/16) of the pDA neurons responded to the nicotine injection in 373 

sham-treated mice, whereas almost all of them (18/19) responded in MPEG4Ch-treated mice. 374 

Right, average response to an i.v. injection of nicotine or saline.   375 
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STAR Methods 376 

 377 

Animals 378 

Mice were housed at 18-23 °C under a 12-hour light/dark cycle, with food and water available 379 

ad libitum. WT mice were on the C57BL/6 N genetic background. Female and male mice were 380 

used for the electrophysiological recordings, whereas only male mice were used for the fiber 381 

photometry and behavioral experiments. All behavioral tests were conducted during the light 382 

period of the animal cycle. All procedures for animal maintenance, surgery and behavioral tests 383 

used protocols that were in accordance with the recommendations for animal experiments 384 

issued by the European Commission directives 2010/63, and approved by Sorbonne University 385 

and Paris Sciences et Lettres (PSL) University. 386 

 387 

The transgenic mouse line Chrnb4E61C was produced on a C57BL/6 N genetic background 388 

using homologous recombination, at the core facility Phenomin (Institut Clinique de la Souris, 389 

Illkirch, France). Exons 3 and 4 were fused in both lines to prevent alternative splicing, owing 390 

to the overlap between the codon for E61 and the splice acceptor site. The following primers 391 

were used to genotype Chrnb4E61C mice: forward 5’-392 

CCAAGAGAGATTTAGGTGACAGCTGG-3’ and reverse 5’-393 

CCTAACTCTAGACTTTGGCCACCCC-3’. Mice were bred as homozygotes.  394 

 395 

Chemicals 396 

MPEG4Ch (maleimide - tetraethylene glycol - choline) chloride (purity 99.8%) was custom-397 

synthetized by Broadpharm (San Diego, CA) and stored at -20°C in water-free DMSO. The 398 

nicotine used for all experiments is a nicotine hydrogen tartrate salt (Sigma-Aldrich, USA). For 399 

tetrode and fiber photometry recordings, we performed i.v. injection of both nicotine (example 400 
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dose of 30 μg/kg) and saline (water with 0.9% NaCl) solutions. For the conditioned place 401 

preference (CPP) paradigm, mice were injected intra-peritoneally (i.p.) with nicotine at 0.2 402 

mg/kg and immediately placed in the apparatus. All solutions were prepared in the laboratory. 403 

 404 

Two-electrode voltage-clamp 405 

Xenopus laevis oocytes were obtained from EcoCyte Bioscience, Germany and and from Tefor 406 

Paris-Saclay UAR2010 and maintained in modified Barth’s medium (87.34 mM NaCl, 1 mM 407 

KCl, 0.66mM NaNO3, 0.75 mM CaCl2, 0.82mM MgSO4, 2.4 mM NaHCO3, 10 mM HEPES 408 

pH 7.6). Defolliculated oocytes were submitted to intranuclear injection of ~2-6 ng of cDNA 409 

and kept at 18 °C for 2-3 days before recording. 410 

Recordings were performed with a Digidata 1550A digitizer (Molecular Devices), an Axon 411 

Instruments GeneClamp 500 amplifier (Molecular Devices), an automated voltage-controlled 412 

perfusion system which controls an 8-port and a 12-port electric rotary valve (Bio-Chem 413 

Fluidics) both connected to a 2-way 4-port electric rotary valve (Bio-Chem Fluidics) and the  414 

pClamp 10.6 software (Molecular Devices). 415 

Electrode pipettes were pulled using a Narishige PC-10 puller. Oocytes were perfused with 416 

Ringer’s buffer (100 mM NaCl, 2.5 mM KCl, 10 mM HEPES, 2 mM CaCl2, 1 mM MgCl2, pH 417 

7.3). MPEG4Ch solutions were applied after dilution in Ringer’s buffer and all currents were 418 

measured at a holding potential of -60mV.  419 

For all the experiments, the oocytes were perfused with Ringer’s buffer for 30 s, then 5 s with 420 

acetylcholine (concentrations as indicated in the figures) followed by a 1 to 2-minute wash. For 421 

the experiments with MPEG4Ch, the oocytes were first perfused with acetylcholine followed 422 

by a 1 to 2-minute wash, then treated with a perfusion of 5 min with MPEG4Ch (15  µM in 423 

Ringer’s), followed by another 1-2 minute wash and a 5 s acetylcholine perfusion. 424 

Acetylcholine responses were measured at the peak of the response. 425 
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 426 

Patch-clamp electrophysiology 427 

Mice were deeply anesthetized with an i.p. injection of a mixture of ketamine (150 mg/kg, 428 

Imalgene 1000, Merial) and xylazine (60 mg/kg, Rompun 2%, Bayer). Coronal midbrain 429 

sections (250 µm) were sliced using a Compresstome (VF-200; Precisionary Instruments) after 430 

intra-cardiac perfusion of cold (0-4°C) sucrose-based artificial cerebrospinal fluid (aCSF) 431 

containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 5.9 MgCl2, 26 NaHCO3, 25 sucrose, 432 

2.5 glucose, 1 kynurenate. After 10 min at 35 ̊C for recovery, slices were transferred into 433 

oxygenated (95% CO2/ 5% O2) aCSF containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 434 

2 CaCl2, 1 MgCl2, 26 NaHCO3, 15 sucrose, 10 glucose at room temperature for the rest of the 435 

day. Slices were labeled individually with MPEG4Ch (50 μM) in oxygenated aCSF for 10 min, 436 

and transferred to a recording chamber continuously perfused at 2 ml/min with oxygenated 437 

aCSF.  438 

Patch pipettes (5-8 MW) were pulled from thin-wall borosilicate glass (G150TF-3, Warner 439 

Instruments) using a micropipette puller (P-87, Sutter Instruments) and filled with a K-440 

gluconate based intra-pipette solution containing (in mM): 135 KGlu, 10 HEPES, 0.1 EGTA, 441 

5 KCl, 2 MgCl2, 2 ATP-Mg, 0.2 GTP-Na and 2 mg/mL biocytin (pH adjusted to 7.35). Cells 442 

were visualized using an upright microscope with a Dodt contrast lens and illuminated with a 443 

white light source (Scientifica). Whole-cell recordings were performed using a patch-clamp 444 

amplifier (Axoclamp 200B, Molecular Devices) connected to a Digidata (1550 LowNoise 445 

acquisition system, Molecular Devices). Currents were recorded in voltage-clamp mode at -60 446 

mV. Signals were low-pass filtered (Bessel, 2 kHz) and collected at 10 kHz using the data 447 

acquisition software pClamp 10.5 (Molecular Devices). Electrophysiological recordings were 448 

extracted using Clampfit (Molecular Devices) and analyzed with R. To record nicotinic currents 449 

from IPN neurons, local puffs (200 ms) of nicotine tartrate (30 μM in aCSF, Sigma-Aldrich) 450 
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were applied every minute, using a glass pipette (2-3 µm diameter) positioned 20 to 30 μm 451 

away from the soma and connected to a picospritzer (World Precision Instruments, adjusted to 452 

~2 psi). 453 

 454 

Stereotaxic surgeries 455 

For virus and MPEG4Ch injections, as well as for optic fiber implantations, mice were exposed 456 

to a gas mixture of oxygen (1 L/min) and 3% isoflurane (Piramal Healthcare, UK) for induction 457 

of anesthesia, and then placed in a stereotaxic frame (David Kopf Instruments, CA, USA) under 458 

1% isoflurane to maintain proper anesthesia throughout the surgery. A local anesthetic 459 

(Lurocaine®, 100 μL at 0.67 mg/kg) was applied at the location of the scalp incision before the 460 

procedure. A median incision revealed the skull which was drilled at the level of the targeted 461 

structure. At the end of the surgery, an analgesic solution of buprenorphine (Buprecare®, 1 462 

mg/kg) was injected subcutaneously to prepare awakening, and supplemented the following 463 

recovery days if necessary. 464 

 465 

Tetrode recordings 466 

Mice were deeply anaesthetized with i.p. injection of chloral hydrate (8%, 400 mg/kg), 467 

supplemented as required to maintain optimal anesthesia throughout the experiment. After 468 

placement of the animal in the stereotaxic apparatus, the saphenous vein was catheterized (30G 469 

needle fitted into polyethylene tubing PE10 connected to a Hamilton syringe) for i.v. 470 

administration of either saline or nicotine. The scalp was opened and a hole was drilled in the 471 

skull above the location of the targeted structure (IPN and/or VTA). Experiments were carried 472 

out with a Thomas Recording Mini-Matrix fitted with independently movable tetrodes (Tip 473 

shape A, Z = 1-2 MΩ) to record neuronal activity, and a stainless-steel cannula (OD 120  µm) 474 

for MPEG4Ch and dye injections. Each recording consisted in a baseline period of 5 minutes 475 
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before injection of either saline or nicotine, selected pseudo-randomly. Subsequent injections 476 

were spaced by at least 5 minutes after saline and 15 minutes after nicotine. For nicotine dose-477 

response experiments, mice received two to four injections of nicotine at doses of 7.5, 15, 30 478 

and/or 60 μg/kg (pseudo-randomly administered).  479 

Electrophysiological signals were acquired with a 20-channel pre-amplifier included in the 480 

Mini Matrix connected to an amplifier (Digital Lynx SX 32 channels, Neuralynx) digitized and 481 

recorded using Cheetah software (Neuralynx). Spikes were detected (CSC Spike Extractor 482 

software, Neuralynx) and sorted using a classical principal component analysis associated with 483 

a cluster cutting method (SpikeSort3D software, Neuralynx). The electrophysiological activity 484 

was sampled in the VTA (coordinates: 3.0 to 3.4 mm posterior to bregma, 0.3 to 0.6 mm lateral 485 

to midline, and 4 to 4.8 mm below brain surface) and in the IPN (coordinates: 3.3 to 3.6 mm 486 

posterior to bregma, 0.35 to 0.5 mm lateral to midline, and 4.2 to 4.9 mm below brain surface). 487 

We used a 5° angle for both IPN and simultaneous IPN plus VTA recordings. 488 

Firing frequency was measured on successive windows of 60 s shifted by 15-s time steps (45 s 489 

overlapping period). Basal neuronal activity was defined on at least five-minute recording. For 490 

each neuron, the firing frequency was rescaled as a percentage of its baseline value averaged 491 

during 3 minutes before i.v. injection. The responses to both saline and nicotine are thus 492 

presented as a percentage of variation from baseline (mean ± S.E.M.). To classify neurons as 493 

“activated” or “inhibited”, we performed the following analysis. First, we calculated the 494 

maximal variation from the baseline per neuron, within the first 3 minutes following nicotine 495 

injection. Neurons displaying an increase in firing frequency were defined as activated, while 496 

neurons displaying a decrease in firing frequency were defined as inhibited. For the dose-497 

response curves, neurons were classified as activated or inhibited based on their response to the 498 

highest nicotine dose received. For saline injections, the polarity of the variation was defined 499 

based on the response to nicotine (i.e., in activated neurons, we considered that saline also 500 
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increased activity). We used a bootstrapping method to identify neurons that significantly 501 

responded to nicotine injections. Baseline spike intervals were randomly shuffled 1000 times. 502 

For each neuron we determined the percentile from the shuffled data corresponding to the 503 

nicotine-evoked response (maximum or minimum frequency after nicotine injection). Neurons 504 

were individually considered as responsive to nicotine injection if this percentile was ≥ 0.98 505 

(activated) or ≤ 0.02 (inhibited). The effect of nicotine was assessed by comparing the 506 

maximum of firing frequency variation induced by nicotine and saline injection. For activated 507 

(respectively inhibited) neurons, the maximal (respectively minimal) value of firing frequency 508 

was measured within the response period (3 minutes) that followed nicotine or saline injection. 509 

To assess the proper location of recordings, injections of dye (Chicago Sky Blue 6B, Sigma-510 

Aldrich) were performed at the mean stereotaxic coordinates of recordings (500 nL at 10 nL/s). 511 

Recordings in mice where dye location was outside of the targeted structure were excluded 512 

from the analysis. Spontaneously active pDA neurons were identified on the basis of previously 513 

established electrophysiological criteria (regular firing rate; firing frequency between 1 and 10 514 

Hz) and proper post hoc dye location in the VTA. For chemogenetic experiments, MPEG4Ch 515 

was infused (250 µM in aCSF at the rate of 10 nL/s) within either the VTA (500 nL) or the IPN 516 

(700 nL) at least an hour before recordings started. All the data were analyzed with R 517 

(https://www.r-project.org).  518 

 519 

Fiber photometry  520 

8-week-old WT mice were injected with AAV1-syn-jGCaMP7c (pGP-AAV-syn-jGCaMP7c 521 

variant 1513-WPRE, titer 1.1e13 vg/mL, Addgene, MA, USA, 522 

https://www.addgene.org/105321/) in either the VTA (AP -3.10 mm, ML ± 0.5 mm, DV -4.5 523 

mm from bregma, 1µL, 100 nL/min) or the IPN (AP - 3.50 mm, ML ± 0.40 mm, DV - 4.7 mm 524 

from bregma, 700 nL, 100 nL/min). Optical fibers (200 μm core, NA = 0.39, Thor Labs) 525 
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coupled to a stainless-steel ferule (1.25 mm diameter) were implanted after virus injection 526 

slightly above (0.05 to 0.2 mm) those coordinates, and fixed to the skull with dental cement 527 

(SuperBond, Sun medical). Recordings started at least 4 weeks after surgery.  528 

Fluorescent levels were recorded using a Doric Lenses 1-site 2-color fiber photometry system. 529 

The fiber photometry console was connected to the LED driver to control two connectorized 530 

LED in lock-in mode (CLEDs, 405 nm CLED modulated at 333.786 Hz and 465 nm CLED 531 

modulated at 220.537 Hz) that were connected to their respective ports on the Mini Cube 532 

through an optic patch cord. Light stimulation and recorded fluorescence were transmitted 533 

through an optical fiber (400 μm core, NA = 0.39, Thorlabs) connected both to the animal’s 534 

implanted optical fiber via a zirconia sleeve and to the sample port on the Mini Cube. Finally, 535 

the photoreceiver converting recorded light to electrical signals (AC Low setting, New Focus 536 

2151 Visible Femtowatt Photoreceiver, New Focus, San Jose, CA, USA) was connected to the 537 

Mini Cube through an optic path cord (600 μm core, NA = 0.48, FC-FC, Doric Lenses) fitted 538 

on a fiber optic adapter (Doric Lenses) and to the fiber photometry console. Signal was acquired 539 

through Doric Neuroscience Studio software (version 5.2.2.5) with a sampling rate of 12.0 kS/s 540 

(kilosamples per second) and a low-pass filter with a cutoff frequency of 12.0 Hz. 541 

We assessed changes in GCaMP activity in response to i.v. injections of saline or nicotine. Mice 542 

were deeply anesthetized with an i.p. injection of chloral hydrate (8%, 400 mg/kg), 543 

supplemented as required to maintain optimal anesthesia throughout the experiment. 544 

Intravenous administration of saline or nicotine was carried out through a catheter (30G needle 545 

connected to polyethylene tubing PE10) connected to a Hamilton syringe, into the saphenous 546 

vein of the animal. The injection protocol was the same as in tetrode recordings. 547 

All fiber photometry data were analyzed on R software. First, data were down-sampled by a 548 

100-factor. We subtracted the mean value of “autofluorescence” (signal acquired after each 549 

recording with the same parameters, but without the optic fiber attached to the mouse) to the 550 
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signal. We then fitted an exponential to this signal and subtracted it before adding an offset 551 

equal to the mean of the signal before detrending to account for the slow decay of the signal 552 

due to bleaching during recording. We defined a baseline fluorescence value (F0) as the mean 553 

fluorescence of the signal during 120 s before injection time, for each injection (saline and 554 

nicotine) individually. We then calculated normalized variation in fluorescence (∆F/F) as (F-555 

F0)/F0 for each injection. The analysis was carried out by averaging each ∆F/F obtained for 556 

each condition (all saline or nicotine injections done in IPN implanted (n =7) mice, same for 557 

saline or nicotine in VTA (n = 5) mice) and mean data were smoothed using a normal kernel fit 558 

(bandwidth = 120). For each injection (saline and nicotine), maximum fluorescence was 559 

detected within a 180 s window after injection.  560 

 561 

Conditioned place preference (CPP) 562 

The conditioned place preference (CPP) experiments were performed in a Y-maze apparatus 563 

(Imetronic, Pessac, France) with one closed arm and two other arms with manually operated 564 

doors. Two rectangular chambers (11 x 25 cm) with different cues (texture and color) are 565 

separated by a center triangular compartment (side of 11 cm) used as a neutral compartment. 566 

One pairing compartment has grey textured floor and walls and the other one has smooth black 567 

and white striped walls and floor. The CPP apparatus was illuminated at 100 lux during the 568 

experiments. All animals were handled for at least five days before starting the experiment. The 569 

first day (pretest) of the experiment, without previous habituation to the apparatus, mice (n = 570 

6-8 animals/group) explored the environment for 900 s (15 min) and the time spent in each 571 

compartment was recorded. Conditioning was unbiased: pretest data were used to segregate the 572 

animals with equal bias so each group has an initial preference score almost null, indicating no 573 

preference on average. On day 2, 3 and 4, animals received an i.p. injection of saline (0.9% 574 

NaCl) or nicotine tartrate (0.2 mg/kg, in saline), and were immediately confined to one of the 575 
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pairing chambers for 1200 s (20 min). Groups were balanced so that animals did not all receive 576 

nicotine in the same chamber. On the same day, at least 5 hours after the first pairing, mice 577 

received an injection of the alternate solution (nicotine or saline) and were placed in the opposite 578 

pairing chamber. On day 5 (test), animals were allowed to freely explore the whole apparatus 579 

for 900 s (15 min), and the time spent in each chamber was recorded. The preference score is 580 

expressed in seconds and is calculated by subtracting pretest from test data. Trajectories and 581 

time spent on each side are calculated based upon animal detection. Place preference and 582 

locomotor activity were recorded using a video camera, connected to a video-track system. A 583 

home-made software (Labview 2014, National Instruments) tracked the animal, recorded its 584 

trajectory (30 frames per s) for the duration of each session. 585 

For chemogenetic experiments, MPEG4Ch (250 µM in aCSF, 700 nL at 100 nL/min) or an 586 

equivalent volume of aCSF was injected under light gas anesthesia 3 days before the start of 587 

CPP paradigm. The experiments were performed in a double-blind fashion. Behavioral data 588 

were collected using home-made LabVIEW (National Instruments) and analyzed using 589 

ezTrack45. 590 

 591 

Open field and elevated o-maze tests 592 

The open field test was run one week before the o-maze test, on the same batch of animals (n = 593 

7-8/group). All animals were handled for at least five days before starting the open field test. 594 

The open field consisted of a circular arena (74 cm diameter), illuminated at 100 lux. Each 595 

mouse could move freely in the apparatus for 15 minutes. Total distance traveled (m), and time 596 

spent in the center area (diameter of 44 cm) were measured.  597 

 598 

The elevated O-maze (EOM) apparatus consists of two open (stressful) and two enclosed 599 

(protecting) elevated arms that together form a zero or circle (diameter of 47 cm, height of 52 600 
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cm, 7 cm-wide circular platform). The EOM apparatus was illuminated at 150 lux in open arms 601 

and at 120 lux in closed arms. Mice were placed in the o-maze apparatus and recorded for 602 

15 minutes. The time spent exploring the open arms, which indicates the anxiety level of the 603 

animal, was measured. Behavioral data was collected using a video camera, connected to a 604 

video-track system. LabVIEW (National Instruments) was used to track the animals and record 605 

their trajectory (30 frames per s) for the duration of each test. All data was analyzed using 606 

ezTrack45.  607 

 608 

 609 

Immunostaining 610 

After euthanasia, brains were rapidly removed and fixed in 4% paraformaldehyde. After a 611 

period of at least three days of fixation at 4°C, serial 60-μm sections were cut from the midbrain 612 

with a vibratome. Immunostaining experiments were performed as follows: free-floating brain 613 

sections were incubated for 1 hour at 4°C in a blocking solution of phosphate-buffered saline 614 

(PBS) containing 3% bovine serum albumin (BSA, Sigma; A4503) and 0.2% Triton X-100, and 615 

then incubated overnight at 4°C with a chicken anti-GFP antibody (Life technologies Molecular 616 

Probes, A-6455) at 1:500 dilution, in PBS containing 1.5% BSA and 0.2% Triton X-100. The 617 

following day, sections were rinsed with PBS, and then incubated for 3 hours at 22-25°C with 618 

Alexa488-conjugated anti-chicken secondary antibodies (Jackson ImmunoResearch, 711-225-619 

152) at 1:1000 dilution in a solution of 1.5% BSA in PBS. After three rinses in PBS, slices were 620 

wet-mounted using Prolong Gold Antifade Reagent (Invitrogen, P36930). Microscopy was 621 

carried out with an epifluorescent microscope (Leica), and images captured using a camera and 622 

analyzed with ImageJ.  623 

 624 

Statistical analysis 625 
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All statistical analyses were carried out using the R software with home-made routines. No 626 

statistical methods were used to predetermine sample sizes. In all figures, data are plotted as 627 

mean ± SEM. Total number (n) of observations in each group and statistics used are indicated 628 

in figure and/or figure legend. Unless otherwise stated, comparisons between means were 629 

carried out using parametric tests (Student’s t-test, one-way or two-way repeated measures 630 

ANOVA) when parameters followed a normal distribution (Shapiro-Wilk normality test with p 631 

> 0.05), and non-parametric tests (here, Wilcoxon or Mann-Whitney U-test) when this was not 632 

the case. Homogeneity of variances was tested preliminarily and the t-tests were Welch-633 

corrected if needed. Likewise, one-sample comparisons to 0 were carried out using a t-test when 634 

the parameter followed a normal distribution and with a Wilcoxon test otherwise. Multiple 635 

comparisons were Holm-Bonferroni corrected. Comparison between the cumulative 636 

distributions was carried out using a Kolmogorov-Smirnov test (p > 0.05 was considered to be 637 

not statistically significant). Proportion of nicotine-activated VTA neurons in sham versus 638 

MPEG4Ch experiments (Figure 3E) were compared with Pearson’s Chi-squared test.  639 
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Supplementary figures 640 

Figure S1: New chemogenetic tools for nAChR control.  641 

A. Chemical structures of the photoswitchable tethered ligand MAHoCh (top)30 and the suicide 642 

antagonist MPEG4Ch (bottom).  643 

B. Bottom, acetylcholine dose-response curve for a3b4 (EC50 = 82 µM, nH = 1.7) and 644 

a3b4E61C (EC50 = 120 µM, nH = 1.7) recorded in Xenopus oocytes.  645 

C. Top, glutamate at position 61 in the b4 nAChR subunit was mutated to cysteine (E61C). 646 

Bottom, PCR to genotype the b4E61C mutant mouse.  647 

D. Representative voltage-gated potassium currents (left) and current-voltage relationship 648 

(right) recorded from IPN neurons of WT and b4E61C mice.  649 

E. Membrane resistance of IPN neurons from WT and b4E61C mice.  650 

F. Resting membrane potential of IPN neurons from WT and b4E61C mice.  651 

G. Representative (left) and average (right) firing frequency vs. current relationships recorded 652 

from IPN neurons of WT and b4E61C mice.  653 

H. Open field test. Total distance traveled and time spent in the center for WT and b4E61C 654 

mice.  655 

I. Time spent in the open arm of the elevated O-maze for WT and b4E61C mice.   656 
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Figure S2: Electrophysiological characterization of the response of IPN neurons to 657 

nicotine injection.  658 

A. Firing rate under basal conditions and after saline of nicotine injections, for nicotine-659 

activated and -inhibited IPN neurons.  660 

B. Basal firing frequency of nicotine-activated and -inhibited IPN neurons.  661 

C. Correlation between the basal firing frequency and the change in firing frequency following 662 

an injection of nicotine, for nicotine-activated and inhibited neurons.  663 

D. Time course (left) and firing frequency variation (right) after i.v. nicotine (or saline) 664 

injections, for nicotine-activated and -inhibited IPN neurons of WT mice treated or not with 665 

MPEG4Ch in the IPN.  666 

E. Spontaneous activity of nicotine-activated and -inhibited IPN neurons of bE61C mice, with 667 

and without MPEG4Ch treatment.  668 
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Figure S3: Effect of MPEG4Ch in other brain structures.  669 

A. Left, tetrode recording in the VTA of b4E61C mice, after infusion of MPEG4Ch in the VTA. 670 

Right, firing rate variation from baseline induced by nicotine or saline i.v. injection, in VTA 671 

neurons of b4E61C mice infused with MPEG4Ch in the VTA. b4E61C mice infused with ACSF 672 

(Sham) in the IPN were used as controls (same as in Figure 3E).  673 

B. Left, patch-clamp recording in MHb slices from b4E61C mice. Right, average current 674 

induced by a puff of nicotine (30 µM) for MHb control slices, compared with that recorded 675 

from MHb slices of b4E61C mice infused with MPEG4Ch in the IPN, and with that recorded 676 

from MHb slices directly treated with MPEG4Ch.  677 
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