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Nicotine engages a VTA-NAc feedback loop to inhibit amygdala-projecting

dopamine neurons and induce anxiety.
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SUMMARY

Nicotine activates ventral tegmental area (VTA) dopaminergic (DA) neurons projecting to the nucleus
accumbens (NAc) to drive its reinforcing effects. Simultaneously, it inhibits those projecting to the
amygdala (Amg) to mediate anxiety through a process that remains unknown. Here we show that NAc-
and Amg-projecting DA neurons respond with similar polarities to ethanol and nicotine, suggesting a
shared network-based mechanism underlying the inhibitory effect of these otherwise pharmacologically-
distinct drugs. Selective activation of NAc-projecting DA neurons, using genetic or optogenetic strategies,
produced inhibition of Amg-projecting DA neurons, through a GABAergic feedback loop. Furthermore,
optogenetically silencing this feedback loop prevented nicotine from inducing both inhibition of DA
neurons and anxiety-like behavior. Therefore, nicotine-induced inhibition of the VTA-Amg DA pathway
results from a VTA-NAc inhibitory feedback loop, mediating anxiety.
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INTRODUCTION

Dopamine (DA) neurons in the ventral tegmental area (VTA) of the reward system play a crucial role in
addiction mechanisms. Drugs of abuse, including nicotine and alcohol, act on this reward system through
a variety of cellular mechanisms, ultimately leading to DA release in the nucleus accumbens (NAc) and
behavioral reinforcement’3. Indeed, global optogenetic activation of VTA DA neurons can induce
conditioned place preference* or reinforcement in a self-administration paradigm®, whereas inhibition of
the same neurons induces avoidance behaviorS. However, VTA DA neurons exhibit remarkable
heterogeneity in their molecular properties and projection areas’ . These neurons not only encode
appetitive stimuli and reward predictions, but also salient signals such as aversive or alarming events'0-
12 Understanding the heterogeneity of drug effects on these neurons is therefore important to grasp the
multifaceted nature of drug abuse.

Nicotine acts on nicotinic acetylcholine receptors (NAChRs), a family of ligand-gated ion
channels’3, and increases the activity of both DA and GABA neurons in the VTA3."4, Our previous work
has shown that nicotine not only activates one population of VTA DA neurons as traditionally described,
but also induces inhibition of another population of VTA DA neurons'®'6, VTA DA neurons activated by
nicotine project to the NAc and their optogenetic activation induces reinforcement, while VTA DA neurons
inhibited by nicotine project to the amygdala (Amg) and their optogenetic inhibition mediates anxiety'.
VTA DA neurons can thus mediate both the rewarding and anxiogenic properties of nicotine.
Understanding how neurons projecting to Amg are inhibited by nicotine is, however, a major challenge in
studying the dual effects of nicotine on reward and emotional circuits. We have previously shown a
complete abolition of nicotine responses - both activation and inhibition - in mice deleted for the 2 nAChR
subunit (827~ mice), and restoration of both types of response following constitutive re-expression of the
B2 subunit in the VTA (i.e. on all neuronal populations)'8. These results indicate that nicotine activation
and inhibition both stem from nicotine’s local action in the VTA. However, since nAChRs are cation-
conducting ion channels, nicotine exerts a depolarising action on neurons expressing these receptors. It
is therefore unlikely that nicotine directly inhibits any neuronal population. The observed nicotine-induced
inhibition most likely involves a network effect arising from the activation of VTA cells expressing 2-
containing nAChRs (82*nAChRs).

Interestingly, alcohol, like nicotine, induces both activation or inhibition of distinct neuronal populations in
the VTA'", suggesting that this pattern of opposite responses is not restricted to nicotine and may result
from a circuit-based mechanism. Despite employing different molecular mechanisms'8, these two drugs
are known to increase DA release into the NAc by enhancing the activity of VTA DA neurons'6.'9,
However, it remains unknown whether alcohol, like nicotine, inhibits a specific DA pathway, and whether
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76  these two drug-induced inhibitions share common features. In the present study, we investigated the
77 mechanism by which nicotine and alcohol inhibit specific VTA DA neurons and induce anxiety.
78
79  RESULTS
80
81 Both nicotine and alcohol induce excitation and inhibition of distinct VTA DA neuron
82  subpopulations in vivo
83
84  We first investigated whether nicotine and alcohol, two drugs with different molecular modes of action,
85  could elicit similar responses in VTA DA neurons. To this end, in vivo single-cell juxtacellular recordings
86  and labelling were performed in anesthetized mice to record the activity of VTA DA neurons during
87  consecutive intravenous (i.v.) injection of nicotine (Nic; 30 pg/kg) and ethanol (EtOH; 250 mg/kg). All
88  recorded neurons were confirmed as DA neurons by post hoc immunofluorescence with co-labeling for
89  tyrosine hydroxylase and neurobiotin (TH+, NB+; Figure 1A). Acute i.v. paired injections of nicotine and
90 ethanol induced a significant increase or decrease in the firing rate (Figure 1B), illustrated by bimodal
91  distribution of firing frequency variations across neurons that was absent in vehicle injections (Figure
92  $1A-C). Among the 72 neurons recorded, 69 exhibited a significant response to nicotine while 67 neurons
93  showed a significant response to ethanol compared to baseline variation (see Methods). Consistent with
94 our previous work'®, nicotine induced activation (Nict+; n = 41) or inhibition (Nic-; n = 28) of different
95  populations of DA neurons (Figure 1C). Similarly, neurons were activated (EtOH+, n = 52) or inhibited
96  (EtOH-, n = 15) by ethanol (Figure 1D). Moreover, when comparing the individual responses of each
97  neuron to nicotine and ethanol injections (Figure S1D), we found that 80% of the neurons responded with
98  similar polarity to both substances (i.e., activated or inhibited by both drugs; Figure S1E). Strikingly, all
99  neurons inhibited by ethanol were also inhibited by nicotine (15/15), suggesting that the two drugs act in
100  a similar manner on these neurons. Furthermore, ethanol-activated and ethanol-inhibited neurons were
101 anatomically segregated along the medio-lateral axis across the VTA (Figure S1F), as previously
102  observed for nicotine®. Finally, the polarity of ethanol-induced responses was not dose-dependent, with
103 neurons maintaining their activation or inhibition across all ethanol doses tested (Figure S1G). These
104 results suggest that nicotine and ethanol induce inhibition in the same subpopulation of DA neurons.
105
106
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107  Nicotine and alcohol activate VTA DA neurons projecting to the NAc, while they inhibit those
108  projecting to the Amg

109

110  To confirm that inhibited and activated neurons belong to distinct DA pathways, we injected retrobeads
111 (RB) into either the Amg (BLA, CeA; Figure S2A, B) or the NAc (NAcLSh, NAcMSh, NAcCore; Figure
112 S2C, D), followed by in vivo single-cell juxtacellular recordings during paired injection of the two drugs.
113 Triple immunofluorescence labeling enabled post hoc confirmation of the DA nature (TH+) and the
114 projection site (RB+; Figure 1E). As expected, anatomical segregation along the medio-lateral axis was
115  observed between NAc- and Amg-projecting DA neurons (Figure S2E). Consistent with previous
116 findings'6, NAc-projecting DA neurons were mostly activated (12/13) whereas Amg-projecting DA neurons
117 were predominantly inhibited (15/16), as indicated by the distribution of maximum frequency variation
118  from baseline (Figure 1F, G) and the mean response relative to i.v. saline injection (Figure 1H).
119 Intravenous ethanol injection produced a similar dichotomy in responses between NAc-projecting and
120  Amg-projecting VTA DA neurons (Figure 11). Most of the NAc-projecting DA neurons were activated
121 (11/13), while most of the Amg-projecting DA neurons were inhibited (13/16) by i.v. ethanol injection
122 (Figure 1J, K). Finally, the polarity of frequency variations induced by the two drugs was correlated in
123 87.5% of Amg-projecting and in 92.3% of NAc-projecting VTA DA neurons (Figure 1L). This indicates
124 that nicotine and ethanol produce similar patterns of activation and inhibition in these distinct
125  dopaminergic pathways. Specifically, it suggests a common network mechanism by which both drugs
126 inhibit Amg-projecting dopamine neurons.

127

128  NAc-projecting DA neurons are more sensitive to nicotine ex vivo

129

130  To understand the mechanism underlying the inhibition, we investigated the balance between direct
131 excitatory and indirect inhibitory effects of nicotine on DA neurons projecting to the NAc (LSh) or the
132 Amg (BLA) using patch-clamp recordings in VTA slices. We first examined nicotine-induced excitatory
133 currents by applying nicotine puffs to neurons identified by co-labeling of TH, RB and biocytin (Figure 2A).
134 Nicotine induced smaller currents in Amg-projecting DA neurons compared to NAc-projecting DA neurons
135  atall doses tested (10, 30 and 100 uM; Figure 2B). This indicates that NAc-projecting DA neurons, which
136 are known to be activated by nicotine in vivo, are more responsive to nicotine than Amg-projecting DA
137 neurons, and suggests a differential expression of nAChRs in these two neuronal subpopulations.

138 We then investigated whether nicotine-induced inhibition could be mediated by local GABAergic
139  interneurons. Nicotine (30 uM) was perfused locally and nicotine-evoked GABAergic currents were
140  recorded within the two subpopulations. In Amg-projecting VTA DA neurons, which are known to be
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141 inhibited in vivo, nicotine had no effect on the amplitude or frequency of spontaneous postsynaptic
142 inhibitory currents (sIPSCs; Figure 2C, top; Figure S3A). Conversely, NAc-projecting VTA DA neurons
143  showed an increase in sIPSC amplitude on average (Figure 2C, bottom) and in cumulative distributions
144 after nicotine (Figure S3A), despite the fact that these neurons are typically activated by nicotine in vivo.
145  Indeed, bath application of nicotine to the slice evoked a long-lasting nicotinic inward current of larger
146 amplitude in NAc-projecting DA neurons (Figure S3B), in line with our observations using puff
147  applications of nicotine. In addition, the mean amplitude and frequency of miniature postsynaptic inhibitory
148  currents (mIPSCs) per neuron were similar in the two subpopulations, indicating that there is no major
149  difference in overall GABAergic inputs (Figure S3C, D). Taken together, these results suggest that
150  nicotine-induced inhibition of Amg-projecting DA neurons is unlikely to be mediated primarily by an
151 increased GABAergic signaling from local VTA interneurons.

152

153  Nicotine-induced activation of NAc-projecting DA neurons is sufficient to trigger inhibition of VTA
154 DA neurons

155

156 Our ex vivo investigation revealed that NAc-projecting DA neurons show a stronger activation in
157  response to directly-applied nicotine than Amg-projecting DA neurons. Therefore, we explored whether
158  the inhibition of Amg-projecting DA neurons could result from the activation of NAc-projecting DA neurons.
159 Initially, we tested whether the selective activation of NAc-projecting DA neurons by nicotine could lead
160  to the inhibition of VTA DA neurons in vivo. In f27- mice, a retrograde virus expressing a Cre recombinase
161  was injected into the three subareas of the NAc (NAcLSh, NAcMSh, NAcCore) and a Cre-dependent
162  lentivirus expressing the 2 subunit was injected into the VTA. This approach restricted the expression of
163  the B2 subunit in NAc-projecting neurons. We then performed in vivo juxtacellular recordings of VTA DA
164  neurons in vectorized mice expressing either GFP alone, as control (GFPNAcVec) or 32-GFP ([382NAcvec;
165  Figure 2D). In 32NAcVee mice, i.v. nicotine induced firing variations characterized by a bimodal distribution
166  different from saline, which was not observed in GFPNAcVec control mice (Figure 2E). VTA DA neurons of
167  GFPNAcVec mice did not respond to nicotine, whereas nicotine-induced activation and inhibition were
168  restored in p2NAcVec mice (Figure 2F). Following the same strategy, we also selectively re-expressed the
169 B2 subunitin the VTA-Amg pathway of 27 mice (32AmsVec; Figure 2G). In 2AmaVec mice, nicotine-induced
170  responses exhibited a unimodal right-shifted distribution compared to those induced by saline, but were
171 not significantly different from those observed in GFPAmaVec mice (Figure 2H). Nicotine-activated neurons
172 showed a firing rate variation statistically different from saline injection, but no significant inhibition of DA
173 neurons in response to nicotine was observed in 32Amavec mice (Figure 2l). Thus, specific nicotine-induced
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174 activation of NAc-projecting, but not Amg-projecting DA neurons, was sufficient to restore nicotine-
175 induced inhibition in a subset of DA neurons.

176 This indicated that nicotine-induced inhibition is a consequence of the activation of VTA-NAc
177  projections. Such a mechanism of inhibition could arise from the activation of D2 autoreceptors following
178  somatodendritic DA release from VTA DA neurons that have been activated by nicotine. To investigate
179  this possibility, we examined in vivo responses to nicotine in VTA DA neurons from DAT-D2R"- mice,
180  which specifically lack D2 receptors in DA neurons. Our findings indicate that both excitatory and inhibitory
181  responses were unaffected in these mice, indicating that D2 autoreceptors do not underlie nicotine-
182  induced inhibition (Figure S4).

183 Overall, these results indicate that nicotine-induced inhibition does not rely on local GABAergic
184  circuitry or DA release. Consequently, we proceeded to test whether it may instead be triggered by the
185  activation of VTA-NAc projections, which in turn engage long-range GABAergic neurons targeting the
186  VTA.

187

188  Amg-projecting DA neurons are targeted by inhibitory inputs from the NAc

189

190  NAc medium spiny neurons expressing dopaminergic D1 receptors (D1-MSNs) are known to send direct
191 inhibitory projections to VTA neurons 20-22, First, we examined the connectivity between NAc GABAergic
192 terminals in the VTA and BLA-projecting DA neurons, by combining optogenetics with patch-clamp
193  recordings (Figure 3A). ChR2 was expressed in the three subareas of the NAc (in different batches of
194 mice), red retrobeads were injected into the BLA, and light-evoked IPSCs were recorded in BLA-projecting
195 DA neurons. Neurons were then filled with biocytin to verify their DA phenotype (Figure 3B). We found
196  that a significant percentage of BLA-projecting DA neurons responded to light stimulation from the
197 NAcMSh (41.2%, n=7/17 neurons), while a higher proportion responded to light stimulation from the
198  NAcLSh (61.6%, n=8/1 neurons) and almost all responded to light stimulation from the NAcCore (90.9%,
199 n=10/11 neurons; Figure 3C). These data show that VTA DA neurons projecting to the BLA receive strong
200  GABAergic inhibition emanating from the NAc Shell and Core.

201

202  NAc-projecting DA neurons trigger inhibitory feedback on VTA DA neurons.

203

204 In light of these results, we sought to test whether activation of the VTA-NAc dopaminergic
205  pathway (VTApa-NAc) leads to inhibition of VTA neurons by recruiting descending GABAergic inputs from
206  the NAc. To investigate the functional impact of this pathway, we injected a retrograde ChR2-containing
207  virus (retroChR2) with YFP signal into the three subareas of the NAc of DATcre mice, for restricted


https://doi.org/10.1101/2024.08.20.607920
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.20.607920; this version posted August 20, 2024. The copyright holder for this preprint
(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
made available under aCC-BY-NC-ND 4.0 International license.

208  expression of ChR2 in VTA DA neurons projecting to the NAc (Figure 3D, leff). All YFP-positive cells
209  recorded in patch-clamp experiments followed 10 and 20 Hz stimulation patterns (Figure 3D, middle).
210  Recorded neurons were confirmed as DA by post-hoc immunofluorescence verification (TH+, YFP+, B+).
211 Neurons expressing the YFP signal were localized in the medial and lateral parts of the VTA (Figure 3D,
212 right), consistent with previous findings®22.

213 We then perfomed multi-unit extracellular recordings combined with optical stimulation in the VTA.
214 The optical fiber was positioned laterally within the VTA, to maximize photoactivation of NAc-projecting
215 DA neurons, which were found to be predominantly lateralized (Figure S2,6). To mimic nicotine-induced
216 excitation, we applied 5 min of optogenetic stimulation at 10 or 20 Hz, delivered in a regular or burst
217  pattern, respectively. This resulted in frequency variations in putative DA (pDA) neurons, revealing a
218  bimodal distribution of the frequency variation that differed from the maximum spontaneous variation
219 occurring during baseline (n = 43, Figure 3E). Specifically, when exposed to 10 or 20 Hz photostimulation,
220  a significant increase in firing frequency was observed in a subset of pDA neurons, likely those that
221 express ChR2 (Figure 3F). Simultaneously, a significant proportion of pDA neurons were inhibited by the
222  photostimulation (Figure 3G). As we are unable to label neurons in vivo using this electrophysiological
223  technique, and therefore unable to confirm their projection site, we tested the response to nicotine in 6
224 light-responding neurons. We found that 4 out of the 5 neurons inhibited by 10 Hz photostimulation were
225  also inhibited by nicotine (Figure S5A), suggesting that some of the light-inhibited neurons may project
226  to the Amg. These results provide compelling evidence that activation of NAc-projecting DA neurons,
227  independent of nicotine, triggers inhibition of another subset of VTA DA neurons.

228 Taken together, these results suggest that activation of NAc-projecting DA neurons leads to
229  subsequent activation of MSNs in the NAc. Since these MSNs have established connections with BLA-
230  projecting VTA DA neurons, they may be involved in a VTApa-NAc feedback inhibitory loop. This loop,
231  triggered by nicotine or ethanol, may explain the observed inhibitory effects on a specific DA
232  subpopulation.

233

234 Inhibitory feedback from the NAc mediates nicotine-induced inhibition of DA neurons

235

236 To confirm that nicotine-induced inhibition involves descending fibers from the NAc to the VTA,
237  we expressed the halorodopsin JAWS in the three subregions of the NAc of WT mice, to block any NAc
238  feedback onto the VTA (Figure 4A). We then recorded the response of VTA pDA neurons to an i.v.
239 injection of nicotine, focusing on neurons inhibited by the drug, while simultaneously photoinhibiting NAc
240  terminals in the VTA. We found that in most cases, photoinhibition reverse nicotine-induced
241 inhibition (Figure 4B, C, left). Specifically, compared to saline, maximum variations in firing rate from
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242  baseline showed a significant inhibition when nicotine was injected alone, but not when combined with
243  photoinhibition of NAc terminals, where 5 out of 6 neurons showed an increase in firing
244  rate (Figure 4C, right; Figure S5C). Photoinhibition alone had no effect on firing frequency, suggesting
245  thatthe change in nicotine’s effect during light is not due to disinhibition (Figure S5C). Similar experiments
246  onnicotine-activated neurons reveal that photoinhibition of NAc terminals did not prevent nicotine-induced
247  activation of DA neurons (Figure S5D, E). Thus, photoinhibition of NAc terminals in the VTA prevents
248  nicotine-induced inhibition of DA neurons by blocking inhibitory feedback.

249

250 Inhibitory feedback from the NAc mediates nicotine-induced anxiety-like behavior

251

252 We next investigated the implication of this NAc-VTA inhibitory feedback in the anxiogenic effect
253  of nicotine. Intraperitoneal (i.p) injection of nicotine (0.5 mg/kg) induced a decrease in the time spent in
254 openarmsin an elevated O maze (EOM), indicative of an anxiogenic effect of the drug (Figure 4D), which
255  was not correlated with locomotor activity over time (Figure S6A). We have previously shown that this
256  anxiogenic effect of nicotine requires the inhibition of VTA DA neurons projecting to the Amg'é. To
257  complete our demonstration of a functional VTA-NAc inhibitory loop, we examined whether blocking the
258 inhibitory feedback originating from the NAc could alleviate the anxiogenic effect of nicotine. To this aim,
259  we expressed JAWS or GFP in the three subareas of the NAc in WT mice and implanted optical fibers
260 bilaterally in the VTA (Figure S6B). Mice then received an i.p. injection of nicotine (0.5 mg/kg) 1 min
261  before the EOM test and light stimulation in the VTA throughout the 9 min test. Photoinhibition of NAc
262  terminals in the VTA during the EOM test abolished the anxiogenic effect of nicotine injection, as indicated
263 by the percentage of time spent by JAWS-expressing mice in the EOM open arms that did not decrease
264  during the test, in contrast to GFP-expressing mice (Figure 4E). These effects were not correlated with
265  locomotor activity over time (Figure S6C). Without nicotine, photoinhibition of NAc-VTA terminals alone
266  in JAWS-expressing mice had no effect on the distance travelled in the open field or the time spent in the
267  open arms of the EOM test (Figure S6D, E). Finally, considering that both nicotine and ethanol inhibit
268  Amg-projecting DA neurons, we examined whether ethanol, like nicotine, could induce changes in anxiety
269  levels in mice through the NAc-VTA circuit. As observed with nicotine, inhibition of NAc terminals prevents
270  the decrease in time spentin the open arms of the EOM over time following ethanol injection (Figure S6F),
271 suggesting that the same inhibitory feedback loop is involved in these effects of ethanol. These data
272 highlight the functional role of an inhibitory loop between the VTA and the NAc in mediating nicotine-
273 induced anxiety-like behavior, primarily through the inhibition of DA neurons.

274

275
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276  DISCUSSION

277

278  The notion that drugs reinforce behavior through a broad activation of the DA system is challenged by
279  evidence showing distinct subpopulations of DA neurons in the VTA, each associated with specific
280  appetitive, aversive, or attentional behaviors?:82324. Our previous work has highlighted the heterogeneity
281  of the VTA, particularly in response to nicotine's.16. Nicotine triggers both activation and inhibition of VTA
282 DA neurons, associated with two distinct anatomical and functional circuits. These circuits produce
283  opposite behavioral effects: inhibition of VTA DA neurons projecting to the BLA is anxiogenic, whereas
284  activation of those projecting to the NAcLSh is rewarding'®. During nicotine exposure, these dual DA
285  pathways may act concurrently, as the same nicotine dose can be both rewarding and anxiogenic'6.25,
286  Here, we present evidence that inhibition and activation are not isolated events; rather, inhibition arises
287  as a consequence of activation and is mediated by feedback inhibition from the NAc. This finding has
288  significant conceptual implications, suggesting that the VTA should not be viewed as a collection of
289  independent subcircuits that function in isolation. Instead, it suggests a more integrated and
290 interconnected system where activation in one pathway can directly influence activity in another.

291

292  In this study, we propose that nicotine-induced inhibition of DA neurons arises from two key properties of
293  the VTA-NAc network: the recurrent architecture of this network and a differential sensitivity to nicotine of
294 DA neurons projecting to the Amg or NAc. Recent studies have shown that VTA DA neurons form
295  organized reciprocal connections with the NAc subregions they target, establishing distinct inhibitory
296  feedback loops?2. Our findings demonstrate that Amg-projecting DA neurons receive significant inhibitory
297  inputs from all NAc subregions, and that optogenetic inhibition of these inputs prevents nicotine-induced
298  inhibition of VTA DA neurons. This indicates that activation of NAc-projecting DA neurons may trigger
299  feedback inhibition in the VTA through NAc-VTA projections that particularly target Amg-projecting
300  neurons. Both activation and inhibition of DA neurons in response to nicotine are mediated by f2*nAChRs
301 inthe VTA'S. Nicotine binds to nAChRs expressed by DA and GABA neurons in the VTAZ, directly exciting
302 DA neurons and indirectly inhibiting them through activation of GABA neurons'. Unexpectedly, nicotine
303 increases sIPSCs in NAc-projecting DA neurons but not in Amg-projecting ones, indicating preferential
304  activation of GABAergic interneurons targeting NAc-projecting neurons. Despite this GABAergic
305 influence, we found stronger nicotine-evoked depolarizing currents in NAc-projecting neurons, which
306  aligns with the increased firing rates in response to nicotine in vivo. These observations are consistent
307  with previous results demonstrating the necessity of co-activating DA neurons and GABAergic
308 interneurons by nicotine for DA release in the NAc'. In contrast, weaker nicotinic currents in Amg-
309  projecting DA neurons suggest that the direct excitatory effect of nicotine is not sufficient to overcome the

10
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310 inhibition from the NAc, leading to decreased activity in these neurons. Heterogeneity in nicotinic currents
311 among DA neurons, due to differential expression of 32, f4, or a7 nAChRs, has been described, with
312 stronger currents linked to B2*nAChRs?’. Our findings suggest that f2*nAChRs are more abundantly
313  expressed in NAc-projecting DA neurons, resulting in their preferential activation over Amg-projecting
314 neurons when nicotine binds to VTA nAChRs in vivo. Using retrograde viral rescue to restrict $2*nAChRs
315  expression to NAc-projecting neurons, we demonstrated that nicotine activation of these neurons can
316 consequently inhibit other VTA DA neurons, presumably those lacking f2*nAChRs. Consistent with
317  studies showing that intra-VTA nicotine infusion increases the firing of MSNs28, our results suggest that
318  nicotine efficiently triggers inhibitory feedback from the NAc to the VTA via NAc-projecting DA neurons.
319  However, our viral rescue strategy has limitations, such as the inability to specifically target DA neurons
320  and potential discrepancies in the re-expression levels of f2*nAChRs. In addition, other nAChR subtypes
321  in the NAc or regions targeting the VTA may also be involved. Optogenetic activation of the VTApa-NAC
322  pathway in DAT-Cre mice replicated the nicotine-induced activation/inhibition pattern, confirming that
323  NAc-projecting DA neurons can trigger inhibition in VTA DA neurons. Optogenetic-induced inhibition of
324  VTA neurons correlates with nicotine-induced inhibition, further suggesting that activation of the VTApa-
325  NAc pathway is a key component of the DA inhibition we observed.

326

327  Here, we provide evidence that nicotine-induced activation of the VTApa-NAc pathway leads to inhibition
328  of the VTApa-Amg pathway, highlighting a complex interplay between reward-related and emotion-related
329  neural circuits during drug exposure. Nicotine exhibits both rewarding®'# and anxiety-inducing
330  properties?®-3! that are linked to DA signaling. Inhibition of the VTApa-Amg pathway increases anxiety,
331 whereas its activation decreases it'6. Conversely, activation of the VTApa-NAc pathway triggers online
332 conditioned place preference, which is associated with reward signaling. Furthermore, counteracting the
333  inhibition of BLA DA terminals during nicotine exposure abolishes nicotine-induced anxiety, while
334  counteracting the activation of NAc lateral shell DA terminals reduces it'6. Consistent with these findings,
335  we abolished nicotine-induced anxiety associated with inhibition of Amg-projecting DA neurons by
336 inhibiting NAc terminals in the VTA. Therefore, NAc-VTA projections targeting Amg-projecting DA neurons
337  may link the rewarding and negative emotional outcomes of nicotine intake. Recent studies have
338 investigated the effect of optogenetic modulation of NAc-VTA terminals originating from discrete parts of
339  NAc subregions in relation to anxiety. These studies show no effect on anxiety with activation?2 and an
340  anxiogenic-like effect with inhibition32. This may seem to contradict our findings showing that activation of
341 NAc-VTA projections is necessary for nicotine-induced anxiety-like behavior. However, it is important to
342  note that discrete optogenetic modulation, while effective for precise functional dissection of neural
343  circuits, cannot recapitulate the simultaneous and widespread activation of networks that occurs during
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344 drug exposure. Indeed, nicotine indiscriminately activates DA neurons projecting to different subregions
345  of the NAc'6, which in turn send inhibitory inputs to Amg-projecting DA neurons. Our approach of globally
346  activating VTApa-NAc pathways or inhibiting NAc-VTA projections aims to mimic or suppress nicotine
347  effects, respectively. Our results suggest that inhibition of Amg-projecting DA neurons and the associated
348  anxiety-like behavior require significant recruitment of the VTA-NAc inhibitory projections. Furthermore,
349  while the NAc-VTA projections appear critically involved in nicotine-induced anxiety, other pathways likely
350 also contribute to the anxiogenic effects of nicotine.

351

352  An important aspect of our findings is that alcohol, like nicotine, induces inhibition of Amg-projecting
353  neurons and activation of NAc-projecting neurons. This correlation suggests that both substances affect
354  overlapping neural circuits within the VTA. Although alcohol and nicotine rely on different molecular
355  targets - nicotine through nAChRs and alcohol through other mechanisms*® - both activate NAc-projecting
356  neurons and increase DA release in the NAc'.This suggests that alcohol may also elicit inhibitory feedback
357  fromthe NAc, which is consistent with our results showing that inhibition of NAc-VTA projections interferes
358  with the effect of ethanol on anxiety levels. Unlike nicotine, there is no evidence of a difference in alcohol
359  sensitivity in a specific DA subpopulation. However, recent research shows greater activation of DA
360  neurons in the lateral VTA that project to the NAc in response to ethanol, compared to medially located
361  neurons'.This hints that ethanol, like nicotine, may override potential inhibitory mechanisms in a specific
362 DA subpopulation. Combined with optogenetic activation of NAc-projecting DA neurons, our findings with
363  drugs support that activating the VTApa-NAc pathway can reliably inhibit the VTApa-Amg pathway. In
364  contrast to nicotine and alcohol, natural rewards activate both DA pathways similarly33, and with briefer
365  and weaker activation, which may not be sufficient to trigger NAc-VTA inhibitory projections. In addition,
366  inputs mediating natural rewards may activate both NAc- and Amg-projecting neurons, thus overriding
367  any feedback inhibition. Therefore, activation of the VTA-NAc inhibitory feedback loop, leading to
368  opposing DA signaling in reward and emotional circuits, may be characteristic of drugs of abuse. However,
369  drugs that increase DA by acting directly on terminals, such as cocaine and amphetamine, may bypass
370 the functional consequences of this loop, resulting in different rewarding or negative outcomes compared
371 to nicotine or alcohol.

372

373 Our study supports the notion that the rewarding signaling of nicotine simultaneously triggers negative
374  emotional states. We demonstrate that acute nicotine induces anxiety as a direct consequence of the
375  activation of the DA reward pathway that supports reinforcement. Thus, anxiogenic and rewarding signals
376  not only occur simultaneously upon nicotine exposure but are also inherently interconnected. This
377  interdependence suggests that alterations in the VTApa-NAc pathway may significantly influence the
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378  effects of nicotine on the VTApa-Amg DA pathway, thereby impacting the overall reinforcing properties of
379  the drug. It also suggests that the circuitry underlying negative emotional states, often referred to as the
380  anti-reward system34, and the reward circuit evolve in tandem during chronic nicotine exposure and
381  potentially during withdrawal. This raises intriguing question about how two circuits with opposing
382  messages compete to produce nicotine reinforcement, and whether an imbalance between the two could
383  contribute to addiction. The insights provided by our study highlight the intricate neural mechanisms
384  underlying nicotine addiction, particularly the interplay between reward and emotional circuits.
385  Understanding these interactions could pave the way for more effective treatments for nicotine addiction
386  and other substance use disorders where both reward and emotional regulation play crucial roles.
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415  Figure 1: Nicotine and ethanol induce similar response profiles across VTA dopaminergic
416  subpopulations.

417

418  (A)Invivo juxtacellular recordings of VTA DA neuron responses to an intravenous (i.v.) injection of ethanol
419  (EtOH; 250 mg/kg) or nicotine (Nic; 30 ng/kg). After recording, VTA DA neurons labeled with neurobiotin
420  (NB) were subsequently identified by immunofluorescence of tyrosine hydroxylase (TH) and streptavidin-
421 AMCA targeting neurobiotin (NB).

422  (B) Examples of change in firing rate variation (% of baseline) after paired i.v. injection of nicotine and
423  ethanol for two VTA DA neurons, one activated (top) and one inhibited (bottom) by the two drugs.

424  (C) Left: time course of the mean change in firing frequency (% of baseline) after nicotine or saline (gray)
425  i.v. injection in activated (Nic+; red; n = 41) and inhibited (Nic-; blue; n = 28) VTA DA neurons. Nicotine
426  induced a significant increase or decrease in firing frequency compared to saline (paired Wilcoxon test:
427  Nict vs Sal, V = 854, **p < 0.001; Nic- vs Sal, V = 3, **p < 0.001). Right: comparison of firing rate
428  variation (Hz) between baseline and nicotine injection. Maximum firing rate after i.v. nicotine for Nic+
429  neurons or minimum firing rate after i.v. nicotine for Nic- neurons (paired Wilcoxon test, Nic+ vs Bas, V =
430 861, *™*p < 0.001; Nic- vs Bas, V =0, ***p < 0.001).

431 (D) Same as (C) after ethanol or saline (gray) i.v. injection in activated (EtOH+, red, n = 52) and inhibited
432  (EtOH-, blue, n=15) VTA DA neurons (paired Wilcoxon test, EtOH+ vs Sal, V = 1290, ***p < 0.001; EtOH-
433  vs Sal, V=3, ™ p <0.001; EtOH+ vs Bas, V = 1378, ***p < 0.001; EtOR- vs Bas, V = 0, ***p < 0.001).
434  (E) Retrobeads were injected either in the nucleus accumbens (NAc; injection in the lateral shell [NACLSh]
435  + medial shell [NAcMSh] + core [NAcCore]) or in the amygdala (Amg; injection in the basolateral [BLA] +
436  central [CeA] nuclei) and in vivo recordings of VTA DA responses to an i.v. ethanol and nicotine injection
437  were performed in anesthetized mice. Post hoc identification of NAc- or Amg-projecting DA neurons was
438  performed by immunofluorescent co-labeling of tyrosine hydroxylase (TH), neurobiotin (NB), and
439  retrobeads (RB).

440  (F) Density of responses evoked by i.v. injections of nicotine in NAc- or Amg-projecting VTA DA neurons
441 (brown, n = 13; purple, n = 16). Responses are expressed as a percentage of the change in firing
442  frequency induced by the injection (Kolmogorov-Smirnov test, D = 0.86, ***p < 0.001).

443  (G) Left: number of activated or inhibited VTA DA neurons (top) and firing rate variation between baseline
444  and nicotine injection in NAc-projecting cells (bottom). Right: number of activated or inhibited VTA DA
445  neurons (top) and firing rate variation between baseline and nicotine injection in Amg-projecting cells
446  (bottom; paired Wilcoxon test: for NAc-proj, V = 80, **p = 0.01; for Amg-proj, V = 11, **p = 0.002).

447  (H) Time course of the mean change in firing frequency (% of baseline) after i.v. injection of nicotine or
448  saline (gray) for activated VTA DA neurons projecting to the NAc (top, n = 12) and inhibited VTA DA
449  neurons projecting to the Amg (bottom, n = 15). Nicotine induced a significant increase or decrease in
450  firing frequency compared to saline (paired Student t-test: for NAc-proj, t11 = 4.58, ***p < 0.001; for Amg-
451  proj, t13=-6.26, **p < 0.001).

452 (I, J) Same as (F, G) after i.v. injection of ethanol in NAc- or Amg-projecting VTA DA neurons
453  (Kolmogorov-Smirnov test, D = 0.66, **p = 0.002).

454  (K) Time course of mean change in firing frequency (% of baseline) after i.v. injection of ethanol or saline
455  (gray) for activated VTA DA neurons projecting to the NAc (top, n = 11) and inhibited VTA DA neurons
456  projecting to the Amg (bottom, n = 13). Ethanol induced a significant increase or decrease in firing
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457  frequency compared to saline (paired Student t-test: for NAc-proj, t11 = 4.83, ***p < 0.001; for Amg-proj,
458  t12=-2.34,*p = 0.04).

459 (L) Correlation between ethanol- and nicotine-induced responses based on percentage of drug-induced
460  frequency change for NAc- and Amg-projecting VTA DA neurons (Pearson’s correlation: to7 = 4.15, R =
461 0.62, ***p <0.001). Percentage and number of correlated (firing rate decrease or increase for both drugs,
462  filled dot) and uncorrelated (firing rate increase for one drug but decrease for the other, empty dot)
463  response to nicotine or ethanol for NAc- and Amg-projecting VTA DA neurons (brown, n = 12/1; purple, n
464  =14/2).

465

466

467
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468  Figure 2: Nicotine-induced activation of NAc-projecting neurons triggers inhibition in the VTA.
469

470  (A) Retrobeads were injected either in the NAcLSh or in the BLA and ex vivo patch-clamp recordings of
471 VTA DA neurons were performed. Post hoc identification of NAc- or Amg-projecting DA neurons was
472  performed by immunofluorescent co-labeling of tyrosine hydroxylase (TH, red), neurobiotin (NB, blue),
473 and retrobeads (RB).

474  (B) Left: example electrophysiological traces of nicotinic currents in NAcLSh-projecting or BLA-projecting
475 DA neurons at three nicotine concentrations: 10, 30 and 100 uM (left). Right: mean currents evoked by
476  local puffs of nicotine in either NAcLSh-projecting (brown; dose 10 uM, n = 8; dose 30 uM, n = 13; dose
477 100 pM, n = 11) or BLA-projecting (purple; dose 10 uM, n = 13; dose 30 uM, n = 8; dose 100 uM, n =
478  10) VTA DA neurons (two-way RM ANOVA: dose effect, F257=9.54, ***p < 0.001; projection effect, F1 57
479  =16.77, **p < 0.001).

480  (C) Left: example electrophysiological traces of sIPSCs before and after nicotine bath application and
481  associated nicotinic currents. Right: mean sIPSC amplitude and frequency before and after nicotine in
482  either BLA-projecting (n = 14, top) or NAcLSh-projecting (n = 17, bottom) VTA DA neurons (Welch two
483  sample t-test, t30.343=-2.14, *p = 0.04).

484 (D) Right: AAVretro.mCherry.Cre was injected in the NAc (NAcLShell + NAcMShell + NAcCore) together
485 with a Cre-dependent lentivirus for re-expression of the B2 nAChR subunit in the VTA. Left:
486  immunohistochemistry showing viral expression of mCherry and GFP in tyrosine hydroxylase-expressing
487 DA neurons (TH) in the VTA.

488  (E) Density of responses evoked by i.v. injections of nicotine (Nic; black) or saline (Sal; gray) in VTA DA
489  neurons from GFPNAcVec (n = 19, top) or 32NAcVec mice (n = 32, botfom). Responses are expressed as a
490  percentage of the change in firing frequency induced by the injection (Kolmogorov-Smirnov test:
491  comparison between saline and nicotine responses for 2NAcvec; D = (.38, *p = 0.02; comparison of
492  nicotine responses between 32NAcVec and GFPNAcVec; D = (.38, *p = 0.05).

493  (F) Left: time course of the mean change in firing frequency (% of baseline) after i.v. nicotine or saline
494 (gray) injection for VTA DA neurons from GFPNAVec (top) or 32NAcVee mice (bottom). Right: comparison of
495 firing rate variation from baseline after saline and nicotine injection for nicotine-activated (red) or nicotine-
496  inhibited (blue) VTA DA neurons (n = 17 and 15; Student paired t-test: Bas vs Nic+, t1e = -4.46, ***p <
497  0.001; Bas vs Nic-, t14= 3.46, **p = 0.004; paired Wilcoxon test for comparison between saline-induced
498  and nicotine-induced variations: for Nic+ neurons, V = 0, **p < 0.001; for Nic- neurons, V = 1, ***p <
499  0.001).

500  (G) Same as (D) but AAVretro.mCherry.Cre was injected in the Amg (BLA + CeA).

501  (H) Same as (E) for GFPAmaVec (n = 10, top) and B2AmeVec (n = 29, bottom; Kolmogorov-Smirnov test, D =
502  0.45, **p =0.005).

503 () Same as (F) for GFPAmgVec (n = 10, top) and 32AmeVec (n = 13 and 9, respectively; Student paired t-test:
504  Bas vs Nict, t12=-6.99, ***p < 0.001; Bas vs Sal-, ts= 7.52, ***p < 0.001; Bas vs Nic-, ts = 5.14, ***p <
505  0.001; paired Wilcoxon or Student t-test for comparison between saline-induced and nicotine-induced
506  variations: for Nic+ neurons, V = 91, ***p < 0.001; for Nic- neurons, ts= 0.87, p = 0.4).
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507  Figure 3: VTApa-NAc pathway activates inhibitory feedback targeting VTA-BLA neurons and
508 inducing inhibition in the VTA.

509

510  (A) Retrobeads were injected in the BLA and ChR2 was injected in the NAc (NAcLShell or NAcMShell or
511 NAcCore).

512 (B) Example electrophysiological recordings of light-evoked IPSCs in BLA-projecting DA neurons. Post
513  hocidentification of BLA-projecting DA neurons by immunofluorescent co-labeling of tyrosine hydroxylase
514 (TH), neurobiotin (NB), and retrobeads (RB).

515  (C) Synaptic connectivity plotted against the amplitude of light-evoked IPSCs from NAcMSh, NAcLSh or
516 NAcCore projections on BLA-projecting VTA DA neurons (n = 7/17, 8/13 and 10/11 neurons).

517 (D) Left: An AAV for Cre-dependent, retrograde expression of ChR2 was injected in the NAc (NAcLShell
518  + NAcMShell + NAcCore) of DAT-Cre mice, and patch-clamp or multi-unit extracellular recordings were
519  performed. Middle: YFP-positive cells recorded in patch-clamp experiments were responsive to 10 and
520 20 Hz stimulation (ultra-high-power LED: 450-465 nm). Post hoc immunofluorescence verification of co-
521  labeling of TH, YFP and Biocytin. Right: YFP signal was localized to the medial and lateral parts of the
522 VTA.

523  (E) Density of responses evoked by light stimulation (ultra-high-power LED: 450-465 nm; 5 min
524  stimulation) at 10 Hz (blue) and spontaneous firing variation during baseline (gray). Light-evoked
525  responses are expressed as a percentage of the change in firing frequency induced by light (n = 43;
526  Kolmogorov-Smirnov test: D = 0.4, **p = 0.002).

527  (F) Left: time course of the average change in firing frequency (% of baseline) upon light stimulation at 10
528  or 20 Hz in light-activated pDA neurons (red). Right: comparison of firing rate variation between baseline
529  and light stimulation for 10 or 20 Hz stimulation pattern (n = 15 and 6, respectively; paired Wilcoxon test:
530  for10 Hz, V =0, **p < 0.001; for 20 Hz, V = 0, *p = 0.03).

531  (G) Left: time course of the average change in firing frequency (% of baseline) upon light stimulation at
532 10 or 20 Hz in light-inhibited pDA neurons (blue). Right: comparison of firing rate variation between
533  baseline and light stimulation for 10 or 20 Hz stimulation pattern (n = 13 and 8, respectively; paired Student
534  test: for 10 Hz, t12=6.1, ***p < 0.001; for 20 Hz, t7 = 3.87, **p = 0.006).
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536  Figure 4: Inhibitory feedback loop from the NAc mediates nicotine-induced inhibition of VTA pDA
537  neurons and nicotine-induced anxiety.

538  (A) A JAWS-expressing AAV was injected in the NAc (NAcLShell + NAcMShell + NAcCore) and multi-
539  unit extracellular recordings were performed.

540  (B) Example of change in firing rate variation (% of baseline) after i.v. nicotine injection, i.v. nicotine
541  injection coupled with optogenetic inhibition of NAc terminals in the VTA (5 min, continuous stimulation),
542  optogenetic inhibition of NAc terminals alone, or i.v. saline injection.

543  (C) Left: time course of the mean change in firing frequency (% of baseline) after i.v. nicotine of pDA
544 inhibited neurons (n = 6) with (orange) or without (black) optogenetic inhibition of NAc terminals in the
545  VTA. Right: comparison of maximum change from baseline between i.v. saline injection, i.v. nicotine
546  injection alone, or i.v. nicotine injection + optogenetic inhibition of NAc terminals in the VTA (pairwise
547  comparisons using paired t-test: Sal vs Nic, t5 = 5.76, p = 0.007; Nic vs Nic + Opto, ts = -3.98, **p=0.02;
548  Sal vs Nic + Opto, ts=-2.31, p = 0.07).

549 (D) Left: intraveneous (i.p.) injection of nicotine (0.5 mg/kg; n = 10) or saline (n = 12) 1 min before the
550 elevated O maze (EOM) test. Right: percentage of the time spent in open arms (two-way RM ANOVA:
551  group x time interaction, F2.40= 8.66, ***p < 0.001; main effect of time, F240=7.81, **p = 0.001; post-hoc
552  pairwise comparisons using Wilcoxon with Holm corrections for time effect on mice having received i.p.
553  Nic: for 3 vs 6min, V = 55, **p = 0.006; for 3 vs 9min, V = 51, *p = 0.03; for 6 vs 9min, V = 22.5, p = 0.57;
554  post-hoc Wilcoxon test at 9min between Sal and Nic, W = 94, *p = 0.03).

555  (E) Left: injection of JAWS- or GFP-expressing AAV in the NAc (NAcLShell + NAcMShell + NAcCore) and
556  implantation of optical fibers in the VTA. I.p. nicotine (0.5 mg/kg) was performed 1 min before the EOM
557  test and light stimulation was then continuously maintained throughout the entire test. Right: percentage
558  of the time spent in open arms with continuous inhibition of NAc terminals in the VTA (two-way RM
559  ANOVA: group x time interaction, F2 58 = 3.27, *p = 0.04; group effect, F129=4.18, *p = 0.05; time effect,
960  F2s8=12.26; ***p < 0.001; post-hoc pairwise comparisons using Wilcoxon with Holm corrections for GFP
961  mice: for 3 vs 6min, V = 85, *p = 0.04; for 3 vs 9min, V = 89, **p = 0.006; for 6 vs 9min, V =90, p = 0.006;
562  post-hoc Wilcoxon test at 9min between JAWS and GFP: W = 58, *p = 0.01).

563
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564  Figure S1: In vivo juxtacellular recordings of VTA DA neurons in response to nicotine and ethanol.
565  Related to Figure 1.

566

567  (A) Density of responses evoked by i.v. injection of nicotine (Nic; black, n = 72) or saline (Sal; gray, n =
568  72) expressed as a percentage of the change in firing frequency induced by the injection (Kolmogorov-
569  Smirnov test, D = 0.44, ***p < 0.001).

570  (B) Density of responses evoked by i.v. injection of ethanol (EtOH; black, n = 72) or saline (Sal; gray, n =
571  72) expressed as a percentage of the change in firing frequency induced by the injection (Kolmogorov-
572 Smirnov test, D = 0.46, ***p < 0.001).

573  (C) Density of responses evoked by i.v. injection of nicotine (Nic; black, n=72) or ethanol (EtOH; green,
574 n=T2) expressed as a percentage of the change in firing frequency induced by the injection (Kolmogorov-
575  Smirnov test, D=0.14, p=0.49).

576 (D) Individual responses of all VTA DA neurons to ethanol (/eft) and nicotine (right) i.v. injections. Neurons
577  are ranked based on their responses to ethanol, from most inhibited (pink) to most activated (white/red).
578  The horizontal line delimits neurons showing inhibition from those showing activation in response to
579  ethanol.

580  (E) Correlation between ethanol- and nicotine-induced responses based on the percentage of frequency
581  variation induced by the drugs (Pearson’s correlation, tsg = 2.45, R = 0.28, p = 0.02). Percentage and
582  number of correlated (firing rate decrease or increase for both drugs; black dot; n = 57) and uncorrelated
583  (firing rate increase for one drug but decrease for the other; white dot; n = 14) response to nicotine and
584  ethanol. The insert shows the density of the percentage correlation obtained on 10000 surrogates. The
585  red line represents the percentage correlation obtained with the experimental data.

586  (F) Localization of DA neurons activated (EtOH+; red; n = 52) and inhibited (EtOH-; blue; n = 15) by i.v.
587  injection of ethanol, positioned on a Paxinos atlas slice at 3.3 mm from bregma, from neurobiotin-filled
588  cell bodies of all recorded neurons. EtOH- neurons had a more medial distribution within the VTA than
589  EtOH+ neurons (Wilcoxon test, **p = 0.003), but neither anteroposterior (Wilcoxon test, p = 0.59) nor
590  dorsoventral (Wilcoxon test, p = 0.24) differences in their distribution were observed.

591  (G) Left: time course of mean change in firing frequency (% of baseline) after i.v. injection of different
592  doses of ethanol for activated (EtOH+; red) and inhibited (EtOH-; blue) VTA DA neurons (125, 250, 500
593  and 750 mg/kg; n = 30/39, 6/10, 9/10, 9/11 and 6/8, respectively for EtOH+ and EtOH- DA neurons).
594  Right: dose-response curves in EtOH+ (red) and EtOH- (blue) VTA DA neurons. Responses to different
595  doses of ethanol are expressed as percentage of variation from baseline (one-way ANOVA: dose effect
596  Fs55=10.83, **p <0.001 and F473=20.64, ***p < 0.001, respectively for EtOH+ and EtOH- DA neurons).
597

598
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599  Figure S2: Identification of NAc- and Amg-projecting DA neurons. Related to Figure 1.

600

601  (A) Example of retrobead (RB) injection sites, indicated by asterisks, in the amygdala (Amg), mapped
602  onto a Paxinos atlas slice.

603  (B) Representative immunofluorescence image of VTA slices (TH+, red) revealing neurons containing RB
604  (RB+, green) after RB injection in the Amg.

605  (C-D) Same as (A-B) but for RB injection in the nucleus accumbens (NAc).

606  (E) Localization of Amg-projecting (purple; n = 16) and NAc-projecting (brown; n = 13) VTA DA neurons,
607  positioned on a Paxinos atlas slice at 3.3 mm from bregma, from neurobiotin-filled cell bodies of all
608  recorded neurons. Amg-projecting DA neurons had a more medial distribution within the VTA than NAc-
609  projecting DA neurons (Wilcoxon test, W=173, *p=0.03), but neither anteroposterior (Wilcoxon test,
610  W=111.5, p=0.77) nor dorsoventral (Welch two sample t-test, t2s.150 = 0.26, p=0.79) differences in their
611  distribution were observed.
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612  Figure S3: Patch-clamp recordings of spontaneous and miniature inhibitory post-synaptic
613  currents in VTA DA neurons. Related to Figure 2.

614

615  (A) Cumulative probability and mean plots of sIPSC amplitudes and frequencies, before (gray) and after
616  (red) bath application of nicotine (30 uM), from VTA DA neurons projecting to the NAcLSh (brown) or to
617  the BLA (purple; Kolmogorov-Smirnov test for distributions; NAc-proj sIPSC amplitude: D=0.16,
618  **p<0.001; NAc-proj sIPSC frequency: D=0.08, p=0.02; Welch two sample t-test for mean plots; NAc-
619  proj sIPSC amplitude, t30.343 = -2.135, p=0.04).

620  (B) Mean amplitude of nicotinic inward currents evoked by bath application of nicotine (30 uM), concurrent
621  with sIPSCs, in either NAcLSh- (brown; n=17) or BLA-projecting (purple, n=14) VTA DA neurons
622  (Wilcoxon test, W=28, ***p<0.001).

623  (C) Example electrophysiological traces of mIPSCs from NAc- or BLA-projecting VTA DA neurons.
624  Cumulative probability and mean plots of mIPSC amplitudes and frequencies from the two populations
625  are represented (Kolmogorov-Smirnov test for amplitudes: D=0.09, ***p<0.001).

626 (D) Density plots of mIPSC amplitudes from DA-NAc or DA-BLA VTA neurons.

627
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628  Figure S4: Nicotine-induced responses in DATD2-- mice. Related to Figure 2.

629

630  (A) In vivo juxtacellular recordings were performed on DATD2- mice with i.v. injections of quinpirole
631  (1mg/kg), eticlopride (1mg/kg) or nicotine (30 ng/kg).

632  (B) Example and quantification of change in firing rate variation, expressed as percentage of baseline,
633  afteri.v. quinpirole and eticlopride injection, on wild-type (WT; n = 4 ) or DATD2 mice (n = 4).

634  (C) Representative recordings of VTA DA neurons activated (fop) or inhibited (bottom) by i.v. injection of
635 nicotine.

636 (D) Left: time course of the mean change in firing frequency, expressed as percentage of baseline, after
637  nicotine i.v. injection in activated (Nic+, n = 28; red) and inhibited (Nic-, n = 9; blue) VTA DA neurons.
638  Right: comparison of firing rate variation (Hz) between baseline (Bas) and saline (Sal) or nicotine (Nic)
639 injection, in Nic+ and Nic- DA neurons. Maximum firing rate after i.v. nicotine for Nic+ neurons or minimum
640 firing rate after i.v. nicotine for Nic- neurons were represented (paired Student’s t-test: between Bas vs
641  Sal+, tyy=-4.73, **p<0.001, Bas vs Nic+, t7=-6.82, ***p < 0.001, Bas vs Sal-, ts= 2.5, *p = 0.04, Bas vs
642  Nic-, ts=2.93, *p = 0.02; paired Wilcoxon test: between Bas-Sal vs Bas-Nic, V = 31, ***p > 0.001 and V
643 =43, *p =0.01 respectively for Nic+ and Nic- neurons).
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644  Figure S5: Multiunit recordings of VTA pDA neurons under nicotine and optogenetic modulation
645  of NAc-VTA projections. Related to Figure 3 and 4.

646

647  (A) Left: AAV for Cre-dependent expression of retroChR2 was injected in the NAc (NAcLShell +
648  NAcMShell + NAcCore) of DAT-Cre mice, and multi-unit extracellular recordings coupled with i.v. injection
649  of nicotine were performed. Middle: representative recordings of VTA DA neurons inhibited by 10 Hz
650  optogenetic VTA-NAc activation (ultra-high-power LED: 600-630 nm; 5 min stimulation; top) or by i.v.
651  injection of nicotine (bottom). Right: responses of VTA DA neurons to 10 Hz stimulation or i.v. nicotine
652 injection. Responses are ranked based on 10 Hz photostimulation and nicotine response, from most
653  activated (red) to most inhibited (pink; n=6 neurons). The horizontal line demarcates neurons showing
654 inhibition (5 out of 6 for light and 4 out of 6 for nicotine) from those showing activation in response to light
655  or nicotine.

656  (B) JAWS-expressing AAV was injected in the NAc (NAcLShell + NAcMShell + NAcCore) of WT mice,
657  and multi-unit extracellular recordings coupled with i.v. injection of nicotine were performed.

658  (C) Comparison of firing rate variation (Hz) between baseline (Bas) and 5 minutes of continuous
659  optogenetic inhibition (Opto) or saline (Sal) or nicotine (Nic) or optogenetic inhibition coupled with nicotine
660 injection (Opto+Nic) for nicotine-inhibited putative DA neurons (n=6; paired Student’s t-test: Bas vs Opto,
661 t5=-1.12,p=0.32; Bas vs Sal, ts= 0.8, p = 0.46; Bas vs Nic, ts = 3.55, *p = 0.02; Bas vs Opto+Nic, t5= -
662 1.3,p=0.25).

663 (D) Example of change in firing rate variation expressed as percentage of baseline after i.v. nicotine
664  injection (Nic) or i.v. nicotine injection coupled with optogenetic inhibition of NAc terminals in the VTA
665  (Optot+Nic).

666 (E) Comparison of firing rate variation (Hz) between baseline (Bas) and 5 minutes of continuous
667  optogenetic inhibition (Opto) or saline (Sal) or nicotine (Nic) or optogenetic inhibition coupled with nicotine
668 injection (Opto+Nic) for nicotine-activated putative DA neurons (n = 4; paired Student’s t-test: Bas vs
669 Opto, t3=0.62, p=0.58; Bas vs Sal, t-=4.56, *p = 0.04; Bas vs Nic, t3=-4.55, *p = 0.02; Bas vs Opto+Nic,
670 1t3=-3.62,*p=0.04).

671

672

673
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674  Figure S6: Optogenetic inhibition of NAc terminals in the VTA does not impair locomotion or
675 anxiety-like behavior itself but prevents ethanol-induced anxiety. Related to Figure 4.

676

677  (A) Locomotor activity in the elevated O maze (EOM) test. Left: intraveneous (i.p.) injection of nicotine
678 (0.5 mg/kg) or saline 1 min before the elevated O maze (EOM) test. Right: distance travelled during the
679 test for saline and nicotine injected mice (n = 10 and 12 respectively; two-way RM ANOVA: group effect,
680  Fy20=34.31,"p <0.001).

681  (B) JAWS-expressing AAV was injected in the NAc (NAcLSh, NAcMSh, and NAcCore) and optical fibers
682  were implanted in the VTA. Immunohistochemistry shows viral expression in the NAc (GFP; leff) and of
683  NAc terminals in the VTA (GFP, TH; right). Dashed lines indicate the location of the fibers implanted in
684  the VTA.

685  (C) Locomotor activity in the elevated O maze (EOM) test. Left: i.p. nicotine (0.5 mg/kg) was performed 1
686  min before the EOM test and light stimulation was then continuously maintained throughout the entire
687  test. Right: distance travelled by JAWS- and GFP-expressing mice during the test with continuous
688 inhibition of NAc terminals in the VTA (n = 16 and 15 respectively; two-way RM ANOVA: time effect, F258
689 =5.9, *p=0.005).

690 (D) Locomotor activity was assessed in an open field apparatus. Left: the test lasted 15 minutes and
691  consisted of 5-minute light period (continuous at 620 nm) in between two non-light periods (OFF-ON-
692  OFF). Right: distance travelled of JAWS-expressing mice during the test. No change in locomotor activity
693  was observed upon optogenetic inhibition of NAc terminals in the VTA (n = 16; one-way ANOVA:
694  F146=0.97, p=0.33).

695  (E)Anxiety-like behavior was assessed in the elevated O maze (EOM) test. Left: the test lasted 15 minutes
696  and consisted of 5-minute light period (continuous at 620 nm) in between two non-light periods (OFF-ON-
697  OFF). Right: percentage of time spent in open arms of JAWS-expressing mice during the test. No change
698  in anxiety-like behavior was observed upon optogenetic inhibition of NAc terminals in the VTA (n = 16;
699  one-way ANOVA: F146=0.54, p=0.46).

700  (F) Left: JAWS- or GFP-expressing AAV in the NAc (NAcLShell + NAcMShell + NAcCore) and
701 implantation of optical fibers in the VTA. |.p. ethanol (1 g/kg) was performed 1 min before the EOM test
702 and light stimulation was then continuously maintained throughout the entire test. Right: percentage of
703  the time spent in open arms with continuous inhibition of NAc terminals in the VTA for JAWS-expressing
704 (n=15) and GFP-control (n = 14) mice (two-way ANOVA: group x time interaction, F254=4.75, *p=0.01;
705  group effect, F127=10.02, **p=0.004; time effect, F254=5.94, **p=0.005; post-hoc Wilcoxon test with Holm
706  corrections for GFP mice: for 3 vs 6 min, V=96, *p=0.04; for 3 vs 9 min, V=102, **p=0.007; for 6 vs 9 min,
707 V=95, *p=0.04; post-hoc Wilcoxon test: JAWS vs GFP at 6 min, W=44, **p=0.008; JAWS vs GFP at 9
708  min, W=35, **p=0.002; GFP-control group is composed of WT and GFP-expressing mice).

25


https://doi.org/10.1101/2024.08.20.607920
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.20.607920; this version posted August 20, 2024. The copyright holder for this preprint
(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
made available under aCC-BY-NC-ND 4.0 International license.

A B2VAVee mice

— NS | . ns
61 T Q 61 7 Q
5+ . 54 .
44 — 4 -
3 I . 34 1 1
17 T I\
- - - [ ] — T
21! : 21 I !
:/l l
14 1 ¢ 1 .
O_ ILI B T T 0_ I;'I B I'L'I
Bas Nic Bas Nic Bas Nic  Bas Nic

B B2AmeVee mjce

ns ns
67 7 Q 61 7 ©
57 . 51 .
4 = 4- =
3_ . ] 1/{ 3_ ]
T ()
21177 1 | 2 os—e: 11
2 ° I\I
17 7 17 .
0_ |£| B I'L'I O_ T B I'1|
Bas Nic Bas Nic Bas Nic Bas Nic
ns ns
7_ - — -
o} @ N @
6+ - 6 .
5 1 5 .
4 - P
7 : N ]S
A — - .
3 . i :/1 3 | 1\
2- - 2 i I
14 1 1- . l
o =, 4 o- .=, -
Bas Nic Bas Nic Bas Nic Bas Nic

Figure S7


https://doi.org/10.1101/2024.08.20.607920
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.20.607920; this version posted August 20, 2024. The copyright holder for this preprint
(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
made available under aCC-BY-NC-ND 4.0 International license.

709  Figure S7: Comparison of nicotine-induced responses in vivo between males and females. Related
710  to methods.

711 (A) Comparison of firing rate variation (Hz) between baseline and nicotine injection and between sexes
712 in B2NAcVec mice. Maximum firing rate for activated neurons (red) or minimum firing rate for inhibited
713 neurons (blue) after i.v. nicotine (Paired t-test for Bas vs Nic: activated neurons in males: t11 = -3.7,
714 *p=0.003 or in females t4 = -2.56, p = 0.06; inhibited neurons in males: t3= 3.29, *p = 0.046 or in females
715 t10=2.89, *p = 0.02; Wilcoxon test for comparison between males and females: for activated neurons, W
716 =39, p = 0.38 or for inhibited neurons, W = 23, p = 0.95).

717 (B) Same as (A) in 32AmeVec mice (Paired t-test for Bas vs Nic: activated neurons in males: tg = -5.99,
718 **p=0.0003 orin females t3 = -3.21, *p = 0.049; inhibited neurons in females ts = 4.75, **p = 0.003; Welch
719  two sample t-test or Wilcoxon test for comparison between males and females: for activated neurons, ts 44
720  =0.43, p = 0.69 or for inhibited neurons, W =10, p = 0.5).

721 (C) Same as (A) in DATD2-- mice (Paired t-test or Wilcoxon test for Bas vs Nic: activated neurons in
722  males: tg = -3.09, *p = 0.01 or in females V = 0, ***p = 0.0002; inhibited neurons in males t4 = 3.6, *p =
723 0.02; Wilcoxon test for comparison between males and females: for activated neurons, W =76, p = 0.52
724 or for inhibited neurons, W =9, p = 0.9).

725
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726  STAR Methods

727

728  LEAD CONTACT

729  Further information and requests for resources and reagents should be directed to and will be fulfilled by
730  the Lead Contact Fabio Marti (fabio.marti@sorbonne-universite.fr)

731

732  MATERIALS AVAILABILITY

733  This study did not generate new unique reagents.

734

735  Data Availability: All the data that support the findings are available from the corresponding author.
736

737  Code Availability: All codes used to run the analysis are available from the authors upon request.

738

739  EXPERIMENTAL MODEL

740  Experiments were performed on wild-type (WT) C57BI/6R] (Janvier Labs, France), DATICRE (DAT-Cre),
741 DAT-D2R'-, ACNB2- (827) mice, weighing 25-35 grams. 327~ mice were provided by the team of Uwe
742 Maskos (Pasteur institute, Paris, France). DATICRE mice were provided by Frangois Tronche’s team

743 (IBPS Paris, France), and were bred on site and genotyped as described 35. DAT-D2R- were provided
744 by Emmanuel Valjent's team (IGF, Montpellier, France). WT and DATICRE (DAT-Cre) animals were male,
745  whereas DAT-D2R"- and ACNB2-- transgenic animals used for in vivo electrophysiology were equally
746  divided between males and females to optimize animal yield. The response of DA neurons to nicotine was
747  similar in both sexes (Figure S7).

748  Mice were kept in an animal facility where temperature (20 + 2°C) and humidity were automatically
749  monitored and a circadian 12/12-h light-dark cycle was maintained. All experiments were performed on
750  8-to-20-week-old mice.

751 All experiments were performed in accordance with the recommendations for animal experiments issued
752 by the European Commission directives 219/1990, 220/1990 and 2010/63, and approved by Sorbonne
753 University and PSL.

754

755 ~ METHODS DETAILS
756

757  Virus

758  Lentiviruses were prepared in Pasteur institute as previously described 1436, with a titer of either 260 ng/ul
759  for the AChR B2-expressing vector (PDGF.low.mCherry.lox.2) or 370 ng/ul for GFP-expressing vector
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760  (PDGF.low.mCherry.lox.$2). pAAV5-hSyn-hChR2(H134R)-EYFP and pAAV-hsyn-Jaws-KGC-GFP-ER2
761  were provided by Addgene. ssAAV-retro/2-hSyn1-chl-mCherry_2A_iCre-WPRE-SV40p(A), ssAAV-
762 retro/2-EYFP(rev)-dlox-WPRE-hGHp(A),  ssAAV5/2-hSyn1-JAWS-KGC-EGFP-ER2-WPRE-hGHp(A),
763 ssAAV5/2-hSyn1-EGFP- WPRE-hGHp(A) were provided by VVF Zurich.

764

765  Drugs

766 In all our experiments we used a nicotine hydrogen tartrate salt (Sigma-Aldrich, USA) and liquid ethanol
767 96% (Emprove, Ph Eur BP, Sigma-Aldrich).

768  For juxtacellular and tetrode recordings, we performed an intravenous injection (i.v) of nicotine at a dose
769  of 30 ug/kg or ethanol at a dose of 250 mg/kg (and 125, 500, 750 for dose-response experiments) or
770  saline solution (H20 with 0.9% NaCl). For patch-clamp recordings, we used 30 uM of nicotine for bath-
771 application and 10, 30 or 100 uM for local puffs. All solutions were prepared in the laboratory.

772

773  Stereotaxic surgeries

774 For viral or retrobead injections, mice were anesthetized with a gas mixture of oxygen (1 L/min) and 3%
775  isoflurane (IsoFlo) through a TeamSega apparatus. Mice deeply anesthetized were then placed in a
776  stereotaxic frame (David Kopf), maintained under anesthesia throughout the surgery at 3 to 2%
777  isoflurane. The skin was shaved, disinfected and locally anesthetized with 100 pl of lurocaine 10% at the
778  location of the scalp incision. Depending on the experiments, unilateral or bilateral craniotomies were then
779  performed over the VTA, NAc or BLA (see details below). At the end of the surgery, 75 pl of buprenorphine
780  (Buprecare, 0.1 mg/kg) was injected subcutaneously to prepare awakening.

781

782  Retrobead injections

783  Green or red fluorescent retrograde tracers, retrobeads (RB, Lumafluor), were injected using a cannula
784  (diameter 36G, Phymep, Paris, France). Red RB were used for optogenetic experiments in slice
785  electrophysiology, to not overlap with the YFP signal. Green RB were used for juxtacellular recordings
786  and for patch-clamp recordings without optogenetics. The canula was connected to a 10 pl Hamilton
787  syringe (Mode 1701, Hamilton Robotics, Bonaduz, Switzerland) placed in a pump (QSI, Stoelting Co,
788  Chicago, IL, USA). For juxtacellular recordings, injections were performed in the 3 subregions of the NAc
789  (NAc medial shell NAcMSh: bregma 1.78 mm, lateral 0.45 mm, ventral 4.1 mm; NAc core: bregma 1.55
790  mm, lateral 1.0 mm, ventral 4.0 mm; NAc lateral shell NACLSh: bregma 1.45 mm, lateral 1.75 mm, ventral
791 4.0 mm) or in Amg (BLA: bregma -1.35 mm, lateral 3.07 mm, ventral 4.7 mm; CeA: bregma - 0.78 mm,
792  lateral 2.3 mm, ventral 4.8 mm). For patch-clamp experiments, only NAcLSh (bregma 1.45 mm, lateral
793 1.75 mm, ventral 4.0 mm) and BLA (bregma -1.35 mm, lateral 3.07 mm, ventral 4.7 mm) were targeted
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794 with the same protocol of RB injection. To enable retrograde transport of the RB into the somas of midbrain
795 DA neurons, we waited 2 weeks after injection into the NAc and 3-4 weeks after injection into the Amg,
796  before running electrophysiology experiments.

797

798  Lentiviral reexpression and optogenetic experiments

799 Al viral injections were done using a glass micropipette (10 ul graduated borosilicate glass capillary;
800  Wiretrol | Calibrated Micropipettes, Drummond) prefilled with mineral oil, and fixed into the MO-10 One-
801  axis Oil Hydraulic Micromanipulator (Narishige).

802  For patch-clamp experiments, activation of NAc terminals was mediated through viral injection of pAAVS-
803  hSyn-hChR2(H134R)-EYFP (2x10'3, 26973, Addgene).

804  To perform re-expression of the B2 subunit specifically in the VTA-NAc pathway of B2 mice, we first
805 injected ssAAV-retro/2-hSyn1-chl-mCherry_2A_iCre-WPRE-SV40p(A) (8.4x10'2, v147-retro, VVF
806  Zurich) in the 3 subregions of the NAc (200 nl in each site: NAcMSh: bregma 1.78 mm, lateral 0.45 mm,
807  ventral 4.1 mm; NAcCore: bregma 1.54 mm, lateral 1.0 mm, ventral 4.0 mm; NAcLSh: bregma 1.45 mm,
808 lateral 1.75 mm, ventral 4.0 mm) and we waited 3 weeks for Cre recombinase to expressed. We then
809  performed unilateral injections of 700 nl of PDGF.lox.mCherry.lox.GFP (185 ng/nl, Pasteur institute) or
810  PDGF.lox.mCherry.lox.82 (260 ng/nl, Pasteur institute) in the VTA (bregma -3.1 mm, lateral 0.5 mm,
811  ventral 4.5 mm).

812 To perform DA-neuron specific optogenetic activation of the VTA-NAc pathway for patch-clamp
813  or tetrode recordings, we used 8-week-old DAT-Cre mice, in which Cre recombinase expression is
814  restricted to DA neurons without disrupting endogenous dopamine transporter (DAT) expression .37, We
815  injected ssAAV-retro/2-hEF1a-dlox-hChR2(H134R)_EYFP(rev)-dlox-WPRE-hGHp(A) (5.4x10'2, v214-
816  retro, VVF Zurich) in the 3 subregions of the NAc (200 nl each site: NACMSh: bregma 1.78 mm, lateral
817  0.45 mm, ventral 4.1 mm; NAcCore: bregma 1.55 mm, lateral 1.0 mm, ventral 4.0 mm; NAcLSh: bregma
818  1.45 mm, lateral 1.75 mm, ventral 4.0 mm) and we waited 3 weeks before recordings.

819  To perform non-conditional optogenetic inhibition of the NAc inputs onto the VTA for tetrode recordings,
820  we injected pAAV-hsyn-Jaws-KGC-GFP-ER2 (1,3e® 1:10 dilution; 65014; Addgene) or ssAAV5/2-hSyn1-
821  JAWS-KGC-EGFP-ER2-WPRE-hGHp(A) (5,9¢'2; v387-5; VVF Zurich, from #65014 of Addgene) in the 3
822  subregions of the NAc (200 nl each site: NACMSh: bregma +1.78 mm, lateral 0.45 mm, ventral 4.1 mm;
823  NAcCore: bregma +1.54 mm, lateral 1.0 mm, ventral 4.0 mm; NAcLSh: bregma +1.45 mm, lateral 1.75
824  mm, ventral 4.0 mm) in WT mice.

825 To perform optogenetic behavioral experiments (EOM test, Open field), we did bilateral injections
826  of ssAAV5/2-hSyn1-JAWS-KGC-EGFP-ER2-WPRE-hGHp(A) (5,9e1?; v387-5; VVF Zurich, from #65014
827  of Addgene) or ssAAV5/2-hSyn1-EGFP- WPRE-hGHp(A) (5,7¢e'2; v81-5; VVF Zurich) in the NAc (200 nl
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828  each site: NACMSh: bregma +1.78 mm, lateral 0.45 mm, ventral 4.1 mm; NAcCore: bregma +1.54 mm,
829 lateral 1.0 mm, ventral 4.0 mm; NAcLSh: bregma +1.45 mm, lateral 1.75 mm, ventral 4.0 mm) in WT
830  mice. Optical fibers (200 mm core, NA = 0.39, ThorLabs) coupled to a zirconia ferule (1.25 mm) were
831  implanted bilaterally in the VTA (10° angle; bregma -3.07 mm, lateral 1.43 mm, ventral -3.9 mm) and fixed
832  to the skull with dental cement (SuperBond, Sun medical).

833

834  In vivo electrophysiology on anesthetized animals

835  Induction of anesthesia was done with gas mixture of oxygen (1 L/min) and 3% isoflurane (IsoFlo) through
836 a TeamSega apparatus. Mice deeply anesthetized were then placed in a stereotaxic frame (David Kopf),
837  maintained under anesthesia throughout the surgery at 3 to 2.5% isoflurane. The scalp was opened and
838  a cranial window was drilled in the skull above the location of the VTA (coordinates: 3.1 + 3 mm posterior
839  to bregma, 0.4 to 0.5 mm lateral to the midline, 3.9 to 5 mm ventral from the brain). During recordings,
840  mice were maintained deeply anesthetized at 2 % isoflurane, with monitoring and adjustment of the
841  anesthesia throughout the experiment. Intravenous (i.v.) administration of saline, nicotine (30ug/kg) or
842  ethanol (250 mg/kg) was carried out through a catheter (30G needle connected to polyethylene tubing
843  PE10) connected to a Hamilton syringe, into the saphenous vein of the animal. For multiple doses of
844  ethanol, mice received two to four injections of 125, 250, 500 and/or 750 mg/kg (pseudo-randomly
845  administrated).

846

847  Juxtacellular recordings

848  To perform single unit extracellular recordings, recording electrodes were pulled from borosilicate glass
849  capillaries (Harvard Apparatus, with outer and inner diameters of 1.50 and 1.17 mm, respectively) with a
850  Narishige electrode puller. The tips were broken under microscope control and filled with 0.5% sodium
851  acetate containing 1.5% of neurobiotin tracer (VECTOR laboratories). Electrodes had tip diameters of 1-
852 2 pm and impedances of 6-9 MQ. A reference electrode was placed in the subcutaneous tissue. The
853  recording electrodes were lowered vertically through the hole with a micro drive. Electrical signals were
854  amplified by a high-impedance amplifier (Axon Instruments) and monitored through an audio monitor
855  (A.M. Systems Inc.). The unit activity was digitized at 25 kHz and recorded using Spike2 software
856  (Cambridge Electronic Design) for later analysis. Individual electrode tracks were separated from one
857  another by at least 0.1 mm in the medio-lateral axis. The electrophysiological characteristics of dopamine
858  neurons were analyzed in the active cells encountered when passing the microelectrode in a
859  stereotaxically defined block of brain tissue corresponding to the coordinates of the VTA (coordinates:
860  between 3 to 3.4 mm posterior to bregma, 0.4 to 0.6 mm lateral to midline, and 3.9 to 5 mm below brain
861  surface). Extracellular identification of dopamine neurons was based on their location as well as on the
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862  set of unique electrophysiological properties that distinguish dopamine from non-dopamine neurons in
863  vivo: (i) a typical triphasic action potential with a marked negative deflection; (ii) a long duration (>2.0 ms);
864 (iii) an action potential width from start to negative trough >1.1 ms; (iv) a slow firing rate (<10 Hz and >1
865  Hz). After recording, nicotine-responsive cells were labeled by electroporation of their membrane:
866  successive currents squares were applied until the membrane breakage, to fill cell soma with neurobiotin
867  contained into the glass pipet 38. To be able to establish correspondence between neurons responses
868  and their localization in the VTA, we labeled one type of response per mouse: solely activated neurons or
869  solely inhibited neurons, with a limited number of cells per brain (1 to 4 neurons maximum, 2 by
870  hemisphere), always with the same concern of localization of neurons in the VTA. All data were analyzed
871  with R.

872

873  Multi-unit extracellular recordings

874  4-5 weeks after viral infection, we used a Mini-Matrix (Thomas Recording) allowing us to lower within the
875  VTAup to 3 tetrodes (Tip shape A, Thomas Recording, Z = 1-2 MW) and a tip-shaped quartz optical fiber
876 (100 mm core, NA = 0.22, Thomas Recording) for photostimulation. The fiber was coupled to a dual LED
877  (450-465 nm for ChR2, 600-630 nm for Jaws, Prizmatix) with an output intensity of 200-500 mW for both
878  wavelengths. These four elements could be moved independently with micrometer precision. Tetrodes
879  were lowered in the medial part of the VTA while the optical fiber was lowered in the lateral part of the
880  VTA 100 um above the tetrodes (around 300 um between the fiber and the tetrodes).

881  Spontaneously active putative DA neurons were identified on the basis of the same electrophysiological
882 criteria used for juxtacellular recordings. Baseline activity was recorded for 5 minutes, prior to i.v. injection
883  of nicotine, allowing us to target drug-inhibited neurons and a second i.v. injection of drug with optical-
884  stimulation was then performed.

885  Electrophysiological signals were acquired with a 20 channels preamplifier included in the Mini Matrix
886  (Thomas Recording) connected to an amplifier (Digital Lynx SX 32 channels, Neuralynx) digitized and
887  recorded using Cheetah software (Neuralynx). Spikes were detected (CSC Spike Extractor software,
888  Neuralynx) and sorted using a classical principal component analysis associated with a cluster cutting
889  method (SpikeSort3D Software, Neuralynx). All the data were analyzed with R.

890

891  Exvivo electrophysiology: patch clamp recordings

892  Mice were deeply anesthetized by an intraperitoneal injection of a mix of ketamine (150 mg/kg Virbac
893  1000) and xylazine (60 mg/kg, Rompun 2%, Elanco). Coronal midbrain sections (250 um) were sliced
894  with a Compresstome (VF-200, Precisionary Instruments) after intracardial perfusion of cold (4°C)
895  sucrose-based artificial cerebrospinal fluid containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26
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896  NaHCOs3 5,9 MgCl,, 25 sucrose, 2.5 glucose, 1 kynurenate (pH 7.2, 325 mOsm). After 8 minutes at 37°C
897  for recovery, slices were transferred into oxygenated artificial cerebrospinal fluid (ACSF) containing (in
898  mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCOs 2 CaCl2, 1 MgCI2, 15 sucrose, 10 glucose (pH 7.2,
899 325 mOsm) at room temperature for the rest of the day. Slices were individually transferred to a recording
900  chamber continuously perfused at 2 mL/minute with oxygenated ACSF. Patch pipettes (4-6 MQ) were
901  pulled from thin wall borosilicate glass (G150TF-3, Warner Instruments) with a micropipette puller (P-87,
902  Sutter Instruments Co.). Neurons were visualized using an upright microscope coupled with a Dodt
903  gradient contrast imaging, and illuminated with a white light source (Scientifica). Whole-cell recordings
904  were performed with a patch-clamp amplifier (Axoclamp 200B, Molecular Devices) connected to a
905 Digidata (1550 LowNoise acquisition system, Molecular Devices). Signals were low-pass filtered (Bessel,
906  2kHz)and collected at 10 kHz using the data acquisition software pClamp 10.5 (Molecular Devices). VTA
907  location was identified under microscope. Identification of dopaminergic neurons was performed by
908 location and by their electrophysiological properties (width and shape of action potential (AP) and after
909  hyperpolarization (AHP).

910 To perform recordings of spontaneous inhibitory post-synaptic currents (sIPSCs), we used a
911 Cesium-based internal solution of (in mM): 130 CsCl, 1 EGTA, 10 HEPES, 2 MgATP, 0.2 NaGTP, 0.1%
912  neurobiotin pH 7.35 (270-285 mOsm). Local perfusion was used to apply nicotine locally in the bath above
913  the recorded cells. Recordings of light-evoked GABA current from activation of NAc terminals were
914  conducted in the presence of 20 uM DNQX (6,7-Dinitroquinoxaline-2,3-dione, HelloBio) and 50 uM D-
915  AP5 (D-(-)-2-Amino-5-phosphonopentanoic acid, HelloBio) to block respectively AMPA and NMDA
916  receptors, 500 mM of TTX (tetrodotoxin citrate, HelloBio) to block voltage-gated sodium channels and
917 1mM of 4-AP (4-aminopyridine, HelloBio) to block voltage-gated potassium channels %. Light-evoked
918  responses were obtained every 10s with one pulse (3ms) of 460 nm wavelength (5 sweeps for each
919  neuron). For recordings of miniature inhibitory post-synaptic currents (mIPSCs), Cs-based internal
920  solution was used with 20 uM DNQX, 50 uM D-AP5 and 500 nM TTX.

921  To perform characterization of DA subpopulations and puffs recordings (200 ms, 2 psi), potassium
922  gluconate-based intracellular solution was used containing (in mM): 135 K-gluconate, 10 HEPES, 0.1
923  EGTA, 5 KCl, 2 MgCl, 2 ATP-Mg, 0.2 GTP-Na, and biocytin 2 mg/mL (pH adjusted to 7.2). The same
924  internal solution was used to record optical stimulation of retroChR2 virus in NAc-projecting DA neurons.
925  To characterize retroChR2 expression, 10 and 20 Hz (3s pulse; train rate of 10 or 20 Hz; 5 sweeps of
926  10s) photostimulation were used to drive neuronal firing in current-clamp mode. LED (Prizmatix) intensity
927  was set to 30%, as no higher amplitude currents were observed above this threshold.

928
929
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930  Behavioral task

931 Elevated O maze test. The raw data for behavioral experiments were acquired as video files. The
932  elevated O-maze (EOM) apparatus consists of two open (stressful) and two enclosed (protecting) elevated
933  arms that together form a zero or circle (diameter of 50 cm, height of 58 cm, 10 cm-wide circular platform).
934  Time spent in exploring enclosed versus open arms indicates the anxiety level of the animal. The first EOM
935  experiment assessed the effect of an i.p. injection of Nic (0.5 mg/kg) on WT mice. The test lasts 10 minutes:
936  mice are injected 1 minute before the test, and then put in the EOM for 9 minutes. In the second EOM
937  experiment, i.p. injection of Nic (0.5 mg/kg) or Ethanol (1 g/kg) was combined with continuous optogenetic
938 inhibition of NAc terminals targeting the VTA. Finally, we did an optogenetic EOM experiment to control for
939  basal anxiety-like behavior under light-stimulation, during 15 min, alternating 5 minute-periods of stimulation
940  and non-stimulation (OFF-ON-OFF). Time spent in open or closed arms was extracted frame-by frame using
941  the open-source video analysis pipeline ezTrack 4. Mice were habituated to the stress of handling and
942 injection for a minimum of one week before testing.

943 Open field test. The open field (OF) is a square enclosure of 50 cm x 50 cm where animals can
944  move freely. Distance travelled by animals was quantified over time. Regarding the optogenetic
945  experiment conducted in the OF, animals were placed in the maze for 15 minutes, while alternating
946  between OFF, ON and OFF optical stimulation periods of 5 minutes each.

947

948  Fluorescence immunohistochemistry

949  Recorded neurons in patch-clamp experiments were filled with biocytin in order to validate the presence
950  of TH enzyme by immunohistochemistry, indicator of dopaminergic neurons. After recordings, slices were
951  fixed in 4% PFA (paraformaldehyde) during a night. Recorded neurons in juxtacellular expriments were
952 filled with neurobiotin and after euthanasia of the animals, brains were rapidly removed and fixed in 4%
953  PFA. After a period of at least three days of fixation at 4°C, serial 60-um sections were cut from the
954  midbrain with a vibratome.

955  Immunostaining experiments were performed as follows: free-floating VTA brain sections were incubated
956  for 3 hours (juxtacellular experiments) or 6 hours (patch-clamp experiments) at 4°C in a blocking solution
957  of phosphate-buffered saline (PBS) containing 3% bovine serum albumin (BSA, Sigma; A4503) and 0.2%
958  Triton X-100 (vol/vol), and then incubated overnight (juxtacellular experiments) or during 72 hours (patch-
959  clamp experiments) at 4°C with a mouse anti-tyrosine hydroxylase antibody (anti-TH, Sigma, T1299), at
960  1:500 or 1:200 dilution, in PBS containing 1.5% BSA and 0.2% Triton X-100. Sections were then rinsed
961  with PBS, and incubated for 3 hours (juxtacellular experiments) or 6 hours (patch-clamp experiments) at
962 room temperature with Cy3-conjugated anti-mouse and AMCA-conjugated streptavidin (Jackson
963  ImmunoResearch) both at 1:500 or 1:200 dilution in a solution of 1.5% BSA in PBS. After three rinses in
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964  PBS, slices were wet-mounted using Prolong Gold Antifade Reagent (Invitrogen, P36930). In the case of
965  optogenetic or re-expression experiments, identification of transfected neurons by immunofluorescence
966  was performed as described above, with addition of chicken anti-GFP primary antibody (1:500, ab13970,
967  Abcam) in the 3% BSA solution. A goat-anti-chicken AlexaFluor 488 (1:500, Life Technologies) was then
968  used as secondary antibody.

969  Microscopy was carried out with a fluorescent microscope, and images captured using a camera and
970  analyzed with Imaged. Immunoreactivity for both TH and biocytin or neurobiotin allowed us to confirm the
971  neurochemical phenotype of DA neurons in the VTA or the transfection success.

972

973  Quantification and analysis of in vivo electrophysiological recordings

974

975  Subpopulations of DA neurons were automatically classified using variation of firing frequency induced
976 by nicotine or ethanol i.v injection. First, we calculated the maximal variation from the baseline per neuron,
977  within the first 3 minutes following injection. We then used a bootstrapping method to exclude non-
978  responding neurons.

979  Foreach neuron, the maximal and the minimal value of firing frequency was measured within the response
980  period (3 minutes) that followed nicotine or saline injection, and the biggest of the two were used to
981  determine the maximum of variation induce by the given injection. The effect of nicotine or alcohol was
982  assessed by comparing the maximum of firing frequency variation induced by the drug and by saline
983 injection. If the distribution of all maximum variation induced by nicotine or ethanol were different from
984  those induced by saline, each neuron was then individually classified as activated or inhibited by
985  bootstrapping. Baseline spike intervals were randomly shuffled 1000 times. Firing frequency was
986  estimated on 60s-time windows, with 15 s time steps. For each neuron, we determined the percentile from
987  the shuffled data corresponding to the drug-evoked response (max or min frequency after nicotine
988 injection). Neurons were individually considered as responsive to nicotine or ethanol injection if this
989  percentile is 2 0.95 or < 0.05. Responsive neurons displaying an increase in firing frequency (Af > 0) were
990  defined as “Nic+” or “EtOH+” while neurons displaying a decrease in firing frequency (Af < 0) were defined
991  as “Nic-" or “EtOH-“. For the dose-response curve, neurons were classified as EtOH+ or EtOH- based on
992  their response for the first doses inducing a significant firing variation identified by bootstrapping.

993  The mean responses to nicotine and ethanol of activated and inhibited neurons are thus presented as a
994  percentage of variation from baseline (mean + SEM). Then, for activated (or inhibited) neurons, we
995  compare the maximum (or minimum) value of firing frequency before and after injection for nicotine,

996  ethanol, and saline. Finally, to ensure that the drug-induced responses were different from the activation
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997  or inhibition induced by saline injection, we compared the firing variation induced by nicotine or ethanol

998  with that induced by saline

999  To map the locations of EtOH+ and EtOH- neurons on an atlas, we included all neurons identified as
1000  ethanol-responsive by bootstrapping, regardless of whether they received nicotine or saline injections.
1001  To examine the correlation between ethanol- and nicotine-induced responses, we included all neurons
1002 identified as ethanol-responsive by bootstrapping that received a nicotine injection, regardless of whether
1003  they received saline injection or not.
1004
1005  Statistical analysis
1006  All statistical analyses were done using the R software with home-made routines. Results were plotted as
1007  mean + SEM. The total number (n) of observations in each group and the statistical tests used for
1008  comparisons between groups or within groups are indicated directly on the figures or in the results
1009  sections. Comparisons between means were performed with parametric tests such as Student’s t-test, or
1010  two-way ANOVA for comparing two groups when parameters followed a normal distribution (Shapiro-Wilk
1011 normality test with p > 0.05), or Wilcoxon non-parametric test if the distribution was skewed. Holm’s
1012 sequential Bonferroni post hoc analysis was applied, when necessary. Statistical significance was set at
1013 p<0.05(*), p<0.01(*),orp<0.001(***), or p>0.05 was considered not to be statistically significant.
1014 For the surrogate analyses, nicotine and ethanol responses from the experimental data groups were
1015 pooled to reconstruct a new surrogate data set. The percentage of correlation of drug responses from the
1016 surrogate was then calculated (number of pairs of responses showing the same polarity for the two drugs).
1017 We plotted the density of the percentage correlation from 10,000 surrogates and counted the number of
1018  times this percentage reached the level of the percentage of correlation observed with experimental data.

1019
1020  Statistics and Reproducibility: All experiments were replicated with success.
1021
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