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In brief

Liu, Tose et al. reveal that a high dose of
nicotine causes behavioral aversion and
reduces dopamine release in the lateral
nucleus accumbens through o7 nicotinic
acetylcholine receptors on an inhibitory
brainstem input. Suppressing this input to
dopamine neurons prevents the
reduction of dopamine release and
behavioral aversion to nicotine.
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SUMMARY

Nicotine stimulates the dopamine (DA) system, which is essential for its rewarding effect. Nicotine is also
aversive at high doses; yet, our knowledge about nicotine’s dose-dependent effects on DA circuits remains
limited. Here, we demonstrate that high doses of nicotine, which induce aversion-related behavior in mice,
cause biphasic inhibitory and excitatory responses in VTA DA neurons that can be dissociated by distinct
projections to lateral and medial nucleus accumben subregions, respectively. Guided by computational
modeling, we performed a pharmacological investigation to establish that inhibitory effects of aversive
nicotine involve desensitization of «4B2 and activation of a7 nicotinic acetylcholine receptors. We identify
a7-dependent activation of upstream GABA neurons in the laterodorsal tegmentum (LDT) as a key regulator
of heterogeneous DA release following aversive nicotine. Finally, inhibition of LDT GABA terminals in VTA pre-
vents nicotine aversion. Together, our findings provide a mechanistic circuit-level understanding of nicotine’s

dose-dependent effects on reward and aversion.

INTRODUCTION

A predominant hypothesis for nicotine addiction is that nicotine
“hijacks” natural reward processes in the brain (Dani and Harris,
2005; Laviolette and van der Kooy, 2004; Lischer and Malenka,
2011; Picciotto and Kenny, 2021). However, nicotine’s behav-
ioral responses are dose dependent; nicotine is rewarding at
low doses and acutely aversive at high doses (Fowler and Kenny,
2014; Fudala and lwamoto, 1987; Fudala et al., 1985; Risinger
and Oakes, 1995). Humans and animals maintain optimal blood
nicotine levels by increasing consumption when nicotine levels
are low and decreasing consumption when levels are too high
(Ashton et al., 1979; Fowler and Kenny, 2011; St Helen et al.,
2016). Notably, non-human primates will press a lever to stop
additional infusions of nicotine (Goldberg et al., 1983). Although
dose titration is common to other drugs of abuse like metham-
phetamine (Sambo et al., 2017), cocaine (Hnasko et al., 2007),
and heroin (Loney et al., 2021), nicotine displays acutely aversive
properties at high doses (Natarajan et al., 2011). While cocaine,
methamphetamine, and ethanol can all generate an aversive
phenotype in the conditioned place preference (CPP) task, this

effect is caused by delaying drug delivery until after animals
have spent time in the conditioned chamber. When delivered
before the conditioning period, the same doses of cocaine,
methamphetamine, and ethanol induce CPP (Cunningham and
Henderson, 2000; Ettenberg et al., 1999; Fudala and Iwamoto,
1990). To our knowledge, nicotine is the only drug observed to
elicit an aversive phenotype in rodents both when the drug is
delivered immediately before or after the conditioning period,
suggesting its unique, acutely aversive effects (Fudala and lwa-
moto, 1987). Nicotine’s acutely aversive properties may explain
the relative rarity of overdose compared with alcohol, heroin, and
cocaine (Lachenmeier and Rehm, 2015). Furthermore, the aver-
sive effects of nicotine can be experienced concurrently with the
pleasurable effects (Sartor et al., 2010) and tolerance to high
doses develops over time (Heishman and Henningfield, 2000),
suggesting that nicotine aversion may be distinct from nicotine
reward and tolerance to aversion may underlie the development
of habitual nicotine consumption.

Recent research has pointed to a critical role of the habenulo-
interpeduncular axis and its projections to the brainstem latero-
dorsal tegmentum (LDT) underlying the aversive actions of
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nicotine (Antolin-Fontes et al., 2015; Fowler et al., 2011; Frahm
et al.,, 2011; Hsu et al., 2013; Tuesta et al., 2017; Wolfman
et al., 2018). In contrast, the rewarding and reinforcing effects
of nicotine and other drugs of abuse involve dopamine (DA) neu-
rons in the ventral tegmental area (VTA) that release DA in the nu-
cleus accumbens (NAc) (Di Chiara and Imperato, 1988; Luscher
and Malenka, 2011). However, VTApa neurons are not a
monolith; subpopulations defined by anatomical location and
projection target possess distinct properties and serve different
functions (Brischoux et al., 2009; Lammel et al., 2012). The ca-
nonical reward prediction error encoding DA neurons are located
in the lateral VTA (IVTA) and send projections to the lateral shell of
the NAc (NAcLat), while medial VTApa neurons send projections
to the ventro-medial shell of the NAc (NAcMed) and release DA in
response to aversive stimuli and cues that predict them (de Jong
etal., 2019). Whether distinct DA subcircuits that regulate reward
and aversion underlie nicotine’s dose-dependent effects re-
mains uncertain.

Nicotine’s effects on DA neurons are exerted through nicotinic
acetylcholine receptors (nAChRs) (Graupner et al., 2013; Klink
et al., 2001; Tapper et al., 2004). Experimental and modeling
studies suggest that the activation of p2-containing nAChRs
(B2*Rs) and o7-containing nAChRs (27Rs) mediate nicotine
self-administration, with B2*Rs primarily expressed directly on
VTApAa cells to increase firing rate and .7Rs on excitatory inputs
that are responsible for burst firing and synaptic plasticity (Bes-
son et al., 2012; Gao et al., 2010; Mameli-Engvall et al., 2006;
Mansvelder and McGehee, 2000; Mansvelder et al., 2002; Mar-
kou and Paterson, 2001; Picciotto et al., 1998; Schilstrom et al.,
2003). However, nicotine also desensitizes nAChRs, rendering
them temporarily inactive, thus preventing further activation by
endogenous acetylcholine or nicotine (Fenster et al.,, 1997;
Picciotto et al., 2008; Wooltorton et al., 2003). Importantly,
disruption of VTA «7Rs and B2*Rs can alter aversive and
reward-related behavior in response to intra-VTA infusions of
low concentrations of nicotine (Laviolette and van der Kooy,
2003). However, much of the work characterizing nAChRs and
nicotine-related behaviors focused on lower doses that are rein-
forcing, therefore less is known about how high, aversive doses
of systemic nicotine act on nAChRs to modulate DA cell activity
and release.

RESULTS

A computational model predicts divergent effects of
rewarding versus aversive nicotine on dopamine cell
activity

In animal experiments, nicotine is often delivered via intraperito-
neal (i.p.) or subcutaneous (s.c.) injections (Fudala and lwamoto,
1987; Saal et al., 2003). However, the needle-poke from an injec-
tion is an aversive stimulus that may obscure the acute, aversive
effects of nicotine on DA release. We therefore developed an
intravenous (i.v.) infusion protocol that reliably induced dose-
dependent CPP or conditioned place aversion (CPA) in response
to infusions of low and high doses of nicotine, respectively. On
day 1, mice freely explored the behavior box for 10 min to obtain
a pre-test baseline preference score for either chamber. On days
2-4, each mouse received saline in the morning while confined to
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one chamber and nicotine in the afternoon while confined to the
opposite chamber. Mice were randomly assigned to receive low
or high nicotine doses. Infusions were delivered every 5 min
through an implanted jugular vein catheter (JVC), for a total of
6 infusions over 30 min (Figures 1A-1D). The 5-min interval be-
tween infusions allows the accumulation of nicotine to observe
neural activity dynamics as brain nicotine concentration in-
creases over time (Taylor et al., 2013; Tolu et al., 2013). On day
5, animals again freely explored the behavior box for 10 min to
obtain a post-test preference score. By assessing time spent
in each chamber during the post-test compared with the pre-
test, we found that mice receiving the low dose of nicotine spent
more time in the nicotine-paired chamber indicating a prefer-
ence, whereas mice receiving the high dose spent less time in
the nicotine-paired chamber indicating aversion.

To predict VTApa neuron activity in response to our i.v. nicotine
protocol, we computationally modeled cell activation as a func-
tion of nicotine’s effects on nAChRs containing «4 and B2 sub-
units (24B2Rs), which are highly expressed on VTApa neurons
and mediate nicotine’s effects on DA release and behavioral rein-
forcement through direct activation and desensitization (Pic-
ciotto et al., 2008). For our model, we leveraged parameters es-
tablished by Graupner, Maex, and Gutkin, who demonstrated a
mechanism for nicotine-induced VTApa cell inhibition via
24B2R desensitization, disrupting activation of the receptor by
endogenous acetylcholine (Graupner et al., 2013). To adapt their
acute nicotine model to our nicotine infusion protocol, we
modeled blood nicotine concentration from 6 nicotine infusions
5 min apart based on the half-life of nicotine in mice (Matta
et al., 2007; Petersen et al., 1984). A single infusion of the aver-
sive dose of nicotine is expected to activate and desensitize
most of the a4 2Rs immediately, leaving them in an inactive state
for subsequent infusions (Figures 1E and 1F). Consequently, the
modeled VTApa cell response (expressing solely a432Rs) to the
aversive dose of nicotine is alarge increase in activity in response
to the first infusion, whereas subsequent nicotine infusions
decrease VTApa activity relative to baseline (Figures 1G and
1H). Thus, VTApa cells are predicted to be inhibited by aversive
nicotine due to the disruption of baseline activation by endoge-
nous acetylcholine after «432Rs are desensitized. The rewarding
dose, however, is modeled to desensitize a4p2Rs at a gradual
rate which maintains VTApa cell activation, albeit with decreasing
magnitude for each nicotine infusion. On average, the net effect
of all nicotine infusions combined on VTApa cell activity is ex-
pected to be greater in response to a rewarding dose of nicotine
(Figure 11), which is consistent with the role that increased and
decreased rates of DA transmission is thought to have on pro-
moting reward and aversion, respectively (Bromberg-Martin
et al., 2010; Schultz, 1997; Tsai et al., 2009).

Could nicotine’s actions solely through a4 2Rs on VTApa neu-
rons mediate its dose-dependent behavioral effects? A compu-
tational model of our i.v. infusion protocol suggests that the
rewarding dose of nicotine activates a4B2Rs on VTApa cells
while the aversive dose desensitizes a4p32Rs. Enhancing or dis-
rupting the function of a4 2Rs on VTApa cells relative to baseline
activity is modeled to give rise to dose-dependent VTApa cell
activation and inhibition, respectively. This model suggests
that a high, aversive dose of nicotine can reduce VTApx cell firing
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Figure 1. Dose-dependent effects of nicotine on behavior and modeled VTAp, cell activity

(A) Schematic of experimental design (CPP, conditioned place preference; CPA, conditioned place aversion).

(B) Timeline of experiment.

(C) Sample traces from representative animals during the post-test on day 5.

(D) Top: preference score as a ratio of time spent in the nicotine-paired chamber during the post-test relative to pre-test. Bottom: preference score as a difference
between time spent in the nicotine-paired chamber during post-test relative to pre-test. (*p < 0.05, **p < 0.01; data represent means + SEM).
(E) Modeled blood nicotine concentration from aversive (red) and rewarding (blue) nicotine conditions during the 30-min infusion protocol.
(F) Modeled 2432 receptor activation in response to aversive (red) and rewarding (blue) nicotine.

(G) Modeled GCaMP fluorescence in VTApa neurons expressing a4f2 receptors in response to aversive (red) and rewarding (blue) nicotine.
(H) Modeled area under the curve (AUC) for 60 s post-infusion for each of 6 infusions during the 30-min infusion protocol.

(I) Modeled average AUC across all 6 infusions (data represent modeled means + SEM).

through a4B2Rs, providing a quantitative hypothesis that can be  fiber photometry (FIP) experiments in awake, head-fixed ani-

tested experimentally. mals. DAT-Cre mice were injected with an adeno-associated vi-

rus (AAV) carrying Cre-dependent GCaMP6m into the VTA, and
Aversive nicotine inhibits VTA dopamine cells when an optical fiber was implanted to allow for the recording of cal-
o4B2Rs are desensitized cium transients from VTApa cell bodies in response to nicotine

To test the model predictions, we first examined the dose- infusions. Calcium transients were recorded during the same
dependent effects of nicotine on VTApa neurons by performing  30-mini.v. protocol we established to induce nicotine preference
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{ Fiber photometry recordings of VTA DA cells during IV infusions }
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Figure 2. Aversive nicotine suppresses VTAp, cell activity through «4p2 receptor desensitization

(A) Top: schematic of a DAT-Cre mouse with AAV-DIO-GCaMP6m injected into VTA receiving i.v. infusions during fiber photometry recordings. Bottom: sche-
matic showing timeline for i.v. nicotine or saline infusions.

(B) Top: optical fiber implant location in VTA (green, GCaMP; red, tyrosine hydroxylase [TH]; blue, DAPI; scale bars, 200 um). Middle: enlarged view (scale bars,
25 um). Bottom: 97% of GCaMP+ neurons are TH-immunopositive (yellow) and 3% are TH-immunonegative (green).

(legend continued on next page)
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or aversion after an initial 10-min baseline acclimation period
(Figures 2A, 2B, and S1A). We found that while saline infusions
had minor, if any, effects on VTApa activity, each infusion of
the rewarding dose of nicotine consistently activated VTApa cells
(Figure 2C). As predicted by our computational model (Fig-
ure 1H), the first infusion of the high, aversive dose of nicotine
activated VTApa cells, and subsequent infusions suppressed
cell activity (Figures 2C and S1E). However, our model did not
predict such prominent inhibition, nor did it predict an activation
of VTApa cells beyond the first infusion that appears to wane with
each infusion. By the final (i.e., sixth) infusion, VTApa activity was
strongly inhibited by nicotine (Figure 2C, inset). Because the
complete series of nicotine infusions was necessary to promote
CPP or aversion (Figures 1A-1D), we calculated the average
response of VTApa cell activity across infusions to reveal the
net effect of rewarding or aversive nicotine. As a result, the
rewarding dose of nicotine significantly activated VTAp, cells,
whereas infusions of an aversive dose caused a biphasic
response with an inhibitory early component (EC) lasting 15 s
post-infusion and an excitatory late component (LC) from 15—
60 s (Figures 2D, 2E, and S1D-S1F). Importantly, we counterbal-
anced the nicotine dose (rewarding or aversive) that animals
received first to measure within-animal differences, and there
was no order effect of nicotine doses (Figures S1B and S1C).
Our model of nicotine’s effects on VTApa cells through 2432Rs
captured the general trend of activation by low, rewarding nico-
tine and desensitization after the first infusion of high, aversive
nicotine. However, the biphasic response was not predicted;
the inhibition during the 0-15 s EC was far greater in amplitude
than expected, and the increase in activity during the 15-60 s
LC was not predicted at all. Next, we followed up on the most
salient prediction of the model, that 24B2R desensitization ex-
plains the difference between the first and subsequent infusions,
by generating a testable hypothesis for pharmacological antag-
onism of a4p2Rs with our computational model. Mimicking re-
ceptor desensitization can be achieved by blocking receptor

¢ CellP’ress

activation with the competitive antagonist dihydro-beta-erythroi-
dine (DHBE), which is selective for f2-containing nAChRs (Rice
and Cragg, 2004). Because DHBE can become non-specific or
fatal at high doses (Damaj et al., 1999), we modeled an 80%
blockade of a4 B2Rs to predict how DHBE treatment would affect
VTApa cell activity during infusions of aversive nicotine
(Figures 2F and 2G). DHBE treatment is predicted to disrupt
the effects of aversive nicotine predominantly on the first infusion
because both DHBE and aversive nicotine should desensitize a
majority of a4B2Rs upon delivery, and infusions 2-6 of aversive
nicotine are theorized to occur while «432Rs are already desen-
sitized. To test this prediction, we combined FIP of VTApa cells
with DHBE pharmacology. To ensure that DHBE could take ef-
fect before the introduction of nicotine and that its effects would
persist for the entire duration of the infusion protocol, we pre-
treated animals with i.v. DHBE 5 min into the initial baseline
recording period, and then co-infused DHBE with aversive nico-
tine at the same dosage and intervals as in previous experiments
(Figures 2H and S1G). Systemic delivery of antagonists is most
comparable to systemic pharmaceutical treatment in humans,
and co-infusion with nicotine allows constant availability of an-
tagonists without additional stimuli mid-session; for example, a
needle-poke or intrabrain infusion, preventing stimulus re-
sponses that may occlude the acute effects of nicotine infusion.
Indeed, systemic DHBE reproduced the prediction from our
computational model (Figure 2G); it reduced the response of
VTApa cell activity to aversive nicotine, significantly reducing
activation from the first infusion with minor effects during infu-
sions 2-6 (Figures 2l and 2J). The replication of our model predic-
tion supports the hypothesis that a42Rs play a role in activating
VTApa cells but become desensitized by a high dose of nicotine.
The persistent, desensitized state of a4B2Rs during nicotine
exposure may be critical to the inhibition of VTApa cells in
response to aversive nicotine. However, the effects of DHBE
on the biphasic response of VTApa cells to aversive nicotine
are inconclusive; the qualitative but not statistically significant

(C) Averaged GCaMP activity of VTApa neurons in response to saline (gray), rewarding (blue), and aversive nicotine (red). Inset: overlays of averaged response to
the first and sixth infusion for each condition. Light shading represents SEM.

(D) Averaged GCaMP activity of all six infusions showing 0-60 s post-infusion in response to saline (gray), rewarding (blue), and aversive nicotine (red) (data repre-
sent means + SEM). Dots above traces represent time points with significant differences between conditions from a multiple comparisons test (red, aversive
nicotine versus saline; blue, rewarding nicotine versus saline; purple, rewarding versus aversive nicotine). Gray backgrounds distinguish the approximate
time windows during which the response to aversive nicotine and saline are significantly different (i.e., light gray: 0-15 s [EC, early component]; dark gray:
15-60 s [LC, late component]) (*p < 0.05; light shading represents SEM).

(E) Left: AUC for GCaMP response during EC (0-15 s) is significantly lower in the aversive nicotine (Av, red) condition compared with saline (Sal, black) and
rewarding nicotine (Rew, blue). Right: no significant differences between conditions during the LC (15-60 s) (*p < 0.05, ***p < 0.001; data represent means + SEM).
(F) Computational modeling of a4B2R desensitization by aversive nicotine predicts reduced sensitization in the presence of 80% antagonism of a4p2Rs (purple)
compared with that without «4p2R antagonist (red).

(G) Left: predicted fluorescence in arbitrary units (AUs) based on computational modeling of a4B2R activity as whole traces. Right: baseline-corrected AUCs
during the EC (0-15 s) predict reduced excitation in response to the first infusion and reduced inhibition during infusions 2-6.

(H) Left and bottom: schematic showing AAV infusion and implantation of optical fibers in VTA of DAT-Cre mice. Fiber photometry recordings of VTApa neurons
are performed during infusions of aversive nicotine (red) with antagonist pre-treatment and co-infusion (gray). Right: anatomical verification of recording location
in VTA (red, TH; green, GCaMP; blue, DAPI; scale bars, 500 um).

(I) Averaged whole traces of VTApa GCaMP activity in response to aversive nicotine (Av Nic) without DHBE (red) and with DHBE (purple). Inset: comparison of
response to the first and sixth infusions (area of light shading represents SEM).

(J) Averaged AUCs for each infusion during the EC (0-15 s; left) and LC (15-60 s; right) (gap denotes separate analyses for infusion 1 and infusions 2-6 due to non-
normal distribution, *p < 0.05, data represent means + SEM).

(K) Left: averaged traces of all 6 infusions showing 0-60 s post-infusion in response to aversive nicotine without DHBE (red) and in presence of DHBE (purple) (light
shading represents SEM). Middle: averaged AUC response across infusions during the EC (data represent means + SEM). Right: averaged AUC response across
infusions during the LC (data represent means + SEM).
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{ Fiber photometry recordings of dLight response to aversive nicotine in NAc subregions }
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difference between averaged EC and LC responses do not
explain the role of «4p2Rs in mediating cell activity during either
time component (Figure 2K). Further, the strength of inhibition in
the EC and the observed increase in LC activity was not pre-
dicted by our model that assumed VTApa neurons are a homoge-
neous population solely expressing a4p2Rs. This shortcoming
necessitates the investigation of other receptors or cell popula-
tions in mediating VTApa population activity in response to
nicotine.

Aversive nicotine reduces dopamine release in the
lateral mesoaccumbal pathway through «7 receptors
The biphasic inhibitory and excitatory responses to aversive
nicotine may arise from heterogeneous VTAp, cell populations
with different projection targets (de Jong et al., 2019; Verharen
et al., 2020). To explore this possibility, we injected the DA
sensor dLight1.2 into the NAcMed and NAcLat and implanted
optical fibers to measure DA release in both regions simulta-
neously within animals. Each animal received i.v. infusions of sa-
line and aversive nicotine on subsequent days while DA release
was recorded (Figures 3A and S2A). Our results show that an
inhibitory EC occurs in the NAcLat, whereas a significant in-
crease of DA release can be observed during the LC in the
NAcMed, confirming our hypothesis that the biphasic activity
from the bulk VTApa cell body signal could be dissociated by
projection target (Figures 3B-3F). Notably, the increase of DA
release in NAcMed occurs primarily in response to the first infu-
sion of aversive nicotine before a4p2Rs are desensitized, and the
decrease of DA release in NAcLat occurs after a4p32R desensiti-
zation by the first infusion (Figures S2E and S2F). In a separate
experiment, we confirmed the behavioral relevance of reduced
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DA release in NAcLat; optogenetic silencing of VTApa terminals
in NAcLat was sufficient to promote real-time place aversion,
suggesting that inhibition of DA release in NAcLat is a crucial
component of promoting aversion to high doses of nicotine
(Figures S2H-S2J). We also recorded DA release in response
to a rewarding dose of nicotine and found that there were no dif-
ferences between NAcMed and NAcLat (Figures S2B and S2C),
in accordance with previous research (Nguyen et al., 2021), nor
was there an order effect of nicotine dose (Figure S2D). A com-
parison of dLight1.2 fluorescence and terminal GCaMP6m fluo-
rescence in response to aversive nicotine showed no differ-
ences, further demonstrating the relationship between VTApa
cell activity and DA release in NAc subregions (Figure S2G).
Next, we sought to understand which nAChRs may mediate
these divergent effects of aversive nicotine on DA release in
NAc subregions. While our model of a4B2R desensitization
accurately predicted an inhibitory effect of aversive nicotine on
VTApa cells through disruption of activation by endogenous
acetylcholine, we did not anticipate that a distinct subpopulation
of DA neurons would be activated. A possible driver of this acti-
vation may be the recruitment of «7Rs, which require higher con-
centrations of nicotine to become activated and desensitized
than «4p2Rs (Fenster et al., 1997; Wooltorton et al., 2003). To
explore how antagonism of a4p2 and o7 receptors would alter
DA release in the NAc, we carried out additional experiments in
another cohort of animals with a4B2R antagonist DHBE, «7R
antagonist methyllycaconitine (MLA), and the non-specific
nAChR antagonist mecamylamine (MEC) (Figures 3G-3N and
S2K-S2M). We pre-treated animals with antagonist (or saline)
5 min into the initial baseline recording period then co-infused
the antagonist with aversive nicotine at the same dosage and

Figure 3. Aversive nicotine induces heterogeneous DA release patterns in distinct NAc subregions, which are modulated by nAChR
antagonism

(A) Left: schematic of simultaneous dLight fiber photometry (FIP) recordings in NAc medial shell (NAcMed) and NAc lateral shell (NAcLat) during i.v. infusions of
saline or aversive nicotine. Right: dLight expression (green) and fiber implant location in NAcMed (top) and NAcLat (bottom). Dotted lines delineate NAc core
(scale bars, 200 um). Bottom: schematic showing timeline for i.v. infusions.

(B) Averaged whole traces in response to aversive nicotine (Av Nic, red) and saline (Sal, black). Inset: comparison between first (light red) and sixth (dark red)
infusions in the Av Nic condition (light shading represents SEM).

(C) Averaged response to all infusions for Av Nic (red) and Sal (black) in NAcMed. Dots above traces represent time points with significant differences (*p < 0.05;
light shading represents SEM).

(D) DA release in NAcMed significantly increased in response to Av Nic compared with Sal during the LC (right). No difference during the EC (left) (*“p < 0.01; data
represent means + SEM).

(E) Averaged response to all infusions for Av Nic (red) and Sal (black) in NAcLat. Dots above traces represent time points with significant differences (*p < 0.05;
light shading represents SEM).

(F) DA release in NAcLat significantly decreased in response to Av Nic compared with Sal during the EC (left). No difference during the LC (right, dark gray border)
(**p < 0.001; data represent means + SEM).

(G) Left: schematic of simultaneous dLight FIP recordings in NAcMed and NAcLat during i.v. infusions of aversive nicotine with nAChR antagonists. Right: dLight
(green) expression and optical fiber locations in the NAcMed (top) and NAcLat (bottom). Dashed lines delineate NAc core (blue, DAPI; scale bars, 200 um).
(H) Timeline and infusion protocol of aversive nicotine with NnAChR antagonist pre-treatment and co-infusion of saline or NnAChR antagonists («7 [MLA], «4p2
[DHBE] or non-specific [MEC]).

(I) Averaged whole traces of dLight in NAcMed in response to Av Nic with saline (red), DHBE (purple), MLA (orange), and MEC (turquoise) (light shading repre-
sents SEM).

(J) Averaged dLight response in NAcMed across all six infusions of Av Nic with saline (red), DHBE (purple), MLA (orange), and MEC (turquoise). Dots above traces
represent time points with significant differences between each antagonist and the saline condition (*p < 0.05; light shading represents SEM).

(K) Left: no significant differences in NAcMed dLight AUC during the EC. Right: during the LC, MEC significantly reduced NAcMed dLight AUC in response to Av
Nic compared with no antagonist (saline) (*“p < 0.01; data represent means + SEM).

(L) Same as in (I), but for NAcLat.

(M) Same as in (J) but for NAcLat.

(N) Left: during the EC, MLA, and MEC significantly attenuated the reduction of NAcLat dLight AUC to Av Nic. Right: during the LC, only MEC significantly reduced
the NAcLat response to Av Nic (*p < 0.05, **p < 0.01, ***p < 0.001; data represent means + SEM).
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Figure 4. Modeling and FIP recordings suggest putative role for «7 nAChR modulation of LDT inhibitory inputs to VTApa neurons for aversive

nicotine-induced changes in DA release

(A) Schematic of receptor expression and connectivity for predicting VTApa cell activity as a function of a4 2R (green) activity with inhibitory input under control of

a7 (purple) nAChRs.

(B) Dose/response curves demonstrating that «4B2Rs (green) are activated and desensitized by lower concentrations of nicotine than o7 (purple) nAChRs.
(C) Modeling receptor activation by rewarding nicotine based on our infusion protocol (Figure 1) predicts higher activation of a4B2R (green) compared with a7Rs

(purple) for each infusion, albeit with gradual desensitizati
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intervals as in previous experiments (Figure 3H). Consistent with
our hypothesis that «4B2Rs drive activation specifically in
response to the first infusion, EC DA release by the first infusion
in both NAc subregions was decreased by DHBE (see infusion #1
in Figures 3I, 3L, S2L, and S2M). The absence of an effect on DA
release in NAcLat by DHBE in subsequent infusions and when
averaged across infusions is consistent with our recordings
from VTApa cell bodies and the hypothesis that DHBE and aver-
sive nicotine share a common function to desensitize a4p2Rs
(Figures 2K and 3N). Furthermore, we found that LC activation
was significantly reduced by MEC in both NAc subregions, but
not by any other antagonists (Figures 3J, 3K, 3M, 3N, S2L, and
S2M). Thus, receptors other than a4B2Rs and a.7Rs are likely
involved in increasing DA release in response to aversive nicotine
during the LC. Lastly, both MEC and MLA prevented the behav-
iorally relevant decrease of EC DA release in the NAcLat by aver-
sive nicotine, indicating that o7R-mediated inhibition was
blocked (Figure 3N). Our former hypothesis that «7Rs contrib-
uted to the activation of VTApa cells through excitatory inputs
to increase DA release in NAcMed was based on the known
expression of a7Rs on glutamatergic inputs to VTA (Mansvelder
and McGehee, 2000; Mansvelder et al., 2002). The surprising
finding that «.7Rs are required for the inhibition of DA release dur-
ing the EC by aversive nicotine suggests a role for «.7R-mediated
inhibitory input to VTApa neurons in nicotine aversion. These re-
sults suggest that a simple model of nicotine’s dose-dependent
actions on a4B2Rs on VTApa neurons alone is insufficient to
explain the suppression of NAcLat DA release by aversive
nicotine.

LDT GABA inputs to VTA are excited by aversive nicotine
through a7 receptors

While 2432 and o7 receptors have both been implicated in nico-
tine reward and reinforcement, they possess distinct profiles in
pharmacodynamics and anatomical expression (Figure 4A).
Compared with «4B2Rs that are expressed on VTApa cells,
a.7Rs require higher concentrations of nicotine to become acti-
vated and desensitized (Figure 4B; Wooltorton et al., 2003).
Thus, rewarding and aversive nicotine are expected to differen-
tially affect a4B2 and a7 receptors and the cells that express
them. A rewarding dose of nicotine is modeled to activate
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a4B2Rs with little effect on «7Rs, whereas aversive nicotine is
predicted to activate a7Rs with each infusion and rapidly desen-
sitize the majority of a4B2Rs in the first infusion, rendering the
a24B2Rs unable to become activated by subsequent infusions
of nicotine (Figures 4C and 4D). Thus, aversive nicotine should
strongly activate a cell expressing a4B2Rs in the first infusion
and cause inhibition relative to baseline during subsequent infu-
sions while reliably activating cells expressing a7Rs (Figure 4E).
Based on our finding that suppression of DA release in NAcLat
during the EC is mediated by a.7Rs, a logical hypothesis is the ex-
istence of an inhibitory input to VTAp, cells that is activated by
aversive nicotine through a7Rs (Figure 4A). Indeed, a previous
study demonstrated that the inhibition of VTAp, firing rate in
response to high doses of nicotine was blocked by GABA recep-
tor antagonists (Erhardt et al., 2002). In this updated model, the
predicted net effect of aversive nicotine on a cell expressing
24B2Rs and receiving inhibitory input from a cell under the
control of a7Rs is a slight reduction of activation from the first
infusion and a stronger inhibition in response to subsequent in-
fusions (Figure 4F).

Local VTAgaga Neurons are a major inhibitory regulator of
VTApa neurons and are involved in nicotine reinforcement
(Grieder et al., 2019; Tolu et al., 2013). Thus, VTA GABA cells
are a candidate for reducing NAcLat DA release during the EC
in response to aversive nicotine. We performed FIP recordings
from GAD2-Cre mice that were infused with an AAV carrying
Cre-dependent GCaMP6m and implanted with an optical fiber
in the VTA (Figure S3A). An aversive dose of nicotine, but not a
rewarding dose, significantly activated VTA GABA neurons
(Figures S3B-S3E). To determine which receptors contribute to
the activation of local VTA GABA neurons by aversive nicotine,
we performed recordings in the presence of nAChR antagonists
(Figure 4G). VTA GABA neurons were excited by aversive nico-
tine during the EC, and only the non-specific antagonist MEC
significantly reduced this activation (Figures 4H-4J, S3F, and
S3G). Although there was a small, but not significant, reduction
in response to aversive nicotine during MLA treatment, o7Rs
are unlikely to be the primary mediator of aversive nicotine-
induced activation of local VTA GABA neurons.

Next, we decided to explore a different source of «7R-medi-
ated inhibitory input to VTApa cells. The brainstem LDT is a major

(D) Modeling receptor activation by aversive nicotine predicts that the majority of «4p2Rs (green) are activated by the first infusion and exhibit decreased
activation from infusions 2-6 due to receptor desensitization. Conversely, a7Rs (purple) are activated by each infusion of aversive nicotine.
(E) Predicted GCaMP fluorescence from a given cell expressing either «4B2Rs (green) or o.7Rs (purple) in response to aversive nicotine.

(F) Modeled VTAps GCaMP activity in response to aversive nicotine with 4 2R expression and inhibitory input under control of a7Rs (red; as shown in schematic
A) or without inhibitory input (orange).

(G) Top: schematic showing FIP recordings from GCaMP-expressing VTA neurons in GAD2-Cre mice and i.v. infusions of saline, nicotine, and/or nAChR antag-
onists. Bottom: schematic showing timeline for i.v. administration of aversive nicotine and nAChR antagonists or saline. Right: fiber implant in VTA with GCaMP
(green) and TH (red) expression (blue, DAPI; scale bars, 200 uM).

(H) Averaged whole traces of VTAgaga GCaMP activity in response to Av Nic with co-infusion of saline (red), DHBE (purple), MLA (orange), and MEC (turquoise).
Inset: comparisons between first and sixth infusion for each condition (light shading represents SEM).

(I) Averaged VTA GABA GCaMP activity for all 6 infusions in response to Av Nic with co-infusion of saline (red), MLA (orange), MEC (turquoise), and DHBE (purple).
Dots above traces represent time points with significant differences from the saline condition (*p < 0.05; light shading represents SEM).

(J) MEC significantly reduced VTAgaga GCaMP activity in response to Av Nic during the EC (***p < 0.001, data represent means + SEM).

K) Same experimental design as in (G), but for FIP recordings of LDTgaga terminals in the VTA.

L) Same as in (H) but for LDTgaga — VTA.

M) Same as in (1) but for LDTgaga — VTA.

N) o7 (MLA) and non-specific (MEC) nAChR antagonists reduced LDTgaga — VTA activity response to Av Nic during the EC (*p < 0.05, **p < 0.01, data represent
means + SEM).
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Figure 5. Functional connectivity of LDT GABA neurons

(A) GAD2-Cre animals (n = 8 mice) were injected with AAV-DIO-ChR2 into LDT and fluorescent retrobeads into NAcLat. Patch-clamp recordings from retro-
gradely-labeled DA neurons in the lateral VTA (IVTA).

(B) Representative light-induced IPSC from a bead-labeled VTA DA neuron.

(C) Proportions of recorded NAcLat-projecting DA cells that responded (n = 14 cells, red) or did not respond (n = 6 cells, gray) to light stimulation of LDT terminals
in the VTA.

(D) Mean amplitude of light-induced IPSCs recorded from NAcLat-projecting DA cells (n = 14 cells; data represent mean + SEM).

(E) Top: GAD2-Cre mice (n = 3 mice) were injected with AAV-DIO-ChR2 into LDT, and an optical fiber was implanted above the LDT. The same mice received AAV-
hSyn-dLight1.2 into NAcLat and an optical fiber was implanted into the NAcLat. Bottom: histological verification of ChR2 (green) expression and optical fiber
location in the LDT (left) and dLight (green) expression and optical fiber location in the NAcLat (right) (blue, DAPI; scale bars, 500 pum).

(F) Sample recording session with 20 trials. A 2 s pulse-train of 20 Hz 5 ms pulses of 3-5 mW 488 nm light was delivered to the LDT while dLight was simulta-
neously recorded in the NAcLat.

(G) Significant reduction in dLight signal during light stimulation when compared with dLight signal recorded between trials (
mean + SEM).

Hkk,

p < 0.001, data represent
(legend continued on next page)
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excitatory input to VTApa neurons, sending glutamatergic and
cholinergic projections that mediate both natural reward and
nicotine reward (Dautan et al., 2016; Kohlmeier, 2013; Lammel
et al., 2012; Omelchenko and Sesack, 2005; Steidl et al.,
2017). The LDT also contains a separate, non-overlapping pop-
ulation of GABAergic (i.e., GAD2-expressing, LDTgaga) Neurons
(Figure S4A; Soden et al., 2020; Wang and Morales, 2009),
which comprise ~30% of LDT cells that project to the VTA (Fig-
ure S4B). LDTgaga Neurons project more broadly to VTA and
adjacent structures (e.g., interpeduncular nucleus [IPN])
compared to glutamatergic LDT (i.e., VGLUT2-expressing,
LDTygLute) Neurons, which predominantly project to the IVTA
(Figures S4C and S4D; Lammel et al., 2012). Although VTA-pro-
jecting LDTgaga neurons (LDTgaga — VTA) and VTA-projecting
LDTygLute (LDTygLut2 — VTA) neurons receive qualitatively
similar inputs, significant differences in the proportion of inputs
were detected in the deep mesencephalic nucleus, dorsal
raphe nucleus, parabrachial nucleus and locus coeruleus
(Figures S4E-S4l). Using fluorescent in situ hybridization, we
found that the majority of LDT neurons expressing «7R mRNA
co-express GAD2 mRNA (Figures S4J and S4K). Importantly,
brain-slice patch-clamp recordings revealed that LDTgaga neu-
rons make direct inhibitory synaptic connections onto NAcLat-
projecting VTApa neurons (Figures 5A-5D) and in vivo optoge-
netic stimulation of LDTgaga Neurons decreased DA release in
the NAcLat (Figures 5E-5G) and promoted real-time place aver-
sion (Figures 5H-5K) suggesting that LDTgaga heurons are
another candidate for «7R-mediated inhibitory input to VTApa
neurons to encode nicotine aversion. Indeed, LDTgaga terminals
in the VTA are selectively activated by aversive, but not
rewarding, nicotine (Figures S5A-S5E). To test whether
LDTgaga — VTApa neurons could be the «7R-mediated source
of inhibition, we performed FIP recordings from GAD2-Cre mice
that have been infused with a 1:1 mix of AAV carrying Cre-
dependent GCaMP6m and axon-targeted GCaMP6s into the
LDT to improve fluorescent signal at axon terminals and
implanted with an optical fiber in the VTA (Figure S5F). To
determine which receptors contribute to the activation of
LDTgaga — VTA neurons by aversive nicotine, we performed
recordings with DHBE, MLA, and MEC treatment (Figure 4K).
We found that both MEC and MLA reduce the EC activation in
LDTgaga inputs to the VTA by aversive nicotine (Figures 4L-
4N, S5G, and S5H).

Together, our results indicate that the activation of LDTgaga —
VTA neurons by aversive nicotine is mediated by a7Rs, which
makes this neural population a candidate for the inhibitory input
in our model that drives the suppression of DA release in the
NAcLat.
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Manipulation of LDT GABA cells alters the effects of
aversive nicotine on dopamine release and behavior

To understand the role of a7R-mediated inhibitory inputs on
VTApa cells expressing a4p2Rs, we updated our computational
model and predicted that the absence of inhibitory inputs would
cause slightly higher activation in response to the first infusion of
aversive nicotine and less inhibition by subsequent infusions
(Figures 6A-6C). To directly test the model prediction, we genet-
ically ablated LDTgaga neurons and recorded DA release in
response to aversive nicotine. Specifically, GAD2-Cre mice
were injected in the LDT with an AAV carrying Cre-dependent
mCherry (AAV-DIO-mCherry) as a control or a 1:1 mix of AAV-
DIO-mCherry and AAV-flex-taCasp3 to induce apoptosis in in-
fected neurons (Yang et al., 2013). dLight1.2 was injected into
the NAcLat and NAcMed and optical fibers were implanted
into these regions to allow simultaneous FIP recordings of DA
release during i.v. infusions (Figures 6D, S6A, and S6B).
Adequate ablation of LDTgaga cells by caspase was indicated
by the absence of mCherry expression (Figures 6E, S6A, and
S6B). In accordance with our model prediction, we found a sig-
nificant attenuation of the EC DA reduction in the NAcLat and a
reduction of the LC DA release in response to the first infusion
(Figures 6F-6H and S6C). Surprisingly, animals injected with
caspase in the LDT also showed a significant reduction in the
LC of DA release in the NAcMed in response to aversive nicotine
(Figures 61-6K and S6D) indicating that LDTgaga neurons may
directly and/or indirectly influence NAcMed-projecting DA
neurons.

After establishing that ablation of LDTgaga neurons altered DA
release in response to aversive nicotine, we sought to examine
whether inhibition of the LDTgaga — VTA pathway affects the
behavioral response to aversive nicotine. We bilaterally targeted
the LDT of GAD2-Cre mice with an AAV carrying the Cre-depen-
dent inhibitory opsin halorhodopsin (AAV-DIO-eNpHR) or eYFP
(AAV-DIO-eYFP) as a control and implanted angled optic fibers
bilaterally toward the VTA (Figure 6L). We found that control an-
imals exhibited conditioned place aversion to high-dose nico-
tine, but nicotine aversion was not observed in the eNpHR group
(Figures 6M-6P). Thus, inhibiting LDTgaga terminals in the VTA
successfully blocked the aversive effects of a high dose of nico-
tine. Additionally, optogenetic inhibition of LDTgaga terminals in
the VTA alone had no impact on behaviors unrelated to nicotine
such as real-time place preference or open field locomotion
(Figures S6E-S6G).

Collectively, these results establish that LDTgaga Neurons (1)
contribute to the heterogeneous patterns of DA release in
distinct NAc subregions induced by aversive nicotine and (2)
are necessary for nicotine-induced conditioned place aversion.

(H) Top: GAD2-Cre animals received bilateral injection of AAV-DIO-ChR2 (n = 9 mice) or AAV-DIO-eYFP (n = 10 mice) into LDT and an optical fiber was implanted
above the VTA to optogenetically stimulate LDTgaga terminals in the VTA. Bottom: eYFP (green) expression in the LDT (left) and VTA (right). Note: optical fiber was
placed above the VTA (blue, DAPI; red, TH; scale bars: 400 um [left] and 250 pum [right]).

(I) Top: real-time place preference/avoidance paradigm. Bottom: movement of GAD2-Cre mice expressing ChR2 (top) or eYFP (bottom) in the LDT. Mice received
20-Hz light stimulation in the VTA when they entered the left (min 1-10) or right (min 11-20) side of the chamber.

(J) Animals expressing ChR2 in the LDT spent significantly less time in the light-paired side of the chamber compared with eYFP-expressing mice (“p < 0.05; data

represent means + SEM).

(K) No significant difference in locomotor activity was observed in an open field test between ChR2- (blue, n = 9 mice) and eYFP-expressing (gray, n = 10 mice)
GAD2-Cre mice before, during or after 20-Hz light stimulation (data represent means + SEM).
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Modeling contribution of LDT GABA neurons in dopamine response to aversive nicotine
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DISCUSSION

Effects of aversive nicotine in a heterogeneous
dopamine system

Our study supports the view that the reward-enhancing and
reward-inhibiting properties (i.e., anxiety) of low doses of nico-
tine recruit discrete, concurrent DA circuits (Nguyen et al.,
2021), and establishes a novel mechanism for how high doses
of nicotine alter DA signaling in separate mesoaccumbal DA sub-
systems. In line with previous work, we found that a rewarding
dose of nicotine increased VTApa activity (Imperato et al.,
1986; Nguyen et al., 2021). However, a high, aversive dose of
nicotine bidirectionally altered DA signaling by inhibiting a ca-
nonical reward pathway (NAcLat) and activating a distinct mes-
oaccumbal DA pathway (NAcMed) previously shown to be acti-
vated by aversive stimuli and cues that predict them (de Jong
et al., 2019; Verharen et al., 2020). These results support the
idea that NAc subregions have specialized roles in dissociating
nicotine motivational signaling (Sellings et al., 2008). Future
studies are needed to understand whether LDTgaga Neurons
directly or indirectly influence the medial mesoaccumbal
DA pathway in response to aversive nicotine and whether
other DA subsystems (e.g., mesoamygdaloid, mesoprefrontal)
contribute to nicotine aversion.

Bridging the habenulo-interpeduncular axis with the
mesolimbic dopamine system

Previous studies have shown that the habenulo-interpeduncular
axis (i.e., projections from the medial habenula [mHb] to IPN) is
involved in fear, anxiety, nicotine withdrawal, and nicotine aver-
sion (Antolin-Fontes et al., 2015; Fowler and Kenny, 2014). mHb

¢? CellPress

and IPN activity may signal the aversive effects of nicotine to
downstream brain regions, such as the LDT (Wolfman et al.,
2018). It is conceivable that a circuit mechanism for nicotine
aversion may involve disinhibition of LDTgaga — VTA neurons
to reduce DA release in the NAcLat. Such disinhibition could
arise from inhibition of local LDT interneurons (Yang et al,
2016) through IPN neurons (Wolfman et al., 2018), which are
directly excited by mHb cells (Fowler et al., 2011; Frahm et al.,
2011). Future studies are needed to elucidate local connectivity
within the LDT and simultaneous in vivo recordings of multiple
brain regions in the habenulo-interpeduncular-mesopontine-
axis may further reveal how a response to aversive nicotine is
coordinated.

Because our ablation of LDTgaga cells targeted all GAD2-ex-
pressing LDT cells and terminal inhibition of LDTgaga — VTA
neurons can affect collateral projections via back-propagating
action potentials, we cannot exclude LDTgaga interneurons or
those that project to regions other than the VTA in mediating
the effects of aversive nicotine on DA release, including a direct
inhibitory projection to the NAc (Coimbra et al., 2019). Although
both nicotine and acetylcholine have the potential to directly
and/or indirectly modulate striatal DA release (Cachope et al.,
2012; Rice and Cragg, 2004; Threlfell et al., 2012), this mecha-
nism seems unlikely in the case of LDTgaga — NAc neurons,
given that optogenetic stimulation of LDTgaga — NAc inputs
had no effect on place preference or aversion behavior (Coimbra
et al., 2019), unlike the robust real-time place aversion we
observed during LDTgaga — VTA stimulation. On the other
hand, it is likely that LDTgaga neurons target additional cell pop-
ulations beyond lateral VTApa neurons given that ablation of neu-
rons also reduced the LC DA release in the NAcMed in response

Figure 6. Manipulation of LDT GABA neurons reduces the effects of aversive nicotine on DA release in the NAc and prevents nicotine-

induced aversion

A) Schematic representation of modeling VTApa cell activity with removal of 7R-mediated inhibitory inputs.
B) Modeled GCaMP fluorescence of VTApa neurons expressing «4p2Rs with (red) and without (purple) o.7R-mediated inhibitory input.

purple) predicts a slightly higher activation in response to the first infusion of aversive nicotine and decreased suppression in response to infusions 2-6.

¢
(
(C) Modeled baseline-corrected AUCs quantifying the EC of VTApa GCaMP fluorescence in response to aversive nicotine without «.7R-mediated inhibitory input
(i
(

D) Schematic showing simultaneous FIP recordings of NAcMed and NAcLat dLight and i.v. infusions of aversive nicotine or saline in mice with genetic ablation of

LDT GABA neurons.

(E) Left: histological verification of genetic ablation of LDT GABA neurons (Flex-TaCasp3, caspase group) compared with control animals (mCherry, red) (scale
bars, 200 pm). Right: optical fiber placement in NAcMed and NAcLat with dLight (green) expression (blue, DAPI; scale bars, 1 mm).

(F) Averaged whole-trace NAcLat dLight response to aversive nicotine Av Nic or saline in mice with genetic ablation of LDT GABA neurons or control animals (red,
mCherry Av Nic; purple, caspase Av Nic; black—mCherry saline and caspase saline). Inset: comparisons of first and last infusions (light shading represents SEM).
(G) dLight response in NAcLat averaged across all 6 infusions of saline or Av Nic in mice with genetic ablation of LDT GABA neurons or control animals. Dots above
the traces denote significant differences in a multiple comparisons test (purple, Av Nic versus saline in caspase group; gray, Av Nic versus saline in mCherry
group; blue, Av Nic in mCherry versus caspase groups) (*p < 0.05; light shading represents SEM).

(H) Left: averaged NAcLat dLight AUC across infusions demonstrates more inhibition in mCherry mice compared with caspase mice in response to Av Nic during
the EC. Right: no significant difference between groups during the LC (*p < 0.05, data represent means + SEM).

(I) Same as in (F) but for NAcMed.

(J) Same as in (G) but for NAcMed.

(K) Left: no significant difference between groups during the EC. Right: averaged NAcMed dLight AUC across infusions reveals significant reduction in Caspase
AUC during the LC compared with mCherry (*p < 0.01, data represent means + SEM).

(L) Top: schematic showing AAV infusions of Cre-dependent halorhodopsin (DIO-eNpHR) or eYFP into LDT of GAD2-Cre mice with bilateral optical fibers above
VTA. Bottom: eNpHR (green) expression in LDT neurons (left) and in LDT terminals in the VTA (right) with location of optical fiber implants (red, TH; blue, DAPI;
scale bars, 500 pm).

(M) Schematic of conditioned place aversion assay and timeline.

(N) Trajectories of sample eNPHR and eYFP mice during post-test (day 5). Yellow (and gray) indicates chamber side paired with light delivery.

(O) Preference score as a ratio of time spent in the nicotine-paired chamber during the post-test relative to pre-test. (*p < 0.05; data represent means + SEM).
(P) Preference score as a difference between time spent in the nicotine-paired chamber during post-test relative to pre-test. (‘p < 0.05; data represent
means + SEM).
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to aversive nicotine, and terminals from LDTgaga Neurons were
detected in the IPN.

Our work also reveals that VTAgaga neurons are strongly
activated by aversive nicotine. Previous work has shown that
stimulation of VTAgasa cell bodies produces conditioned
place aversion (Tan et al.,, 2012) and that projection-specific
VTAgasa— NAc stimulation impairs reward seeking (Lowes
et al., 2021). Although our pharmacological experiments indicate
that VTA GABA neurons as a population are not strongly regu-
lated by a.7Rs, it remains unknown whether distinct subpopula-
tions of VTAgaga Neurons could participate in the «.7R-mediated
suppression of NAcLat DA release by aversive nicotine. VTAgaga
neurons may therefore additionally contribute to nicotine
aversion.

Despite the questions that remain regarding specific LDTgaga
and VTAgasa neuronal subtypes in nicotine aversion, the neural
circuit introduced here may explain how the habenulo-interpe-
duncular axis connects to the mesolimbic DA system via the
brainstem mesopontine tegmentum.

A computational model for nicotine’s dose-dependent
effects

The dose-dependent effects of nicotine on behavior are likely the
culmination of responses by many nAChRs, brain regions, cell
types, and other features that are difficult to integrate into one
unifying theory. To avoid overcomplicating our model, we sought
to fit as few parameters as possible that would account for the
major dynamics observed to effectively simulate nicotine’s
dose-dependent effects on VTApa activity (Wilson and Collins,
2019). Further, isolating nicotine delivery to specific brain regions
may have allowed a better understanding of each cell popula-
tion’s response, but systemic delivery is more relevant to human
nicotine intake and pharmaceutical treatment.

Our methods balanced simplicity with specificity to model
VTApa neurons as units under the control of direct receptor
expression and the net effect of systemic nicotine on their inputs.

While rewarding nicotine activates a4p2Rs and increases
VTApa cell activity, an aversive dose desensitizes the receptors
and VTApa cells are no longer activated by nicotine, rendering
them more susceptible to inhibition from afferent inputs. Indeed,
when we systemically antagonized 2432Rs with DHBE to mimic
receptor desensitization, VTApa cell body activity was in align-
ment with our model.

The role of a7Rs in nicotine-related behaviors has been diffi-
cult to clarify, with contradictory findings about their role in nico-
tine reward, reinforcement, aversion, or lack thereof (Besson
et al., 2012; Brunzell and Mclintosh, 2012; Grottick et al., 2000;
Laviolette and van der Kooy, 2003; Markou and Paterson,
2001). Nicotine CPP is blocked if &.7R activity is enhanced during
delivery of rewarding doses, by either pharmacological agonism
or gain-of-function o7 mutant mice (Harenza et al., 2014). Addi-
tionally, intra-brain infusion of an «7R agonist decreased motiva-
tion to work for nicotine, whereas infusion of an a7R antagonist
increased motivation (Brunzell and Mclntosh, 2012). Our results
show that a.7 mRNA is expressed in LDTgaga Neurons, which are
activated by a high, aversive dose of nicotine to inhibit VTApa
neurons and decrease DA release in the NAcLat. Thus, nicotine’s
dual actions to recruit «7Rs and desensitize a4B2Rs may
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be important mechanisms in encoding nicotine reward and
aversion.

The systemic, pharmacological antagonists used in our study
can be non-specific at very high doses (Whiteaker et al., 2007).
Therefore, cell-type-specific gene deletion strategies of NAChRs
and more specific antagonists (Brunzell and Mclntosh, 2012)
could be used in future studies to further delineate their roles in
nicotine reward and aversion.

Relevance to treatments for nicotine addiction
Understanding the neurobiology of nicotine reward and aversion
may inform the development of novel treatments to aid in nico-
tine cessation. Varenicline is currently the only available pharma-
ceutical designed specifically to support nicotine cessation. Pre-
scribed to be taken daily, it partially agonizes «¢4p2Rs to provide
relief from nicotine withdrawal and reduces nicotine-induced DA
release (Coe et al., 2005; McCaul et al., 2020). Indeed, a recent
study demonstrated that both VTApa cell activity and DA release
in NAcLat in response to i.p. nicotine was reduced by varenicline
(Goldstein et al., 2022). Because varenicline is also a full agonist
at o7Rs and the binding of varenicline to «4B2Rs appears to
favor the desensitized state (Mihalak et al., 2006), its effects
may be explained by increasing nicotine aversion and
decreasing nicotine reward through the mechanisms character-
ized in our study.

While we have established a role for a.7R-mediated suppres-
sion of DA release in NAcLat via LDTgaga — VTA activity
following aversive nicotine, the mechanism underlying the in-
crease of NAcMed DA release during the LC remains unclear;
whether this increase is behaviorally relevant for nicotine aver-
sion and which receptors mediate this effect are important topics
for future studies.

With many unanswered questions about how to leverage nic-
otine’s unique dose-dependent profile for nicotine addiction
treatment in humans, the precise delineation of the neural cir-
cuitry and pharmacological mechanisms underlying nicotine
aversion is a critical step toward defining novel therapeutic tar-
gets for smoking cessation pharmacotherapies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals

CNQX Tocris CAS: 479347-85-8
D-AP5 Fisher Scientific Cat#: 01-061-00
TTX Hello Bio Cat#: HB1035
4-AP Sigma-Aldrich CAS: 504-24-5
Red retrobeads IX Lumafluor Iltem#: R170
(-)-Nicotine detartrate Tocris CAS: 65-31-6
Methyllycaconitine citrate salt Millipore Sigma CAS: 112825-05-5
Mecamylamine hydrochloride Sigma-Aldrich CAS: 826-39-1
Dihydro-b-erythroidine hydrobromide Tocris CAS: 29734-68-7

Fluorescent in situ hybridization with RNAscope®

RNAscope® Multiplex Fluorescent Reagent Kit v2

RNAscope® Probe - Mm-Gad2 — Mus musculus
glutamic acid decarboxylase 2 (Gad2) mRNA

RNAscope® Probe - Mm-Chrna7-C2 - Mus mus-
culus cholinergic receptor nicotinic alpha poly-
peptide 7 (Chrna7) mRNA

Opal 520 Reagent Pack
Opal 570 Reagent Pack

Advanced Cell Diagnostics
Advanced Cell Diagnostics

Advanced Cell Diagnostics

Akoya Biosciences
Akoya Biosciences

Cat#: 323100
Cat#: 439371

Cat#:465161-C2

Cat#: FP1487001KT
Cat#: FP1488001KT

Antibodies
Goat anti-mouse Alexa-Fluor 488 Thermo Fisher Scientific RRID:
AB_2534069
Rabbit anti-tyrosine hydroxylase Millipore RRID:
AB_390204
Mouse anti-tyrosine hydroxylase Millipore RRID:
AB_2201528
Goat anti-mouse Alexa Fluor 546 Thermo Fisher Scientific RRID:
AB_2534071
Goat anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific RRID:
AB_228341
Goat anti-mouse Alexa Fluor 647 Thermo Fisher Scientific RRID:
AB_2535804
Anti-Digoxigenin-AP FAB fragments Roche RRID:
AB_514497
Chicken anti-GFP Abcam RRID:
AB_300798
Goat anti-chicken Alexa Fluor 488 Abcam RRID:
AB_2636803
Experimental Models: Organisms/Strains
C57BL/6J The Jackson Laboratory RRID:
IMSR_JAX:000664
DAT::IRES-Cre The Jackson Laboratory RRID:
IMSR_JAX: 006660
VGLUT2::IRES-Cre The Jackson Laboratory RRID:

IMSR_JAX: 016963

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
GAD2::IRES-Cre The Jackson Laboratory RRID:

IMSR_JAX: 070802

Bacterial and Virus Strains

AAV-EF1a-DIO-hChR2(H134R)-eYFP UNC Vector Core N/A
AAV-EF1a-DIO-eYFP UNC Vector Core N/A
AAV5-EF1a-DIO-mCherry UNC Vector Core N/A
AAVDJ-DIO-GCaMP6m UNC Vector Core N/A
AAV-EF1a-FLEX-TVA-mCherry UNC Vector Core N/A
AAV-CA-FLEX-RG UNC Vector Core N/A
Rabies EnvA-AG-GFP Kevin Beier N/A
AAV5-hSyn-dLight1.2 Addgene N/A
AAV8.2-hEF1a-DIO-synaptophysin-eYFP MIT Vector Core N/A
AAV5-flex-taCasp3-TEVp UNC Vector Core N/A
AAV9-hSyn1-FLEX-axon-GCaMP6s Addgene N/A
AAV-EF1a-DIO-eNpHR3.0-eYFP UNC Vector Core N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Stephan
Lammel (lammel@berkeley.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The datasets generated during and/or analyzed during the current study are available from the lead contact upon reasonable request.
All custom code used for analysis in this study is available from the lead contact upon reasonable request. Any additional information
required to reanalyze the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The following mouse lines (20-35g, 8-20 weeks old, males and females were counterbalanced across conditions with no significant
effects of sex observed) were used for experiments: C57BL/6J mice (Jackson Laboratory, stock number: 000664), DAT::IRES-Cre
(Jackson Laboratory, stock number: 006660, strain code: B6.SJL-SIc6a3tm1.1(cre)Bkmn/J), VGLUT2::IRES-Cre (Jackson Labora-
tory, stock number: 0716963, strain code: Slc17a6tm2(cre)Lowl/J), and GAD2::IRES-Cre (Jackson Laboratory, stock number: 070802,
strain code: Gad2tm2(cre)Zjh/J). All lines have been crossed onto the C57BL/6J background for at least six generations. Mice were
maintained on a 12:12 light cycle (lights on at 07:00). All procedures complied with the animal care standards set forth by the National
Institutes of Health and were approved by University of California, Berkeley’s Administrative Panel on Laboratory Animal Care.

METHOD DETAILS

Stereotaxic surgeries

As previously described (Lammel et al., 2012), all stereotaxic injections were performed under general ketamine-dexmedetomidine
anesthesia and using a stereotaxic instrument (Kopf Instruments and Model 1900). For red fluorescent retrograde labeling, mice
were injected unilaterally with fluorescent retrobeads (100 nl; LumaFluor Inc.) in the nucleus accumbens (NAc) lateral shell
(NAcLat; bregma: 0.98 mm, lateral: 2 mm, ventral: —4.2 mm) or ventral tegmental area (VTA; bregma: -3.4 mm, lateral: 0.3 mm,
ventral: -4.5 mm) using a 1 pl Hamilton syringe (Hamilton). The AAVs (adeno associated virus) used in this study were from the
Deisseroth laboratory (AAV5-EF10-DIO-hChR2(H134R)-eYFP; AAV5-EF10-DIO-eYFP; AAV5-EF10-DIO-mCherry; AAVDJ-DIO-
GCaMP6m; AAV-EF1a-DIO-eNpHR3.0-eYFP ~10'2 infectious units per ml, prepared by the University of North Carolina Vector
Core Facility), from the Uchida lab (Harvard) (AAV5-flex-RG; AAV5-flex-TVA-mCherry; ~10'2 infectious units per ml; prepared by
the University of North Carolina Vector Core Facility), from the Tian Lab (UC Davis) (AAV5-hSyn-dLight1.2; AAV9-hSyn1-FLEX-
axon-GCaMP®6s; prepared by Addgene), from the MIT Vector Core (AAV8.2-hEF1a-DIO-synaptophysin-eYFP), or from the Shah
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lab (UCSF) (AAV5-flex-taCasp3-TEVp; ~10'2 infectious units per ml; prepared by the University of North Carolina Vector Core Facil-
ity). RV-EnvA-AG-GFP was from Kevin Beier (UC Irvine), and 300 nl concentrated virus solution was injected into the VTA (same co-
ordinates as above). For AAV viral injections, 100-500 nl of concentrated AAV solution was injected into the ventral NAc medial shell
(NAcMed; bregma: 1.5 mm, lateral: 0.9 mm, ventral: -4.8 mm) and/or NAcLat (same coordinates as above), VTA (same coordinates as
above), or laterodorsal tegmentum (LDT; bregma: -5 mm, lateral: 0.5 mm, ventral: -3.4 mm) using a syringe pump (Harvard Apparatus)
at 150 nl/min. The injection needle was withdrawn 5 min after the end of the infusion. For behavioral experiments, animals injected
with Cre-dependent Channelrhodopsin-2 (ChR2) or eYFP received unilateral implantation of a chronically implanted optical
fiber (400 um, NA = 0.48; Doric Lenses Inc.) dorsal to the VTA (bregma: —3.4 mm, lateral: 0.3 mm, ventral: —3.9 mm). For in vivo
fiber photometry experiments, mice received unilateral implantation of a chronically implanted optical fiber (400 um, NA =
0.48; Doric Lenses Inc.) in the VTA (same coordinates as above or angled at 15 degrees with bregma: -3.4 mm, lateral: 1.5 mm,
ventral: -4.65 mm) or dual optical fibers in the NAcMed and NAcLat (same coordinates as above) of the same animal. One layer
of adhesive cement (C&B Metabond; Parkell) followed by cranioplastic cement (Dental cement) was used to secure the fiber to
the skull. The incision was closed with a suture and tissue adhesive (Vetbond; 3M). The animal was woken up with an I.P. injection
of atipamezole and kept on a heating pad until it recovered from anesthesia. Experiments were performed 2-12 weeks (for AAVs) or
2-7 days (for retrobeads or rabies) after stereotactic injection. Injection sites and optical fiber placements were confirmed in all an-
imals by preparing coronal sections (50-100 pum) of injection and implantation sites.

Jugular vein catheterization

The protocol for surgical implantation of a catheter in the jugular vein was adapted from Kmiotek et al. (2012). Briefly, animals were
anesthetized with 1:1 ketamine-dexmedetomidine and their temperature maintained on a heating pad for the duration of the surgery.
A4 cm long polyurethane catheter (Silastic) with a silicone bulb 1 cm from the insertion end and a modified, blunted syringe tip on the
infusion end was inserted into the jugular vein. After checking for patency, the catheter was secured to the jugular vein with knots
made by sutures above and below the silicone bulb. The chest incision was closed with dissolvable sutures and tissue adhesive.
The infusion end of the catheter was capped and cemented to the skull with adhesive cement (C&B Metabond; Parkell) followed
by cranioplastic cement (dental cement). Mice were kept on a heating pad until recovered from anesthesia. Catheters were flushed
daily with physiological saline, and heparin was infused to prevent clogging if necessary. Experiments were performed 2 days after
jugular vein catheterization. Patency was verified after experiments were completed via infusion of sodium pentobarbital.

Drug infusions

For nicotine infusion experiments, animals were infused with a total of 0.25 mg/kg or 1.25 mg/kg nicotine (free-base) dissolved in
sterile, physiological 0.9% saline. Animals received infusions at a volume of 1.25 pl/g (41 pg/kg nicotine per infusion for
0.25 mg/kg total or 208 pg/kg/inf for 1.25 mg/kg total) six times over 30 minutes, every five minutes, through the jugular vein catheter.
For fiber photometry experiments, animals were head-fixed on a running wheel and then underwent a 10-minute baseline recording
session before the initiation of the same nicotine infusion protocol as shown in Figure 1A. In experiments involving nAChR antago-
nists, animals received a pre-treatment infusion of the antagonist or saline at minute 5 during the 10-minute baseline recording.
nAChR antagonists were then co-infused with aversive nicotine according to the protocol described above starting at minute 10. An-
imals received aversive nicotine with MEC (1.1 mg/kg), MLA (4.5 mg/kg), DHBE (3 mg/kg, except GAD2-Cre animals, which received
1.7 mg/kg due to high fatality rates) or without antagonist on separate recording days with 48 hours between each session. Antag-
onist solutions were prepared in physiological saline to achieve free base doses at a volume of 1.25 pl/g/infusion whether delivered
alone during the minute 5 pre-treatment or co-infused with 1.25 mg/kg free base nicotine

Electrophysiology

Mice were deeply anaesthetized with pentobarbital (200 mg/kg ip; Vortech). Coronal midbrain slices (200 um) were prepared after
intracardial perfusion with ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM) 50 sucrose, 125 NaCl, 25 NaHCO3, 2.5
KCI, 1.25 NaH,PO,, 0.1 CaCl,, 4.9 MgCl,, and 2.5 glucose (oxygenated with 95% 0O,/5% CO,). After 90 min of recovery, slices
were transferred to a recording chamber and perfused continuously at 2-4 ml/min with oxygenated ACSF, containing (in mM) 125
NaCl, 25 NaHCO3, 2.5 KCI, 1.25 NaH,PO4, 11 glucose, 1.3 MgCl, and 2.5 CaCl, at ~30 °C. Cells were visualized with a 40x wa-
ter-immersion objective on an upright fluorescent microscope (BX51WI; Olympus) equipped with infrared-differential interference
contrast video microscopy and epifluorescence (Olympus). Patch pipettes (3.8-4.4 MQ) were pulled from borosilicate glass
(G150TF-4; Warner Instruments) and filled with internal solution, which consisted of (in mM) 130 CsCl, 1 EGTA, 10 HEPES, 1
MgATP, 0.2 NaGTP, 0.1% neurobiotin pH 7.35 (270-285 mOsm). Light-evoked IPSCs (Figures 5A-5D) were recorded in the presence
of 20 uM CNQX (6-cyano-7-nitroquinoxaline-2,3-dione, Bio-tech) and 50 uM D-AP5 (Tocris) to block AMPA and NMDA receptors,
respectively. We also added the voltage-gated sodium channel antagonist tetrodotoxin (TTX, 1 pM, Hello Bio) and the potassium
channel antagonist 4-aminopyridine (4-AP, 1 mM, Sigma) to the bath solution in order to isolate monosynaptic inputs. Electrophys-
iological recordings were made at 32°C using a MultiClamp700B amplifier and acquired using a Digidata 1440A digitizer, sampled at
10 kHz, and filtered at 2 kHz. All data acquisition was performed using pPCLAMP software (Molecular Devices). Channelrhodopsin-2
was stimulated by flashing 473 nm light through the light path of the microscope using an ultrahigh-powered light-emitting diode
(LED) powered by an LED driver (Prizmatix) under computer control. A dual lamp house adaptor (Olympus) was used to switch
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between fluorescence lamp and LED light source. The light intensity of the LED was not changed during the experiments and the
whole slice was illuminated (6 mW/mm2). Light-evoked IPSCs were obtained every 20 s with one pulse of 473 nm wavelength light
(8 ms) with neurons voltage clamped at —70 mV. Series resistance (15-25 MQ) and input resistance were monitored online. Data were
analyzed offline using Clampfit (Molecular Devices) or IgorPro Software (Wavemetrics). Light-evoked IPSC amplitudes were calcu-
lated by averaging responses from 10 sweeps and then measuring the peak amplitude in a 50 ms window after the light pulse. Cells
that did not show a peak in this window that exceeded the baseline noise were counted as non-responders. To determine the dopa-
minergic identity of retrobead-labeled VTA neurons (i.e., tyrosine hydroxylase (TH)-immunopositive or TH-immunonegative), cells
were filled with neurobiotin (Vector) during patch clamp recordings, then fixed in 4% paraformaldehyde (PFA) and 24 h later immu-
nostained for TH. All recorded retrobead-labeled cells were located in the lateral VTA and were TH-immunopositive.

Fiber photometry

Four to eight weeks after virus injection, animals were implanted with fiberoptic implants and/or jugular vein catheters and allowed to
recover for 2-7 days before fiber photometry recordings. In experiments with dual fiberoptic implants (Figures 3 and 6), animals were
implanted in one NAc subregion on one side, and the other region on the other side, sides counterbalanced between animals. For
experiments involving IV infusions, a baseline of 10 minutes was recorded in head-fixed animals before initiating intravenous nicotine
infusions (same protocol as shown in Figure 1A) with antagonist infusion at minute 5 for experiments involving antagonists (see
‘DRUG INFUSIONS’ section above for dose and timing protocols). In experiment involving ChR2 stimulation of LDTgaga Neurons
(Figures 5E-5@G), animals received 3-5mW 473 nm laser stimulation over 2 s (5 ms pulses at 20 Hz) every 10 s for a total of 20 trials
per session. Calcium or DA transients were measured in head-fixed animals using a custom-built fiber photometry system as
described previously (de Jong et al.,, 2019). Briefly, fluorescence signals were obtained by stimulating cells expressing
GCaMP6m, GCaMP6s, or dLight1.2 with a 470 nm LED (20 uW at fiber tip) while calcium-independent signals were obtained by stim-
ulating these cells with a 405 nm LED (20 pW at fiber tip). 470 nm and 405 nm LED light were alternated at 20 Hz and light emission was
recorded using an sCMOS Camera (Hamamatsu Flash or Photometrics Prime), which acquired video frames containing the entire
fiber bundle (2 fibers, 3 min length, NA = 0.48, 400 um core, Doric Lenses) at the same frequency. Video frames were analyzed online
and fluorescent signals were acquired using custom acquisition code (de Jong et al., 2019). The fluorescent signal obtained after
stimulation with 405 nm light was used to correct for movement artifacts as follows: first, the 405 nm signal was fitted to the
470 nm signal using the first and second coefficients of the polynomial that was the best fit (least squares) to the 470 nm signal.
The fitted 405 nm signal was then subtracted from the 470 nm signal to obtain the movement and bleaching-corrected signal.
405 nm stimulation was omitted from most dLight recordings to maximize light collection and a baseline tracking general photo-
bleaching trend was subtracted instead. Although some movement may contribute to the signal detected, movement artifacts are
minimized in a head-fixed setup and not expected to occlude the nicotine-related signal. Signals were normalized (Z score) based
on the mean and standard deviation of signal during the pre-nicotine baseline period at 100-500 s (intact and caspase experiments) or
100-290 s (antagonist experiments) and peri-event plots for the nicotine infusions were generated. Baseline normalization was per-
formed on the original AF/F signal using the time-window -2 to 0.5 sec prior to infusion. Thus, z scores accurately reflect the number
of standard deviations from the mean during baseline and AUCs calculated are relative to signal immediately prior to infusion. If the
AUCs of individual infusions were not normally distributed, assessed by a Kolmogorov-Smirnov test, analysis of the first infusion was
performed separately from analysis of infusions 2-6.

Behavioral assays

All behavioral tests were performed during the light phase in a temperature (68-74°F) and humidity (40-60%) controlled room that is
illuminated by eight 32 W fluorescent lights each producing 2925 lumens. Behavioral equipment was cleaned with 70% EtOH and an
odor remover (Nature’s Miracle) between individual animals.

Conditioned Place Preference or Aversion (CPP or CPA)

For experiments involving IV infusions of nicotine (Figure 1), animals recovered from jugular vein catheterization for 2 days before
beginning the CPP protocol. On the first pre-test day, mice were placed in the center compartment of a custom-made three-compart-
ment chamber and allowed to explore the full chamber freely for 10 min while their movement in the chamber was recorded via a
video tracking system (Biobserve). During the next 3 days, mice were placed in one side of the chamber, for 30 min, blocked
from exploring the other regions, and infused with sterile, physiological 0.9% saline (volume: 1.25 pl/g) six times over 30 minutes,
every five minutes, through the jugular vein catheter. In the afternoon, mice were placed in the opposite chamber for 30 min and
infused with nicotine (total dose: 0.25 mg/kg or 1.25 mg/kg free base; each infusion: 41 pug/kg or 208 ng/kg) dissolved in saline every
5 minutes. Conditioning chambers were assigned according to a biased method to pair the hypothesized rewarding dose of nicotine
(0.25 mg/kg) with the less-preferred side on the initial pre-test and the hypothesized aversive dose of nicotine (1.25 mg/kg) was paired
with the initially preferred chamber. On the final post-test day, mice were again allowed to explore the full chamber freely for 10 min
while movement was recorded. The time spent in each compartment (nicotine-conditioned, neutral, and saline-conditioned) was
calculated and compared on post-test to pre-test scores to generate place preference (or avoidance) scores. For experiments
involving optogenetic inhibition (Figures 6L-6P), animals recovered from fiberoptic implantation for at least 7 days before CPP.
The behavioral paradigm was identical except mice were injected intraperitoneally (IP) with 10 pl/g saline immediately before the
morning conditioning session and in the afternoon session, animals received 2.5 mg/kg nicotine IP (dissolved in 10 pl/g saline)
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and continuous 3-5 mW 589 nm light. Nicotine reliably induces conditioned place aversion at high doses, whether delivered IP or IV.
We chose to deliver aversive nicotine via intraperitoneal injection in this experiment to replicate the methods used by Wolfman et al.
(2018) to establish the habenulo-interpeduncular axis as a regulator of nicotine aversion.

Real-time place preference and aversion (Figures 5H-5J, S2H, S2I, and S6F)

Six weeks after virus injection, mice with optogenetic implants were connected to a fiberoptic cable and placed in a custom-made
three-compartment chamber (same as above). For optogenetic stimulation, the cable was connected to a 473 nm or 589 nm DPSS
laser diode (Laserglow) through an FC/PC adaptor, and laser output was controlled using a Master-8 pulse stimulator (A.M.P.l.). Po-
wer output was tested using a digital power meter (Thorlabs) and was checked before and after each experimental animal; output
during light stimulation was estimated to be 3-5 mW/mm? at the targeted tissue 200 um from the fiber tip (www.optogenetics.org/
calc). The left side of the chamber was designated as the initial stimulation side (Phase 1) and after 10 min the stimulation side
was switched to the other previously non-stimulated side of the chamber (Phase 2). The middle of the chamber was a neutral
area that was never paired with stimulation. At the start of each session, the mouse was placed in the middle of the chamber,
and every time the mouse crossed to the stimulation side, constant laser stimulation (473 nm: 20 Hz, 5 ms pulses; 589 nm: continuous
light) was delivered until the mouse exited the stimulation area. There was no interruption between Phase 1 and Phase 2. The move-
ment of the mice was recorded via a video tracking system (Biobserve) and the time the mice spent in each area (stimulated, non-
stimulated, neutral) was calculated.

Open field test

For optogenetics (Figures 5K, S2J, and S6G), mice were placed in the open field chamber and their movement was recorded and
analyzed for 15 min using video-tracking (Biobserve). The 15-min session was divided into three 5-min epochs; during the first epoch,
there was no light stimulation (off), during the second epoch the animal received light stimulation (on), and during the third epoch there
was no light stimulation (off). Light output and frequency were the same as described in the real-time place preference section.

Computational modeling
We calculated blood-nicotine concentrations in our infusion experiment using nicotine’s estimated half-life in C57BL/6J mice of
9.2 minutes (Siu and Tyndale, 2007) nicotine reaching the blood immediately upon intravenous infusion.

—1In(2)
9.2

Blood nicotine concentrations (mg/kg) were converted into brain nicotine concentrations (uM) without a multiplication factor since
no empirical data was available on the relationship between blood and brain nicotine concentrations in mice and our simulated data
recruited a7 receptors at the high, but not low dose of nicotine similar to observations made in mice (Fenster et al., 1997; Wooltorton
et al., 2003). For nicotine to reach the brain from the blood, we applied a temporal delay, given that the brain nicotine concentration
peaks ~11 s after it peaks in the blood (Berridge et al., 2010); we implemented this delay by letting the brain nicotine concentration
follow the blood concentration at a rate of 25% of the concentration difference per second. Then, for both the a4p2 and a7 receptors,
we calculated (de)sensitization and net activation of each of the receptors based on equations modified from Graupner et al. (2013)
with a constant baseline acetylcholine (ACh) concentration of 0.1 uM. The time course of activation and desensitization for each re-
ceptor is given by

[Nic], = [Nic], e

dy _ (v.(Nic, ACh) — y)
dt —  y(Nic, ACh)

where 7, (Nic, ACh) is the time constant where a steady state for y., (Nic, ACh) is achieved. The maximal activation (a., ) or sensi-
tization (S ) for a given Nic/ACh concentration are determined by the half-maximal concentrations of nAChR activation (ECso) and
sensitization (IC5sg) according to the following Hill equations

(ACh + aNic)™
ECJ5(ACh + aNic)™

a..(Nic, ACh) =

) 3 ICZ

S.. (Nic, ACh) = W
where o accounts for the affinity for «4p2 (o = 3) and a7 (a = 2) receptors for Nic relative to ACh, n is a fraction that determines how
much ACh drives receptor desensitization, and n, and ns represent the Hill coefficients of activation and sensitization respectively.

The time constant for receptor desensitization (t4) for a given Nic/ACh concentration is determined by the fastest time constant at
which the receptor is desensitized (1), the desensitization recovery time constant (tax), the concentration at which the desensitiza-
tion time constant is half-minimum (K,), and the fraction of ACh concentration that influences the desensitization time constant (n)
according to the following equation:
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Tq(Nic, ACh) = 7o + Tmax

Rise and decay filters were applied to each receptor activation curve to depict bulk photometry signals more accurately from the
experimental data, given the relatively slow response kinetics of fluorophores (Akerboom et al., 2012) the fluorophore signal was set
to follow the true receptor activation curve at a rate of 5% of the difference between the two signals per second. For the antagonist
simulation (Figures 2F and 2G), sensitization was set at 20% of its baseline value (mimicking an 80% receptor desensitization by
a4B2R antagonist DHBE due to its fatality at high doses). For predicting the response of DA neurons (expressing a4p2Rs) that re-
ceives an a7 receptor-expressing GABAergic input (Figures 4E, 4F, and 6A-6C), we subtracted the activation of an a7 receptor-acti-
vated unit from the activation of an a4p2R-expressing unit at 50% strength.

Histology and microscopy

Immunohistochemistry and microscopy

Were performed as described previously in Lammel et al. (2012). Briefly, after intracardial perfusion with 4% paraformaldehyde in
PBS, pH 7.4, the brains were post-fixed overnight and coronal brain sections (50 or 100 um) were prepared. Sections were stained
overnight in a primary antibody solution (rabbit anti-TH, mouse anti-TH (all Millipore), all 1:1000). Twenty-four hours later, sections
were stained for 4 hours in secondary antibody solution (goat anti-mouse Alexa Fluor 488, goat anti-rabbit Alexa Fluor 488 (all Thermo
Fisher Scientific), all 1:750). Image acquisition was performed with Zeiss LSM 710 laser scanning confocal microscope using 20x or
40x objectives and on a Zeiss Axiolmager M2 upright widefield fluorescence/differential interference contrast microscope with
charge-coupled device camera using 5x, 10x and 20x objectives. Images were analyzed using Imaged. Sections were labeled relative
to bregma using landmarks and neuroanatomical nomenclature as described in “The Mouse Brain in Stereotaxic Coordinates”
(Franklin and Paxinos, 2013). Allimages presented with multiple colors represent a composite of images collected with different exci-
tation wavelengths.

In situ hybridization

To determine the extent of co-expression of VGLUT2 and GAD2 in LDT neurons (Figure S4A), we combined Cre-dependent viral
fluorophore expression with in situ hybridization. Probe sequence for the Vglut2 and Gad? and Gad2 DIG RNA probes as well as
the free floating in situ protocol were adapted from Weissbourd et al. (2014). GAD2-Cre (n = 2 mice) and VGLUT2-Cre (n = 2 mice)
mice were injected with 500 nl AAV5-EF1a-DIO-eYFP into the LDT. Two weeks later, the animals were euthanized and 100 pm
sections of the LDT were sliced and washed in diethyl pyrocarbonate (DEPC)-treated PBS and treated with a 7 pg/ml proteinase
K solution for 10 min at 37°C. Proteinase K was inactivated using 4% PFA in PBS, which was followed by washing in PBS and
acetylation in 0.25% acetic anhydride in 0.1 M triethanolamine in DEPC-treated water. Tissue sections were incubated overnight in
hybridization solution (50% deionized formamide, 1x Denhardt’s, 10% Dextran sulphate and 5x Saline-Sodium Citrate (SSC)) with
100 ng/ml probe at 55°C. Stringency washes were in 2x SSC with 50% formamide for 1 hour, and in 2x SSC and 0.2x SSC for
20 min, each at 65°C. This was followed by blocking for 1 hour in DIG blocking buffer (Roche) and overnight incubation at 25°C in
1:1000 Anti-Digoxigenin-AP FAB fragments (Roche). Slices from the VGLUT2-Cre animals were incubated with probes for Gad1/2
RNA and slices from GAD2-Cre animals were incubated with probes for Vglut2 mRNA. Because the in situ hybridization procedure
attenuates fluorescence, tissue sections were co-stained with a chicken anti-GFP (1:1000, Abcam). Primary antibody incubation
was for 2 hours and was followed by washing steps in DIG wash buffer (Roche) and incubation with secondary antibodies (Alexa
Fluor 546 goat anti-rabbit, Alexa Fluor 647 goat anti-mouse (all 1:750, Thermo Fisher Scientific) and Alexa Fluor 477 goat anti-
chicken (1:750, Abcam) as well as the alkaline phosphatase substrate reacting with NBT/BCIP in detection buffer (Roche). Slides
were imaged on a Zeiss Axiolmager M2 microscope using a 20x objective. Quantification of co-expression was manually counted
using ImageJ.

Whole brain input mapping

To map inputs to LDTgaga— VTA and LDTgiutamate — VTA neurons (Figures S4E-S4l), we used a rabies virus-based genetic
mapping strategy to label presynaptic inputs onto designated starter cell populations, and quantified input cell data using a
customized, semi-automated whole-brain mapping Matlab script. Specifically, VGLUT2-Cre (n = 4 mice) and GAD2-Cre (n =
3 mice) mice were injected with AAV-FLEX-TVA-mCherry (i.e., a cellular receptor for subgroup A avian leukosis viruses) and
AAV-FLEX-RG (i.e., rabies virus glycoprotein; 250 nl, 1:1) into the LDT and four weeks later, 300 nl RV-EnvA-AG-GFP (i.e., pseu-
dotyped, glycoprotein-deficient, GFP-expressing rabies virus) was injected into the VTA (see “Stereotaxic Injections” for coor-
dinates). Seven days after injection, mice were perfused with 4% PFA in PBS. For input mapping, 50 um sections of the whole
brain, excluding the olfactory bulb and cerebellum, were prepared, and scanned using a Zeiss Axio Scan Z1 microscope. In-
dividual slices were aligned using customized Matlab scripts. GFP-positive pixels were identified on the basis of a pixel-inten-
sity threshold in the green channel. False-positive pixels (artifacts) were manually identified and removed. Positive pixels were
assigned to different brain areas based on “The Mouse Brain in Stereotaxic Coordinates” (Franklin and Paxinos, 2013). Pixels
per brain area were then represented as a percentage of total input pixels. 31 slices were randomly selected to validate this
semi-automated quantification method and a human observer counted GFP-positive cells in these regions. These
results demonstrated a high correlation between manual scoring of input neurons by an independent observer and our auto-
mated segmentation procedure (R2 = 0.9, n = 31 slices).
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Fluorescent in situ hybridization

The fluorescent in situ hybridization experiments (Figures S4J and S4K) were conducted using a commercially available RNAscope®
Multiplex Fluorescent Reagent Kit V2 (ACD Bio, USA). Brains were extracted and snapfrozen by submerging them into frozen iso-
pentane (-70 to -50°C). They were stored in an airtight container in a -80°C freezer. 16 um coronal LDT brain slices were prepared
using a cryostat, placed on Superfrost Plus microscope slides (Fisher Scientific, USA) and stored in a -80°C freezer. On the next
day, brain slices were fixed in 4% paraformaldehyde (PFA) in PBS (30 min) followed by an ethanol dehydration procedure
(20 min). Slices were then bathed in hydrogen peroxide (10 min), followed by protease IV from the RNAscope® kit (15 min). Next,
probe mixes were made containing a7R (Mm-Chrna7), GAD2 (Mm-Gad2). Probe mixes were applied to the brain slices for hybrid-
ization (2 hours at 40°C). After amplification of the signal (using AMP1, AMP2 and AMP3 from the RNAscope® kit), channel C1
was developed using green Opal 520 (Akoya Biosciences, USA) and channel C2 was developed using orange Opal 570 (Akoya Bio-
sciences, USA). Lastly, nuclei were stained using DAPI (from the RNAscope® kit) and brain slices were sealed with ProLong Gold
Antifade mountant (Thermo Fisher Scientific, USA) and a glass coverslip. Images were taken using a confocal microscope
(LSM710, Carl Zeiss Inc.) at 5 different z depths (spanning 4.4 um), and images were flattened by taking the maximum projection
across the z direction. Regions of interest (ROIs) were identified using a machine learning-based segmentation algorithm
NucleAlzer37 based on the DAPI channel. The amount of visible mRNA across the DAPI-identified region was used as a proxy for
total MRNA in the cell. All identified regions of interest were manually sorted by an investigator who was blind to brain region and
probe mix. ROIs were removed if they (i) showed overlap with other regions of interest or (ii) were segmentated inadequately by
the algorithm. Using a custom-made MATLAB algorithm, the remaining cells were analyzed based on the percentage of DAPI-pos-
itive pixels that were also positive for targeted mRNA. To adjust for potential differences in staining and/or image quality, we
compared pixels in all regions of interest to background fluorescence levels in each image. To do this, we first established a ‘null
distribution’ that quantifies the distribution in pixel intensity values for cells putatively negative for targeted mRNA. Each cell’s
distribution of pixel intensities was compared to the null distribution for the targeted mRNA and a correlation coefficient R was
calculated. If R of a cell’s distribution compared to the null distribution was less than 0.85, then a cell was labeled as positive for
the targeted mRNA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s t tests (paired and unpaired), one-way or two-way ANOVA tests, and mixed effects analyses were used to determine sta-
tistical differences using GraphPad Prism 9 (Graphpad Software). Kolmogorov-Smirnov tests were performed on AUCs of individual
infusions to check for a normal distribution. Holm-Sidak’s post hoc analysis was applied when a one-way ANOVA or mixed effects
analysis showed a significant main effect, or a two-way ANOVA or mixed effects analysis showed a significant interaction. Statistical
significance was * p < 0.05, ** p < 0.01, ** p < 0.001. All data are presented as means + SEM. All details of the statistical analysis
including means, SEMs, and number of animals used are summarized in Table S1.

Neuron 770, 1-18.e1-e7, September 21, 2022 e7




	NEURON16137_proof.pdf
	An inhibitory brainstem input to dopamine neurons encodes nicotine aversion
	Introduction
	Results
	A computational model predicts divergent effects of rewarding versus aversive nicotine on dopamine cell activity
	Aversive nicotine inhibits VTA dopamine cells when α4β2Rs are desensitized
	Aversive nicotine reduces dopamine release in the lateral mesoaccumbal pathway through α7 receptors
	LDT GABA inputs to VTA are excited by aversive nicotine through α7 receptors
	Manipulation of LDT GABA cells alters the effects of aversive nicotine on dopamine release and behavior

	Discussion
	Effects of aversive nicotine in a heterogeneous dopamine system
	Bridging the habenulo-interpeduncular axis with the mesolimbic dopamine system
	A computational model for nicotine’s dose-dependent effects
	Relevance to treatments for nicotine addiction

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Stereotaxic surgeries
	Jugular vein catheterization
	Drug infusions
	Electrophysiology
	Fiber photometry
	Behavioral assays
	Conditioned Place Preference or Aversion (CPP or CPA)
	Real-time place preference and aversion (Figures 5H–5J, S2H, S2I, and S6F)
	Open field test

	Computational modeling
	Histology and microscopy
	Immunohistochemistry and microscopy
	In situ hybridization
	Whole brain input mapping
	Fluorescent in situ hybridization


	Quantification and statistical analysis




