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Chronic Nicotine Exposure Alters the Neurophysiology of
Habenulo-Interpeduncular Circuitry
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Antagonism of nicotinic acetylcholine receptors (nAChRs) in the medial habenula (MHb) or interpeduncular nucleus (IPN) triggers
withdrawal-like behaviors in mice chronically exposed to nicotine, implying that nicotine dependence involves the sensitization of
nicotinic signaling. Identification of receptor and/or neurophysiological mechanisms underlying this sensitization is important, as it
could promote novel therapeutic strategies to reduce tobacco use. Using an approach involving photoactivatable nicotine, we previously
demonstrated that chronic nicotine (cNIC) potently enhances nAChR function in dendrites of MHb neurons. However, whether cNIC
modulates downstream components of the habenulo-interpeduncular (Hb-IP) circuit is unknown. In this study, cNIC-mediated changes
to Hb-IP nAChR function were examined in mouse (male and female) brain slices using molecular, electrophysiological, and optical
techniques. cNIC enhanced action potential firing and modified spike waveform characteristics in MHb neurons. Nicotine uncaging
revealed nAChR functional enhancement by cNIC on proximal axonal membranes. Similarly, nAChR-driven glutamate release from MHb
axons was enhanced by cNIC. In IPN, the target structure of MHb axons, neuronal morphology, and nAChR expression is complex, with
stronger nAChR function in the rostral subnucleus [rostral IPN (IPR)]. As in MHb, cNIC induced strong upregulation of nAChR function
in IPN neurons. This, coupled with cNIC-enhanced nicotine-stimulated glutamate release, was associated with stronger depolarization
responses to brief (1 ms) nicotine uncaging adjacent to IPR neurons. Together, these results indicate that chronic exposure to nicotine
dramatically alters nicotinic cholinergic signaling and cell excitability in Hb-IP circuits, a key pathway involved in nicotine dependence.
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Introduction
Despite widespread appreciation for their harmful actions, to-
bacco product use continues to exert an enormous toll on public

health. Nicotine, a high-affinity agonist of nicotinic acetylcholine
receptors (nAChRs) found naturally in tobacco, is the key psy-
choactive agent responsible for physical and psychological de-
pendence on these products. Most smokers make multiple
attempts at cessation, but withdrawal and subsequent relapse to
nicotine use is the typical end result of a quit attempt. Despite
being marketed as a cessation aid, electronic nicotine delivery
systems (“e-cigarettes”) promote relapse to smoking (Young-
Wolff et al., 2018). Withdrawal involves physical, affective, and
cognitive disturbances in the hours and days following nicotine
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Significance Statement

This study uncovers several neuropharmacological alterations following chronic exposure to nicotine in a key brain circuit
involved in nicotine dependence. These results suggest that smokers or regular users of electronic nicotine delivery systems (i.e.,
“e-cigarettes”) likely undergo sensitization of cholinergic circuitry in the Hb-IP system. Reducing the activity of Hb-IP nAChRs,
either volitionally during smoking cessation or inadvertently via receptor desensitization during nicotine intake, may be a key
trigger of withdrawal in nicotine dependence. Escalation of nicotine intake in smokers, or tolerance, may involve stimulation of
these sensitized cholinergic pathways. Smoking cessation therapeutics are only marginally effective, and by identifying cellular/
receptor mechanisms of nicotine dependence, our results take a step toward improved therapeutic approaches for this disorder.

4268 • The Journal of Neuroscience, May 29, 2019 • 39(22):4268 – 4281

mailto:drenan@northwestern.edu


abstinence (Benowitz, 2009). Patients report symptoms such as
perspiration, depression, anxiety, and a decline in attentional
performance (Benowitz, 2008). Smoking cessation drugs, includ-
ing varenicline and bupropion, are only marginally effective at
fostering cessation (Caponnetto et al., 2012).

Aversive nicotine withdrawal symptoms may be required to
produce escalated intake of nicotine (George et al., 2007; Gilpin et
al., 2014), the latter being a cardinal feature of tobacco addiction.
A significant effort among preclinical researchers has begun to
identify the mechanistic basis for this aversive withdrawal re-
sponse. �4 nAChR subunit knock-out mice exhibit decreased
nicotine withdrawal behaviors (Salas et al., 2004). The con-
spicuous and selective expression of �4 in the habenulo-
interpeduncular (Hb-IP) pathway (Marks et al., 1992) fueled
speculation that this system played a role in nicotine depen-
dence (Salas et al., 2004). This was later confirmed when
blockade of nAChRs in the Hb-IP pathway precipitated nico-
tine withdrawal in mice chronically exposed to nicotine (Salas
et al., 2009). Elegant subsequent work suggested that the
Hb-IP pathway works to limit nicotine intake through �5-
containing nAChRs (Fowler et al., 2011). Tapper and col-
leagues later demonstrated that optical activation of
GABAergic Gad2� neurons in the interpeduncular nucleus
(IPN) is sufficient to reproduce withdrawal-like behavior (Zhao-
Shea et al., 2013), but there is clear evidence that Gad2� neurons
are only a subset of all IPN neurons (Hsu et al., 2013; Shih et al.,
2014; Ables et al., 2017; Morton et al., 2018).

Human brain-imaging studies have confirmed that smoking
leads to the upregulation of high-affinity nAChRs, which is sus-
tained for 3– 4 weeks following the discontinuation of nicotine
exposure (Mamede et al., 2007; Mukhin et al., 2008; Cosgrove et
al., 2009). Blockade of nAChRs in the medial habenula (MHb) or
IPN triggers withdrawal-like behavior in chronic nicotine
(cNIC)-treated mice (Salas et al., 2009), implying that prolonged
nicotine exposure sensitizes nAChRs directly and/or augments
the downstream cellular effect of their activation. Despite the
elegant circuitry work cited above, the nAChR and/or cellular
sensitization mechanisms in MHb/IPN at play in nicotine depen-
dence have not been identified. Moreover, how such sensitization
maps onto the diverse cell types found in IPN (Zhao-Shea et al.,
2015; Ables et al., 2017) is not at all clear. Identifying these mech-
anisms is a high priority, as this could promote discovery of im-
proved tobacco cessation strategies. Using a combination of
optical, physiological, and molecular approaches, we now show
that chronic nicotine exposure enhances nAChR function and
cellular excitability at multiple locations in the Hb-IP circuit.

Materials and Methods
Materials. AAV5.hSyn.DIO.hM4D(Gi)-mCherry.WPRE.hGH was ob-
tained from Addgene. (�)-Nicotine hydrogen tartrate salt (nicotine) was
obtained from Glentham Life Sciences. Acetylcholine chloride (ACh),
picrotoxin (PTX), and atropine sulfate (atropine) were obtained from
Sigma-Aldrich. CGP 55845 (CGP), 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX), 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline
(NBQX), D-AP5, donepezil hydrochloride (donepezil), tetrodotoxin
(TTX), and QX314 chloride (QX314) were obtained from Tocris Biosci-
ence. Photoactivatable nicotine (PA-Nic) was synthesized as previously
described (Banala et al., 2018) and provided by the laboratory of Luke
Lavis [Janelia Research Campus, Howard Hughes Medical Institute
(HHMI)].

Mice. All experimental protocols involving mice were approved by the
Institutional Animal Care and Use Committee at Northwestern Univer-
sity (protocol #IS00003604). Procedures also followed the guidelines for
the care and use of animals provided by the National Institutes of Health

Office of Laboratory Animal Welfare. All efforts were made to minimize
distress and suffering during experimental procedures, including during
the use of anesthesia. Mice were housed at 22°C on a 12 h light/dark cycle
with food and water available ad libitum. Mice were weaned on postnatal
day 21 and housed with same-sex littermates. A tail sample was taken
from each mouse for genotyping via PCR. The following mouse strains
were obtained from The Jackson Laboratory: vGluT2-IRES-Cre (catalog
#016963); Gad2-IRES-Cre (catalog #010802); Pvalb-tdTomato (tdT; cat-
alog #027395); Sst-IRES-Cre (catalog #013044); Ai14 (catalog #007908);
and C57BL/6J (catalog #000664). Mice expressing tdTomato in a Cre-
dependent manner (vGluT2-IRES-Cre::Ai14, Gad2-IRES-Cre::Ai14)
were obtained by crossing mice heterozygous for each mutation, which
produced �25% double-heterozygous progeny. To fluorescently mark
Sst � neurons in IPN for targeted patch-clamp recordings, Sst-IRES-Cre
mice were microinjected with AAV5.hSyn.DIO.hM4D(Gi)-mCherry in
IPN. Male and female mice (age, 6 –24 weeks) were used in approxi-
mately equal numbers.

Chronic nicotine treatment. Mice were chronically exposed to nicotine
either via their drinking water (Fig. 1; and see Figs. 3a–i, 4c–l ) or an
osmotic minipump (see Figs. 3j–m, 9). For data in Fig. 2f–h some mice
were treated with nicotine via drinking water and some via minipumps.
Previous work (Salas et al., 2009) suggests that these two methods are
equivalent for the production of nicotine dependence in mice. Mice were
treated with nicotine via drinking water as previously described (Banala
et al., 2018), with minor modifications. Nicotine hydrogen tartrate or
L-tartaric acid (control group) was dissolved in tap water, pH 7.0, sup-
plemented with saccharin sodium (3 mg/ml) to mask the bitter taste of
nicotine. The following treatment schedule was used for nicotine (re-
ported as nicotine-free base) and tartaric acid, respectively (in �g/ml):
days 1–2 (50, 75), days 3– 4 (100, 150), day 5 and beyond (200, 300). The
latter doses were maintained by replacing drinking water solutions every
2–3 d, and mice were treated for at least 28 d before experimentation.
Mice were exposed to nicotine via minipumps as we described previously
(Shih et al., 2014). Briefly, mice were implanted with primed osmotic
minipumps (model 2004; Alzet) filled with sterile saline or (�)nicotine
hydrogen-tartrate salt dissolved in sterile saline. Nicotine (free base) was
delivered at a rate of 12 mg/kg/d. Mice were treated for 14 –21 d before
experimentation. We previously validated that osmotic minipump and
nicotine drinking water result in identical nAChR upregulation in MHb
neurons (Banala et al., 2018), supporting our approach using different
treatment methods in the same study.

Stereotaxic surgery. Male and female mice were used for surgery start-
ing at 8 weeks of age. Mice were initially anesthetized with an intraperi-
toneal injection of a ketamine/xylazine mixture (120 mg/kg ketamine, 16
mg/kg xylazine). Mice were given additional “boost” injections of ket-
amine (100 mg/kg, i.p.) as needed. Alternatively, some mice were anes-
thetized with isoflurane, as follows: 3% (flow rate 500 ml/min) for
induction and 1.5% (36 ml/min) for maintenance. Mice were secured
into a stereotaxic frame and a small incision was made at the top of the
head to expose the skull. Coordinates (unilateral) used for IPN injections
were as follows (relative to bregma, in mm): mediolateral, �0.01 (or
�0.01); anteroposterior (A/P), �3.5; and dorsoventral (D/V), �4.7. Ex-
act coordinates were adjusted to account for slight differences in the head
sizes of individual mice: the bregma/lambda distance measured for each
mouse was divided by the reported bregma/lambda distance for C57
mice (4.21), then was multiplied by the A/P coordinate. The injection
needle was slowly lowered through the drilled hole to the D/V coordi-
nate. For adeno-associated viruses (AAVs), 500 nl of virus was infused at
a rate of 50 nl/min. For all stereotaxic injections, the injection needle was
left in place for 10 min after the infusion ended before slowly retracting
the needle. Sutures were used to close the incision. At the conclusion of
the surgery, mice were given ketoprofen (5 mg/kg, s.c.), and placed in a
recovery cage, kept warm, and observed until they were ambulatory.
Mice were single housed following virus injection surgery, and were
given at least 14 d to recover and for the virus to express before beginning
experimental procedures. For electrophysiology experiments, accurate
targeting of IPN was determined via direct visualization of fluorescent
neurons in brain slices during recordings.
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mRNA in situ hybridization and expression analysis. Mice were deeply
anesthetized with Euthasol (sodium pentobarbital, 100 mg/kg; sodium
phenytoin, 12.82 mg/kg) and decapitated. Brains were quickly removed
on ice, snap frozen, and embedded in cryoembedding medium (O.C.T.).
Brains were sectioned on a cryostat (model CM3050, Leica) into 20 �m
sections, and sections were adhered to Superfrost Plus slides, kept at
�20°C to dry for 60 min, and stored at �80°C until use. Sections were
fixed with 4% paraformaldehyde and processed for RNAscope [Ad-
vanced Cell Diagnostics (ACD)] multichannel fluorescence in situ hy-
bridization (FISH) according to the manufacturer manual for Multiplex
assays. Sections were mounted with ProLong Gold Antifade Mountant
with DAPI (Thermo Fisher Scientific). Probes for the detection of spe-
cific targets (Chrna2, Chrna5, Chrnb2, Chrnb4, Chrm3, Chrm5, Gad2,
Slc17a6, Sst, Pvalb, Nacho/Tmem35a) were purchased from ACD
(https://acdbio.com/). The probe targeting Nacho/Tmem35a (Gu et al.,
2016; Kennedy et al., 2016; Matta et al., 2017) was designed de novo for
this study in collaboration with ACD.

Sections were imaged on a Nikon A1 Confocal Microscope according
to the following parameters: 1024 � 1024 pixels, �200 nm/pixel, 20�
0.75 numerical aperture (NA) objective. Nikon system images were pro-
cessed with custom scripts in ImageJ (NIH). All images to be used for
FISH quantification were acquired and processed in the same manner.
FISH quantification used the “fluorescence coverage (%)” method (Wal-
lace et al., 2017; Yan et al., 2018), which reports the fraction of fluorescent
pixels to total pixels in a cellular region of interest (ROI). An ImageJ
script used DAPI staining to locate nuclei for automated and unbiased
creation of cellular ROIs. The DAPI image was filtered with a Gaussian
blur filter (� � 3), thresholded (ImageJ “default” threshold), and the
thresholded nuclei were dilated slightly [MorphoLibJ (ImageJ) dilation
filter; disc, radius � 2] to allow the capture of the RNA fluorescence
signal just outside the nucleus but still presumably within the cell. A
watershed algorithm was then applied to the filtered, binary DAPI image
to isolate/separate adjacent nuclei. Finally, ROIs were detected in ImageJ
(Analyze Particles algorithm; size � 20 to infinity; circularity � 0.5–1.0)
and saved for application to fluorescence channel images. FISH channel

images were each processed as follows: Gaussian blur filter (� � 1);
Mexican Hat filter (radius � 2); and threshold (Otsu algorithm). ROIs
from the DAPI image routine were then applied to the filtered/thresh-
olded FISH channel and a raw “% coverage” value was derived for each
ROI. For each channel, these raw % coverage values for each ROI were
then scaled to the single ROI in the dataset with the highest % coverage.
This normalization step accounted for differences in probe performance
and target gene expression levels. Using these transformed/normalized
datasets, a cutoff value of 10% “normalized percentage coverage” was
uniformly assigned to each distribution. Scatter plots in Figures 6 and 7
show this cutoff for each channel as a horizontal and vertical line at 10%
“normalized percentage coverage.” Exactly n � 3 mice were sampled for
each condition, and 2 images of the rostral IPN (IPR) subnucleus were
analyzed per mouse.

Brain slice preparation and recording solutions. Brain slices were pre-
pared as described previously (Engle et al., 2012). Mice were anesthetized
with Euthasol (sodium pentobarbital, 100 mg/kg; sodium phenytoin,
12.82 mg/kg) before transcardiac perfusion with oxygenated (95%
O2/5% CO2), 4°C N-methyl-D-glucamine (NMDG)-based recovery so-
lution that contains the following (in mM): 93 NMDG, 2.5 KCl, 1.2
NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 sodium ascorbate, 2
thiourea, 3 sodium pyruvate, 10 MgSO4�7H2O, and 0.5 CaCl2�2H2O, at
300 –310 mOsm and pH 7.3–7.4. Brains were immediately dissected after
the perfusion and held in oxygenated 4°C recovery solution for 1 min
before cutting a brain block containing the MHb or IPN and sectioning
the brain with a vibratome (model VT1200S; Leica). Coronal slices (200 –
250 �m) were sectioned through the brain area of interest and trans-
ferred to an oxygenated 33°C recovery solution for 12 min. Slices were
then kept in holding solution (containing the following, in mM: 92 NaCl,
2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 sodium
ascorbate, 2 thiourea, 3 sodium pyruvate, 2 MgSO4�7H2O, and 2
CaCl2�2H2O, at 300 –310 mOsm and pH 7.3–7.4) at 23°C for �60 min
before recordings.

Brain slices were transferred to a recording chamber being continu-
ously superfused at a rate of 1.5–2.0 ml/min with oxygenated 32°C re-

Figure 1. Chronic nicotine exposure alters spontaneous action potential firing in MHb neurons. a, Representative cell-attached firing traces for MHb neurons from control and cNIC-treated mice.
b, Summary data (control: n � 11 cells, n � 3 male mice; cNIC-treated: n � 10 cells, n � 4 male mice) of cell-attached firing in MHb neurons for control and cNIC-treated mice. c, Representative
spontaneous action potentials for whole-cell patch-clamped MHb neurons for control and cNIC-treated mice, illustrating features quantified in subsequent panels. d, Representative spontaneous
action potential phase plots for MHb neurons from control and cNIC-treated mice. e, Summary resting membrane potential data (control: n � 34 cells, n � 5 male mice; cNIC-treated: n � 31 cells,
n � 7 male mice; the same mice were used for data in f–j) for MHb neurons from control and cNIC-treated mice. f, Summary action potential amplitude data (control: n � 32 cells; cNIC-treated:
n � 30 cells) for MHb neurons from control and cNIC-treated mice. g, Summary action half-width data (control: n � 32 cells; cNIC-treated: n � 30 cells) for MHb neurons from control and
cNIC-treated mice. h, Summary action potential threshold data (control: n � 32 cells; cNIC-treated: n � 29 cells) for MHb neurons from control and cNIC-treated mice. i, Summary action potential
maximum rise slope data (control: n � 32 cells; cNIC-treated: n � 31 cells) for MHb neurons from control and cNIC-treated mice. j, Summary action potential maximum decay slope data (control:
n � 32 cells; nicotine-treated: n � 31 cells) for MHb neurons from control and cNIC-treated mice.
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cording solution. The recording solution [artificial cerebrospinal fluid
(ACSF)] contained the following (in mM): 124 NaCl, 2.5 KCl, 1.2
NaH2PO4, 24 NaHCO3, 12.5 glucose, 2 MgSO4�7H2O, 2 CaCl2�2H2O,
and 0.001 atropine, at 300 –310 mOsm and pH 7.3–7.4. For the following
datasets/figure panels, this recording solution was supplemented with
the following: Figure 3: PTX (100 �M); Figures 4 and 5: TTX (0.5 �M);
CNQX (10 �M); D-AP5 (30 �M); PTX (75 �M); and CGP (10 �M). Patch
pipettes were pulled from borosilicate glass capillary tubes (1B150F-4,
World Precision Instruments) using a programmable microelectrode
puller (P-97, Sutter Instrument). Tip resistance ranged from 5.0 to 10.0
M� when filled with internal solution. The following internal solution
was used (in mM): 135 potassium gluconate, 5 EGTA, 0.5 CaCl2, 2 MgCl2,
10 HEPES, 2 MgATP, and 0.1 GTP, pH adjusted to 7.25 with Tris base,
and osmolarity adjusted to 290 mOsm with sucrose. For data in Figures 2,
f and g, and 4c–l, this internal solution also contained QX-314 (2 mM) for
improved voltage control.

Standard patch-clamp electrophysiology. Neurons within brain slices
were first visualized with infrared or visible differential interference con-

trast, followed in some cases by fluorescence microscopy to identify neu-
rons expressing fluorescent proteins. Electrophysiology experiments
were conducted using a Nikon Eclipse FN-1 Microscope or a Scientifica
SliceScope. A computer running pCLAMP 10 software was used for re-
cordings along with a Multiclamp 700B or Axopatch 200B amplifier and
an analog-to-digital (A/D) converter (Digidata 1440A or Digidata
1550A). pClamp software, Multiclamp/Axopatch amplifiers, and Digi-
tata A/D converters were from Molecular Devices. Data were sampled at
10 kHz and low-pass filtered at 1 kHz. Immediately before gigaseal for-
mation, the junction potential between the patch pipette and the super-
fusion medium was nulled. Series resistance was uncompensated. A
light-emitting diode (LED) light source (X-Cite 110 LED, Excelitas Tech-
nologies) coupled to excitation filters (400/40 nm, 470/40 nm, and
560/40 nm bandpass) was used to search for fluorescent neurons. To
record physiological events following the local application of drugs, a
drug-filled pipette was moved to within 20 – 40 �m of the recorded neu-
ron using a second micromanipulator. A Picospritzer (General Valve)
dispensed drug (dissolved in recording solution) onto the recorded neu-

Figure 2. nAChR functional upregulation in axons of MHb neurons. a, Representative 2PLSM image of a patch-clamped MHb neuron. b, 3D reconstruction of the neuron shown in a. Inset shows
exploded view of reconstructed dendritic arbor. c, Sholl analysis for MHb neurons. For n � 24 MHb neurons (n � 17 mice [16 male/1 female]), morphology was reconstructed in 3D, and the number
of Sholl intersections is plotted at each Sholl radius (1 �m step size). Shading indicates the 95% confidence interval. d, 3D reconstruction of a different MHb neuron with an intact axon. e, Nicotine
uncaging along MHb neuron axons. A representative 2PLSM image of an MHb neuron with intact axon is shown, including approximate positions where PA-Nic (50 �M) laser flash photolysis was
executed adjacent to the axonal membrane. f, Representative nAChR currents following nicotine uncaging along the axon of an MHb neuron from a control/cNIC-treated mouse. g, Summary nicotine
uncaging-evoked current amplitudes for MHb neurons at the indicated distance from the soma along the axon (control: n � 7 cells, n � 4 mice [9 male/0 female]; cNIC-treated: n � 7 cells, n �
5 mice [5 male/0 female]). h, Input resistance in control and cNIC-treated MHb neurons (control: n � 11 cells, n � 4 mice [2 male/2 female]; cNIC-treated: n � 15 cells, n � 4 mice [4 male/0
female]).

Arvin et al. • Habenulo-Interpeduncular Circuits Modified by Nicotine J. Neurosci., May 29, 2019 • 39(22):4268 – 4281 • 4271



ron via a pressure ejection. Ejection volume, duration, and ejection pres-
sure varied depending on the goal of the experiment.

Two-photon laser-scanning microscopy, electrophysiology, and nicotine
uncaging. PA-Nic photolysis was performed as described previously (Ba-
nala et al., 2018; Yan et al., 2018; Arvin et al., 2019). An Olympus BX51

upright microscope and a 60� (1.0 NA) water-dipping (2 mm working
distance) objective was used to visualize cells. Prairie View 5.4 (Bruker
Nano) software was used for image acquisition, photostimulation, and
electrophysiology acquisition via a Multiclamp 700B patch-clamp am-
plifier. Analog signals were sampled at 5 kHz and low-pass filtered at 1

Figure 3. Chronic nicotine enhances nicotine-stimulated glutamate release in IPN. a, Representative IPN neuron voltage-clamp recordings from mice treated with control or chronic nicotine.
Recordings show Spontaneous excitatory postsynaptic current (sEPSCs) during superfusion of the slice with 0.06 �M nicotine. Insets show exploded view of example sEPSCs. b, sEPSC interevent
interval cumulative distribution for a representative neuron from a control mouse before and after nicotine (0.06 �M) superfusion. c, sEPSC interevent interval cumulative distribution for a
representative neuron from a cNIC-treated mouse before and after nicotine (0.06 �M) superfusion. d, sEPSC amplitude cumulative distribution for a representative neuron from a control mouse
before and after nicotine (0.06 �M) superfusion. e, sEPSC amplitude cumulative distribution for a representative neuron from a cNIC-treated mouse before and after nicotine (0.06 �M) superfusion.
f, Summary plots of sEPSC interevent interval for IPN neurons from control [0.03 �M, n � 6 cells; 0.06 �M, n � 5 cells; 0.12 �M, n � 5 cells; n � 7 mice (6 male/1 female)] and cNIC-treated [0.03
�M, n �7 cells; 0.06 �M, n �7 cells; 0.12 �M, n �8 cells; n �9 mice (5 male/4 female)] mice before and after superfusion of the slice with the indicated nicotine concentration. p Values (Wilcoxon
matched-pairs signed rank tests) are shown for each group (blue, control mice; red, cNIC mice). The cells/mice used were also used to derive data in g, h, and i. g, Summary plots of sEPSC amplitude
for IPN neurons from control and cNIC-treated mice before and after superfusion of the slice with the indicated nicotine concentration. p Values (Wilcoxon matched-pairs signed rank tests) are shown
for each group (blue, control mice; red, cNIC mice). h, Summary baseline (no nicotine superfusion) sEPSC interevent interval data for all IPN recordings from control and cNIC-treated mice. p Value,
Mann–Whitney test. i, Summary baseline (no nicotine superfusion) sEPSC amplitude data for all IPN recordings from control and cNIC-treated mice. p Value, Mann–Whitney test. j, Electrically
eEPSCs in a voltage-clamped IPN neuron are sensitive to synaptic blockers (10 �M NBQX, 50 �M D-AP5). Inset, Recording configuration is shown for data in j through m. k, Superfusion of 0.12 �M

nicotine enhances evoked glutamatergic transmission in IPN neurons. Inset, Summary plots of eEPSC amplitude before/after nicotine superfusion [n � 5 cells; n � 3 mice (2 male/1 female)]. p
Value, Paired t test. l, Superfusion of 0.12 �M nicotine modifies paired-pulse facilitation in IPN neurons. Inset, Summary plots of paired-pulse eEPSC amplitude ratio (i.e., PPR) before/after nicotine
superfusion [n � 5 cells; n � 4 mice (2 male/2 female)]. p Value, Paired t test. m, Selective modulation of paired-pulse facilitation by low nicotine concentrations in IPN neurons from cNIC-treated
mice. Summary plots are shown for PPR measurements in IPN neurons of control [0.03 �M, n � 5 cells; 0.06 �M, n � 5 cells; 0.12 �M, n � 6 cells; n � 8 mice (5 male/3 female)] or cNIC-treated
[0.03 �M, n � 7 cells; 0.06 �M, n � 6 cells; 0.12 �M, n � 7 cells; n � 9 mice (6 male/3 female)] mice before and after superfusion of the slice with the indicated nicotine concentration. *p � 0.05
(paired t test).
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kHz, and an A/D converter (PCI-NI6052e, National Instruments) was
used for digitization. Patch-clamp recordings were carried out using the
internal solution mentioned above, except that Alexa Fluor 488, 568, or
594 (hydrazide salt; 50 –200 �M) was also included in the recording pi-
pette to visualize cells using two-photon laser-scanning microscopy
(2PLSM). After break-in, the internal solution with the Alexa Fluor dye
was allowed to equilibrate for 15–20 min before imaging was initiated. A
Mai Tai HP1040 (Spectra-Physics) was used to excite Alexa Fluor 488,
568, or 594. These dyes were used during uncaging experiments for cell
imaging at 965, 790, and 800 nm, respectively. The laser was pulsed at 90
MHz (pulse duration, �250 fs), and a M350 – 80-02-BK Pockels cell
(ConOptics) was used for power attenuation. The dual-channel, two-
photon fluorescence was detected by two non-descanned detectors;
green and red channels (dual emission filters, 525/70 and 595/50 nm)
were detected by the following Hamamatsu photomultiplier tubes, re-
spectively: end-on GaAsP (7422PA-40) and side-on multi-alkali
(R3896). A 405 nm Continuous Wave laser (100 mW OBIS LX, Coher-
ent), incorporated into a laser launch system, was used for photostimu-
lation/uncaging via a second set of x–y galvanometers incorporated into
the scanhead (Cambridge Technologies). The 405 nm laser power was
measured below the sample but above the condenser using a FieldMaster
GS (with LM10 HTD sensor head, Coherent). PA-Nic [Fig. 2f,g: 50 �M;
Fig. 4c–l (and also see Fig. 9a–d: 100 �M[SCAP])] was applied to the slice
via superfusion. The Markpoints module of Prairie View 5.4� software
was used to select spots in the field of view (�1 �m diameter) for focal

uncaging of nicotine via 405 nm laser light flashes (voltage clamp: 50 ms,
2 mW; current clamp: 1 ms, 2 mW). For some data [Figs. 2a,e, 4b (and see
Figs. 8b,d,f,h, 9a)], a Z-series 2PLSM image of the cellular morphology
was acquired after the completion of electrophysiological recordings. For
Figure 2, these z-stacks were used to reconstruct neurons in 3D using
either Simple Neurite Tracer (ImageJ plugin; Fig. 2c) or Neutube (Janelia
Farm, HHMI; Fig. 2b,d). Sholl analysis was performed with Simple Neu-
rite Tracer.

Experimental design and statistical analysis. The � level was set to 0.05
for all statistical tests, which were conducted with GraphPad Prism 7
software. Experimenters were blinded to the treatment condition for the
data described in Figure 1 (and see Figure 9). Statistical tests included
two-sided unpaired Student’s t test [Figs. 1b,e–j, 2g,h, 4d,i,m, 5h,i, Fig. 6b
(and see Fig. 9c–f )], two-sided paired t test (Fig. 3k–m), nonparametric
two-tailed Wilcoxon matched-pairs signed rank test (Fig. 3f,g), and non-
parametric two-tailed Mann–Whitney test (Fig. 3h,i). Error bars denote
SEM. Individual data points in scatter plots represent independent rep-
licates/cells. Image analysis was performed with ImageJ (NIH). Analysis
of electrophysiology data was performed with Clampfit (Molecular De-
vices) and custom scripts written in MATLAB (MathWorks). Resting
membrane potential (Fig. 1e) was determined by simply deriving the
mean membrane potential for each cell from a continuous 20 s recording.
Input resistance was calculated from the change in steady-state current
evoked by a voltage step from the holding voltage (Ables et al., 2017).
Action potential characteristics were calculated/derived by first detecting

Figure 4. Nicotine uncaging reveals nAChR functional upregulation in IPN neurons following chronic nicotine. a, PA-Nic was used to uncage nicotine with laser flash photolysis adjacent to IPN
neurons in coronal brain slices of control and cNIC-treated mice. b, Variable IPN neuron morphology. Representative 2PLSM images of IPN neurons with complex (left image) and sparse (middle
image) dendritic arbors are shown. Some neurons (middle image, boxed area exploded view in right image) have clear dendritic spines. c, Representative nicotine uncaging (50 ms, 2 mW,
perisomatic stimulus) responses in an IPN neuron of a control and cNIC-treated mouse. Inset shows exploded view of the initial uncaging event. d, Summary data for all initial/first nicotine uncaging
responses in IPN neurons of control [n � 11 cells; n � 3 mice (1 male/2 female)] and cNIC-treated [n � 11 cells; n � 4 mice (1 male/3 female)] mice. Cells/mice used were also used to derive data
in c, e, f, and g. p Value, Unpaired t test. e, Summary time-series data for repeated (2 min interstimulus interval) nicotine uncaging responses in IPN neurons of control and cNIC-treated mice. Data
at 0 min are the same data as in d but are replotted for clarity. Summary data from e for control (f ) and cNIC-treated (g) mice are replotted on a normalized scale with individual cells shown in gray.
h, Representative nicotine uncaging (50 ms, 2 mW; perisomatic stimulus) responses in IPN neurons from naive mice are shown for slices acutely treated with control ACSF or donepezil (1 �M;
superfusion). Inset shows exploded view of the initial uncaging event. i, Summary data for all initial/first nicotine uncaging responses in control [n � 8 cells, 3 mice (2 male/1 female)] and
donepezil-treated [n � 12 cells, 5 mice (3 male/2 female)] IPN neurons. p Value, Unpaired t test. j, Summary time-series data for repeated (2 min interstimulus interval) nicotine uncaging responses
in control and donepezil-treated IPN neurons. Data at 0 min are the same data as in i but are replotted for clarity. k, l, Summary data from j for control (k) and donepezil-treated (l ) slices are replotted
on a normalized scale with individual cells shown in gray. m, Summary data for all initial/first nicotine uncaging responses in IPN neurons from cNIC-treated mice, where slices were either exposed
to ACSF [control; n � 13 cells, 2 mice (1 male/1 female)] or donepezil [1 �M, superfusion; n � 11 cells, 2 mice (1 male/1 female)]. p Value, Unpaired t test.
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spikes in recording traces using the threshold search feature of Clampfit.
All automatically detected spikes were checked and manually accepted or
rejected. Spike amplitude was derived by finding the difference between
the peak spike voltage and the baseline, prespike voltage. The action
potential threshold was defined as the voltage at which dV/dt (voltage
changes over time) exceeded 20 mV/ms (Yu et al., 2008). Spontaneous
excitatory postsynaptic current (sEPSCs) were detected via automated
detection using Mini Analysis (Synaptosoft) followed by manual verifi-
cation of detected events. Paired-pulse experiments were conducted us-
ing a 50 ms interpulse interval. Rise time and decay time (Fig. 5) was the
time from 10% to 90% of peak response, or 90% of peak to 10% of peak
response, respectively. Throughout the figure legends, the number of
individual neurons tested is stated immediately before the number of
animals from which those neurons were derived.

Results
Chronic nicotine enhances nAChR function on axons of
MHb neurons
To examine Hb-IP changes brought about by cNIC, we re-
corded from ventral inferior MHb (MHbVI) neurons exhibit-
ing spontaneous action potential firing. The MHb principally
targets the IPN, which removes the requirement for any ret-

rograde labeling of IPN-projecting MHb neurons; all or nearly
all MHb neurons send projections to IPN. We previously re-
ported that cNIC increased the MHbVI neuron firing rate
using the cell-attached recording configuration (Shih et al.,
2015). We found the same effect in this study (Fig. 1a,b; t(19) �
4.036, p � 0.0007), validating this prior result. In whole-cell
configuration, action potential waveforms differed in control
and cNIC-treated MHbVI neurons. Figure 1c shows represen-
tative spike traces from a control and cNIC neuron, and Figure
1d shows representative phase plots for spikes recorded from
control and cNIC neurons. Compared with control neurons,
cNIC neurons exhibited a depolarized resting membrane po-
tential (Fig. 1e; t(63) � 2.395, p � 0.0196). Compared with
spikes recorded in control neurons, cNIC spikes have reduced
amplitude (Fig. 1f; t(60) � 2.166, p � 0.0343), increased half-
width (Fig. 1g; t(60) � 3.033, p � 0.0036), a depolarized mem-
brane potential at which spikes reached firing threshold (Fig.
1h; t(59) � 2.413, p � 0.0189), a decreased rise slope (Fig. 1i;
t(61) � 3.328, p � 0.0015), and a decreased decay slope (Fig. 1j;
t(61) � 2.725, p � 0.0084).

Figure 5. Prolonged inward currents in IPN neurons are specific to nicotine. a, Nicotine (100 �M) or ACh (300 �M) was applied to naive IPN neurons in slices via pressure ejection application.
Repeated application at 2 or 10 min interstimulus intervals was used. b, Representative nicotine-evoked currents [2 min interstimulus interval; time points shown (min), 0, 6, 12). c, Summary
time-series data for nicotine pressure ejection (2 min interstimulus interval). Individual cell responses [n � 10 cells; n � 4 mice (2 male/2 female)] are shown in gray. d, Summary time-series data
for nicotine pressure ejection (10 min interstimulus interval). Individual cell responses [n � 8 cells; n � 3 mice (1 male/2 female)] are shown in gray. e, Representative ACh-evoked currents [2 min
interstimulus interval; time points shown (min), 0, 6, 12]. f, Summary time-series data for ACh pressure ejection (2 min interstimulus interval). Individual cell responses [n � 12 cells; n � 4 mice
(3 male/1 female)] are shown in gray. g, Representative ACh- and nicotine-evoked inward currents in IPN neurons are plotted on the same time scale. h, Summary rise time data comparing ACh [n �
12 cells; n � 4 mice (3 male/1 female)] and nicotine [n � 12 cells; n � 4 mice (2 male/2 female)] pressure ejection application. p Value, Unpaired t test. ACh data are replotted at right on a different
scale. i, Summary decay time data comparing ACh [n � 12 cells; n � 4 mice (3 male/1 female)] and nicotine [n � 11 cells; n � 4 mice (2 male/2 female)] pressure ejection application. p Value,
Unpaired t test.
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We recently showed that nAChRs are functionally upregu-
lated in proximal dendrites of MHbVI cells following cNIC (Ba-
nala et al., 2018), and our prior work revealed strong nAChR
subunit expression in MHb proximal axons as they enter the
fasciculus retroflexus (Shih et al., 2014). To further study axonal
nAChRs in MHb neurons, we reconstructed MHb neuronal mor-
phology following 2PLSM during whole-cell recordings (Fig.
2a,b). Sholl analysis revealed that MHb neurons have approxi-
mately two primary dendrites and a compact dendritic arbor
(Fig. 2c), which is consistent with previous work (Kim and
Chang, 2005). Although dendrites are often found dorsal and
medial to the soma, a narrow and unbranching process (presum-
ably the axon) was found in n � 11 of 24 reconstructed neurons
that invariably projected ventrally (Fig. 2d). Using laser flash
photolysis of PA-Nic during voltage-clamp recordings and
2PLSM (Banala et al., 2018; Arvin et al., 2019), we rapidly (50 ms
flash duration; 2 mW) evoked nAChR activity by uncaging nico-
tine adjacent to the axon (Fig. 2e) of MHb neurons from control
and cNIC-treated animals (Fig. 2f; 45 �m from soma along the
axon). MHb axonal nAChR function was strongly enhanced in
cNIC neurons compared with control neurons when the uncag-
ing spot was placed at 15 �m (t(12) � 2.206, p � 0.047), 30 �m
(t(12) � 3.235, p � 0.0072), 45 �m (t(12) � 3.285, p � 0.0065), and
60 �m (t(11) � 3.238, p � 0.0079) from the soma (Fig. 2g). Mean
input resistance was not different in MHb control neurons
compared with cNIC-treated neurons (t(24) � 0.5985, p �
0.5551; Fig. 2h).

Chronic nicotine boosts glutamate transmission in IPN
through nAChRs
cNIC-enhanced nAChR function in the proximal axons of MHb
neurons (Fig. 2) suggests that nAChRs may also be upregulated in
more distal axonal or presynaptic compartments of these cells.
We tested this by recording EPSCs in IPN neurons, which are
modulated by presynaptic nAChRs on MHb fibers (McGehee et
al., 1995; Grady et al., 2009; Frahm et al., 2015). Using PTX
(100 �M) to suppress fast GABAergic transmission, we examined
sEPSCs before and after application of 0.03 �M, 0.06 �M (Fig. 3a,
representative traces after 0.06 �M nicotine superfusion), or 0.12
�M nicotine. Cumulative distribution plots of sEPSC interevent
interval (IEI; Fig. 3b,c) and amplitude (Fig. 3d,e) are shown for
representative control and cNIC IPN neurons. Mean sEPSC IEI
reduction (increased sEPSC frequency) occurred with 0.03 and
0.06 �M nicotine in IPN neurons from cNIC-treated animals
(Fig. 3f, red symbols; 0.03 �M: W � �28, p � 0.0156; 0.06 �M:
W � �26, p � 0.0312), but IEI reduction was not observed, in a
statistical sense, in IPN neurons from control animals at these
concentrations (Fig. 3f, blue symbols; 0.03 �M: W � 3, p �
0.8438; 0.06 �M: W � �9, p � 0.3125). A higher nicotine con-
centration (0.12 �M) was associated with a statistical trend to-
ward IEI reduction in both treatment groups (control 0.12 �M:
W � �15, p � 0.0625; cNIC 0.12 �M: W � �26, p � 0.0781).
Nicotine bath application did not alter sEPSC amplitude in con-
trol (0.03 �M: W � 7, p � 0.5625; 0.06 �M: W � 1, p 	 0.9999;
0.12 �M: W � �1, p 	 0.9999) or cNIC (0.03 �M: W � 16, p �

Figure 6. Cholinergic components in rostral IPN subnucleus. a, A Dodt contrast image of the IPN is shown with patch-clamp electrode tip in the IPR. b, Representative traces and summary data
for ACh-evoked currents in IPR and IPC neurons [IPR, n � 12 cells; IPC, n � 5 cells; n � 4 mice (3 male/1 female)]. c, Representative triple-label FISH images in IPN probing for Chrna5, Chrnb4, and
Gad2. d, Example image of Chrna5, Chrnb4, and Gad2 FISH signals in individual IPR neurons. Exploded view of numbered/boxed cells are shown at bottom right. e, Scatterplot of Chrna5 (abscissa)
vs Chrnb4 (ordinate) “% coverage” for all nuclei in IPR FISH images (n �3 male mice). Gad2 % coverage for each nucleus is represented via the indicated dot color. f, Left, Pie graph of Chrna5 � nuclei
showing fraction of Chrnb4 � and Chrnb4 � nuclei. Right, Pie graph of Chrnb4 � nuclei showing fraction of Chrna5 � and Chrna5 � nuclei. g, Scatterplot of Chrna5 (abscissa) vs Chrnb2 (ordinate)
% coverage for all nuclei in IPR FISH images [n � 3 mice (2 male/1 female)]. Inset, Pie graph of Chrna5 � nuclei showing fraction of Chrnb2 � and Chrnb2 � nuclei. h, Scatterplot of Chrna5 (abscissa)
vs Chrna2 (ordinate) % coverage for all nuclei in IPR FISH images [n � 3 mice (2 male/1 female)]. Inset, Pie graph of Chrna5 � nuclei showing fraction of Chrnb2 � and Chrna2 � nuclei. i, Scatterplot
of Chrna5 (abscissa) vs Nacho (ordinate) % coverage for all nuclei in IPR FISH images [n � 3 mice (2 male/1 female)]. Inset, Pie graph of Chrna5 � nuclei showing fraction of Nacho � and Nacho �

nuclei. j, Scatterplot of Chrna5 (abscissa) vs Chrm3 (ordinate) % coverage for all nuclei in IPR FISH images [n � 3 mice (2 male/1 female)]. Inset, Pie graph of Chrna5 � nuclei showing fraction of
Chrm3 � and Chrm3 � nuclei. k, Scatterplot of Chrna5 (abscissa) vs Chrm5 (ordinate) % coverage for all nuclei in IPR FISH images [n � 3 mice (2 male/1 female)]. Inset, Pie graph of Chrna5 � nuclei
showing fraction of Chrm5 � and Chrm5 � nuclei. See Table 1 for full summary of FISH results.
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0.2188; 0.06 �M: W � �10, p � 0.4688; 0.12 �M: W � 16, p �
0.3125) groups (Fig. 3g), and there was no significant difference
(though a trend appeared) in baseline (prenicotine) sEPSC IEI
(Fig. 3h; control: median � 1206 ms, n � 16; cNIC: median �
794 ms, n � 22; U � 115, p � 0.0734) or amplitude (Fig. 3i;
control: median � �11.1 pA, n � 16; cNIC: median � �10.8 pA,
n � 22; U � 164.5, p � 0.7424) in control versus cNIC animals.
These results are consistent with the upregulation of presynaptic
nAChRs in glutamatergic MHb axons, so we tested this more
directly by recording electrically evoked excitatory postsynaptic
current (eEPSCs) in IPN neurons. Local electrical stimulation
produced inward currents that were sensitive to excitatory syn-
aptic blockers and that could be partially recovered after drug
washout (Fig. 3j). These glutamatergic, single-pulse eEPSCs
could be enhanced by bath application of 0.12 �M nicotine (Fig.
3k; t(4) � 3.566, p � 0.0235), suggesting a role for nAChRs in
presynaptic facilitation. This is corroborated by results showing
that bath-applied nicotine (0.12 �M) also reduced the eEPSC
paired-pulse ratio (PPR; Fig. 3l; t(4) � 3.673, p � 0.0213). Finally,
we recorded eEPSCs before/after bath nicotine and derived PPRs
(50 ms interval) in control and cNIC-treated animals. Only 0.12
�M nicotine could lower the PPR in control IPN neurons (0.03
�M: t(4) � 0.9462, p � 0.3976; 0.06 �M: t(4) � 1.662, p � 0.1719;
0.12 �M: t(5) � 2.762, p � 0.0398), whereas all tested nicotine
concentrations lowered the PPR in IPN neurons from cNIC-
treated animals (0.03 �M: t(6) � 2.532, p � 0.0446; 0.06 �M: t(5) �
6.552, p � 0.0012; 0.12 �M: t(6) � 3.669, p � 0.0105; Fig. 3m).
Together with data on proximal axon nAChR upregulation (Fig.
2), these results indicate that chronic exposure to nicotine en-
hances nAChR functional activity in MHb axons and presynaptic
terminals.

Enhanced postsynaptic nAChR function in IPN neurons
Given nicotine-mediated enhancement of presynaptic nAChR
function in MHb axons (Figs. 2,3), we next asked whether cNIC
modified nAChR function in the IPN, the main projection target
for MHb neurons. We used PA-Nic laser flash photolysis in IPN
at perisomatic locations during patch-clamp recording and
2PLSM (Fig. 4a). We found IPN neurons to be morphologically
diverse; some neurons had extensive dendritic arbors, while oth-
ers had simpler dendrites that were decorated with dendritic
spines (Fig. 4b). The following results were not taken from any
specific IPN subnucleus or morphological type. A cocktail of
pharmacological blockers, as described in Materials and Meth-
ods, was used to isolate nAChR-activated currents. PA-Nic laser
flash photolysis evoked inward currents of modest amplitude and
slow recovery kinetics (Fig. 4c, control trace) relative to nicotine
uncaging responses in MHb (Banala et al., 2018) and ventral
tegmental area (VTA; Yan et al., 2018) neurons. cNIC treatment
substantially increased the inward current amplitude following
nicotine uncaging (t(20) � 4.638, p � 0.0002; Fig. 4c,d). Interest-
ingly, repeated (2 min interval) perisomatic PA-Nic photolysis
resulted in attenuation of the evoked inward current amplitude,
which was not differentially affected in control versus cNIC-
treated neurons (Fig. 4e–g). This attenuation precluded us from
analyzing nAChR currents in dendritic compartments. We spec-
ulated that if IPN nAChRs are enhanced by chronic nicotine
treatment, we might be able to pharmacologically mimic this
effect in naive tissue. To block acetylcholinesterase (AChE) and
increase local ACh levels, naive brain slices were continuously
(�30 min) superfused with donepezil (1 �M) during recordings.
In the presence of donepezil, PA-Nic photolysis evoked much
larger inward current amplitudes compared with untreated IPN

neurons (t(18) � 2.246, p � 0.0375; Fig. 4h,i). Donepezil did not
alter the current amplitude attenuation seen with repeated nico-
tine uncaging (Fig. 4j–l). Last, we asked whether the effect of
cNIC treatment and donepezil were additive on nAChR current
amplitudes. We measured uncaging-evoked currents in IPN neu-
rons from control and donepezil-treated slices derived from
cNIC-treated mice. Donepezil did not further enhance nAChR
currents (t(22) � 1.000, p � 0.3280; Fig. 4m). Together, these data
indicate that cNIC treatment enhances activity of perisomatic
nAChRs in IPN neurons, and acute AChE treatment recapitulates
this effect of cNIC.

To determine whether the attenuation of inward current am-
plitude was due to photodamage (from repeated laser flashes), we
conducted control experiments using pressure ejection applica-
tion of ACh or nicotine to IPN neurons (Fig. 5a). Nicotine
(100 �M) pressure ejection to IPN neurons at an interevent inter-
val of 2 min or even 10 min was also associated with inward
current amplitude attenuation (Fig. 5b–d), ruling out photodam-
age as the cause of the attenuation. To determine whether this
nicotine-associated attenuation is a generalized artifact of our
recording procedures, ACh was applied via pressure ejection with
a 2 min interevent interval. Strikingly, inward current amplitude
did not attenuate with repeated ACh (300 �M) pressure ejection
(Fig. 5e,f). We noted that equivalent pressure ejection times for
ACh and nicotine, using concentrations of similar efficacy (Ba-
nala et al., 2018), resulted in dramatically different activation and
decay kinetics in IPN neurons (Fig. 5g). Nicotine application was
associated with slower rise time (t(22) � 2.492, p � 0.0207) and
slower decay time (t(21) � 6.641, p � 0.0000014205) compared
with ACh (Fig. 5h,i), perhaps because nicotine is not metabolized
as ACh is by AChE. These control experiments suggest that the
actions of nicotine at IPN neurons are markedly prolonged com-
pared with those of ACh.

Potent increase in nicotine sensitivity in rostral IPN neurons
following chronic nicotine
Although we restricted our recordings to the medial aspects of
IPN, EPSC (Fig. 3), and PA-Nic, photolysis recordings (Fig. 4)
were not made in a specific subnucleus within this medial aspect.
Recent work suggests a remarkable diversity of neuronal types in
various IPN subnuclei (Hsu et al., 2013; Morton et al., 2018),
some of which have differential responses to nicotine (Ables et al.,
2017). Before further cNIC studies, we explored the regional dif-
ferences in the expression of various components of the cholin-
ergic system. IPR neurons displayed substantially higher nAChR
function compared with neurons of the caudal subnucleus [i.e.,
caudal IPN (IPC); t(15) � 2.968, p � 0.0096; Fig. 6a,b]. This
relatively high nAChR function in IPR neurons, combined with
their dense projections to areas involved in motivated behavior
(Hsu et al., 2013; Morton et al., 2018) as well as their role in
modulating nicotine reward (Ables et al., 2017), caused us to
focus subsequent efforts on this subnucleus. �5 nAChR subunits
are strongly expressed in local and projection neurons of the IPR
(Hsu et al., 2013; Ables et al., 2017), so we used this as a conve-
nient molecular marker for this part of the IPN. Using fluorescent
in situ hybridization, we found strong expression of Chrna5 and
Chrnb4 mRNA specifically in IPR, with weak but measurable
Gad2 mRNA expression therein (Fig. 6c–e). Chrnb4 mRNA is
expressed in a majority, but not all, IPR neurons that express
Chrna5 mRNA (Fig. 6e,f). The vast majority of Chrna5� IPR
neurons coexpress �2 and �2 nAChR subunit mRNA, as well as
the recently identified (Gu et al., 2016) nAChR chaperone Nacho/
Tmem35a (Fig. 6g–i). Muscarinic ACh receptors, if present in
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IPN neurons, would also respond to ACh released from MHb
cholinergic axons (Grady et al., 2009; Ren et al., 2011). Most
Chrna5� IPR neurons coexpress mRNA for muscarinic M3
AChRs, but only a minority expressed the M5 AChR mRNA (Fig.
6j,k). Full FISH results are summarized in Table 1.

The IPR is composed of multiple cell types. Gad2� cells are
abundant throughout the IPR (Fig. 7a,b), Sst� cells are less com-
mon and found only in the dorsal half of IPR (Fig. 7d,e), and
Pvalb� (Fig. 7g,h) and Slc17a6� (Fig. 7j,k) cells are sparse and
found only in ventral IPR. Each of these cell types coexpress �5
nAChR subunits to differing degrees. Gad2� cells nearly all ex-
press Chrna5 mRNA (Fig. 7c), and 	80% of Sst� cells also coex-
press Chrna5 (Fig. 7f). In contrast, only �50% of Pvalb� (Fig. 7i)
and Slc17a6� (Fig. 7l) cells in IPR coexpress Chrna5. Full FISH
results are summarized in Table 1.

To corroborate and extend these mRNA expression results,
we made targeted patch-clamp recordings in these four IPR cell
types, where we examined nAChR currents and neuronal mor-
phology via simultaneous 2PLSM imaging. Gad2� and vGluT2�

IPR neurons were identified via Cre-dependent expression of tdT

in Ai14 reporter mice that were crossed to Gad2-Cre or vGluT2-
Cre mice (Yan et al., 2018), respectively. Pvalb� IPR neurons
were identified via tdT expression that was driven directly by the
Pvalb promoter in bacterial artificial transgenic Pvalb-tdT mice.
To mark Sst� IPR neurons, Sst-Cre mice were microinjected in
IPR with an AAV expressing mCherry-tagged DREADDs (de-
signer receptor exclusively activated by designer drugs), which
provide a fluorescent signal that is enriched in infected neuronal
somata (Yan et al., 2018). In each of the above four slice prepa-
rations, we measured ACh-activated currents in fluorescent and
nearby nonfluorescent IPR neurons. Gad2� neurons, along with
neighboring Gad2� neurons, exhibited robust functional
nAChR expression (Fig. 8a). Morphologically, Gad2� neurons
have complex dendritic arbors that are commonly studded with
dendritic spines (Fig. 8b). Sst� neurons have low nAChR func-
tional expression compared with nearby Sst� neurons (Fig. 8c).
Sst� neurons are morphologically simpler than Gad2� neurons,
having few dendritic processes and little evidence of dendritic
spines (Fig. 8d). The nAChR functional expression profile for
Pvalb� neurons was similar to that of Sst� cells (Fig. 8e), but

Table 1. Rostral IPN (IPR) fluorescence in situ hybridization results. The number of IPR nuclei that are positive and negative for expression of the indicated probes (criteria
for positive and negative is described in Materials and Methods) is shown for each triple-probe combination FISH experiment. Data from n � 3 mice were pooled for each
experiment

Probe 1(�) Probe 1(-)

Probe 2(�) Probe 2(-) Probe 2(�) Probe 2(-) Probe 2(�) Probe 2(-) Probe 2(�) Probe 2(-)
Probe 1 Probe 2 Probe 3 Total Probe 1(�) Probe 1(-) Probe 3(�) Probe 3(�) Probe 3(-) Probe 3(-) Probe 3(�) Probe 3(�) Probe 3(-) Probe 3(-)

Gad2 Chrna5 Chrna2 1260 831/1260 429/1260 608/831 50/831 113/831 60/831 104/429 84/429 24/429 217/429
Gad2 Chrna5 Chrnb2 1128 741/1128 387/1128 515/741 74/741 84/741 68/741 73/387 55/387 45/387 214/387
Gad2 Chrna5 Chrnb4 868 602/868 266/868 321/602 7/602 227/602 47/602 38/266 13/266 45/266 170/266
Chrm3 Chrna5 Chrnb4 944 487/944 457/944 310/487 5/487 137/487 35/487 96/457 14/457 112/457 235/457
Chrm5 Chrna5 Chrnb4 1024 328/1024 696/1024 138/328 2/328 148/328 40/328 280/696 16/696 179/696 221/696
Pvalb Chrna5 Chrnb4 911 100/911 811/911 42/100 7/100 14/100 37/100 372/811 18/811 208/811 213/811
Sst Chrna5 Chrnb4 976 208/976 768/976 85/208 4/208 85/208 34/208 252/768 14/768 218/768 284/768
Slc17a6 Chrna5 Chrnb4 1039 98/1039 941/1039 33/98 3/98 16/98 46/98 450/941 18/941 247/941 226/941
Gad2 Chrna5 Nacho 1164 871/1164 293/1164 728/871 45/871 80/871 18/871 82/293 104/293 17/293 90/293

Figure 7. nAChR expression in rostral IPN neurons. a, Representative FISH image of Chrna5 and Gad2 FISH signals in IPR. b, Scatterplot of Gad2 (abscissa) vs Chrna5 (ordinate) % coverage for all
nuclei in IPR FISH images (these data are from the same experiment shown in Fig. 6e). c, Pie graph of Gad2 � and Gad2 � nuclei showing fraction of Chrna5 � and Chrna5 � nuclei. d, Representative
FISH image of Chrna5 and SstFISH signals in IPR. e, Scatterplot of Sst (abscissa) vs Chrna5 (ordinate) % coverage for all nuclei in IPR FISH images (n � 3 male mice). f, Pie graph of Sst � and Sst �

nuclei showing fraction of Chrna5 � and Chrna5 � nuclei. g, Representative FISH image of Chrna5 and Pvalb FISH signals in IPR. h, Scatterplot of Pvalb (abscissa) vs Chrna5 (ordinate) % coverage for
all nuclei in IPR FISH images (n � 3 male mice). i, Pie graph of Pvalb � and Pvalb � nuclei showing fraction of Chrna5 � and Chrna5 � nuclei. j, Representative FISH image of Chrna5 and Slc17a6
FISH signals in IPR. k, Scatterplot of Slc17a6 (abscissa) vs Chrna5 (ordinate) % coverage for all nuclei in IPR FISH images (n � 3 male mice). l, Pie graph of Slc17a6 � and Slc17a6 � nuclei showing
fraction of Chrna5 � and Chrna5 � nuclei.
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Pvalb� neuronal morphology was more variable (Fig. 8f). Fi-
nally, vGluT2� IPR neurons also exhibited low functional ex-
pression of nAChRs compared with their neighboring vGluT2�

cells (Fig. 8g). vGluT2� neuron morphology was most similar to
Sst� cells, with low dendritic complexity commonly seen (Fig.
8h). Together, these results indicate that IPR Gad2� neurons are
plentiful and exhibit relatively high nAChR expression compared
with three other minor cell types in IPN. We cannot rule out that
these cell types may overlap in the expression of these markers, as
we did not examine coexpression of mRNAs for Gad2, Sst, Pvalb,
or Slc17a6.

Finally, we asked whether cNIC-mediated nAChR upregula-
tion in IPR neurons has an impact on cellular excitability. During
2PLSM imaging, current-clamp recordings were made without
ectopic current injection and with only atropine present, permit-
ting presynaptic and postsynaptic mechanisms to influence the
membrane potential of the recorded cell while we recorded
EPSPs following perisomatic nicotine uncaging. These experi-
ments were conducted in neurons that were not spontaneously
firing, which was the case for the majority of IPR neurons we
encountered. A representative example of such neurons is shown
(Fig. 9a), including a typical perisomatic uncaging location. Us-
ing a very brief (1 ms) flash duration for nicotine uncaging, we
noted much stronger depolarization in IPR neurons from cNIC-
treated animals compared with control animals (t(19) � 3.164,
p � 0.0051; Fig. 9b,d; averaged traces). Even with a brief pulse
duration, depolarizations were prolonged in cNIC neurons, last-
ing several seconds (t(19) � 3.424, p � 0.0028; Fig. 9e). These
results were not influenced by a differential resting membrane
potential between the two treatment groups, as this parameter
was not different between the two (t(19) � 1.086, p � 0.2911; Fig.
9c). Likewise, input resistance did not differ between control and
cNIC-treated neurons (t(17) � 0.6727, p � 0.5102; Fig. 9f). To-
gether, these results indicate that IPR neurons exposed chroni-
cally to nicotine are profoundly sensitized and poised to potently
modulate local or long-range projection targets following a sub-
sequent exposure to nicotine.

Discussion
In this study, we demonstrate that cNIC sensitizes the Hb-IP
pathway at multiple locations. MHb neuron action potential fir-
ing is enhanced and spike waveform is substantially altered by
cNIC. Axonal nAChRs are upregulated proximal to MHb neuro-
nal somata, and in more distal presynaptic compartments in IPN.

Figure 8. Functional nAChRs in IPR neurons. a, Representative ACh (300 �M)-evoked currents in Gad2 � and adjacent Gad2 � IPR neurons. Inset, Plot of ACh-evoked current amplitude in all
tested Gad2 � and Gad2 � IPR neurons (Gad2 �, n � 9 cells; Gad2 �, n � 10 cells; n � 2 male mice). b, Example 2PLSM images of Gad2 � IPR neurons. c, Representative ACh (300 �M)-evoked
currents in Sst � and adjacent Sst � IPR neurons. Inset, Plot of ACh-evoked current amplitude in all tested Sst � and Sst � IPR neurons [Sst �, n � 10 cells; Sst �, n � 9 cells; n � 3 mice (1 male/2
female)]. d, Example 2PLSM images of Sst � IPR neurons. e, Representative ACh (300 �M)-evoked currents in Pvalb � and adjacent Pvalb � IPR neurons. Inset, Plot of ACh-evoked current amplitude
in all tested Pvalb � and Pvalb � IPR neurons (Pvalb �, n � 9 cells; Pvalb �, n � 11 cells; n � 2 male mice). f, Example 2PLSM images of Pvalb � IPR neurons. g, Representative ACh (300
�M)-evoked currents in vGluT2 � and adjacent vGluT2 � IPR neurons. Inset, Plot of ACh-evoked current amplitude in all tested vGluT2 � and vGluT2 � IPR neurons (vGluT2 �, n � 7 cells; vGluT2 �,
n � 8 cells; n � 3 male mice). h, Example 2PLSM images of vGluT2 � IPR neurons.

Figure 9. Chronic nicotine enhances IPR neuron excitability. a, Representative IPR neuron
and perisomatic photolysis spot location. b, An averaged [control: n � 12 cells, n � 4 mice (2
male/2 female); cNIC: n � 9 cells, n � 6 mice (3 male/3 female)] current-clamp recording trace
is shown in IPR neurons from control and cNIC-treated mice. PA-Nic (100 �M) was superfused,
and photolysis (1 ms flash, 405 nm, 2 mW) was executed at a perisomatic location. Data from
time periods i, ii, and iii are shown in c, d, and e, respectively. c, Summary plot of mean resting
membrane potential during time period i (from �5 to �0.5 s before flash onset; see b) is
shown for control and cNIC-treated neurons (see b for cell/mouse numbers). p Value, Unpaired
t test. d, Summary plot showing the mean membrane potential change during time period ii
(from 0.0 to �0.5 s after flash onset; see b) for control and cNIC-treated neurons. p Value,
Unpaired t test. e, Summary plot showing the mean membrane potential change during time
period iii (from �1.0 to �5.0 s after flash onset; see b) for control and cNIC-treated neurons. p
Value, Unpaired t test. f, Summary plot showing input resistance for control and cNIC-treated
IPR neurons. See b for cell/mouse numbers. p Value, Unpaired t test.
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As in MHb neurons, nAChRs are functionally upregulated in IPN
neurons. Finally, nicotine-elicited depolarization in IPN neurons
is augmented by cNIC, likely via a combined action of presynap-
tic and postsynaptic nAChRs.

Results from multiple laboratories suggest that neuronal/
nAChR activity in MHb and/or IPN is sensitized by exposure to
cNIC, since blocking such activity is sufficient to induce
withdrawal-like behaviors. This effect is durable, having been
shown for blockade of (1) MHb/IPN nAChRs (Salas et al., 2009),
(2) habenular neurokinin signaling (Dao et al., 2014), and (3)
pacemaker firing in MHb neurons (Görlich et al., 2013). We did
not examine withdrawal, but our past results (Shih et al., 2014,
2015; Banala et al., 2018) and present results are consistent with
this sensitization hypothesis. cNIC increases pacemaker firing
(Fig. 1a,b) and depolarizes the membrane potential of MHb neu-
rons (Fig. 1c–e). We speculate that a depolarized membrane po-
tential reduces the number of voltage-gated sodium channels
available for activation, leading to changes in spike waveform
such as reduced spike amplitude (Fig. 1f), spike widening (Fig.
1g), reduced spike rise and decay slope (Fig. 1c,d,i,j), and a shift in
spike threshold to a more depolarized membrane potential (Fig.
1d,h). Conversely, it is possible that cNIC initiates a signaling
cascade that downregulates sodium channels. Future work will be
required to distinguish these various scenarios.

cNIC sensitizes axons from MHb neurons at multiple loca-
tions. Our demonstration of functional nAChRs on axonal mem-
branes is corroborated by recent work (Passlick et al., 2018), but
extends those data and our own results (Banala et al., 2018) by
showing axonal upregulation following chronic nicotine admin-
istration (Fig. 2). Axonal nAChR upregulation extends to dual
cholinergic/glutamatergic (Ren et al., 2011) presynaptic termi-
nals in IPN, where chronic nicotine sensitizes their responsive-
ness to smoking-relevant concentrations (�30 nM) of nicotine
(Fig. 3). Paired-pulse experiments show that acute nicotine ad-
ministration reduces PPR by increasing the amplitude of the first
pulse relative to the second (Fig. 3l), suggesting that nAChR ac-
tivation may enhance Ca 2� entry into presynaptic terminals to
facilitate glutamate release. cNIC enables lower nicotine concen-
trations to be effective (Fig. 3m), perhaps via increased trafficking
of functional nAChRs from somatodendritic compartments (Fig.
2e–g) to the presynaptic terminal. Cholinergic mechanisms may
also play a role in presynaptic facilitation by nAChRs. Enhanced
MHb neuron firing rate (Fig. 1a,b) and spike widening (Fig. 1c,g)
could enhance ACh release from MHb axons in IPN (Grady et al.,
2009; Ren et al., 2011), priming presynaptic terminals via height-
ened nAChR activity.

At the end of this Hb-IP pathway, IPN neurons exhibit soma-
todendritic nAChR functional upregulation (Fig. 4), resulting in
IPR neurons that have a dramatically enhanced responsiveness to
brief nicotine pulses (Fig. 9). This is consistent with chronic nic-
otine lowering the threshold for nicotine-mediated excitation
(Nashmi et al., 2007). cNIC may also enhance cholinergic tone in
the Hb-IP pathway, as facilitation of ACh signaling with donepe-
zil treatment (Fig. 4h–l) was sufficient to reproduce increased
IPN nAChR function. To the extent these mouse studies model
the human response to nicotine in tobacco products, this state of
enhanced nicotine responsiveness reflects the condition of “cur-
rent smokers.” The first exposure to nicotine after nightly cessa-
tion (i.e., sleep) is expected to potently activate the pathway, with
the smoker subsequently titrating their nicotine intake to opti-
mally stimulate the pathway to maximize its benefits and reduce
its aversive effects. Nicotine-mediated activation of cNIC-
sensitized IPR neurons is expected to potently modulate sero-

tonin and glutamatergic neurons of the dorsal raphe as well as
glutamatergic and cholinergic neurons of the lateral dorsal teg-
mental nucleus (LDTg; Hsu et al., 2013; Ables et al., 2017; Ren et
al., 2018). The IPN-to-LDTg circuit, which impinges on the VTA,
was recently shown to play an important role in nicotine aversion
(Wolfman et al., 2018).

Our results mapping the expression and functional activity of
IPN nAChRs help to resolve a recent discrepancy. One group
reported that optical activation of �5� IPN neurons was insuffi-
cient to induce withdrawal-like behaviors (Morton et al., 2018),
whereas another reported that optical activation of Gad2� IPN
neurons was sufficient to induce withdrawal (Zhao-Shea et al.,
2013). Our results, and other studies (Hsu et al., 2013; Ables et al.,
2017; Morton et al., 2018), show that whereas �5� neurons are
found predominantly in IPR, Gad2 expression is only weak/mod-
est in IPR and strongest in IPC (Fig. 6c). Our data indicate that
these groups were likely examining different types of IPN neu-
rons, highlighting the importance of considering various IPN
subnuclei and neurochemical cell types when dissecting behav-
ioral phenomena. Relatedly, Zhao-Shea et al. (2013) speculated
that Sst� IPR neurons and their resident nAChRs play a special-
ized role in triggering nicotine withdrawal. However, our dem-
onstration that Sst� IPR neurons have much lower levels of
functional nAChRs compared with Gad2� cells (Fig. 7a,c) sug-
gests that the latter cell type may play a more dominant role in the
response of the IPR to nicotine. Gad2� cells also show substantial
nAChR activity (Fig. 8a), suggesting the existence of an addi-
tional, unidentified neurochemical cell type that could be ex-
plored in future studies. Regardless, our results illustrate a key
point: the IPN is a diverse and complex structure with numerous
neurochemical cell types that have varying levels of nAChR func-
tional activity. Chronic nicotine may therefore act nonuniformly
on the Hb-IP system, potentially shifting the balance of activity
from one group of cells/circuits to another.

IPN components, especially �5-containing nAChRs, are
emerging as key mediators of nicotine dependence-associated
behaviors. �5 subunits are nearly 10-fold more abundant in IPN
than in any other brain area (Forget et al., 2018), and �5 knock-
out mice do not exhibit nicotine withdrawal (Salas et al., 2009) or
attenuated nicotine self-administration of aversive doses of nic-
otine (Fowler et al., 2011). Rats expressing an �5 sequence variant
associated with human nicotine dependence and lung cancer
show more facile relapse to nicotine-seeking behavior as well as
an inverse correlation between IPN neuronal activity and relapse
behavior (Forget et al., 2018). These results support our data
demonstrating sensitized neuronal and nAChR activity in the
IPN following exposure to nicotine, and point to �5-containing
nAChRs as a possible therapeutic target for smoking cessation
(Picciotto and Kenny, 2013). Unfortunately, there has been no
reliable way to pharmacologically dissect �5-containing nAChRs
because this subunit is an “accessory” subunit that does not par-
ticipate in forming the orthosteric ligand binding site (Groot-
Kormelink et al., 2001). Targeting �5-containing nAChRs may
therefore involve manipulation of other subunits in �5-
containing pentamers, such as �2. �2 subunits, which are impli-
cated in human nicotine dependence (Sullivan et al., 2004), are
required for precipitated withdrawal following cNIC treatment
(Salas et al., 2009) and may negatively regulate nicotine intake
(Lotfipour et al., 2013). We found that �5 and �2 are strongly
coexpressed in IPR neurons (Fig. 6h). Given that �2 mRNA ex-
pression is enhanced by cNIC in a subpopulation of IPN GABAe-
rgic neurons that are found in IPR (Ables et al., 2017), the nAChR
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functional enhancement we identified in IPR neurons (Figs. 4, 9)
could involve �2�5�4 nAChRs.

The importance of the Hb-IP pathway extends beyond nico-
tine dependence. For example, altered cholinergic activity in this
circuit is implicated in withdrawal from morphine (Neugebauer
et al., 2013), blockade of MHb or IPN nAChRs is sufficient to
precipitate withdrawal from chronic alcohol exposure (Perez et
al., 2015), and psychostimulants likely influence cholinergic sig-
naling in IPN by altering ACh release (Hussain et al., 2008). To
advance the field, future studies examining the mechanisms in-
volved in nicotine withdrawal should include optical recording
(e.g., fiber photometry, microendoscopy) from distinct IPN cells
during behavior. Accurate targeting of IPN neurons with viruses
or cannulae, while simultaneously avoiding activation or de-
struction of the overlying VTA, will be a critical challenge. Un-
derstanding the role of synaptically released acetylcholine in
normal and pathological IPN transmission will also be impor-
tant. To date, most examinations of Hb-IP ACh release have
relied on ChAT (choline acetyltransferase)-ChR2 (channelrho-
dopsin 2) bacterial artificial chromosome transgenic mice that
have abnormal cholinergic transmission (Nagy and Aubert, 2012;
Crittenden et al., 2014). Examination of the mechanism of up-
regulation should also be performed. MHb nAChR upregulation
appears to occur via increased receptor number on the cell sur-
face and not via a change in receptor sensitivity (Banala et al.,
2018), and a similar investigation in IPN would be useful to
conduct. Perhaps the nAChR trafficking protein NACHO/
TMEM35a plays a role in upregulation following cNIC exposure.
Finally, our IPN morphology results clearly show a variety of
novel cell types in IPN subnuclei, and it will be fascinating to
connect these morphological types with functional roles in health
and disease. These studies reveal a collection of striking adapta-
tions to chronic nicotine in Hb-IP circuitry, while also highlight-
ing the importance of accounting for neurochemical cell types
and anatomical subnuclei in these circuits. Although the multi-
plicity of nicotine-elicited changes suggests that uncovering a
single unifying mechanism for nicotine dependence will be diffi-
cult, having a variety of mechanisms to target therapeutically
could ultimately be advantageous.
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