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Nicotinic acetylcholine receptors containing α4 subunits (α4β2* nAChRs) are critical for nicotinic cholinergic transmission and the addictive action of nicotine. To identify specific activities of these receptors in the adult mouse brain, we coupled targeted deletion of α4 nAChR
subunits with behavioral and and electrophysiological measures of nicotine sensitivity. A
viral-mediated Cre/lox approach allowed us to delete α4 from ventral midbrain (vMB) neurons. We used two behavioral assays commonly used to assess the motivational effects of
drugs of abuse: home-cage oral self-administration, and place conditioning. Mice lacking α4
subunits in vMB consumed significantly more nicotine at the highest offered nicotine concentration (200 μg/mL) compared to control mice. Deletion of α4 subunits in vMB blocked
nicotine-induced conditioned place preference (CPP) without affecting locomotor activity.
Acetylcholine-evoked currents as well as nicotine-mediated increases in synaptic potentiation were reduced in mice lacking α4 in vMB. Immunostaining verified that α4 subunits
were deleted from both dopamine and non-dopamine neurons in the ventral tegmental area
(VTA). These results reveal that attenuation of α4* nAChR function in reward-related brain
circuitry of adult animals may increase nicotine intake by enhancing the rewarding effects
and/or reducing the aversive effects of nicotine.
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Introduction
Nicotinic acetylcholine receptors (nAChRs) participate in cholinergic modulation of neuronal
activity and mediate the response to nicotine. In neurons of the midbrain dopamine (DA) system, they are found in postsynaptic and presynaptic locations, and three main heteromeric
nAChR subtypes exist ( indicates the possibility of other subunits besides those that are
named): α4β2(non-α6) , α6β2(non-α4) , and α4α6β2 . Activation of α4β2 nAChRs is both
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necessary and sufficient for nicotine reward in mice [1–3]. Because the biophysical and pharmacological features of α4β2 and α6β2 nAChR subtypes differ [4, 5], and because drugs are
actively being sought to activate/modulate these receptors for human disorders/diseases [6], it
is important to delineate their functional roles in the DA system.
Previous studies point to differential expression patterns and functional roles for α4β2
(non-α6) , α6β2(non-α4) , and α4α6β2 nAChR subtypes. For example, α4 nAChR subunits
appear to be expressed in nearly all ventral tegmental area (VTA) and substantia nigra neurons
[7], whereas α6 nAChR subunits appear to be more preferentially expressed in DA (but
not GABA) neurons [8, 9]. Exposure of α4β2(non-α6) nAChRs to nicotine results in desensitization at lower nicotine concentrations than are required to activate the receptor [10]. In
contrast, incorporation of α6 subunits into α4β2 nAChRs may confer resistance to desensitization [11]. α4β2 are known to up-regulate in response to chronic nicotine treatment, while
α6β2 nAChRs down-regulate following such treatment [4]. Studies utilizing mice with hypersensitive α4 or α6 subunits reveal that selective activation of α4β2 versus α6β2 nAChRs
causes different behavioral phenotypes. For example, selective activation of α4β2 nAChRs
causes locomotor suppression [1], whereas selective activation of α6β2 nAChRs robustly
stimulates locomotor activity [9, 12–14]. Together, these results suggest that these nAChR subtypes are expressed in different VTA neurons, and contribute to diverse functions and/or
activities. Uncovering these activities could lead to novel approaches to treat disorders involving DA system nAChRs.
Functional roles for native nAChR subtypes are most commonly inferred from loss-offunction studies involving pharmacological antagonism and/or gene knockout (KO) techniques. Approaches involving the latter usually rely on KO mice that have had the nAChR
subunit under investigation knocked out at the single cell stage and throughout all of development. This can result in developmental adaptations in protein expression/function, confounding data analysis and interpretation. Other approaches that isolate specific nAChRs in vivo,
such as the use of mice expressing hypersensitive nAChRs [15], also have the potential confound that normal physiological activity of the target receptor is altered. To overcome these
limitations, we studied mice homozygous for a “floxed” version of the α4 nAChR subunit gene
[16]. By creating mice with conditional deletion of α4 nAChRs in specific brain areas after
mice reach adulthood, and by studying them shortly after deletion, we bypassed potential
developmental artifacts associated with traditional KO mice. We used this approach to study
nicotine’s behavioral motivational effects following α4 conditional deletion in the ventral midbrain, and electrophysiological experiments were used to identify potential mechanisms associated with the identified behavioral phenotypes.

Materials and methods
Materials
(-) Nicotine hydrogen tartrate salt was obtained from Glentham Life Sciences (Wiltshire,
United Kingdom) and (-) nicotine base was obtained from Acros Organics (Geel, Belgium).
All nicotine doses are reported as free base doses. 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) was purchased from Tocris Biosciences (Ellisville, MO). α-Conotoxin MII (MII) was
synthesized as previously described [17]. All other chemicals without a specified supplier were
obtained from Sigma (St. Louis, MO).

Mice
All experimental protocols involving mice were reviewed and approved by the Institutional
Animal Care and Use Committee at Purdue University (protocol #1110000074) or
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Northwestern University (protocol #IS00003282). 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 animal distress and suffering during experimental procedures, including during the use of anesthesia (ketamine, xylazine, pentobarbital).
Mice were housed at 22˚C on a 12-hour light/dark cycle with food and water 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 polymerase chain reaction (PCR) as previously
described [9, 16]. Mice homozygous for floxed α4 alleles, studied previously [16], are referred
to hereafter as α4-flox mice. In these mice, loxP sites flank exon 5 of the Chrna4 gene, allowing
for conditional deletion of α4 in germline or somatic cells that express Cre recombinase. In
this study, α4 nAChR subunits were eliminated in neurons of α4-flox mice by injecting viral
vectors driving Cre recombinase expression into a brain region of interest. C57BL/6 wild type
mice were purchased from Jackson Laboratories and were used to establish doses for nicotine
conditioned place preference.

Stereotaxic surgery
Male and female mice were used for surgery starting at 8 weeks of age. Mice were initially anesthetized with an intraperitoneal (i.p.) injection of a ketamine/xylazine mixture (120 mg/kg
ketamine, 16 mg/kg xylazine). Mice were given additional “boost” injections of ketamine (100
mg/kg, i.p.) as needed. Mice were secured into a stereotaxic frame and a small incision at the
top of the head was made to expose the skull. Coordinates used for VTA injections were: M/L:
±0.5 mm from bregma, A/P: -3.2 mm from bregma, D/V: -4.5 mm from bregma. Exact coordinates were adjusted to account for slight differences in the head size 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 multiplied by the A/P coordinate. The injection needle was slowly lowered through the drilled hole to the D/V coordinate. For the AAV-GFP and
AAV-Cre-GFP viruses (AAV2.CMV.PI.eGFP.WPRE.bGH and AAV2.CMV.HI.eGFP-Cre.
WPRE.SV40 purchased from Penn Vector Core), 250 nL of virus was infused at a rate of 50
nL/min. The injection needle was left in place for 5 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 days to recover and for the virus to express before beginning
experimental procedures. Accurate targeting of VTA with viral vectors was assessed in all
mice. For electrophysiology experiments, accurate targeting of VTA was determined via direct
visualization of fluorescent neurons in brain slices during recordings. Slices without such neurons were not used for recordings. For behavior experiments, accurate targeting of VTA was
determined by anti-GFP immunohistochemistry.

Oral nicotine self-administration
Two bottle choice nicotine drinking was conducted similar to a previous study [18]. Mice [24
α4-flox;Cre(+) (11 male/13 female) and 26 α4-flox;GFP(+) (13 male/13 female)] were singlehoused for 14 days with free access to food and water before the start of drinking procedures
to allow acclimation to the experimental environment and recovery from stereotaxic surgery.
On day 15, the water bottle in each cage was replaced with two drinking tubes (25-mL graduated cylinders fitted with drinking spouts): one containing nicotine and the other containing
water. The concentration of nicotine was increased every four days: days 1–4 (10 μg/mL), days
5–8 (25 μg/mL), days 9–12 (50 μg/mL), days 13–16 (100 μg/mL), days 17–20 (150 μg/mL), and
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days 21–24 (200 μg/mL). Intake volumes of nicotine and water were recorded daily. Every two
days, mice were weighed, fluids were replaced, and drinking tube positions were swapped to
prevent development of side preference. Non-consumption-related fluid loss was accounted
for during analysis by placing two drinking tubes in an empty cage.

Conditioned place preference (CPP)
Three-chamber place conditioning compartments were from Med Associates, Inc. (VT, USA).
End chambers (16.764 cm x 12.7 cm x 12.7 cm) had either black walls with a grid rod style
floor or white walls with a mesh style floor. The center chamber (7.24 cm x 12.7 cm x 12.7 cm)
had a grey smooth acrylic plastic floor and manually retractable guillotine doors separated the
center chamber from the end chambers. Photobeams spaced throughout the place conditioning compartment, coupled with MED-PC software, recorded the time spent and locomotor
activity of a mouse in each chamber.
A biased place conditioning protocol was chosen based on a previous comparison between
place conditioning using biased vs. unbiased procedures [19], as well as recent studies in the
field of nAChR behavioral pharmacology that employed a biased procedure [1, 20–24]. CPP in
C57Bl/6 WT mice was restricted to males (n = 36) to allow us to identify a dose of nicotine for
subsequent place conditioning studies in α4-flox mice. CPP in α4-flox mice was conducted in
mixed-sex groups as follows due low availability of homozygous α4-flox mice: AAV-GFP
(n = 10; n = 5 male; n = 5 female), AAV-Cre-GFP (n = 10; n = 6 male; n = 4 female). All mice
used for CPP were singly housed and restricted to 4 grams of food pellets per day. This amount
of food maintained mice at ~90% normal body weight. In rat, nicotine intravenous self-administration is often accomplished associated with food restriction [25]. Food restriction has also
been used in mouse place conditioning studies [26]. Mice were weighed throughout the study,
and we designated 80% of starting weight as a cutoff such that any mouse dropping below this
cutoff was to be removed from the study. No mouse met this criterion during our studies, so
no mice were excluded based on body weight. Since single housing can be anxiogenic, a “cave”
and a cotton nestlet were included in the cage. Prior to the pre-test, mice were subjected to
daily handling for three days. On day 1 (pre-test), mice were placed in the center chamber with
the guillotine doors retracted, and mice were allowed to freely explore all chambers of the compartment for 15 min. Animals were then assigned to be conditioned with nicotine in their lesspreferred end chamber based on the initial preference shown in the pre-test. On days 2–4 (conditioning), animals were conditioned twice a day with an interval of at least 4 hours. For nicotine-conditioned groups, in the morning, animals were injected (s.c.) with nicotine or saline
and immediately confined in their assigned end chamber for 20 min. In the afternoon, animals
were alternatively injected with saline or nicotine and immediately confined in the opposite
end chamber for 20 min. For saline-conditioned control group, animals received saline injections in both end chambers. On day 5 (post-test), mice were placed in the center chamber with
the guillotine doors retracted, and were allowed to freely explore the compartment for 15 min.
The pre-test and post-test took place at mid-day. The total time spent in each end chamber was
measured, and the difference in time spent in the conditioning chamber between the post-test
and the pre-test was calculated and expressed as the place preference score.

Brain slice patch clamp electrophysiology
All mice to be used for brain slice electrophysiology were deeply anesthetized with sodium pentobarbital (200 mg/kg, i.p.) to allow extraction of the brain for slice preparation. Coronal VTA
brain slices (200 μm), prepared as previously described [27], were cut with a vibratome (DTKZero1 or Leica VT1200S) 2–3 weeks after AAV infusions. Patch clamp electrophysiology was
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carried out as previously described [27, 28]. For recording ACh-evoked currents, the following
internal solution was used (in mM): 135 K+ gluconate, 5 EGTA, 0.5 CaCl2, 2 MgCl2, 10 HEPES,
2 MgATP, and 0.1 GTP; pH adjusted to 7.25 with Tris base; osmolarity adjusted to 290 mOsm
with sucrose. We recorded from VTA DA neurons in lateral VTA, which is known to contain
~95% DAergic neurons [29]. A Nikon Eclipse FN-1 upright microscope using infrared or visible differential interference contrast (DIC) optics was used to visualize cells. A mercury or light
emitting diode (LED) light source coupled to an excitation filter for GFP was used to identify
infected neurons. pCLAMP 10.3 software (Molecular Devices; Sunnyvale, CA) was used to
acquire whole-cell recordings along with an Axopatch 200B or Multiclamp 700B amplifier and
a 16-bit Digidata 1440 A/D converter (all from Molecular Devices). To record ligand-activated
currents, ACh was locally applied by pressure ejection to recorded neurons, as previously
described [27, 28]. Atropine (1 μM) was present in the superfusion medium when using ACh to
prevent activation of muscarinic ACh receptors. There was no apparent difference between
ACh-evoked response amplitudes from infected vs. neighboring uninfected VTA neurons in
slices from AAV-GFP infected animals, so to minimize animal usage and suffering, we pooled
ACh-evoked current responses from these two conditions.

AMPA/NMDA ratio measurements
AMPA/NMDA recordings were done using an internal solution containing (in mM): 117
CsCH3SO3, 20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA-Cl, 2.5 MgATP, and 0.25 MgGTP; pH
adjusted to 7.25 with Tris base; osmolarity adjusted to 290 mOsm with sucrose. AMPA to
NMDA ratio recordings were carried out as previously described [30, 31]. After virus injection
surgery and recovery, mice were habituated to handling for 5 d immediately prior to the experiment day. On days 1–3 of handling mice were picked up and held, on day 4 they were scruffed
and given a mock injection, and on day 5 mice were scruffed and given a saline injection. On
the day of the experiment mice were given an injection of vehicle (saline) or nicotine (i.p., 0.17
mg/kg). Sixty min after the injection, mice were deeply anesthetized with sodium pentobarbital (200 mg/kg, i.p.) and the brain was dissected to prepare coronal VTA brain slices. A concentric bipolar stimulating electrode (FHC cat. #CBAPC75) was placed between 100–200 μm
lateral to the VTA (in or near the medial lemniscus). Whole-cell recordings were established
from VTA DA neurons. EPSCs were stimulated (250–750 μA, 0.1 Hz, 40 μsec) at a strength
that produced currents at half their maximal amplitude. EPSCs were evoked at -70 mV and
+40 mV. Neurons were initially held at a command voltage of -70 mV and 5 EPSCs were
evoked. The neuron was then depolarized to +40 mV. After the neuron stabilized, 5 EPSCs
were evoked at +40 mV. The 5 responses were averaged and used to determine the AMPA/
NMDA ratio. Due to Mg2+ block of NMDARs at hyperpolarized command potentials, the
responses at -70 mV should be entirely mediated by AMPARs. For that reason, the time of the
peak at -70 mV was noted and the amplitude on the +40 mV trace at this time point is the
AMPA component of the ratio. The +40 mV EPSCs are a combination of AMPAR and
NMDAR-mediated responses. The NMDA component of the ratio was calculated as the
average of the amplitude over a 10 msec window, 40 msec after the peak. By this time, the
AMPAR-mediated EPSCs recorded at -70 mV had decayed backed to baseline so the remaining current at +40 mV should reflect only the NMDAR-mediated component. Picrotoxin was
present in the superfusion medium to block inhibitory inputs.

Immunohistochemistry and confocal microscopy
Mice were anesthetized with sodium pentobarbital (200 mg/kg, i.p.) and transcardially perfused with 10 mL of heparin-containing phosphate buffered saline (PBS) followed by 30 mL of
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4% paraformaldehyde. Brains were dissected and postfixed in 4% paraformaldehyde overnight
at 4˚C. Coronal brain slices (50 μm) were cut on a vibratome (DTK-Zero1; Ted Pella). VTAcontaining slices were stained using the following procedure. Slices were first permeabilized
for 2 min via incubation in PBST (0.3% Triton X-100 in PBS), followed by a 60 min incubation
in blocking solution (0.1% Triton X-100, 5% horse serum in Tris-buffered saline (TBS)). Primary antibodies used in this study were as follows: sheep anti-TH (Millipore AB1542), rabbit
anti-GFP (Invitrogen A11122), rabbit anti-GAD65/67 (Sigma-Aldrich G5163). Primary antibodies were diluted in blocking solution (anti-TH at 1:800, anti-GFP at 1:500, anti-GAD65/67
at 1:1000). Slices were incubated in primary antibodies overnight at 4˚C. Three 5 min washes
in TBST (0.1% Triton X-100 in TBS) were done before transferring slices to secondary antibodies for a 60 min incubation at room temperature (anti-sheep or anti-rabbit Alexa 555, antirabbit Alexa 488, diluted to 1:500 in blocking solution). Slices were washed as before, mounted
on slides, and coverslipped with Vectashield. Staining in the VTA was imaged as previously
described [32] with a Nikon A1 laser-scanning confocal microscope.
To verify correct targeting of VTA with viral vectors, the above procedure was modified as
follows. Mice were perfused as described above, brains were removed and placed in 4% paraformaldehyde overnight at 4˚C. Brains were then placed into 30% sucrose at 4˚C to dehydrate
brains, which was confirmed when the brain sank to the bottom of the container. Brain slices
(50 μm) were cut on a freezing microtome. Slices were washed three times in PBS for 10 min
followed by 30 min incubation in 0.3% H2O2 in PBS. Following another three 10 min washes
in PBS, slices were incubated in permeabilization buffer (20 mM HEPES, 50 mM NaCl, 3 mM
MgCl2, 300 mM sucrose, 0.5% Triton X-100, pH 7.4) for 60 min at 4˚C. Slices were then placed
in a blocking solution (5% horse serum in TBST) for 30 min at 4˚C followed by incubation in
primary antibody (rabbit anti-GFP 1:500) diluted in blocking solution overnight at 4˚C. The
next day, slices were washed three times in TBST for 10 min followed by incubation in secondary antibody (biotinylated anti-rabbit 1:500) for 60 min at room temperature. Following
another three 10 min washes in TBST, slices were incubated in Vectastain ABC reagent (Vector Laboratories, product number PK-6100; Burlingame, CA) for 30 min. After a final set of
three 10 min washes in TBST, slices were placed in DAB substrate kit (Vector laboratories,
product number SK-4100) for approximately 2 min. Slices were placed in distilled water for at
least 5 min, mounted onto slides, and coverslipped using VectaMount. Visualization of staining and verification of virus placement was accomplished via a dissecting microscope.

Single-cell reverse transcription PCR
Individual lateral VTA neurons were aspirated into a pipette containing the K+ gluconatebased internal solution prepared with diethylpyrocarbonate-treated water. The cell was
expelled into ice-cold 75% ethanol, and RNA was precipitated at -20˚C for 3 hours followed by
centrifugation at 7500 g for 10 min at 4˚C. First-strand cDNA was synthesized via reverse transcription (RT) (Sensicript RT Kit, Qiagen, Germantown, MD) using the oligo(dT)15 primer.
A nested PCR strategy was used to amplify glutamic acid decarboxylase (GAD65), tyrosine
hydroxylase (TH), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). In the first
round of nested PCR, the single-cell cDNA was amplified (1 cycle: 94˚C for 2 min; 20 cycles:
94˚C for 30 s, 56˚C for 30 s, and 72˚C for 30 s; 72˚C for 10 min) with the following primers:
GAD65_F (TCT TTT CTC CTG GTG GCG CC), GAD65_R2 (CCC CAA GCA GCA TCC ACG T),
TH_F (CAG TGA TGC CAA GGA CAA GC), TH_R2 (GAG AAG GGG CTG GGA ACT TT),
GAPDH_F2 (AAC TTT GGC ATT GTG GAA GG), and GAPDH_R2 (CCC TGT TGC TGT AGC
CGT AT). The GAD65, TH and GAPDH signals were further amplified in the second round of
nested PCR (1 cycle: 94˚C for 2 min; 36 cycles: 94˚C for 30 s, 61˚C for 30 s, and 72˚C for 30 s;
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72˚C for 10 min) with the following primers: GAD65_F (TCT TTT CTC CTG GTG GCG CC),
GAD65_R1 (GCA GCT CCC TTC TTG AGA GA), TH_F (CAG TGA TGC CAA GGA CAA GC),
TH_R1 (CCT GTG GGT GGT ACC CTA TG), GAPDH_F1 (GTG TTC CTA CCC CCA ATG TG),
and GAPDH_R1 (GGT CCT CAG TGT AGC CCA AG). Final PCR products were detected by 2%
agarose gel electrophoresis.

Statistics and data analysis
α level was set at 0.05 for all statistical tests, which were done using GraphPad Prism 7 (La
Jolla, CA) software or IBM SPSS 24 (North Castle, NY). Statistical tests included unpaired student’s t-test, paired t-test, analysis of variance (ANOVA) and, where appropriate, post-hoc
testing. All error bars denote SEM. Supporting Information files include behavioral data
shown (S2, S3 and S4 Figs) separated by sex. Outlier analysis for oral nicotine self-administration was conducted as previously described [33, 34]. Electrophysiology traces were initially
viewed using Clampfit (Molecular Devices) and were subsequently imported into, and plotted
using, Origin 2017 (Northampton, MA) software.

Results
In these studies, adeno-associated virus (AAV) constructs were used to express a Cre recombinase variant fused in-frame to GFP (Cre-GFP) in the ventral midbrain (vMB) of α4-flox mice,
deleting α4 nAChRs in infected neurons (Fig 1a and 1b). Cre-GFP is referred to hereafter as
“Cre”. Although we targeted the VTA, there was modest viral spread into the substantia nigra
(Fig 1c). Therefore, we refer to the conditional deletion of α4 as encompassing the “ventral
midbrain”.
To study the behavioral effect of this manipulation, we studied oral nicotine self-administration (SA) in α4-flox mice following conditional deletion of α4. α4-flox;GFP(+) and α4-flox;
Cre(+) mice were habituated to the testing room and subsequently subjected to a continuousaccess 2-bottle choice nicotine-drinking assay. α4-flox;GFP(+) mice showed a pattern of oral
nicotine consumption (Fig 2a) consistent with previous studies that examined C57BL/6 mice
[18]. Interestingly, α4-flox;Cre(+) mice consumed significantly more nicotine compared to
their GFP(+) counterparts at the 200 μg/mL nicotine concentration (Fig 2a). ANOVA of nicotine concentration (6) x genotype (2) x sex (2) showed significant main effects of concentration
[F(5,230) = 60.6, p<0.001] and sex [F(1,46) = 5.4, p = 0.02; females > males] and significant
concentration x genotype [F(5,230) = 2.2, p = 0.05] and concentration x sex [F(5,230) = 2.7,
p = 0.02] interactions. Follow up one-way ANOVAs of genotype within each concentration
showed significantly greater intake of nicotine (mg/kg) in the α4-flox;Cre(+) mice vs. the GFP
(+) mice at the 200 μg/mL concentration [F(1,49) = 4.3, p = 0.04] (Fig 2a). One-way ANOVAs
of sex at each concentration revealed that the concentration x sex interaction was due to significantly greater intake of nicotine in females than males at each concentration except 200 μg/
mL [Fs(1,49)>4.1, ps<0.05].
Nicotine intake ratios were initially ~50% in both genotypes and gradually declined with
increasing nicotine concentrations (Fig 2b). ANOVA of nicotine concentration (6) x genotype
(2) x sex (2) only yielded a significant main effect of concentration [F(5,230) = 19.9, p<0.001],
although the intake ratio was higher in the α4-flox;Cre(+) mice vs. the GFP(+) mice at the
200 μg/mL concentration (Fig 2b). Three-way ANOVAs of mL/kg intake of nicotine solution
(Fig 2c), water (Fig 2d), and total fluid (Fig 2e) yielded main effects of nicotine concentration
[Fs(5,230)>8.8, ps<0.001] and sex [Fs(1,46)>7.7, ps<0.01; females > males], but no main
effects or interactions with genotype. Body weight was also not significantly different between
the two genotypes (Fig 2f). All oral SA results are included in S1 File.
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Fig 1. Conditional KO of α4 nAChR subunits. a) α4-flox mice have loxP sites flanking exon 5 of the α4 nAChR gene. Infusion of viral vectors
expressing Cre recombinase into the VTA results in conditional deletion of α4 in infected cells. b) The three main heteromeric nAChR subtypes found in
neurons of the midbrain DA system, α4α6β2*, α6 β2(non-α4)*, and α4β2(non-α6)*, are shown. Deletion of α4 eliminates α4α6β2* and α4β2(non-α6)*
subtypes, while isolating the activity of α6β2(non-α4)* nAChRs. c) Viral spread of AAV-GFP vectors. An AAV-GFP virus was infused bilaterally into the
VTA of a C57BL/6 WT mouse, followed 3 weeks later by perfusion and anti-GFP staining of brain sections.
https://doi.org/10.1371/journal.pone.0182142.g001

Next, we complemented our studies of free-choice nicotine consumption (Fig 2) with nicotine place conditioning experiments. Place conditioning is advantageous for examining the
motivational effects of abused drugs, including nicotine [35–38]. Here, we examined acquisition of nicotine CPP in mice using a 5 d, biased CPP design (Fig 3a). First, we established our
nicotine CPP procedure in C57BL/6 WT mice. In male C57BL/6 WT mice, saline did not
result in place conditioning, but nicotine (0.25 mg/kg and 0.5 mg/kg, s.c.) induced robust
place conditioning (Fig 3b), as measured by place preference score (difference in time spent on
the drug paired floor after conditioning minus before conditioning). ANOVA revealed a significant effect of treatment dose [F(2,33) = 4.889, p = 0.014], and Dunnett post-hoc testing
indicated a significant increase in preference score in the 0.25 mg/kg (p = 0.02) and 0.5 mg/kg
(p = 0.02) treatment groups relative to the control group. These data are consistent with previous work [1, 39]. From these results, we selected 0.25 mg/kg for further CPP testing in α4-flox
mice. Groups of mixed sex α4-flox;GFP(+) and Cre(+) mice were conditioned with 0.25 mg/
kg nicotine. α4-flox;GFP(+) mice acquired nicotine CPP (Fig 3c), as measured by difference
score, in a manner very similar to C57BL/6 WT mice (Fig 3b). In contrast, difference scores
were significantly less in α4-flox;Cre(+) mice, suggesting either reduced or no CPP (Fig 3c)
(unpaired t-test: p = 0.036, t = 2.271). This analysis was likely not sufficiently powered to detect
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Fig 2. Enhanced nicotine oral SA in mice with vMB α4 deletion. a) Mean (± SEM) nicotine intake (mg/kg) over 4 days is shown for each nicotine
concentration, in male and female α4-flox GFP(+) (n = 26) and Cre(+) (n = 24) mice. *p<0.05. b) Mean (± SEM) nicotine intake ratio (fraction of nicotinecontaining fluid consumed relative to total fluid consumed) over 4 days is shown for each nicotine concentration in α4-flox GFP(+) and Cre(+) mice. c)
Mean (± SEM) intake of nicotine solution (mL/kg), used to calculate mass of nicotine intake shown in (a), is shown for each nicotine concentration in α4-flox
GFP(+) and Cre(+) mice. d) Mean (± SEM) water intake (mL/kg) over 4 days is shown for each nicotine concentration in α4-flox GFP(+) and Cre(+) mice.
e) Mean (± SEM) total fluid intake (mL/kg) over 4 days is shown for each nicotine concentration in GFP(+) and Cre(+) mice. f) Mean (± SEM) body weight
(g) for α4-flox GFP(+) and Cre(+) mice is shown for each nicotine concentration. S2, S3 and S4 Figs show intake data separated by sex.
https://doi.org/10.1371/journal.pone.0182142.g002

an effect within each sex, as genotype (2) x sex (2) two-way ANOVA did not detect a significant main effect of sex, genotype, or an interaction between the two. CPP results in α4-flox;
GFP(+) and α4-flox;Cre(+) male and female mice are included in the Supporting Information
(S5 Fig). There were no differences in locomotor activity between the GFP(+) and Cre(+)
groups during any of the CPP phases (Fig 3d and 3e), suggesting that the CPP results are not
the result of a locomotor deficit in either the GFP(+) or Cre(+) mice. All CPP results are
included in S2 File.
To confirm α4 nAChR deletion with a functional assay, we recorded ACh-evoked currents
in VTA neurons from α4-flox;Cre(+) mice. First, we measured baseline electrophysiological
properties of VTA neurons from α4-flox;Cre(-) and Cre(+) mice. We targeted the lateral VTA,
which is reported to contain > 95% DA neurons [40]. To confirm this, we collected cytoplasm
via the recording pipette from n = 6 lateral VTA neurons during patch clamp recordings. Following reverse-transcription to produce cDNA from mRNA, we amplified PCR products to
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Fig 3. Nicotine CPP is reduced in mice with vMB α4 deletion. a) CPP schematic. Prior to a 5-day, biased CPP
procedure to establish nicotine CPP, mice were mildly food-restricted and handled. Drug-free pre-test and post-test
days flanked 3 consecutive conditioning days that consisted of morning and afternoon saline (SAL) and nicotine
(NIC) conditioning sessions. b) Nicotine CPP in C57Bl/6 WT mice. Groups of WT mice were conditioned with saline
(n = 12), 0.25 mg/kg NIC (n = 12), or 0.5 mg/kg NIC (n = 12) to validate our CPP assay and identify a dose to be used
subsequently in α4-flox mice. Mean (± SEM) place preference score is shown for the three drug doses. p values are
for Dunnett’s multiple comparisons test. c) Nicotine CPP in α4-flox mice. AAV-GFP or AAV-Cre-GFP vectors were
infused into vMB of α4-flox mice (GFP(+), n = 10; Cre(+), n = 10), and mice were subsequently conditioned with 0.25
mg/kg NIC. Mean (± SEM) place preference score is shown for both groups. p value is for unpaired t-test. d) Mean
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(± SEM) locomotor activity during the pre-test and post-test is shown for α4-flox mice conditioned with NIC. e) Mean
(± SEM) locomotor activity during conditioning sessions 1, 2, and 3 is shown for α4-flox mice conditioned with NIC.
https://doi.org/10.1371/journal.pone.0182142.g003

determine whether the recorded cell expressed tyrosine hydroxylase (TH) or glutamic acid
decarboxylase (GAD65/67). PCR reactions amplifying glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as an internal control. TH was expressed in 100% (6 of 6) of lateral
VTA neurons (S1 Fig), similar to our previous work [28]. No GAD65/67 signal was detected in
TH(+) neurons. Based on these results, we conclude that our electrophysiological recordings
in lateral VTA (described below) are from DA neurons. There was no difference in resting
membrane potential (α4-flox Cre(-): -44.2 ± 1 mV, n = 20; α4-flox Cre(+): -45.4 ± 1 mV,
n = 12) or input resistance (α4-flox Cre(-): 747 ± 53 MO, n = 17; α4-flox Cre(+): 763 ± 90 MO,
n = 12) in α4-flox;Cre(+) versus neighboring Cre(-) neurons. Functional nAChR responses
were recorded by pressure ejection application of a saturating ACh concentration (1 mM) to
voltage clamped neurons. Cre expression resulted in a significant reduction (p<0.0001,
t = 8.788; unpaired t-test) in ACh-evoked current amplitude (Fig 4a and 4b). Cre recombinase
expression did not alter ACh-evoked currents in control WT mice (p = 0.74, t = 0.3395;
unpaired t-test) (Fig 4b). Residual ACh-evoked currents in Cre(+) VTA neurons from α4-flox
mice were further inhibited by superfusion of αCtxMII (100 nM), an antagonist of α6β2
nAChRs (p = 0.0052, t = 7.348; paired t-test) (Fig 4c). To confirm that these results were specific to nAChR antagonism and not to receptor run-down or desensitization, we recorded
ACh-evoked currents from several Cre(+) VTA neurons before and after a mock antagonist
(aCSF without antagonist) superfusion. Responses were not affected by this treatment
(p = 0.58, t = 0.6194; paired t-test) (S6 Fig). These results confirm that α6(non-α4) nAChRs
are present on the surface of VTA neurons in α4-flox;Cre(+) mice. All ACh-evoked current
results are included in S3 File.
We further tested the idea that a reduction in nAChR sensitivity is a factor contributing to
the behavioral phenotypes we report. Brief exposure to nicotine or other drugs of abuse leads
to transient synaptic potentiation of glutamate inputs to VTA neurons, which typically manifests itself as an increase in the ratio of AMPA to NMDA receptor currents [41]. We [12] and
others [42] have previously shown that a single i.p. injection of nicotine leads to such potentiation, so we tested this effect of nicotine in α4-flox Cre(+) mice. Groups of α4-flox;GFP(+) and
α4-flox;Cre(+) mice were handled for several days followed by a single i.p. injection of nicotine
(0.17 mg/kg) or saline. One hour after injection, brain slices were prepared and AMPA/
NMDA ratios were measured in VTA DA neurons (Fig 5a). Whereas nicotine injection clearly
increased the AMPA/NMDA ratio in α4-flox;GFP(+) mice, this effect was blocked in α4-flox;
Cre(+) mice (Fig 5b). ANOVA of drug treatment (nicotine dose) (2) x genotype (2) indicated
a significant main effect of genotype (F(1,35) = 18.05, p = 0.0002), a significant main effect of
drug treatment (F(1,35) = 23.2, p<0.0001), and a significant interaction between the two
(F(1,35) = 10.44, p = 0.0027). Bonferroni post-hoc testing revealed a significant increase in
AMPA/NMDA ratio in GFP(+) slices from mice injected with nicotine compared to saline
(p<0.0001). In contrast, there was no difference in AMPA/NMDA ratio in Cre(+) slices from
mice injected with nicotine compared to saline (p>0.99). All AMPA/NMDA ratio results are
included in S4 File.
Though previously thought to be composed mainly of dopaminergic neurons, it is now
appreciated that the VTA contains neurons producing several different neurotransmitters,
including some that co-transmit multiple transmitters [43, 44]. Previous work demonstrated
that α4 subunits are expressed in both DA and GABA neurons within the VTA [7], so we
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Fig 4. Functional deletion of α4 subunits in VTA. a) Recordings were made from α4-flox;Cre(-) and Cre(+) VTA DA
neurons. ACh (1 mM) was applied by pressure ejection and inward currents were recorded. All recorded traces are shown
in gray, and an averaged trace is shown in blue. Scale bar: 40 pA, 400 ms. b) Quantification of ACh-evoked currents in
AAV-infected mice. Mean inward ACh-evoked currents from α4-flox;Cre(-) (n = 19 cells from n = 9 animals), α4-flox;Cre(+)
(n = 14 cells from n = 5 animals), WT;Cre(-) (n = 7 cells from n = 2 animals), and WT;Cre(+) (n = 8 cells from n = 2 animals)
cells ± SEM. ****p<0.0001 (unpaired t-test, t = 8.788). c) Residual ACh-evoked currents in α4-flox;Cre(+) neurons are
αCtxMII-sensitive. For Cre(+) responses in (B), αCtxMII (100 nM) was applied by superfusion and ACh was re-applied
after 12–15 min. Before-after responses for n = 4 αCtxMII-treated neurons (n = 2 animals) are shown. **p = 0.0052
(paired t-test, t = 7.348).
https://doi.org/10.1371/journal.pone.0182142.g004

determined whether our viral technique resulted in infection of both of these cell types.
Indeed, we found robust expression of Cre in tyrosine hydroxylase (TH) immunopositive DA
neurons (Fig 6a). Infected TH(-) neurons were also identified, suggesting Cre expression in
VTA GABA neurons. Anti-GAD staining confirmed this (Fig 6b). These staining experiments
suggest that our behavioral phenotypes are a result of combined disruption of α4 nAChR
function in VTA DA and GABA neurons.
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Fig 5. Reduced AMPA/NMDA ratios in α4-flox;Cre(+) VTA DA neurons. a) AMPA/NMDA ratios were
measured as described in Materials and Methods. A representative evoked synaptic current in a neuron
voltage clamped at -70 mV and +40 mV is shown. b) Quantification of AMPA/NMDA ratios. In each VTA DA
neuron from α4-flox;Cre(+) and GFP(+) mice injected with saline (SAL) or nicotine (NIC; 0.17 mg/kg), mean (±
SEM) AMPA/NMDA ratio is shown. Replicate cells and number of animals: GFP(+) SAL, n = 8 cells, n = 3
animals; GFP(+) NIC, n = 16 cells, n = 5 animals; Cre(+) SAL, n = 8 cells, n = 3 animals; Cre(+) NIC, n = 7
cells, n = 2 animals. ****p<0.0001 (Bonferroni’s multiple comparison test following two-way ANOVA).
https://doi.org/10.1371/journal.pone.0182142.g005
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Fig 6. Cre virus infection of VTA DA and GABA neurons. a) Targeting the VTA with AAV vectors. Mice were infused into the VTA with AAV-CreGFP vectors. After 2–3 weeks, mice were perfused and brains were sectioned for immunohistochemistry. Anti-GFP staining identifies infected
neurons, while anti-TH staining identifies DA neurons. High magnification (60X) images show Cre-GFP expression in TH(+) and TH(-) neurons in VTA,
indicated by one or two arrows, respectively. IPN: interpeduncular nucleus, ML: medial lemniscus. b) Cre recombinase expression in VTA GABA
neurons. Slices from the infection shown in (a) were stained with anti-GAD65/67 antibodies. Native GFP signal was imaged without anti-GFP staining.
https://doi.org/10.1371/journal.pone.0182142.g006

Discussion
Nicotinic ACh receptors in ventral midbrain DA circuits are complex in their localization
and composition, and we addressed the shortcomings in our understanding of this system by
selectively eliminating vMB α4 nAChR subunits with a conditional knockout approach that
bypassed potential developmental artifacts in nAChR subunit expression. The main contributions of this study are results obtained by juxtaposition of nicotine oral SA, nicotine CPP,
and targeted electrophysiology in mice with a discrete nAChR loss-of-function mutation.
Interestingly, Cre(+) mice showed greater nicotine intake (significant at the highest concentration offered) but did not demonstrate nicotine CPP at the selected nicotine dose of 0.25 mg/
kg. The assays differ with respect to controllability of drug exposure, route of drug administration, kinetics of nicotine exposure, number of nicotine exposures, and variability of nicotine
dosage [45]. Oral self-administration assays are frequently used to assess the motivational
effects of abused drugs and have the advantage of allowing the animal to control their own
intake of the drug, thereby providing a relatively direct index of its reinforcing value. However,
because this assay involves consummatory behavior, many other factors, such as taste, may
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interfere with the ability to achieve pharmacologically relevant blood levels of drug. In contrast, the place conditioning assay avoids the oral route of administration by relying on Pavlovian conditioning to produce conditioned approach or avoidance responses to environmental
cues previously associated with a drug’s pharmacological effects. A primary advantage of this
procedure is that it allows precise control over drug dose exposure, and, when used in conjunction with oral SA procedures, can help elucidate whether differences in oral drug intake
are influenced by centrally-mediated neurobiological mechanisms that control sensitivity to a
drug’s motivational (rewarding and/or aversive) effects [46]. It should be noted that both CPP
and oral SA mice were single housed, which reduces the possibility that social isolation stress
differentially influenced one data set over the other. Also, mice were food restricted in the CPP
assay but not in the oral SA assay.
Nicotine oral SA is a widely-used procedure in rodents. Nicotine is maintained in the
plasma at concentrations analogous to human smokers when ingested by rodents [47], and
modest doses are sufficient to cause nAChR upregulation [48], a hallmark of nicotine dependence [49, 50]. During free-access studies with increasing concentrations of nicotine presented
in the home cage every few days, mice will titrate their consumption in a presumptive attempt
to maintain nicotine levels in an optimal, reinforcing range [18]. In a fading study, mice compensated for declining nicotine concentrations by increasing their consumption [47]. Nicotine
exposure in drinking water can lead to tolerance [48], another key feature of nicotine dependence. Importantly, rats will press a lever to gain access to oral nicotine solutions [51, 52]. Furthermore, systemic mecamylamine pre-treatment increased nicotine operant oral SA, which
likely reflected a compensatory behavioral response to mecamylamine’s pharmacological
blockade of nAChRs involved in nicotine’s reinforcing effects [52]. Interestingly, mecamylamine also enhanced preference for cigarettes in human smokers [53–55]. These results, coupled with the robust and repeatable self-titration of nicotine that occurs in nicotine oral SA
[18] and intravenous SA [25, 56], are helpful in interpreting our oral SA results. α4-flox mice
appeared to regulate their nicotine intake as nicotine concentration increased (Fig 2). The
enhanced nicotine intake in Cre(+) mice (statistically significant at the highest nicotine concentration of 200 μg/mL) could reflect an attempt to compensate for reduced sensitivity to nicotine’s rewarding effects in vMB reward circuits. Reduced sensitivity was evident in our
nicotine CPP results and our electrophysiological analyses demonstrating nAChR loss-offunction (Figs 4 and 5). Alternatively, enhanced nicotine intake at 200 μg/mL could reflect
reduced sensitivity to the aversive effects of nicotine. Future work designed to dissect the aversive aspect of nicotine exposure will be required to uncover the mechanism behind increased
nicotine intake in Cre(+) mice.
Prior work strongly implicates α4 nAChRs in the acquisition of nicotine CPP. Nicotine
CPP is attenuated in both α4 global KO mice [57] as well as conditional KO mice lacking
expression of α4 specifically in dopamine transporter (DAT)-expressing neurons [16]. Using a
complementary approach involving mice expressing hypersensitive α4 nAChRs, Lester and
colleagues demonstrated that selective activation of these receptors is sufficient for acquisition
of nicotine CPP [1]. Re-expression of α4 subunits in the VTA of α4 KO mice restores nicotine
self-administration and nicotine-elicited alterations in DA neuron activity [2, 3]. Ours is the
first study to report that α4 removal from the vMB of adult mice blocks nicotine CPP, which is
consistent with these prior studies.
Our electrophysiological analysis of nAChR function in Cre(-) and Cre(+) VTA DA neurons point to α4β2 nAChRs as the dominant nAChR in somatodendritic areas of these cells.
Although consistent with previous results [58, 59], the ~75% reduction in ACh-evoked current
amplitude that we measured in α4-flox;Cre(+) VTA cells (Fig 4a and 4b) represents a substantial reduction in surface receptors. α6β2 nAChRs account for a majority of the residual
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nAChRs in these cells (Fig 4c) [58, 60], suggesting only a slight additional contribution by subtypes such as α7 or β4 nAChRs that have previously been suggested to reside in VTA neurons
[61, 62]. Though we recorded in an area (lateral VTA) that is enriched in tyrosine hydroxylase
expressing (DA) neurons (S1 Fig), our AAV approach also targeted α4 for deletion in VTA
GABA neurons (Fig 6). These cells are strongly modulated by cholinergic tone in part through
α4 nAChR activity [7, 63], and their activity potently modulates nearby DA neurons through
local VTA microcircuits [64]. Further, afferent inputs to, and efferent connections from VTA
GABA neurons are distinct from other VTA cell types [65, 66]. Viral approaches that manipulate nAChR expression in neurotransmitter-defined VTA cell types of adult animals, which are
beginning to be employed [20], will be valuable for understanding cholinergic regulation of
the reward system.
α6 subunits are also found in a large subset of vMB nAChRs [58, 67] and modulate DA
release [14, 68], locomotor behavior [9, 12–14], nicotine CPP [57], nicotine intravenous SA
[2], and intracranial SA of nicotine [3]. It is important to note that in our system, α6β2 (nonα4) nAChRs are left intact, allowing us to draw conclusions about the sufficiency of these
receptors in the behavioral assays we conducted. Consequently, we conclude that activation of
α6β2 (non-α4) nAChRs, a relatively low-sensitivity nAChR [69], is insufficient to support
acquisition of CPP (at 0.25 mg/kg) when α4 subunits are absent. Also, we cannot rule out the
possibility that it is the activity of α6β2 (non-α4), rather than the lack of α4 nAChR activity,
that controls elevated nicotine oral SA in α4-flox;Cre(+) mice.

Conclusions
We report that selective deletion of α4 nAChR subunits in vMB neurons of adult mice results
in reduced sensitivity to nicotine in behavioral and electrophysiological experiments. This
loss-of-function renders systemic injections of 0.25 mg/kg nicotine ineffective during Pavlovian conditioning, perhaps due to a lack of transient synaptic potentiation that is known to be
crucial for early responses to drugs of abuse [41, 70]. Ventral midbrain α4 loss-of-function
also enhances intake of high nicotine concentrations. Since drugs are actively being developed
to antagonize vMB nAChRs as smoking cessation therapeutics, and since we have identified a
circumstance that leads to increased nicotine intake instead of the desired decrease, future
studies should also work to identify the specific nAChR subtypes involved in regulating nicotine self-administration in defined midbrain circuits.

Supporting information
S1 Fig. Verification of DA neurons in lateral VTA. For a subset (n = 6) of lateral VTA neurons, cytoplasm was captured, RNA was prepared, and cDNA was synthesized via reverse
transcription. Primer pairs for amplification of GAD65/67 (GABA neuron marker), tyrosine
hydroxylase (TH), and a housekeeping gene (GAPDH) were used in PCR reactions using
cDNA as a template. A representative gel image (6 of 6 neurons showed similar results) is
shown for a lateral VTA neuron, and a negative control sample confirms the specificity of the
result.
(TIF)
S2 Fig. Related to Fig 2. Male oral SA data. Data shown in Fig 2 were disaggregated by sex.
Mean values for each of the following measures are shown at each nicotine concentration in
male GFP(+) and Cre(+) α4flox mice: (a) nicotine intake mass (mg/kg/24 h); (b) nicotine preference ratio; (c) nicotine intake volume (mL/kg/24 h); (d) water intake volume (mL/kg/24 h);
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(e) total fluid intake volume (mL/kg/24 h); (f) body weight (g).
(TIF)
S3 Fig. Related to Fig 2. Female oral SA data. Data shown in Fig 2 were disaggregated by sex.
Mean values for each of the following measures are shown at each nicotine concentration in
female GFP(+) and Cre(+) α4flox mice: (a) nicotine intake mass (mg/kg/24 h); (b) nicotine
preference ratio; (c) nicotine intake volume (mL/kg/24 h); (d) water intake volume (mL/kg/24
h); (e) total fluid intake volume (mL/kg/24 h); (f) body weight (g).
(TIF)
S4 Fig. Related to Fig 2. Nicotine intake scatter plots, disaggregated by sex. Data shown in
S2a Fig (a) and S3a Fig (b) was re-plotted as a scatter plot.
(TIF)
S5 Fig. Related to Fig 3. CPP data disaggregated by sex and virus type. Total time spent by
each mouse in the nicotine-paired chamber is shown for the pre-test and post-test days using
before-after scatter plots.
(TIF)
S6 Fig. Related to Fig 4. Run-down / desensitization control. ACh (1 mM)-evoked currents
were measured in Cre(+) VTA neurons from α4-flox;Cre(+) mice before and after mock
antagonist application to probe for any non-specific run-down of inward currents. (a) Representative traces from one cell stimulating with 1 mM ACh showing a control response (black
trace) and a response following 14 min superfusion of drug vehicle aCSF. Scale bar: 3 s, 15 pA
(b) A before-after plot is shown for responses from n = 4 cells from n = 3 animals. A paired ttest revealed no significant effect of aCSF treatment (t = 0.6194, p = 0.58).
(TIF)
S1 File. DRENAN Oral SA.xlsx. Complete data set for results reported in Fig 2, S2, S3 and S4
Figs.
(XLSX)
S2 File. DRENAN CPP.xlsx. Complete data set for results reported in Fig 3b–3e.
(XLSX)
S3 File. DRENAN ACh currents.xlsx. Complete data set for results reported in Fig 4b and 4c
and S6 Fig.
(XLSX)
S4 File. DRENAN AMPA NMDA.xlsx. Complete data set for results reported in Fig 5b.
(XLSX)

Acknowledgments
Special thanks to T.K. Booker and T. McGranahan for assistance with α4-flox mice and to M.
Fields for assistance with data collection.

Author Contributions
Conceptualization: Yijin Yan, Marcus M. Weera, Julia A. Chester, Ryan M. Drenan.
Data curation: Can Peng, Staci E. Engle, Yijin Yan, Marcus M. Weera, Jennifer N. Berry, Matthew C. Arvin, Julia A. Chester, Ryan M. Drenan.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182142 July 31, 2017

17 / 22

Viral-mediated deletion of α4 nAChR subunits

Formal analysis: Staci E. Engle, Yijin Yan, Marcus M. Weera, Julia A. Chester, Ryan M.
Drenan.
Funding acquisition: Ryan M. Drenan.
Investigation: Can Peng, Staci E. Engle, Yijin Yan, Marcus M. Weera, Jennifer N. Berry, Matthew C. Arvin, Guiqing Zhao, Ryan M. Drenan.
Methodology: Staci E. Engle, Yijin Yan, Marcus M. Weera, Guiqing Zhao, J. Michael McIntosh, Julia A. Chester, Ryan M. Drenan.
Project administration: Yijin Yan, Julia A. Chester, Ryan M. Drenan.
Resources: J. Michael McIntosh, Julia A. Chester.
Supervision: Can Peng, Yijin Yan, Marcus M. Weera, Julia A. Chester, Ryan M. Drenan.
Validation: Can Peng, Staci E. Engle, Yijin Yan, Marcus M. Weera, Matthew C. Arvin, Guiqing Zhao, Julia A. Chester, Ryan M. Drenan.
Visualization: Staci E. Engle, Ryan M. Drenan.
Writing – original draft: Marcus M. Weera, Julia A. Chester, Ryan M. Drenan.
Writing – review & editing: Marcus M. Weera, Julia A. Chester, Ryan M. Drenan.

References
1.

Tapper AR, McKinney SL, Nashmi R, Schwarz J, Deshpande P, Labarca C, et al. Nicotine activation of
α4* receptors: sufficient for reward, tolerance, and sensitization. Science. 2004; 306(5698):1029–32.
https://doi.org/10.1126/science.1099420 PMID: 15528443.

2.

Pons S, Fattore L, Cossu G, Tolu S, Porcu E, McIntosh JM, et al. Crucial role of α4 and α6 nicotinic acetylcholine receptor subunits from ventral tegmental area in systemic nicotine self-administration. J Neurosci. 2008; 28(47):12318–27. https://doi.org/10.1523/JNEUROSCI.3918-08.2008 PMID: 19020025.

3.

Exley R, Maubourguet N, David V, Eddine R, Evrard A, Pons S, et al. Distinct contributions of nicotinic
acetylcholine receptor subunit α4 and subunit α6 to the reinforcing effects of nicotine. Proc Natl Acad
Sci U S A. 2011; 108(18):7577–82. Epub 2011/04/20. https://doi.org/10.1073/pnas.1103000108 PMID:
21502501;

4.

Marks MJ, Grady SR, Salminen O, Paley MA, Wageman CR, McIntosh JM, et al. α6β2*-subtype nicotinic acetylcholine receptors are more sensitive than α4β2*-subtype receptors to regulation by chronic
nicotine administration. J Neurochem. 2014; 130(2):185–98. https://doi.org/10.1111/jnc.12721 PMID:
24661093;

5.

Grady SR, Wageman CR, Patzlaff NE, Marks MJ. Low concentrations of nicotine differentially desensitize nicotinic acetylcholine receptors that include α5 or α6 subunits and that mediate synaptosomal neurotransmitter release. Neuropharmacology. 2012; 62(5–6):1935–43. https://doi.org/10.1016/j.
neuropharm.2011.12.026 PMID: 22239849;

6.

Brunzell DH, McIntosh JM, Papke RL. Diverse strategies targeting α7 homomeric and α6β2* heteromeric nicotinic acetylcholine receptors for smoking cessation. Annals of the New York Academy of Sciences. 2014; 1327:27–45. https://doi.org/10.1111/nyas.12421 PMID: 24730978;

7.

Nashmi R, Xiao C, Deshpande P, McKinney S, Grady SR, Whiteaker P, et al. Chronic nicotine cell specifically upregulates functional α4* nicotinic receptors: basis for both tolerance in midbrain and
enhanced long-term potentiation in perforant path. J Neurosci. 2007; 27(31):8202–18. https://doi.org/
10.1523/JNEUROSCI.2199-07.2007 PMID: 17670967.

8.

Azam L, Winzer-Serhan UH, Chen Y, Leslie FM. Expression of neuronal nicotinic acetylcholine receptor
subunit mRNAs within midbrain dopamine neurons. J Comp Neurol. 2002; 444(3):260–74. https://doi.
org/10.1002/cne.10138 PMID: 11840479.

9.

Drenan RM, Grady SR, Whiteaker P, McClure-Begley T, McKinney S, Miwa JM, et al. In vivo activation
of midbrain dopamine neurons via sensitized, high-affinity α6* nicotinic acetylcholine receptors. Neuron. 2008; 60(1):123–36. https://doi.org/10.1016/j.neuron.2008.09.009 PMID: 18940593.

10.

Grady SR, Drenan RM, Breining SR, Yohannes D, Wageman CR, Fedorov NB, et al. Structural differences determine the relative selectivity of nicotinic compounds for native α4β2*-, α6β2*-, α3β4*- and

PLOS ONE | https://doi.org/10.1371/journal.pone.0182142 July 31, 2017

18 / 22

Viral-mediated deletion of α4 nAChR subunits

α7-nicotine acetylcholine receptors. Neuropharmacology. 2010; 58:1054–66. https://doi.org/10.1016/j.
neuropharm.2010.01.013 PMID: 20114055.
11.

Liu L, Zhao-Shea R, McIntosh JM, Gardner P, Tapper A. Nicotine Persistently Activates Ventral Tegmental Area Dopaminergic Neurons Via Nicotinic Acetylcholine Receptors Containing α4 and α6 subunits. Mol Pharmacol. 2012; 81(4):541–8. Epub 2012/01/10. https://doi.org/10.1124/mol.111.076661
PMID: 22222765.

12.

Berry JN, Engle SE, McIntosh JM, Drenan RM. α6-Containing nicotinic acetylcholine receptors in midbrain dopamine neurons are poised to govern dopamine-mediated behaviors and synaptic plasticity.
Neuroscience. 2015; 304:161–75. https://doi.org/10.1016/j.neuroscience.2015.07.052 PMID:
26210579.

13.

Cohen BN, Mackey ED, Grady SR, McKinney S, Patzlaff NE, Wageman CR, et al. Nicotinic cholinergic
mechanisms causing elevated dopamine release and abnormal locomotor behavior. Neuroscience.
2012; 200:31–41. Epub 2011/11/15. https://doi.org/10.1016/j.neuroscience.2011.10.047 PMID:
22079576;

14.

Drenan RM, Grady SR, Steele AD, McKinney S, Patzlaff NE, McIntosh JM, et al. Cholinergic modulation
of locomotion and striatal dopamine release is mediated by α6α4* nicotinic acetylcholine receptors. J
Neurosci. 2010; 30(29):9877–89. https://doi.org/10.1523/JNEUROSCI.2056-10.2010 PMID:
20660270.

15.

Drenan RM, Lester HA. Insights into the neurobiology of the nicotinic cholinergic system and nicotine
addiction from mice expressing nicotinic receptors harboring gain-of-function mutations. Pharmacol
Rev. 2012; 64(4):869–79. Epub 2012/08/14. https://doi.org/10.1124/pr.111.004671 PMID: 22885704;

16.

McGranahan TM, Patzlaff NE, Grady SR, Heinemann SF, Booker TK. α4β2 nicotinic acetylcholine
receptors on dopaminergic neurons mediate nicotine reward and anxiety relief. J Neurosci. 2011; 31
(30):10891–902. Epub 2011/07/29. https://doi.org/10.1523/JNEUROSCI.0937-11.2011 PMID:
21795541.

17.

Azam L, Maskos U, Changeux JP, Dowell CD, Christensen S, De Biasi M, et al. α-Conotoxin BuIA[T5A;
P6O]: a novel ligand that discriminates between α6β4 and α6β2 nicotinic acetylcholine receptors and
blocks nicotine-stimulated norepinephrine release. FASEB J. 2010; 24(12):5113–23. Epub 2010/08/27.
https://doi.org/10.1096/fj.10-166272 PMID: 20739611.

18.

Robinson SF, Marks MJ, Collins AC. Inbred mouse strains vary in oral self-selection of nicotine.
Psychopharmacology. 1996; 124(4):332–9. PMID: 8739548.

19.

Calcagnetti DJ, Schechter MD. Nicotine place preference using the biased method of conditioning.
Progress in neuro-psychopharmacology & biological psychiatry. 1994; 18(5):925–33. Epub 1994/09/01.
PMID: 7972862.

20.

Ngolab J, Liu L, Zhao-Shea R, Gao G, Gardner PD, Tapper AR. Functional Upregulation of α4* Nicotinic Acetylcholine Receptors in VTA GABAergic Neurons Increases Sensitivity to Nicotine Reward. J
Neurosci. 2015; 35(22):8570–8. https://doi.org/10.1523/JNEUROSCI.4453-14.2015 PMID: 26041923;

21.

Natarajan R, Wright JW, Harding JW. Nicotine-induced conditioned place preference in adolescent
rats. Pharmacology, biochemistry, and behavior. 2011; 99(3):519–23. Epub 2011/05/24. https://doi.org/
10.1016/j.pbb.2011.05.004 PMID: 21600911.

22.

Brielmaier JM, McDonald CG, Smith RF. Nicotine place preference in a biased conditioned place preference design. Pharmacology, biochemistry, and behavior. 2008; 89(1):94–100. Epub 2007/12/19.
https://doi.org/10.1016/j.pbb.2007.11.005 PMID: 18086490.

23.

Yararbas G, Keser A, Kanit L, Pogun S. Nicotine-induced conditioned place preference in rats: sex differences and the role of mGluR5 receptors. Neuropharmacology. 2010; 58(2):374–82. Epub 2009/10/
17. https://doi.org/10.1016/j.neuropharm.2009.10.001 PMID: 19833142.

24.

Rauhut AS, Zentner IJ, Mardekian SK, Tanenbaum JB. Wistar Kyoto and Wistar rats differ in the affective and locomotor effects of nicotine. Physiol Behav. 2008; 93(1–2):177–88. Epub 2007/09/25. https://
doi.org/10.1016/j.physbeh.2007.08.011 PMID: 17889041.

25.

Corrigall WA, Coen KM. Nicotine maintains robust self-administration in rats on a limited-access schedule. Psychopharmacology. 1989; 99(4):473–8. Epub 1989/01/01. PMID: 2594913.

26.

Geuzaine A, Tyhon A, Grisar T, Brabant C, Lakaye B, Tirelli E. Amphetamine reward in food restricted
mice lacking the melanin-concentrating hormone receptor-1. Behavioural brain research. 2014;
262:14–20. Epub 2014/01/15. https://doi.org/10.1016/j.bbr.2013.12.052 PMID: 24412349.

27.

Engle SE, Broderick HJ, Drenan RM. Local application of drugs to study nicotinic acetylcholine receptor
function in mouse brain slices. J Vis Exp. 2012;(68):e50034. Epub 2012/11/07. https://doi.org/10.3791/
50034 PMID: 23128482.

28.

Engle SE, Shih PY, McIntosh JM, Drenan RM. α4α6β2* nicotinic acetylcholine receptor activation on
ventral tegmental area dopamine neurons is sufficient to stimulate a depolarizing conductance and

PLOS ONE | https://doi.org/10.1371/journal.pone.0182142 July 31, 2017

19 / 22

Viral-mediated deletion of α4 nAChR subunits

enhance surface AMPA receptor function. Mol Pharmacol. 2013; 84(3):393–406. https://doi.org/10.
1124/mol.113.087346 PMID: 23788655;
29.

Lammel S, Hetzel A, Hackel O, Jones I, Liss B, Roeper J. Unique properties of mesoprefrontal neurons
within a dual mesocorticolimbic dopamine system. Neuron. 2008; 57(5):760–73. https://doi.org/10.
1016/j.neuron.2008.01.022 PMID: 18341995.

30.

Engle SE, McIntosh JM, Drenan RM. Nicotine and ethanol cooperate to enhance ventral tegmental
area AMPA receptor function via α6-containing nicotinic receptors. Neuropharmacology. 2015; 91:13–
22. https://doi.org/10.1016/j.neuropharm.2014.11.014 PMID: 25484253;

31.

Mao D, Gallagher K, McGehee DS. Nicotine potentiation of excitatory inputs to ventral tegmental area
dopamine neurons. J Neurosci. 2011; 31(18):6710–20. Epub 2011/05/06. https://doi.org/10.1523/
JNEUROSCI.5671-10.2011 PMID: 21543600;

32.

Mackey ED, Engle SE, Kim MR, O’Neill HC, Wageman CR, Patzlaff NE, et al. α6* Nicotinic Acetylcholine Receptor Expression and Function in a Visual Salience Circuit. J Neurosci. 2012; 32(30):10226–37.
Epub 2012/07/28. https://doi.org/10.1523/JNEUROSCI.0007-12.2012 PMID: 22836257.

33.

Barrenha GD, Chester JA. Effects of cross-fostering on alcohol preference and correlated responses to
selection in high- and low-alcohol-preferring mice. Alcoholism, clinical and experimental research.
2012; 36(12):2065–73. https://doi.org/10.1111/j.1530-0277.2012.01839.x PMID: 22591228.

34.

Dixon WJ. Analysis of Extreme Values. Ann Math Stat. 1950; 21:488–506.

35.

Bardo MT, Bevins RA. Conditioned place preference: what does it add to our preclinical understanding
of drug reward? Psychopharmacology. 2000; 153(1):31–43. Epub 2001/03/21. PMID: 11255927.

36.

Cunningham CL, Gremel CM, Groblewski PA. Drug-induced conditioned place preference and aversion
in mice. Nature protocols. 2006; 1(4):1662–70. https://doi.org/10.1038/nprot.2006.279 PMID:
17487149.

37.

Risinger FO, Oakes RA. Nicotine-induced conditioned place preference and conditioned place aversion
in mice. Pharmacology, biochemistry, and behavior. 1995; 51(2–3):457–61. Epub 1995/06/01. PMID:
7667368.

38.

Le Foll B, Goldberg SR. Nicotine as a typical drug of abuse in experimental animals and humans.
Psychopharmacology. 2006; 184(3–4):367–81. Epub 2005/10/06. https://doi.org/10.1007/s00213-0050155-8 PMID: 16205918.

39.

Grabus SD, Martin BR, Brown SE, Damaj MI. Nicotine place preference in the mouse: influences of
prior handling, dose and strain and attenuation by nicotinic receptor antagonists. Psychopharmacology.
2006; 184(3–4):456–63. Epub 2006/02/08. https://doi.org/10.1007/s00213-006-0305-7 PMID:
16463055.

40.

Lammel S, Ion DI, Roeper J, Malenka RC. Projection-specific modulation of dopamine neuron synapses
by aversive and rewarding stimuli. Neuron. 2011; 70(5):855–62. Epub 2011/06/11. https://doi.org/10.
1016/j.neuron.2011.03.025 PMID: 21658580;

41.

Saal D, Dong Y, Bonci A, Malenka RC. Drugs of abuse and stress trigger a common synaptic adaptation
in dopamine neurons. Neuron. 2003; 37(4):577–82. Epub 2003/02/25. PMID: 12597856.

42.

Gao M, Jin Y, Yang K, Zhang D, Lukas RJ, Wu J. Mechanisms involved in systemic nicotine-induced
glutamatergic synaptic plasticity on dopamine neurons in the ventral tegmental area. J Neurosci. 2010;
30(41):13814–25. Epub 2010/10/15. https://doi.org/10.1523/JNEUROSCI.1943-10.2010 PMID:
20943922;

43.

Lammel S, Lim BK, Malenka RC. Reward and aversion in a heterogeneous midbrain dopamine system.
Neuropharmacology. 2014; 76 Pt B:351–9. https://doi.org/10.1016/j.neuropharm.2013.03.019 PMID:
23578393;

44.

Barker DJ, Root DH, Zhang S, Morales M. Multiplexed neurochemical signaling by neurons of the ventral tegmental area. J Chem Neuroanat. 2016; 73:33–42. Epub 2016/01/15. https://doi.org/10.1016/j.
jchemneu.2015.12.016 PMID: 26763116;

45.

Collins AC, Pogun S, Nesil T, Kanit L. Oral Nicotine Self-Administration in Rodents. J Addict Res Ther.
2012; S2. Epub 2012/12/25. https://doi.org/10.4172/2155-6105.S2-004 PMID: 23264883;

46.

Chester JA, Cunningham CL. GABA(A) receptor modulation of the rewarding and aversive effects of
ethanol. Alcohol. 2002; 26(3):131–43. Epub 2002/06/12. PMID: 12057774.

47.

Adriani W, Macri S, Pacifici R, Laviola G. Restricted daily access to water and voluntary nicotine oral
consumption in mice: methodological issues and individual differences. Behavioural brain research.
2002; 134(1–2):21–30. Epub 2002/08/23. PMID: 12191788.

48.

Sparks JA, Pauly JR. Effects of continuous oral nicotine administration on brain nicotinic receptors and
responsiveness to nicotine in C57Bl/6 mice. Psychopharmacology. 1999; 141(2):145–53. PMID:
9952038.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182142 July 31, 2017

20 / 22

Viral-mediated deletion of α4 nAChR subunits

49.

Marks MJ, Burch JB, Collins AC. Effects of chronic nicotine infusion on tolerance development and nicotinic receptors. J Pharmacol Exp Ther. 1983; 226(3):817–25. PMID: 6887012.

50.

Schwartz RD, Kellar KJ. Nicotinic cholinergic receptor binding sites in the brain: regulation in vivo. Science. 1983; 220(4593):214–6. Epub 1983/04/08. PMID: 6828889.

51.

Glick SD, Maisonneuve IM, Visker KE, Fritz KA, Bandarage UK, Kuehne ME. 18-Methoxycoronardine
attenuates nicotine-induced dopamine release and nicotine preferences in rats. Psychopharmacology.
1998; 139(3):274–80. Epub 1998/10/23. PMID: 9784085.

52.

Glick SD, Visker KE, Maisonneuve IM. An oral self-administration model of nicotine preference in rats:
effects of mecamylamine. Psychopharmacology. 1996; 128(4):426–31. Epub 1996/12/01. PMID:
8986014.

53.

Nemeth-Coslett R, Henningfield JE, O’Keeffe MK, Griffiths RR. Effects of mecamylamine on human cigarette smoking and subjective ratings. Psychopharmacology. 1986; 88(4):420–5. Epub 1986/01/01.
PMID: 3085131.

54.

Pomerleau CS, Pomerleau OF, Majchrzak MJ. Mecamylamine pretreatment increases subsequent nicotine self-administration as indicated by changes in plasma nicotine level. Psychopharmacology. 1987;
91(3):391–3. Epub 1987/01/01. PMID: 3104964.

55.

Rose JE, Sampson A, Levin ED, Henningfield JE. Mecamylamine increases nicotine preference and
attenuates nicotine discrimination. Pharmacology, biochemistry, and behavior. 1989; 32(4):933–8.
Epub 1989/04/01. PMID: 2798542.

56.

Fowler CD, Lu Q, Johnson PM, Marks MJ, Kenny PJ. Habenular α5 nicotinic receptor subunit signalling
controls nicotine intake. Nature. 2011; 471(7340):597–601. Epub 2011/02/01. https://doi.org/10.1038/
nature09797 PMID: 21278726;

57.

Sanjakdar SS, Maldoon PP, Marks MJ, Brunzell DH, Maskos U, McIntosh JM, et al. Differential roles of
α6β2* and α4β2* neuronal nicotinic receptors in nicotine- and cocaine-conditioned reward in mice.
Neuropsychopharmacology: official publication of the American College of Neuropsychopharmacology.
2015; 40(2):350–60. Epub 2014/07/19. https://doi.org/10.1038/npp.2014.177 PMID: 25035086;

58.

Champtiaux N, Gotti C, Cordero-Erausquin M, David DJ, Przybylski C, Lena C, et al. Subunit composition of functional nicotinic receptors in dopaminergic neurons investigated with knock-out mice. J Neurosci. 2003; 23(21):7820–9. PMID: 12944511.

59.

Marubio LM, Gardier AM, Durier S, David D, Klink R, Arroyo-Jimenez MM, et al. Effects of nicotine in
the dopaminergic system of mice lacking the α4 subunit of neuronal nicotinic acetylcholine receptors.
Eur J Neurosci. 2003; 17(7):1329–37. PMID: 12713636.

60.

Xiao C, Nashmi R, McKinney S, Cai H, McIntosh JM, Lester HA. Chronic nicotine selectively enhances
α4β2* nicotinic acetylcholine receptors in the nigrostriatal dopamine pathway. J Neurosci. 2009; 29
(40):12428–39. https://doi.org/10.1523/JNEUROSCI.2939-09.2009 PMID: 19812319.

61.

Frahm S, Slimak MA, Ferrarese L, Santos-Torres J, Antolin-Fontes B, Auer S, et al. Aversion to Nicotine
Is Regulated by the Balanced Activity of β4 and α5 Nicotinic Receptor Subunits in the Medial Habenula.
Neuron. 2011; 70(3):522–35. Epub 2011/05/11. https://doi.org/10.1016/j.neuron.2011.04.013 PMID:
21555077.

62.

Wooltorton JR, Pidoplichko VI, Broide RS, Dani JA. Differential desensitization and distribution of nicotinic acetylcholine receptor subtypes in midbrain dopamine areas. J Neurosci. 2003; 23(8):3176–85.
PMID: 12716925.

63.

Tolu S, Eddine R, Marti F, David V, Graupner M, Pons S, et al. Co-activation of VTA DA and GABA neurons mediates nicotine reinforcement. Molecular psychiatry. 2013; 18(3):382–93. https://doi.org/10.
1038/mp.2012.83 PMID: 22751493.

64.

Graupner M, Maex R, Gutkin B. Endogenous cholinergic inputs and local circuit mechanisms govern
the phasic mesolimbic dopamine response to nicotine. PLoS Comput Biol. 2013; 9(8):e1003183. Epub
2013/08/24. https://doi.org/10.1371/journal.pcbi.1003183 PMID: 23966848;

65.

Taylor SR, Badurek S, Dileone RJ, Nashmi R, Minichiello L, Picciotto MR. GABAergic and glutamatergic efferents of the mouse ventral tegmental area. J Comp Neurol. 2014; 522(14):3308–34. Epub 2014/
04/10. https://doi.org/10.1002/cne.23603 PMID: 24715505;

66.

Faget L, Osakada F, Duan J, Ressler R, Johnson AB, Proudfoot JA, et al. Afferent Inputs to Neurotransmitter-Defined Cell Types in the Ventral Tegmental Area. Cell Rep. 2016; 15(12):2796–808. Epub
2016/06/14. https://doi.org/10.1016/j.celrep.2016.05.057 PMID: 27292633;

67.

Champtiaux N, Han ZY, Bessis A, Rossi FM, Zoli M, Marubio L, et al. Distribution and pharmacology of
α6-containing nicotinic acetylcholine receptors analyzed with mutant mice. J Neurosci. 2002; 22
(4):1208–17. PMID: 11850448.

68.

Exley R, Clements MA, Hartung H, McIntosh JM, Cragg SJ. α6-Containing Nicotinic Acetylcholine
Receptors Dominate the Nicotine Control of Dopamine Neurotransmission in Nucleus Accumbens.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182142 July 31, 2017

21 / 22

Viral-mediated deletion of α4 nAChR subunits

Neuropsychopharmacology: official publication of the American College of Neuropsychopharmacology.
2007; 21:21. https://doi.org/10.1038/sj.npp.1301617 PMID: 18033235.
69.

Salminen O, Drapeau JA, McIntosh JM, Collins AC, Marks MJ, Grady SR. Pharmacology of α-Conotoxin MII-Sensitive Subtypes of Nicotinic Acetylcholine Receptors Isolated by Breeding of Null Mutant
Mice. Mol Pharmacol. 2007; 71(6):1563–71. https://doi.org/10.1124/mol.106.031492 PMID: 17341654.

70.

Ungless MA, Whistler JL, Malenka RC, Bonci A. Single cocaine exposure in vivo induces long-term
potentiation in dopamine neurons. Nature. 2001; 411(6837):583–7. Epub 2001/06/01. https://doi.org/
10.1038/35079077 PMID: 11385572.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182142 July 31, 2017

22 / 22

