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Fig. 4. Activation of a6* nAChRs is sufficient to enhance AMPAR function on the surface of VTA DA neurons. (A) Slice treatment procedure. Brain slices
from adult «6L9’S and non-Tg littermate mice were cut, recovered for 60 minutes, and incubated for 60 minutes in control recording solution or recording
solution plus nicotine (100 nM). Nicotine was washed out for =60 minutes, and whole-cell recordings were established in VTA DA neurons. (B) AMPA
currents were evoked by puff-application of AMPA (100 M) at holding potentials of —60, 0, and +40 mV. Representative recordings from incubation of
slices in control and nicotine solutions are shown for «6L9’S and non-Tg littermate mice. (C and D) Summary showing mean AMPA-evoked currents
([AMPA] = 100 uM) in non-Tg littermate (C) and a«6L9’S (D) VTA DA neurons in response to control incubation or nicotine incubation at the indicated
concentration. The numbers of observations were as follows: non-Tg control (—60 mV, n = 10; 0 mV, n = 7; +40 mV, n = 7); non-Tg 100 nM nicotine (—60
mV,n =4;0mV,n=4;+40 mV, n = 4), non-Tg 500 nM nicotine (—60 mV, n = 16; 0 mV, n = 12; +40 mV, n = 12), a6L9’S control (—60 mV,n =14;0mV,n =
13; +40 mV, n = 13), and «6L9’S 100 nM nicotine (—60 mV, n = 11; 0 mV, n = 11; +40 mV, n = 11). (E) AMPA concentration-response curve in VTA DA
neurons. AMPA-evoked currents were measured in non-Tg and a6L9’S neurons. AMPA concentrations and number of observations at each data point
are as follows: non-Tg (1 uM, n = 2; 10 uM, n = 6; 50 uM, n = 5; 100 uM, n = 10; 250 uM, n = 5; 500 uM, n = 14; 1000 uM, n = 11), and «6L9’S (1 uM, n = 2;
10 uM, n = 4; 50 uM, n = 4; 100 uM, n = 14; 250 uM, n = 5; 500 uM, n = 4; 1000 uM, n = 5; 3000 uM, n = 2). Data (mean + S.E.M.) were fitted to the Hill
equation, and the EC5q (+95% confidence interval) for each curve is plotted. (F) AMPA concentration-response curve in «6L9’S VTA DA neurons. AMPA-
evoked currents were measured in a6L9’S control slices or slices incubated in 100 nM nicotine for 60 minutes followed by >60 minutes washout prior to
recording. Control treated 6L9’S data from (E) are replotted here for reference. AMPA concentrations and number of observations at each data point for
aBL9’'S slices treated with nicotine are as follows: «6L9'S (1 uM, n = 2; 10 uM, n = 3; 50 uM, n = 2; 100 uM, n = 11; 300 uM, n = 3; 1000 uM, n = 3). Data
(mean *= S.E.M.) were fitted to the Hill equation and the EC5y (= 95% confidence interval) for each curve is plotted. *P < 0.05; **P < 0.01.
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were applied to «6L9’S and non-Tg neurons, and the data
were fitted to the Hill equation (non-Tg: R®> = 0.9467;
abL9'S: R% = 0.9819). There was no substantial difference in
AMPA ECs0in 6L9’S VTA DA neurons compared with non-Tg
neurons (ECsq = 174 uM for non-Tg, and EC5o = 182 uM for
a6L9’S; Fig. 4E). Figure 4E plots these EC5y values along
with their respective 95% confidence intervals. Similarly, we
constructed a concentration-response curve for AMPA-
evoked currents in «6L9’S slices exposed to nicotine. AMPA
at a range of concentrations was applied to cells in slices
exposed to nicotine, and the data were fitted to the Hill
equation («6L9’S nicotine: R? = 0.9942). The ECj5, for AMPA-
evoked currents in nicotine-exposed @6L9’S slices was shifted
to the left compared with a61.9'S slices not exposed to nicotine
(ECs9 = 37 uM; Fig. 4F), suggesting an increase in the
sensitivity of AMPARs to AMPA.

Next, we studied the time dependence for enhancement of
AMPAR function in VTA DA neurons. As with previous ex-
periments, slices were cut and allowed to recover for 60 min-
utes. We then compared AMPA-evoked current amplitudes
from neurons treated in four different ways: 1) incubated for
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Fig. 5. Time dependence for enhance-
ment of AMPA-evoked currents in «6L9’S
VTA DA neurons. (A) Slice treatment
procedure. Brain slices from «6L9’S mice
were cut and recovered for 60 minutes.
Slices were then incubated in nicotine
(100 nM) for either 10 or 60 minutes,
followed in either case by a washout
period of =60 minutes. Some slices
treated with nicotine for 60 minutes were
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recording. (B) Representative AMPA-
evoked currents ([AMPA] = 100 uM) at
+40 and —60 mV in VTA DA neurons in
response to treatment detailed in (A). (C)
Summary showing mean = SEM.
AMPA-evoked ([AMPA] = 100 uM) cur-
rent in a6L9'S VTA DA neurons in
response to the conditions described in
(A). *P < 0.05.
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To better understand the mechanism within VTA DA
neurons that leads to enhanced AMPA-evoked currents, we
pretreated a6L9’S slices for 10 minutes with several pharma-
cological agents prior to 60 minutes nicotine (100 nM)
exposure, washout, and subsequent AMPA-evoked current
measurements (Fig. 6A). Pretreatment of slices with aCtxMII
eliminated the enhanced AMPA-evoked currents seen in
aBL9'S slices exposed to a control pretreatment prior to
nicotine exposure (control = —173.5 = 29.4 pA, nicotine =
—358.4 = 48.5 pA, and MII = —221.5 + 45.8 pA; Kruskal-
Wallis test, P < 0.05; Fig. 6, B and C). Similarly, blockade of
NMDA receptors with AP-5 (10 wM) prior to nicotine treatment
eliminated enhanced AMPA-evoked currents (AP-5 = —194.4 =
32.9 pA; Fig. 6, B and C). Previous studies indicate that DA D1/
D5 receptors in VTA may play a role in altered synaptic
plasticity after exposure to drugs of abuse (Gao and Wolf, 2007;
Mao et al., 2011). Blockade of DA D1/D5 receptors with
SCH23390 (10 uM) did not appear to substantially reduce
nicotine-mediated enhancement in AMPA-evoked currents
(SCH23390 = —325.0+ 44.7 pA; Fig. 6, B and C), but a
Kruskal-Wallis test comparing AMPA-evoked currents from
a6L9'S SCH23390-treated slices and untreated control «6L.9’'S
slices did not reveal a statistical difference. Several previous
reports indicate that homomeric «7 nAChRs play a role in
nicotine-elicited AMPAR upregulation (Gao et al., 2010; Jin
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et al., 2011). However, pretreatment of slices with MLA (10
nM) did not reduce nicotine-elicited AMPAR upregulation in
a6L9’S VTA DA neurons (MLA = —497.8 * 119.8 pA;
Kruskal-Wallis test, P < 0.05; Fig. 6, B and C).

Elimination of @4 nAChR subunits via gene knockout has
been shown to significantly reduce a«6* nAChR function in
synaptosomal DA release experiments (Salminen et al., 2004,
2007; Drenan et al., 2010), direct assays of striatal nAChR
function in brain slices (Drenan et al., 2010), and in behavioral
experiments (Drenan et al., 2010). To test the hypothesis that
a4 nAChR subunits are important for 6% nAChR-mediated
enhancement of AMPAR function in VTA DA neurons, we
crossed @6L9’'S mice with «4KO animals to eliminate a4
nAChR subunits while still retaining gain-of-function «6
subunits (Drenan et al.,, 2010). Slice treatment in this ex-
periment (Fig. 7A) was identical to experiments reported in
Fig. 4. Whereas nicotine (100 nM) treatment of 6L9’S slices
leads to enhanced AMPAR function, identical treatment of
slices from @6L9’S mice lacking a4 subunits did not increase
AMPA-evoked currents (a6L9’S: control = —173.5 *+ 29.4 pA,
nicotine = —358.4 + 48.5 pA; a6L9'Sa4KO: control = —205.9 =
23.3 pA, nicotine = —280.3 * 45.3 pA; Kruskal-Wallis test,
P < 0.05 for a6L9’S control versus nicotine and P > 0.05 for
a6L9'Sa4KO control versus nicotine; Fig. 7, B and C). To
determine whether these results were due to reduced «6
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recording. (B) Representative AMPA-
evoked currents ([AMPA] = 100 uM) at
+40 and —60 mV in VTA DA neurons
from «6L9’S brain slices pre-exposed
for 10 minutes to either control record-
ing solution or the following drugs fol-
lowed by incubation in 100 nM nicotine
for 60 minutes: «CtxMII (MII), SCH23390
(SCH), AP-5, and MLA. (C) Summary
showing mean = S.E.M. AMPA-evoked
currents ([AMPA] = 100 uM) in «6L9'S
VTA DA neurons in response to the
conditions described in (A). *P < 0.05;
#P < 0.01.
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expression and/or function, we performed a series of controls
using «4KO animals. First, we crossed «4KO mice with
transgenic mice expressing a6 subunits fused with GFP (Fig.
8A). This manipulation results in the production of only (non-
a4)a6B2* nAChRs (Fig. 8B). We used anti-GFP immunohis-
tochemistry and confocal microscopy, as previously described
in these mice (Mackey et al., 2012), to quantify «6* nAChR
expression in VTA neurons in «6GFP mice and «6GFP mice
crossed to @4KO mice. We found a small but significant
reduction in a«6GFP expression in VTA neurons in «6GFP
mice lacking a4 subunits compared with «6GFP with intact
a4 nAChR subunit expression («4WT = 17,921 * 698 arbitrary
units, ®4KO = 14,507 + 816 arbitrary units; Mann—Whitney
test, P = 0.0011; Fig. 8C). Next, we measured a6* nAChR
function directly by comparing nicotine- and ACh-evoked
currents in «6L9’S mice and «6L9’S mice lacking a4 subunits
(Fig. 8D). In contrast to ACh-evoked responses in «6L.9'S VTA
DA neurons with intact a4 subunits, responses from VTA DA
neurons in a6L9’S slices lacking a4 subunits were smaller
(Fig. 8E). Inward current amplitudes after puff-application of
both 1 and 100 uM ACh were smaller in «6L9'Sa4KO neurons
relative to a6L9’S neurons («4WT 1 uM ACh = —171 *= 30.3
PA, a4KO 1 uM ACh = —57.8 * 21.8 pA, and «4KO 100 M
ACh = —77.6 = 20.2 pA,; Fig. 8, E and F). Similarly, «6L9’'S
VTA DA neurons lacking a4 subunits were less sensitive to
nicotine compared with a6L9’S cells expressing a4 subunits
(Fig. 8G). Whereas 1 uM nicotine evoked large inward currents
in «6L9’S VTA DA neurons that express a4 subunits, 30 uM

nicotine was required to elicit inward currents of the same
amplitude in a6L9’S slices lacking a4 subunits («4WT 1 uM
nicotine = —198.4 + 25.8 pA, a4KO 1 uM nicotine = —58.3 =
11.5 pA, and «4KO 30 uM nicotine = —189.6 = 45.4 pA; Fig. 8, G
and H). Together, these experiments suggest that activation of
a4a6B2* nAChRs are responsible for enhanced AMPA-evoked
currents in @6L9’S VTA DA neurons.

Finally, we tested whether nicotine (100 nM), acting through
a6* nAChRs, can increase or decrease NMDA receptor function
on the surface of VTA DA neurons (Ungless et al., 2001). Whole-
cell voltage-clamp recordings were established in VTA DA
neurons, and NMDA currents were evoked via puff-
application of NMDA at a holding potential of +40 mV.
Incubation of @6LL9’'S and non-Tg slices in nicotine (100 nM)
for 60 minutes (Fig. 9A) did not result in changes in NMDA-
evoked currents relative to control treatments (control: non-
Tg = 167.8 = 17.8 pA and a6L9'S = 172.8 = 32.6 pA;
nicotine: non-Tg = 185.2 + 28.5 pA and a6L9'S = 167.3 =
18.7 pA; Kruskal-Wallis test, P = 0.7893; Fig. 9, B and C).
These results suggest that although NMDA activation is
required for upregulation of AMPAR function on VTA DA
neurons (Fig. 6), activation of nAChRs does not significantly
alter NMDA function after 60 minutes of exposure to
nicotine.

Discussion

Our recordings in isolated brain slices demonstrate that
selective activation of «682* nAChRs by nicotine is sufficient
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Fig. 7. Enhanced AMPA-evoked currents in «6L9'S VTA
DA neurons are mediated, in part, by 4 nAChR subunits.
(A) Slice treatment procedure. Brain slices from adult
aB6L9’'S and a6L9'Sa4KO littermate mice were cut, re-
covered for 60 minutes, and incubated for 60 minutes in
control recording solution or recording solution plus
nicotine (100 nM). Nicotine was washed out for =60
minutes, and whole-cell recordings were established in
VTA DA neurons. (B) Representative AMPA-evoked cur-
rents ([AMPA] = 100 uM) at +40 and —60 mV in VTA DA
neurons from a6L9’S and a6L9'Sa4KO brain slices after
incubation in 100 nM nicotine for 60 minutes. (C) Summary
showing mean *= S.E.M. AMPA-evoked currents ([AMPA] =
100 uM) in «6L9'S and a6L9'Sa4KO VTA DA neurons in
response to the conditions described in A. ***P < 0.001.
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in response to the indicated concentration of nicotine. **P < 0.01.

to increase slow inward currents in VTA DA neurons (Fig. 2)
and enhance the function of AMPARs (Fig. 4). Our finding
that greater than 10 minutes of exposure to nicotine is
required to enhance AMPAR function (Fig. 5) suggests that
multiple signal transduction events and/or ionic conductances
are involved. Whereas a7 nAChR activation is not required
(Fig. 6), NMDA receptor activation is necessary for a682*-
mediated enhanced AMPAR function (Fig. 6). Interestingly,

a6B2*-mediated AMPAR enhancement requires midbrain a4
nAChR subunits (Fig. 7), suggesting that pentamers contain-
ing both @4 and &6 subunits are responsible. These data,
together with previous findings showing that «682* nAChRs
are selectively expressed in DA neurons within the VTA
(Mackey et al., 2012), suggest that nicotine can act exclusively
in a postsynaptic manner on VTA DA neurons to sensitize
these cells to excitatory input.



404 Engle et al.

VTA DA Neuron Activation by «682* nAChRs. Under-
standing which nAChR subtypes are necessary and sufficient
to mediate nicotine’s complex action on VTA neurons is
a challenge (Drenan and Lester, 2012), and our data provide
new information. We show that nicotine-elicited activation of
somatodendritic «682* nAChRs in VTA DA neurons is
sufficient to stimulate an inward conductance that could,
under physiologic conditions, support prolonged depolariza-
tion of these cells (Fig. 2). 32* nAChRs are absolutely required
for nicotine-induced increases in VITA DA neuron firing
(Picciotto et al., 1998; Maskos et al., 2005), and Tapper and
colleagues recently reported that activation of «482* nAChRs
in VTA DA neurons by smoking-relevant concentrations of
nicotine can support depolarization and action potential firing
(Liu et al., 2012). These actions were sensitive to a «682*
nAChR antagonist, implicating «4«682* nAChRs. This report
is consistent with our study, which suggests that «682*
nAChR activation can increase inward currents in VTA DA
neurons (Fig. 2). Other reports studying the role of VTA «632*
nAChRs in nicotine self-administration (Pons et al., 2008;
Gotti et al., 2010) and DA release (Gotti et al., 2010) support
the data we present here. Furthermore, our experiments
employing puff-application of nicotine and ACh in «6L9’'S and
a6L9'Sa4KO brain slices (Fig. 8) provide evidence that a4
subunits play an important role in a6-mediated neuronal
activation. In VTA, a4B2* nAChRs are found in DAergic
neurons and in GABAergic neurons and/or terminals (Nashmi
et al., 2007). Nicotine may act through VTA a482* nAChRs
via two mechanisms: 1) direct activation at a4B82* nAChRs on

DA neurons, and/or 2) desensitization of @4B2* nAChRs in
GABAergic neurons leading to DA neuron disinhibition
(Mansvelder et al., 2002; Nashmi et al., 2007). Because a6*
nAChRs are restricted to DAergic cells in VTA (Mackey et al.,
2012), our results suggest that direct action by nicotine on
somatodendritic 6* nAChRs may be sufficient to depolarize
these cells. In human brain, there may be redundant mecha-
nisms in the VTA that allow nicotine to activate the mesolimbic
DA system. Although our previous work indicates no evidence
for overexpression of «682* nAChRs (Drenan et al., 2010), the
TM2 pore-lining mutation used to sensitize these receptors
may alter their pharmacological properties (Revah et al.,
1991; Labarca et al., 1995). Future studies using restricted
expression of «4a6L.9'SB2* nAChRs via concatamers (Kuryatov
and Lindstrom, 2011) will be useful in exploring the latter
possibility, whereas development of a682*-selective ligands
will be useful in addressing the importance of the former
possibility.

Nicotine-Induced Changes in AMPAR Function. To
our knowledge, this study is the first to implicate a682*
nAChRs in nicotine-induced changes in AMPAR function in
VTA DA neurons. A single exposure to nicotine or other drugs
of abuse enhances AMPAR-mediated EPSCs in VTA DA
neurons (Saal et al., 2003), which strongly suggests LTP of
excitatory inputs to these cells (Mansvelder and McGehee,
2000; Ungless et al., 2001; Luscher and Malenka, 2011).
Subsequent studies addressing which nAChR subtypes me-
diate this effect are not completely consistent. In slice exper-
iments, McGehee and colleagues report that 82* nAChRs

Fig. 9. NMDA-evoked currents are not
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(but not @7 nAChRs) are necessary for increased AMPAR
function in synapses after nicotine exposure (Mao et al., 2011),
whereas in studies with animals injected with nicotine prior
to slice preparation, Wu and colleagues suggest that nicotine-
elicited increases in AMPAR function can proceed either
through 2% or a7 nAChRs (Gao et al., 2010; Jin et al., 2011).
Our results using naive or nicotine-exposed slices from adult
non-Tg or a6L9’'S mice are more consistent with the former,
because we find no necessary role for «7 nAChRs in AMPAR
functional enhancement (Fig. 6). As in any comparison
between scientific studies, differences in experimental details
may account for disparate results. Similar to previous
approaches (Ungless et al., 2001; Kobayashi et al., 2009;
Sanchez et al., 2010), our experiments used direct application
of AMPA to VTA cell bodies. Thus, our results likely include
a contribution from nonsynaptic AMPAR pools on the plasma
membrane of VTA DA neurons. However, the fact that
incubating non-Tg slices in 500 nM nicotine led to a significant
increase in whole-cell AMPA-evoked currents gave us confi-
dence that we are studying a similar increase in AMPAR
function compared with the phenomenon seen in other reports
that used electrically evoked EPSCs as an endpoint. Future
studies probing LTP in «6L9’S neurons will address the
relative role of synaptic versus nonsynaptic AMPAR pools in
the response to nicotine.

In VTA DA neurons, changes in both AMPAR distribution
and/or composition are proposed to occur after exposure to
nicotine and other drugs of abuse. Several reports suggest
that drug exposure (including nicotine) leads to signal
transduction events that promote exchange of Ca®"-imper-
meable AMPARSs containing AMPA-type ionotropic glutamate
receptor (GluR) 2 subunits for high-conductance, Ca’ -per-
meable AMPARs lacking GluR2 subunits (Bellone and
Lischer, 2006; Liischer and Malenka, 2011). This GluR2-
lacking receptor pool typically displays inward rectification
(Isaac et al., 2007; Liu and Zukin, 2007), and one study
confirms the appearance of this type of AMPAR after a single
exposure to nicotine (Gao et al., 2010). Another study on
nicotine (Baker et al., 2013) exposure to VTA DA neurons,
however, demonstrated increases in AMPA/NMDA ratios but
no appearance of an AMPAR pool displaying inward rectifi-
cation. We find no appearance of inward rectification in
AMPA-evoked currents (Fig. 4, B and D), which is more
consistent with enhancement in numbers of GluR2-containing
AMPARs rather than production of a significant amount of
GluR2-lacking AMPARs. However, our data showing an
increase in AMPAR sensitivity in response to a682* activa-
tion (Fig. 4F) support a number of possible mechanisms,
including increased AMPAR conductance—a hallmark of
GluR2-lacking AMPARs. Future pharmacological studies in
a6L9’'S and WT slices exposed to nicotine are needed to
characterize AMPAR sensitivity changes.

What circuit and/or molecular signal transduction events
after nicotine exposure are necessary and/or sufficient to
enhance AMPAR function in VTA DA neurons? At the circuit
level, an approach wutilizing optogenetics demonstrated
conclusively that in vivo activation of VTA DA neurons was
sufficient to promote AMPAR redistribution (Brown et al.,
2010). Because a6B82* nAChRs are selectively expressed in
DA neurons in VTA (Drenan et al., 2008a; Mackey et al.,
2012), our results lead us to favor a similar conclusion for
nicotine: activation of «682* nAChRs on VTA DA neurons is
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sufficient to promote enhanced AMPAR function. Two other
molecular events have been shown to be important for
induction of synaptic plasticity in VTA DA neurons: D1/D5
DA receptor activation (Schilstrém et al., 2006; Brown et al.,
2010; Mao et al., 2011), and NMDA receptor activation (Ungless
et al., 2001; Saal et al., 2003). Although our SCH23390 results
are inconclusive, NMDA receptor activation is necessary for
a6B2* nAChR-mediated increases in AMPAR function (Fig.
6C). Together with previous studies on nicotine and other
drugs of abuse, our data studying a682* nAChRs support the
contention that there may be multiple mechanisms in place
that nicotine can use to enhance the responsiveness of VTA
DA neurons, ultimately leading to a heightened behavioral
response to nicotine.

Future Studies. Our data show for the first time that
activation of a4a6B2* nAChRs by nicotine is sufficient to
stimulate a depolarizing conductance in VTA DA neurons as
well as enhance AMPAR function on the cell surface. Future
studies should include determining the contribution of synaptic
versus extrasynaptic AMPARs, as well as studying whether
acute exposure of intact animals to a682%-specific concen-
trations of nicotine is sufficient to drive changes in AMPAR
function. Most importantly, it will be very important to report
whether selective activation of «682* nAChRs is sufficient to
support nicotine reward and/or reinforcement, and whether
AMPAR activation plays a role in such behaviors. Such
studies are ongoing. Together, our data show that «4a6B2*
nAChRs are emerging as a key target for smoking cessation
pharmacotherapy.
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