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Alcohol addiction (alcoholism) is one of the most prevalent substance abuse disorders worldwide. Addiction is thought to arise, in part,
from a maladaptive learning process in which enduring memories of drug experiences are formed. However, alcohol (ethanol) generally
interferes with synaptic plasticity mechanisms in the CNS and thus impairs various types of learning and memory. Therefore, it is unclear
how powerful memories associated with alcohol experience are formed during the development of alcoholism. Here, using brain slice
electrophysiology in mice, we show that repeated in vivo ethanol exposure (2 g/kg, i.p., three times daily for 7 d) causes increased
susceptibility to the induction of long-term potentiation (LTP) of NMDA receptor (NMDAR)-mediated transmission in mesolimbic
dopamine neurons, a form of synaptic plasticity that may drive the learning of stimuli associated with rewards, including drugs of abuse.
Enhancement of NMDAR plasticity results from an increase in the potency of inositol 1,4,5-trisphosphate (IP3 ) in producing facilitation
of action potential-evoked Ca 2� signals, which is critical for LTP induction. This increase in IP3 effect, which lasts for a week but not a
month after ethanol withdrawal, occurs through a protein kinase A (PKA)-dependent mechanism. Corticotropin-releasing factor, a
stress-related neuropeptide implicated in alcoholism and other addictions, further amplifies the PKA-mediated increase in IP3 effect in
ethanol-treated mice. Finally, we found that ethanol-treated mice display enhanced place conditioning induced by the psychostimulant
cocaine. These data suggest that repeated ethanol experience may promote the formation of drug-associated memories by enhancing
synaptic plasticity of NMDARs in dopamine neurons.

Introduction
Despite the large impact of alcohol abuse on society, the neural
mechanisms underlying the development of alcoholism, i.e., al-
cohol addiction, are not well understood. Development of addic-
tion involves a maladaptive form of learning and memory in
which drug-related experiences are remembered powerfully, re-
sulting in persistent and uncontrollable drug seeking behavior
(Hyman et al., 2006). However, it is well known that alcohol
(ethanol) intoxication impairs various types of learning and
memory in both humans and animals. Decreases in learning capac-
ity have also been reported in long-term alcoholics and in animals
withdrawn from repeated ethanol exposure (Ryback, 1971; Ryabi-
nin, 1998; Stephens et al., 2005). In line with these observations, both
acute and chronic exposures to ethanol have been shown to suppress
activity-dependent synaptic plasticity, the major neural substrate for
learning and memory, in various brain areas (Stephens et al., 2005;
Belmeguenai et al., 2008; Xie et al., 2009).

The mesolimbic dopaminergic system that originates in the
ventral tegmental area (VTA) is critically involved in the learning

of information related to rewards, including drugs of abuse
(Schultz, 1998; Hyman et al., 2006). Both natural rewards and
drug rewards, such as ethanol, cause release of dopamine in the
nucleus accumbens and other limbic structures, which is thought
to drive learning by enhancing synaptic plasticity. However,
ethanol intoxication may suppress reward-based conditioning
(Busse et al., 2004; Cunningham and Gremel, 2006), presumably
by hampering synaptic plasticity in dopamine projection areas
(Xie et al., 2009). Accumulating evidence indicates that plasticity
of glutamatergic transmission onto dopamine neurons within
the VTA may also play important roles in the development of
drug addiction (Hyman et al., 2006; Kauer and Malenka, 2007).
Consistent with this idea, in vivo exposure to ethanol has been
shown to produce global enhancement of AMPA receptor
(AMPAR)-mediated transmission in VTA dopamine neurons
(Saal et al., 2003; Stuber et al., 2008). However, it is not clear
whether ethanol experience can promote activity-dependent
plasticity of glutamatergic synapses in the VTA.

Plasticity of NMDA receptor (NMDAR)-mediated transmis-
sion may be of particular interest, as NMDAR activation in the
VTA is necessary for dopamine neuron burst firing and phasic
dopamine release in projection areas that occurs in response to
rewards or reward-predicting stimuli (Sombers et al., 2009; Zwe-
ifel et al., 2009). We have recently reported long-term potentia-
tion (LTP) of NMDAR EPSCs that is induced by sustained
glutamatergic input activity paired with postsynaptic burst firing
(Harnett et al., 2009). LTP induction requires amplification of
action potential (AP)-evoked Ca 2� signals by preceding activa-

Received Oct. 7, 2010; revised Feb. 4, 2011; accepted Feb. 14, 2011.
Author contributions: B.E.B. and H.M. designed research; B.E.B. and L.W. performed research; B.E.B., L.R.W., and

H.M. analyzed data; and B.E.B. and H.M. wrote the paper.
This work was supported by National Institutes of Health Grant AA015521. B.E.B. was supported by a National

Research Service Award.
Correspondence should be addressed to Hitoshi Morikawa, Section of Neurobiology, University of Texas at Austin,

2400 Speedway, PAT 402, Austin, TX 78712. E-mail: morikawa@mail.utexas.edu.
DOI:10.1523/JNEUROSCI.5282-10.2011

Copyright © 2011 the authors 0270-6474/11/315205-08$15.00/0

The Journal of Neuroscience, April 6, 2011 • 31(14):5205–5212 • 5205



tion of metabotropic glutamate receptors (mGluRs). This ampli-
fication is dependent on Ca 2� release from intracellular stores,
where inositol 1,4,5-trisphosphate (IP3) generated by mGluR ac-
tivation increases Ca 2�-induced Ca 2� release triggered by AP-
induced Ca 2� influx (Cui et al., 2007).

Long-term ethanol treatment has been shown to produce an
enhancement of IP3-mediated Ca 2� signaling in different cell
types (Nomura et al., 1996; Saso et al., 1997; Netzeband et al.,
2002). In the present study, we examined whether repeated in
vivo ethanol exposure promotes mGluR/IP3-dependent plasticity
of NMDAR EPSCs in VTA dopamine neurons.

Materials and Methods
Animals. Male C57BL/6J mice (3– 8 weeks old) were obtained from Jack-
son Laboratory and were housed under a 12 h light/dark cycle (lights on
at 7:00 A.M.). Food and water were available ad libitum. All animal
procedures were approved by the University of Texas Institutional Ani-
mal Care and Use Committee.

In vivo ethanol treatment. Mice (3– 4 weeks old) received intraperito-
neal injections of ethanol (2 g/kg, 20% v/v) or an equivalent volume of
saline, 3 times per day (3–3.5 h apart) for 7 d (6 g/kg ethanol per day).
Mice were returned to the home cage immediately after each injection. It
has been shown that intraperitoneal injection of 2 g/kg ethanol produces
blood ethanol levels of �1.8 mg/ml in C57BL/6J mice (Crabbe et al.,
2003), which are comparable to the levels achieved during ethanol drink-
ing (�1.6 mg/ml) (Elmer et al., 1987; Rhodes et al., 2005). It should also
be noted that male C57BL/6J mice consume �10 –14 g/kg ethanol per
day during continuous-access two-bottle choice drinking (Blednov et al.,
2005).

Electrophysiology. Mice were killed by cervical dislocation under halo-
thane or isoflurane anesthesia, and horizontal midbrain slices (190 –210
�m) containing the VTA were cut in an ice-cold solution containing (in
mM): 205 sucrose, 2.5 KCl, 1.25 NaH2PO4, 7.5 MgCl2, 0.5 CaCl2, 10
glucose, and 25 NaHCO3, saturated with 95% O2 and 5% CO2 (�305
mOsm/kg) and incubated � 1 h at 35°C in a solution containing (in mM):
126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.4 CaCl2, 11 glucose, and
25 NaHCO3, saturated with 95% O2 and 5% CO2 (pH 7.4, �295 mOsm/
kg). Recordings were made at 34�35°C in the same solution per-
fused at �2.5 ml/min. The pipette solution contained (in mM) 115
K-methylsulfate, 20 KCl, 1.5 MgCl2, 10 HEPES, 0.025 EGTA, 2 Mg-ATP, 0.2
Na2-GTP, and 10 Na2-phosphocreatine (pH 7.25, �280 mOsm/kg).

Cells were visualized using an upright microscope (Olympus) with
infrared/differential interference contrast optics. Recordings were made
in the lateral VTA located between 50 and 150 �m from the medial
border of the medial terminal nucleus of the accessory optic tract. Puta-
tive dopamine neurons were identified by their spontaneous firing (1–5
Hz) with broad APs (�1.2 ms) recorded in cell-attached configuration
and large Ih currents (� 200 pA elicited by 1.5 s hyperpolarizing steps
from �62 mV to �112 mV) in whole-cell configuration. Whole-cell
voltage-clamp recordings were made at a holding potential of �62 mV,
corrected for a liquid junction potential of �7 mV. Pipettes with tip
resistance of 1.5–2.0 M� were used. Series and input resistances were
monitored throughout experiments and recordings were discarded if the
series resistance increased beyond 20 M� or the input resistance dropped
below 200 M�. A Multiclamp 700A amplifier (Molecular Devices) and
AxoGraph X (AxoGraph Scientific) were used to record and collect data,
which were filtered at 1–5 kHz and digitized at 2–10 kHz.

Unclamped APs were evoked with 2 ms depolarizing pulses from �62
mV to �7 mV. The time integral of the outward tail current, termed
IK(Ca), was calculated after removing a 20 ms window following the de-
polarizing pulse (expressed in picocoulombs). We have shown previ-
ously that IK(Ca) thus measured is completely eliminated by TTX and also
by apamin, a selective blocker of small-conductance Ca 2�-sensitive K �

(SK) channels, and hence can be used as a readout of AP-induced Ca 2�

transients (Cui et al., 2007).
Flash photolysis. Caged IP3 (25 or 200 �M; Invitrogen) was loaded into

the cytosol through the whole-cell pipette. A 1 ms UV pulse was applied
using a xenon arc lamp (Cairn Research) to rapidly release IP3. The UV

pulse was focused through a 60� objective onto an �350-�m-diameter
area centered at recorded neurons. The amount of photolysis is known to
be proportional to the UV pulse intensity (McCray et al., 1980), which is
proportional to the capacitance of the capacitor feeding current to the
flash lamp. UV pulse intensity is therefore reported in units of capaci-
tance (50 – 4050 �F).

LTP experiments. Synaptic stimuli were applied every 20 s using bipo-
lar tungsten electrodes (�100 �m tip separation) placed 50 –150 �m
rostral to the recorded neuron. To isolate NMDAR EPSCs, recordings
were performed in the presence of DNQX (10 �M), picrotoxin (100 �M),
and eticlopride (100 nM) to block AMPA, GABAA, and D2 dopamine
receptors. For LTP induction, sustained synaptic stimulation (70 stimuli
at 50 Hz) was paired with a burst of 5 APs at 20 Hz, with the burst onset
delayed 1 s from the onset of the synaptic stimulation train. This synaptic
stimulation-burst pairing was repeated 10 times every 20 s. Magnitude of
LTP was determined by comparing the average EPSC amplitude over the
10 min baseline period with that during another 10 min window
�30 – 40 min after LTP induction.

Conditioned place preference. A conditioned place preference (CPP)
box consisting of two distinct compartments, separated by a small middle
chamber, was used for conditioning (Med Associates). One compart-
ment had a mesh floor with white walls, while the other had a grid floor
with black walls. One day after the 7 d saline/ethanol treatment in the
home cage, mice were subjected to a pretest in a conditioning room, in
which they were allowed to freely explore the entire CPP box for 20 min.
The percentage of time spent in each compartment was determined after
excluding the time spent in the middle chamber. Any mice that spent
�60% of time in either compartment during the pretest were not used
for conditioning. For cocaine CPP, mice were subjected to 2 d condition-
ing starting the next day, in which one of the two compartments was
randomly assigned as the cocaine-paired side in each mouse. Here, mice
were given an injection of cocaine (5 mg/kg, i.p.) and confined to one
compartment for 30 min in one trial and given a saline injection and
confined to the other compartment for 30 min in another trial. The two
trials were separated by at least 4 h. The order of cocaine/saline trials was
reversed on the second day of conditioning. A 20 min posttest was per-
formed the following day. Mice that spent �8 min in the middle chamber
during pretest or posttest were excluded from analysis. CPP score was
determined by subtracting the preference for the cocaine-paired side in
the pretest from that in the posttest. For ethanol CPP, mice were sub-
jected to 4 d conditioning in which they were given either ethanol (2 g/kg,
i.p.) or saline and confined to one compartment for 5 min.

Drugs. 3,4-Dihydroxyphenylglycol (DHPG), CRF, DNQX, eticlo-
pride, and K41498 were obtained from Tocris Bioscience. Caged IP3 was
purchased from Invitrogen. All other chemicals were from Sigma-RBI.

Data analysis. Data are expressed as mean � SEM. Statistical signifi-
cance was determined by Student’s t test or ANOVA followed by Bonfer-
roni post hoc test. The difference was considered significant at p � 0.05.

Results
In vivo ethanol experience leads to enhanced
mGluR-mediated facilitation of AP-evoked Ca 2� signals
and increased IP3 sensitivity
mGluR/IP3-induced facilitation of AP-evoked Ca 2� signals is re-
quired for the induction of NMDAR LTP in dopamine neurons
(Harnett et al., 2009). Thus, we first tested whether in vivo ethanol
exposure alters the effect of the mGluR agonist DHPG on AP-
evoked Ca 2� signals, which were assessed by measuring SK cur-
rents (IK(Ca)) following unclamped APs evoked by brief
depolarizing pulses (see Materials and Methods). Recordings
were made in midbrain slices prepared from naive C57BL/6J
mice and mice that received injections of saline or ethanol (2
g/kg, i.p.) 3 times daily for 7 d (4 –5 weeks old at the time of slice
preparation). Bath perfusion of DHPG (3 �M) produced small
facilitation of IK(Ca) in VTA dopamine neurons from naive or
saline-treated mice (Fig. 1A,B). This DHPG effect was signifi-
cantly increased 1 d after withdrawal from 7 d ethanol treatment.
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There was no change in the basal IK(Ca) amplitude (Fig. 1C).
DHPG effect on IK(Ca) was still elevated 7 d after cessation of
ethanol exposure, however it returned to a level comparable to
that of the age-matched naive control (8 –9 weeks old) after 4 –5
weeks of withdrawal (Fig. 1D). Subsequent data for saline- and
ethanol-treated mice in the present study were obtained 1 d after
7 d saline/ethanol exposure. DHPG-induced inward currents,
which are independent of IP3 or Ca 2� (Guatteo et al., 1999; Cui et
al., 2007) and likely involve activation of transient receptor
potential-like channels (Tozzi et al., 2003), were not altered by
ethanol treatment (Fig. 1E), suggesting that the increase in
DHPG effect on IK(Ca) results from changes in IP3 signaling
downstream of mGluRs.

To more directly examine the alterations in IP3 signaling, we
next performed flash photolysis of caged IP3 (200 �M) and
measured the resulting SK-mediated outward current (IIP3)
(Morikawa et al., 2000). The concentration of IP3 released was
varied by applying different UV flash intensities, which were de-
termined by the capacitance (up to 4050 �F) of the capacitor in
the photolysis system (see Materials and Methods). IP3 concen-
tration–response curves thus constructed exhibited a leftward
shift after in vivo ethanol exposure (Fig. 2A,B). The average EC50

value [i.e., the UV intensity (expressed in microfarads) produc-
ing half-maximal current] was significantly lower in ethanol-

treated mice compared with controls (Fig. 2C), while there was
no difference in the maximal IIP3 amplitude (Fig. 2D). Therefore,
repeated ethanol exposure increases IP3 sensitivity in VTA dopa-
mine neurons.

Repeated ethanol exposure and acute CRF application both
enhance IP3 signaling via protein kinase A
It has been shown that in vivo ethanol exposure causes upregula-
tion of the adenylyl cyclase-cAMP-PKA (protein kinase A) path-
way in the mesolimbic dopamine system (Ortiz et al., 1995; Melis
et al., 2002). PKA-mediated phosphorylation of IP3 receptors
(IP3Rs) increases their IP3 sensitivity (Wagner et al., 2008). Thus,
we tested the effect of forskolin, a potent activator of adenylyl
cyclase, on IIP3 in naive mice. Bath perfusion of forskolin (3 �M)
caused a significant increase in IIP3 evoked with an EC50 flash
intensity, while there was minimal enhancement of IIP3 evoked
with a maximal flash intensity (Fig. 3A,B). Therefore, activation
of the cAMP-PKA pathway increases IP3R sensitivity in a manner
analogous to repeated ethanol exposure. We further tested fors-
kolin (3–10 �M) on AP-evoked IK(Ca) and found that it had no
effect (Fig. 3C,D), similarly to the lack of effect of in vivo ethanol
treatment on IK(Ca) (Fig. 1C).

Repeated ethanol exposure increases CRF levels in the brain
(Sarnyai et al., 2001; Heilig and Koob, 2007). Furthermore, it has
been shown that activation of CRF2 receptors potentiates
mGluR-induced intracellular Ca 2� release via a PKA-dependent
mechanism in dopamine neurons (Riegel and Williams, 2008).
Therefore, we next examined the effects of CRF on IP3 signaling
in saline- and ethanol-treated mice. In these experiments, dopa-
mine neurons were filled with a low concentration of caged IP3

(25 �M) and subjected to a subthreshold UV flash (100 �F) that
produced no measurable outward current by itself. This sub-

Figure 1. mGluR-dependent facilitation of AP-evoked Ca 2� signals is augmented after
withdrawal from repeated ethanol exposure. A, Example traces of IK(Ca) illustrating the effects of
DHPG (3 �M) on IK(Ca) in cells from saline- and ethanol-treated mice (1 d withdrawal). B,
Summary bar graph demonstrating that in vivo ethanol exposure augmented DHPG-induced
facilitation of IK(Ca) (naive group, 7 cells from 4 mice; saline group, 10 cells from 5 mice; ethanol
group, 14 cells from 8 mice; F(2,28) 	 6.25, p � 0.01, one-way ANOVA). *p � 0.05 versus naive
and saline groups. C, The size of basal IK(Ca) was not altered after ethanol treatment. D, Summary
graph depicting DHPG effect on IK(Ca) after different periods of ethanol withdrawal [1 d with-
drawal group, 14 cells from 8 mice; 7 d withdrawal group, 7 cells from 5 mice; 4 –5 week
withdrawal group, 10 cells from 5 mice; naive (�8 weeks old) group, 9 cells from 5 mice]. E,
DHPG-induced inward currents were not affected by ethanol treatment. Right, Example traces
of DHPG-induced currents in cells from saline- and ethanol-treated mice. DHPG was perfused at
the time indicated. The data in C and E were obtained from the same cells shown in B.

Figure 2. In vivo ethanol exposure increases IP3 sensitivity. A, Traces of IIP3 evoked with
different UV pulse intensities (150, 450, 1350, and 4050 �F) in VTA neurons from saline- and
ethanol-treated mice. These cells were loaded with caged IP3 (200 �M). UV flashes were applied
at the time indicated by the arrow. B, Averaged concentration (UV flash intensity)–response
(IIP3) curves from control and ethanol-treated mice. The IIP3 amplitude was normalized to the
maximal value (estimated from fit to a logistic equation) in each cell. Data from naive and
saline-treated mice were pooled as a control group (control group, 13 cells from 7 naive mice
and 6 cells from 4 saline-treated mice; ethanol group, 16 cells from 10 mice; group, F(1,99) 	
12.7, p � 0.01; flash intensity, F(3,99) 	 643.1, p � 0.0001; group � flash intensity, F(3,99) 	
7.45, p � 0.001, mixed two-way ANOVA). Dashed lines are fit to a logistic equation. ***p �
0.001 versus control. C, Summary bar graph showing that EC50 values were reduced in ethanol-
treated mice (t33 	 3.88, p � 0.001, unpaired t test). D, The maximal IIP3 amplitude was not
altered by in vivo ethanol treatment.
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threshold flash caused significant facilitation of IK(Ca) when ap-
plied 50 ms before an AP (Fig. 4A). The flash intensity was held
constant to compare the magnitude of IK(Ca) facilitation caused
by the same concentration of IP3 in different cells. In saline-
treated animals, bath perfusion of CRF (300 nM) significantly
increased the magnitude of IP3-induced facilitation of IK(Ca) (Fig.
4A,C). Consistent with the results from DHPG experiments (Fig.
1B), IP3-induced facilitation of IK(Ca) was significantly larger in
ethanol-treated mice compared with saline-treated controls (Fig.
4A–C). Furthermore, CRF was able to cause a robust additional
increase in IK(Ca) that was already greatly facilitated by IP3 in
ethanol-treated mice. Treatment with the PKA inhibitor H89 (10
�M, �1 h preincubation plus intracellular application through
whole-cell pipette) reversed the increase in IK(Ca) facilitation fol-
lowing in vivo ethanol exposure and also completely abolished
the effect of CRF. Notably, CRF application or H89 treatment had
no effect on basal IK(Ca) not facilitated by IP3 (Fig. 4D; also note
the overlap of gray and orange traces in Fig. 4A,B). We further
confirmed that the augmentation of IP3 effect by CRF was sup-
pressed by prior application of the selective CRF2 receptor antag-
onist K41498 (100 –300 nM) in ethanol-treated mice (Fig. 4E).
K41498 itself had no effect on IP3-induced facilitation of IK(Ca),
showing the absence of functional CRF tone in brain slices. To-
gether, these data demonstrate that previous in vivo ethanol ex-
posure and acute CRF application converge on PKA to amplify
the facilitatory effect of IP3 on AP-evoked Ca 2� signals.

In vivo ethanol experience promotes NMDAR plasticity
We next examined whether repeated ethanol exposure affects the
induction of NMDAR LTP, which requires mGluR/IP3-induced
Ca 2� signal facilitation and is gated by PKA activity (Harnett et
al., 2009). Pharmacologically isolated NMDAR EPSCs were re-
corded at �62 mV in physiological Mg 2� (1.2 mM) solution (see
Materials and Methods). Previous studies using C57BL/6J mice
have found no global changes in NMDAR function in VTA do-
pamine neurons after repeated in vivo injections of ethanol (Bro-

die, 2002; Hopf et al., 2007). Therefore, we normalized synaptic
stimulation intensity using the NMDAR EPSC amplitude
(�20 –30 pA; saline group: 26 � 2 pA, 8 cells from 7 mice; ethanol
group: 27 � 3 pA, 5 cells from 5 mice). Following 10 min baseline
recording, LTP was induced by repetitively pairing (10 times ev-
ery 20 s) sustained synaptic stimulation (70 stimuli at 50 Hz) with
a burst of 5 APs at 20 Hz in the postsynaptic neuron. While this
pairing protocol resulted in relatively small LTP of NMDAR
EPSCs in saline-treated controls, ethanol-treated animals exhib-
ited significantly larger magnitude of LTP (Fig. 5A–C). Before
running the LTP induction protocol, facilitation of IK(Ca) by syn-
aptic stimulation was assessed in each neuron by evoking an AP at
60 ms after the end of a 1 s stimulation train. We found that
facilitation of IK(Ca) by synaptic stimulation was significantly in-
creased in neurons from ethanol-treated animals (Fig. 5D). Fur-
thermore, the magnitude of NMDAR LTP was positively
correlated with that of IK(Ca) facilitation across neurons from
both groups of mice (r 	 0.61, p � 0.05) (Fig. 5E). These data
demonstrate that repeated ethanol exposure enhances the induc-
tion of NMDAR plasticity, most likely via an increase in mGluR-
mediated facilitation of AP-evoked Ca 2� signals.

Previous ethanol experience enhances subsequent
cocaine-induced place conditioning
Enhanced NMDAR plasticity in VTA dopamine neurons may
facilitate the learning of environmental stimuli associated with
rewards, including drugs of abuse (Ahn et al., 2010). Thus, we
tested the effect of repeated ethanol exposure on subsequent re-
ward learning using cocaine-induced CPP, a form of behavioral
conditioning that is dependent on NMDARs in the VTA (Harris
et al., 2004; Zweifel et al., 2008). Mice were first treated with
either saline or ethanol (2 g/kg, i.p.) for 7 d, as described above.
Then, after initial preference for the two compartments of the
CPP box was determined on the pretest day, mice were subjected
to 2 d conditioning in which cocaine (5 mg/kg, i.p.) was paired
with one compartment while saline was paired with the other
compartment on each day. During the CPP posttest, ethanol-
treated mice exhibited a significantly greater increase in prefer-
ence for the cocaine-paired compartment (Fig. 6A,B). These data
demonstrate that repeated ethanol exposure enhances subse-
quent learning of cocaine-associated environmental stimuli.

We further asked whether repeated ethanol exposure could
affect subsequent ethanol CPP. To test this, mice underwent 4 d
CPP conditioning with ethanol (2 g/kg, i.p.) after 7 d saline/
ethanol treatment. Neither group developed significant prefer-
ence for the ethanol-paired compartment (Fig. 6C,D), in
agreement with a previous report showing that C57BL/6J mice do
not readily develop ethanol CPP (Cunningham et al., 1992).

Discussion
It is well known that acute ethanol exposure inhibits NMDAR
function, thus causing suppression of many forms of synaptic
plasticity that are dependent on NMDAR activation in the CNS
(Lovinger et al., 1989; Ron, 2004). In contrast, long-term ethanol
exposure has been shown to produce upregulation of NMDAR
function/expression in the hippocampus (Nelson et al., 2005),
amygdala (Roberto et al., 2006), and striatum (Wang et al., 2010),
although it is not clear whether this leads to an enhancement of
NMDAR-dependent synaptic plasticity (Stephens et al., 2005; Xia
et al., 2006; Sabeti and Gruol, 2008). In the present study, we
found that VTA dopamine neurons exhibit increased susceptibil-
ity to the induction of mGluR/IP3-dependent LTP of NMDAR
EPSCs after repeated ethanol exposure in vivo. Our finding pro-

Figure 3. Stimulation of the cAMP-PKA pathway increases IP3 sensitivity. A, Representative
traces of IIP3 in control (gray) and forskolin (3 �M; black). Traces on the left were elicited with an
EC50 flash intensity, while those on the right represent maximal IIP3 evoked in the same cell. The
cell was loaded with caged IP3 (200 �M). B, Effects of forskolin on IIP3 evoked with EC50 or
maximal flash intensities are plotted in 6 cells (t5 	 9.07, p � 0.001, paired t test). C, Example
traces of IK(Ca) in control (gray) and forskolin (10 �M; black). D, Summary time graph demon-
strating that forskolin (3–10 �M) failed to affect IK(Ca) (n 	 5).
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vides an important insight into the neural plasticity mediating the
learning component of alcoholism.

Repeated ethanol exposure enhances IP3R sensitivity
The increase in IP3-induced Ca 2� signaling observed in ethanol-
treated mice is most likely due to increased PKA phosphorylation
of IP3Rs, as it can be mimicked by activation of the cAMP/PKA
pathway by forskolin and reversed by the PKA inhibitor H89.
Changes in gene expression and protein levels of multiple com-
ponents of the cAMP/PKA pathway have been found in tissue
samples from human alcoholic brain (Yamamoto et al., 2001;
Mayfield et al., 2002). Furthermore, upregulation of the cAMP/
PKA pathway, presumably resulting from chronic activation
of Gi-coupled receptors, such as D2 dopamine receptors or
�-opioid receptors, appears to be a common neuroadaptation
observed in the mesolimbic system and other brain areas follow-
ing exposure to different drugs of abuse (Hyman et al., 2006).
Indeed, ethanol is known to elevate dopamine levels within the
VTA, activating D2 autoreceptors on dopamine neurons (Yan et
al., 1996; Kohl et al., 1998). Ethanol-induced dopamine release in
the VTA has also been shown to activate presynaptic D1 receptors
on glutamatergic terminals, which may further increase somato-
dendritic dopamine release via glutamatergic excitation of dopa-
mine neurons (Deng et al., 2009; Xiao et al., 2009). Furthermore,
we have recently reported a similar PKA-dependent increase in
IP3R sensitivity in dopamine neurons following in vivo exposure
to amphetamine (Ahn et al., 2010). Thus, repetitive stimulation
of D2 autoreceptors as a consequence of drug-induced dopamine
release within the VTA may be a potential mechanism mediating
the enhancement of IP3R function.

The basal IK(Ca) was not altered by re-
peated ethanol exposure or by modulation
of the cAMP/PKA pathway with forskolin
or H89, suggesting that PKA does not signif-
icantly affect voltage-gated Ca2� channels
responsible for AP-induced Ca2� influx.
PKA-mediated phosphorylation is known
to modulate multiple types of voltage-gated
Ca2� channels (Hell et al., 1995; Dolphin,
1996), including L-type Ca2� channels that
are highly expressed in dopamine neurons
and play an important role in AP firing (Ra-
jadhyaksha et al., 2004; Chan et al., 2007).
However, PKA sensitivity of the pore-
forming �1 subunit of L-type channels ap-
pears to be determined by alternative
splicing and the presence of certain auxiliary
subunits (Hell et al., 1993; Liang and Tava-
lin, 2007). To our knowledge, the precise
splice variant and subunit composition of
L-type channels in dopamine neurons are
unknown.

Interactions between the CRF system
and ethanol-induced neuroadaptations
An extensive body of work has implicated
stress and the CRF system in the acquisi-
tion, expression, and reinstatement of
drug-seeking behaviors (Sarnyai et al.,
2001; Heilig and Koob, 2007). For exam-
ple, stress-induced enhancement of the
acquisition of cocaine CPP can be re-
versed by systemic administration of a

CRF receptor antagonist (Kreibich et al., 2009). Furthermore,
acute stress has been shown to more effectively increase opiate
self-administration when the stressor and the self-administration
session are closely paired in time and not when the stressor is
applied several hours after the end of the session, suggesting that
stress can strengthen learned associations that contribute to drug
taking behavior (Shaham, 1993). Recent evidence also indicates
direct interactions between CRF and dopamine systems within
the VTA. Indeed, stress-induced CRF release in the VTA can
trigger reinstatement of cocaine-seeking behavior (Wise and Mo-
rales, 2010), which could be mediated by direct effects of CRF on
intrinsic excitability or glutamatergic excitation of dopamine
neurons (Ungless et al., 2003; Wanat et al., 2008). Our finding
that CRF potentiates IP3-induced facilitation of IK(Ca) is in agree-
ment with a previous study demonstrating that CRF increases
mGluR-mediated intracellular Ca 2� release in dopamine neu-
rons (Riegel and Williams, 2008). These CRF effects on Ca 2�

signaling occur via the cAMP/PKA pathway, which also mediates
the effects of repeated in vivo exposure to ethanol and amphet-
amine, as described above. Despite this shared mechanism of
action, the enhancement of IP3 sensitivity by ethanol exposure
does not occlude the facilitation of AP-evoked Ca 2� signals by
CRF. On the contrary, a robust facilitation of IP3-mediated Ca 2�

release can be achieved when acute CRF is combined with prior
ethanol exposure. PKA regulation of IP3Rs may, therefore, rep-
resent an important site of convergence where the stress system
interacts with drug-induced neuroadaptations, thereby promot-
ing drug-induced learning and behaviors. In this regard, it should
be noted that increased CRF levels are observed during ethanol
withdrawal in multiple brain areas of rodents (Sarnyai et al.,

Figure 4. CRF amplifies the increase in IP3 effect on AP-evoked Ca 2� signals produced by in vivo ethanol exposure. A, Repre-
sentative traces of IK(Ca), evoked by itself (gray and orange traces) or paired with preceding photolysis of caged IP3 (25 �M; black
and red traces), in a saline-treated mouse. A low-intensity UV flash (100 �F) was applied at the arrow (50 ms before the AP). The
magnitude of IP3-induced facilitation of IK(Ca) is determined by comparing gray and black traces in control solution and by com-
paring orange and red traces in CRF (300 nM). Note that bath perfusion of CRF, which failed to affect IK(Ca) itself, was capable of
augmenting IP3-induced facilitation. B, Representative traces of IK(Ca), evoked as in A, from an ethanol-treated mouse. IP3 pro-
duced robust facilitation of IK(Ca) (black trace), which was further augmented by CRF (red trace). Treatment with H89 (10 �M)
largely suppressed IP3-induced IK(Ca) facilitation and abolished the CRF effect. C, Summary bar graph plotting the magnitude of
IP3-induced facilitation of IK(Ca) under the conditions illustrated in A and B (saline group, 8 cells from 4 mice; ethanol group, 6 cells
from 4 mice; ethanol group recorded in H89: 6 cells from 5 mice; group: F(2,17) 	 11.4, p � 0.001; CRF: F(1,17) 	 21.1, p � 0.001;
group � CRF: F(2,17) 	 4.38, p � 0.05, mixed two-way ANOVA). *p � 0.05, **p � 0.01, ***p � 0.001. D, Summary bar graph
depicting the size of IK(Ca) (without IP3). These data were from the same cells shown in C. E, The CRF2 receptor antagonist K41498
blocked the augmentation of IP3-induced facilitation of IK(Ca) by CRF (5 cells from 3 ethanol-treated mice).
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2001; Heilig and Koob, 2007) as well as in the CSF of alcohol-
dependent humans (Adinoff et al., 1996). Thus, although CRF
tone was not detected in VTA slices in the present study, VTA
CRF levels may be elevated in vivo during ethanol withdrawal.

Previous studies have found that CRF can activate the phos-
pholipase C (PLC) pathway in dopamine neurons (Ungless et al.,
2003; Wanat et al., 2008). Since PLC activation leads to the gen-
eration of IP3, CRF could be expected to facilitate IK(Ca) itself
through this pathway, as agonists of mGluRs and other PLC-
coupled receptors do (Cui et al., 2007). However, CRF failed to
facilitate IK(Ca) unless APs were combined with preceding IP3

flash photolysis in the present study. This result suggests that
coupling of CRF receptors to the PLC pathway may not be strong

enough to produce a sufficient amount of IP3 to cause IK(Ca)

facilitation by itself.

Repeated ethanol exposure enhances NMDAR plasticity and
learning of drug-associated stimuli
Extensive studies have shown that in vivo exposure to drugs of
abuse, including ethanol, causes global potentiation of AMPAR,
but not NMDAR, function in VTA dopamine neurons (Brodie,
2002; Saal et al., 2003; Hopf et al., 2007; Kauer and Malenka,
2007; Stuber et al., 2008). This generalized increase in the sensi-
tivity of dopamine neurons to AMPAR-mediated excitation is
thought to result in increased dopamine release in the nucleus
accumbens and other dopamine neuron projection areas,
thereby enhancing activity-dependent synaptic plasticity in those
areas (Wolf et al., 2004). In contrast, the present study demon-
strates that ethanol exposure induces neuroadaptation within the
VTA that facilitates activity-dependent plasticity of NMDAR-
mediated glutamatergic transmission onto dopamine neurons, as
has been shown previously with amphetamine exposure (Ahn et
al., 2010). NMDARs are thought to play a critical role in trigger-
ing phasic dopamine neuron responses to reward-predicting cues
(Sombers et al., 2009; Zweifel et al., 2009). Interestingly, in vivo
exposure to ethanol and other drugs of abuse has been shown to
impair LTP induction at GABAergic synapses in VTA dopamine
neurons (Guan and Ye, 2010; Niehaus et al., 2010; but also see
Melis et al., 2002). Since GABAergic inhibition can effectively
suppress NMDAR-induced burst firing (Lobb et al., 2010), these
two forms of metaplasticity, i.e., enhancement of NMDAR LTP
and impairment of GABA LTP, may work in concert to promote
the development of conditioned dopamine neuron responses to
environmental stimuli associated with drug experience.

NMDAR activation in the VTA is required for the learning of
drug-associated cues assessed with a CPP paradigm (Harris et al.,
2004; Zweifel et al., 2008). In accordance with this idea, acute

Figure 5. NMDAR-mediated transmission becomes more susceptible to LTP induction after
repeated ethanol exposure. A, Example experiments to induce NMDAR LTP in saline- and
ethanol-treated mice. Time graphs of NMDAR EPSC amplitude are shown on the left. The LTP
induction protocol, which consisted of synaptic stimulation-burst pairing (top inset), was de-
livered at the time indicated by the arrow. Traces of NMDAR EPSCs at times indicated by num-
bers in the time graphs are shown on the right. B, Summary time graph of NMDAR LTP
experiments (saline group, 8 cells from 7 mice; ethanol group, 5 cells from 5 mice). C, Summary
graph plotting the magnitude of NMDAR LTP in saline- and ethanol-treated mice (t11 	 4.04,
p � 0.01, unpaired t test). D, Summary graph showing that the magnitude of IK(Ca) facilitation
produced by preceding synaptic stimulation was larger in ethanol-treated mice (t11 	 2.25,
p � 0.05, unpaired t test). Example traces illustrating synaptic facilitation of IK(Ca) are shown on
the right. E, The magnitude of NMDAR LTP is plotted versus the magnitude of synaptic facilita-
tion of IK(Ca) in the cells shown in. Solid line is a linear fit to all data points from both saline- and
ethanol-treated mice. The data summarized in B–E were all from the same cells.

Figure 6. Previous ethanol exposure promotes cocaine-induced CPP. A, Changes in the pref-
erence for the cocaine-paired side after 2 d conditioning are shown for saline- and ethanol-
treated mice (saline group, t6 	 4.46, p � 0.01; ethanol group, t8 	 5.39, p � 0.001, paired
t test). B, Summary bar graph showing that cocaine CPP is enhanced in ethanol-treated mice
(t14 	 2.35, p � 0.05, unpaired t test). C, Changes in the preference for the ethanol-paired side
after 4 d conditioning are shown for saline- and ethanol-treated mice (saline group, t6 	 0.16,
p 	 0.88; ethanol group, t7 	 1.10, p 	 0.31, paired t test). D, Summary bar graph of ethanol
CPP experiments (t13 	 0.78, p 	 0.45, unpaired t test).
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ethanol exposure, which inhibits NMDARs (Lovinger et al.,
1989), has been shown to interfere with CPP when administered
immediately before conditioning sessions (Cunningham and
Gremel, 2006). In contrast, our CPP experiments show that the
same repeated ethanol treatment that enhances NMDAR LTP
also enhances subsequent learning of cocaine-associated cues.
Previous studies performing long-term ethanol preexposure did
not find an enhancement of cocaine or ethanol CPP (Le Pen et al.,
1998; Busse et al., 2005). However, these studies both used signif-
icantly different ethanol treatment protocols than the one used
here, involving much fewer ethanol injections or drinking of
ethanol-containing solutions. These discrepancies suggest that
fewer doses or more gradual intake of ethanol may not be suffi-
cient to induce the neuroadaptations underlying the enhanced
CPP seen in the present study. This type of “cross-sensitization”
of learning shown in our study has been demonstrated with other
drugs of abuse using CPP or operant conditioning paradigms
(Lett, 1989; Horger et al., 1992), which may account for the con-
current use of different types of drugs frequently seen in alcohol-
ics and drug addicts (Pennings et al., 2002; Dani and Harris,
2005). Sensitization of IP3Rs in the VTA may thus be a common
drug-induced neuroadaptation among alcohol and other drugs
of abuse that acts to drive the formation of powerful memories of
stimuli encountered during the initial days to weeks of drug ex-
perience and withdrawal.
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