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Alcohol Elicits Functional and Structural Plasticity
Selectively in Dopamine D1 Receptor-Expressing Neurons of
the Dorsomedial Striatum
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Addiction is thought to be a maladaptive form of learning and memory caused by drug-evoked aberrant synaptic plasticity. We previously
showed that alcohol facilitates synaptic plasticity in the dorsomedial striatum (DMS), a brain region that drives goal-directed behaviors.
The majority of DMS cells are medium spiny neurons (MSNs) that express dopamine D1 receptors (D1Rs) or D2 receptors (D2Rs), which
drive “Go” or “No-Go” behaviors, respectively. Here, we report that alcohol induces cell type-specific synaptic and structural plasticity in
the DMS. Using mice that express a fluorescence marker to visualize D1R or D2R MSNs, we show that repeated cycles of systemic
administration of alcohol or alcohol consumption induces a long-lasting increase in AMPAR activity specifically in DMS D1R but not in
D2R MSNs. Importantly, we report that alcohol consumption increases the complexity of dendritic branching and the density of mature
mushroom-shaped spines selectively in DMS D1R MSNs. Finally, we found that blockade of D1R but not D2R activity in the DMS
attenuates alcohol consumption. Together, these data suggest that alcohol intake produces profound functional and structural plasticity
events in a subpopulation of neurons in the DMS that control reinforcement-related learning.
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Introduction
Exposure to drugs of abuse alters glutamatergic neurotransmis-
sion, causing long-term synaptic and structural plasticity, which
are thought to drive addiction-related behaviors (Russo et al.,
2010). For example, exposure of rodents to cocaine increases

GluN2B-containing NMDAR activity (Schilström et al., 2006;
Huang et al., 2009), induces long-term synaptic plasticity (Ung-
less et al., 2001; Saal et al., 2003), and triggers persistent changes
in dendritic and spine morphology (Russo et al., 2010) in NAc
and VTA. Alcohol also increases GluN2B activity and modulates
synaptic plasticity in the bed nucleus of the stria terminalis (Kash
et al., 2009; Wills et al., 2012) and the VTA (Stuber et al., 2008).
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Significance Statement

Alcohol addiction is considered maladaptive learning and memory processes. Here we unraveled a long-lasting cellular mecha-
nism that may contribute to the memory of alcohol-seeking behaviors. Specifically, we found that alcohol consumption produces
a long-lasting enhancement of channel activity and persistent alterations of neuronal morphology in a part of the brain (DMS) that
controls alcohol-drinking behaviors. Furthermore, we show that these alterations occur only in a subpopulation of neurons that
positively control reward and reinforcement of drugs of abuse. Finally, we report that blocking the activity of this neuronal
population reduces alcohol intake. As such synaptic and structural changes are the cellular hallmarks of learning and memory, and
these neuroadaptations may drive the development of pathological heavy alcohol consumption.
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g/kg/d of alcohol in rats, which models excessive alcohol drinking
in humans (Carnicella et al., 2014), induces long-term facilitation
(LTF) of GluN2B activity selectively in the dorsomedial striatum
(DMS; Wang et al., 2010a), a brain region essential for drug and
alcohol addiction (Koob and Volkow, 2010). We further showed
that alcohol-mediated LTF in the DMS facilitates the induction of
long-term potentiation (LTP) of AMPAR-mediated transmis-
sion (Wang et al., 2012). Finally, we demonstrated that GluN2B
and AMPARs in the DMS contribute to mechanisms that under-
lie the development and maintenance of excessive alcohol con-
sumption and relapse to alcohol seeking (Wang et al., 2010a,
2012).

The principal cells of the striatum are medium spiny neurons
(MSNs), which express dopamine D1 receptors (D1Rs) or D2
receptors (D2Rs) (Gerfen and Surmeier, 2011; Calabresi et al.,
2014). Similar to other addictive drugs, alcohol exposure in-
creases extracellular dopamine levels in the striatum (Gonzales et
al., 2004; Sulzer, 2011). Dopamine binding to G�s-coupled D1Rs
or G�i-coupled D2Rs activates or inhibits, respectively, the
cAMP/PKA pathway (Neve et al., 2004). Alcohol activates PKA
signaling (Ron and Messing, 2013), which increases GluN2B
phosphorylation and NMDAR activity (Yaka et al., 2003b;
Thornton et al., 2004; Darcq et al., 2014b). Furthermore, alcohol
enhances GluN2B activity in a mechanism that requires PKA
(Yaka et al., 2003a; Wang et al., 2007). Finally, induction of dor-
sostriatal AMPAR-LTP requires PKA signaling (Calabresi et al.,
2000; Hawes et al., 2013). Thus, we tested the hypothesis that
alcohol consumption induces a D1R MSN-specific, long-lasting
neuroadaptation in AMPAR activity. Long-term synaptic plastic-
ity of AMPAR-mediated transmission may lead to and/or be as-
sociated with morphological changes in neurons (Kasai et al.,
2010), and exposure to drugs of abuse induces structural plastic-
ity, including alterations in dendritic complexity and spines
(Russo et al., 2010). Thus, we also examined whether alcohol
consumption produces selective alterations in dendritic and
spine morphology in D1R MSNs in the DMS. Finally, we deter-
mined the potential contribution of our findings to alcohol-
drinking behaviors.

Materials and Methods
Reagents
AMPA, picrotoxin, SCH 23390, and raclopride were obtained from
Sigma. Cyclothiazide and TTX were purchased from Tocris Bioscience.
Alexa Fluor 594-conjugated streptavidin was purchased from Invitrogen.
All other reagents were obtained from Sigma.

Animals
Drd1a-eGFP (D1-eGFP), Drd1a-tdTomato (D1-tdTomato), Drd1a-Cre
(D1-Cre), Drd2-eGFP (D2-eGFP), and Drd2-cre (D2-Cre) mice were
obtained from Mutant Mouse Regional Resource Centers. DsRed and
C57BL/6J mice were purchased from The Jackson Laboratory. Hemizy-
gous D1-eGFP, D2-eGFP, and D1-tdTomato mice were bred with Swiss
Webster mice (Taconic). Hemizygous DsRed mice were bred with
C57BL/6J mice. D1-tdTomato mice were crossed with D2-eGFP mice to
obtain D1-tdTomato/D2-eGFP mice. D1-Cre or D2-Cre mice were
crossed with DsRed mice to generate D1-Cre/DsRed or D2-Cre/DsRed
mice, respectively. Mouse genotypes were determined by PCR analysis of
products derived from tail DNA of fluorescent proteins (eGFP for D1-
eGFP and D2-eGFP mice; tdTomato for D1-tdTomato mice; DsRed for
DsRed mice), of the Cre recombinase (D1-Cre and D2-Cre mice), or of
both fluorescent proteins and the Cre recombinase (DsRed and Cre for
D1-Cre/DsRed and D2-Cre/DsRed mice). Mice were housed under a
12 h light/dark cycle with lights on at 7:00 A.M. and food and water
available ad libitum. All animal procedures in this report were approved
by the Gallo Center and the University of California San Francisco

(UCSF) Institutional Animal Care and Use Committee and by the Texas
A&M University Institutional Animal Care and Use Committee. All the
procedures were conducted in agreement with the Guide for the Care and
Use of Laboratory Animals (National Research Council, Gallo Center)
and the Association for Assessment and Accreditation of Laboratory An-
imal Care (AAALAC, UCSF).

Preparation of solutions
Alcohol solutions were prepared from absolute anhydrous ethyl alcohol
(190 proof). For systemic administration experiments alcohol was di-
luted with saline (20% v/v, 2 g/kg). For drinking experiments alcohol was
diluted to 20% (v/v) in tap water. The D1R antagonist SCH 23390 (1
�g/�l) and D2R antagonist raclopride (8 �g/�l) were dissolved in 0.9%
NaCl (saline) solution.

Systemic administration of alcohol
The procedure was described previously by Wang et al. (2010a). Briefly,
male mice (8 weeks) were administered alcohol or saline intraperitone-
ally once a day for 7 consecutive days. Sixteen hours after the seventh
treatment, striatal slices containing the DMS were prepared for electro-
physiological recordings.

Intermittent access two-bottle choice procedure
The procedure is described previously (Darcq et al., 2014a). Briefly, male
mice (8 weeks) were given 24 h concurrent access to one bottle of 20%
alcohol in water and one bottle of water starting at 12:00 P.M. on Mon-
day, Wednesday, and Friday, with 24 h or 48 h alcohol-deprivation peri-
ods in between the alcohol-drinking sessions. The water and alcohol
bottles were weighed after 24 h of access. Experiments started after a
stable baseline of consumption was achieved (�16 g/kg/24 h). The con-
trol group had access to two bottles of water throughout the duration of
the experiment.

Electrophysiology
Slice preparation. Slice preparation was described previously (Wang et al.,
2007). Briefly, coronal sections of the striatum (220 �m) were cut in an
ice-cold solution containing the following (in mM): 40 NaCl, 143.5 su-
crose, 4 KCl, 1.25 NaH2PO4, 26 NaHCO3, 0.5 CaCl2, 7 MgCl2, 10 glucose,
1 sodium ascorbate, and 3 sodium pyruvate, saturated with 95% O2 and
5% CO2. Slices were then incubated in the same solution at 32°C for 45
min before being transferred to a chamber that contained an external
solution composed of the following (in mM): 125 NaCl, 2.5 KCl, 2.5
CaCl2, 1.3 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, and 10 glucose, saturated
with 95% O2 and 5% CO2. Slices were stored in the external solution at
room temperature until use.

Whole-cell recording. Individual slices were placed in a recording
chamber and cells in the DMS were visualized using an epifluorescent
microscope (Examiner A1; Zeiss). Whole-cell recordings were made us-
ing a Multiclamp 700A amplifier (Molecular Devices). Electrodes (4 – 6
M�) contained the following (in mM): 115 cesium methanesulfonate, 15
HEPES, 0.6 EGTA, 8 TEA-Cl, 4 MgATP, 0.3 NaGTP, 7 Na2CrPO4, pH
7.2–7.3, and 1% biocytin with an osmolarity of 270 –280 mOsm. AMPA-
induced currents and AMPAR-mediated mEPSCs were measured as de-
scribed previously (Wang et al., 2010b, 2012). Specifically, AMPA (0.2
�M) was bath applied for 30 s in the presence of the AMPAR desensiti-
zation blocker, cyclothiazide (100 �M). mEPSCs were recorded in the
presence of 1 �M TTX, 100 �M picrotoxin, and 1.3 mM external Mg 2�

with neurons clamped at �70 mV. Rheobase currents (Irheobase) were
measured under the current-clamp mode by injection of a series of 500
ms steps with increments of 10 pA. Irheobase was defined as the first cur-
rent step capable of inducing one action potential. For current-clamp
recording, the electrode contained the following (in mM): 123 potassium
gluconate, 10 HEPES, 0.2 EGTA, 8 NaCl, 2 MgATP, 0.3 NaGTP, pH
7.2–7.3, with an osmolarity of 270 –280 mOsm.

Immunohistochemistry
Tissue fixation and confocal imaging. Postrecording biocytin-staining and
confocal imaging have been described previously (Wang et al., 2010b).
Briefly, immediately after electrophysiology recording, DMS slices con-
taining biocytin-filled neurons were fixed in 4% paraformaldehyde at
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4°C overnight. Sections were then incubated
with Alexa Fluor 594-conjugated streptavidin
for 72 h. A confocal microscope (Zeiss LSM
510) was used to image fluorescent sections.
EGFP was excited by the 488 nm laser. TdTo-
mato, DsRed, and Alexa Fluor 594 were excited
by the 594 nm laser.

Morphological analysis
3D analysis of dendritic branches. Micrographs
of overall dendritic branches and the soma of
biocytin-filled neurons were acquired with a
40� objective at the vertical interval of 1 �m.
Images were reconstructed in three dimen-
sions and biocytin-filled neurons were traced
using Imaris software (Bitplane). Dendritic
branches were quantified with Sholl analysis
(Sholl, 1953). The center of all concentric
spheres is defined as the center of the soma.
The starting radius was 10 �m and the end-
ing radius was 170 �m from the center with
an interval of 10 �m between radii.

3D analysis of dendritic spines. Imaging of
dendritic spines was conducted as described
previously (Dumitriu et al., 2011). Specifi-
cally, dendritic branches that were 75 �m
away from the soma and 30 �m away from
the terminal point of the branches were im-
aged via a 100� oil-immersion objective
(Zeiss, NA 1.3). The pixel size at the XY plane
was 0.07 �m and the interval along the z-axis
was 0.1 �m. Images of spines were deconvo-
luted by AutoQuant X3 (Media Cybernetics)
before analysis, and then a 3D perspective
was rendered by the Surpass module of
Imaris software package (Bitplane). The
length of quantified dendrites was 45–55
�m. For each of the animals examined in
each group, three neurons were analyzed, and for each neuron two
dendrites were analyzed. A protocol that quantifies spine density and
spine types based on the Filament module of Imaris was used.

Intra-DMS infusion of dopamine receptor antagonists and alcohol
intake measurements
Male C57BL/6 mice (9 weeks old) underwent intermittent access to 20%
alcohol as described above. To test the effect of intra-DMS infusion of the
D1R or D2R antagonist on alcohol consumption, cannulae were im-
planted into the DMS. Mice were anesthetized with isoflurane and
placed in a stereotaxic frame (David Kopf Instruments). Bilateral guide
cannulae (C235G-3.0, 26 gauge; Plastics One) were aimed at the DMS at
the following coordinates: 0.5 mm anterior to bregma, �1.5 mm medio-
lateral, 2.5 mm ventral to the skull surface. Cannulae were secured with
stainless steel screws and dental acrylic. Stylets were inserted into the
guide cannulae to keep the injector site clear of debris. After 4 d of
recovery, the intermittent-access 20% alcohol procedure was resumed
and microinfusions started when levels of alcohol intake returned to a
stable baseline. Mice were infused with 0.5 �l of vehicle (saline), the D1R
antagonist SCH 23390 (0.5 �g) (Hodge et al., 1997), or the D2R antago-
nist raclopride (4 �g) immediately before the start of drinking sessions.
The injectors used for each group extended 0.5 mm below the tip of the
cannula. Alcohol intake was measured 2, 4, and 24 h later.

Histology
After completion of the experiments of DMS infusion, C57BL/6 mice were
anesthetized by isoflurane and perfused transcardially with 4% paraformal-
dehyde. For each animal, the infused area was verified in 50 �m coronal
sections using the Zeiss Examiner A1 epifluorescent microscope. Mice show-
ing localized infusion in the DMS were included in the studies.

Statistical analysis
All data are expressed as mean � SEM. Data were analyzed with an
unpaired two-tailed t test, one-way ANOVA, or two-way ANOVA with
repeated measures, followed by the Student-Newman–Keuls (SNK) post
hoc test.

Results
Repeated systemic administration of alcohol produces a
long-lasting increase in AMPAR function in D1R but not D2R
MSNs of the DMS
We first tested the hypothesis that alcohol alters AMPAR ac-
tivity selectively in D1R but not in D2R MSNs of the DMS. To
do so, we used Drd1a-eGFP (D1-eGFP) and Drd2 eGFP (D2-
eGFP) mice in which D1R MSNs (Fig. 1A) and D2R MSNs
express the eGFP (Gong et al., 2003). As previously reported
(Gertler et al., 2008), EGFP-positive neurons from D1-eGFP
mice (D1R MSNs) showed higher rheobase currents than
those from D2-eGFP mice (D2R MSNs; Fig. 1B; t(5) � 11.46,
p 	 0.001) indicating that these two populations of neurons
were recorded separately. D1-eGFP and D2-eGFP mice were
systemically administered with saline or a nonhypnotic dose
of alcohol (2 g/kg) once a day for 7 consecutive days, and
AMPAR activity in DMS D1R and D2R MSNs was measured
16 h after the last administration of alcohol. As shown in
Figure 1C, alcohol enhanced AMPA-induced currents in the
DMS D1R MSNs of D1-eGFP mice (t(21) � �2.23; p 	 0.05).
In contrast, the AMPA currents were identical in DMS D2R
MSNs of alcohol- and saline-treated D2-eGFP mice (Fig. 1D;
t(20) � �0.31; p 
 0.05). In addition, we did not detect differ-

Figure 1. Repeatedsystemicadministrationofalcoholleadstoalong-lastingincreaseinAMPA-inducedcurrentinD1RbutnotD2RMSNsofthe
DMS. A, An example of identification of DMS D1R MSNs from a D1-eGFP mouse (red arrowhead). B, Biophysical identification of D1R (red) and D2R
(blue)MSNs.D1RMSNs(fluorescentcellsinslicesfromD1-eGFPmice)exhibitagreaterrheobasecurrentcomparedwithD2RMSNs(fluorescentcells
inslicesfromD2-eGFPmice).***p	0.001;n�3(D1RMSNs)and4(D2RMSNs)fromtwomiceineachgroup.C,Repeatedsystemicadministration
ofalcoholleadstoalong-lastingincreaseinAMPA-inducedcurrentintheDMSofeGFP-positive(D1R)MSNsfromD1-eGFPmice.Miceweresystem-
ically administered with alcohol (2 g/kg) or saline once daily for 7 consecutive days. Sixteen hours after the last administration, DMS slices were
preparedandAMPA-inducedcurrentsweremeasured.*p	0.05,ttest;n�11(D1RMSNs)and12(D2RMSNs)cellsfromfivemiceineachgroup.
D–E,RepeatedsystemicadministrationofalcoholdoesnotalterAMPA-inducedcurrentinDMSD2RMSNs,thefluorescentcellsfromD2-eGFPmice
(D), or nonfluorescent cells from D1-eGFP mice (E); n.s., not significant, p
0.05, t test. N�11–12 cells from five to six mice for both groups. F,
Identification of separation of D1R and D2R MSNs in the DMS. Drd1a-tdTomato (D1-tdTomato) mice were crossed with D2-eGFP mice to generate
D1-tdTomato/D2-eGFPmice.ADMSsectionwasimagedtoshowtdTomato-positive(leftandright)andeGFP-positive(middleandright)neurons.
NotethattherewasnooverlapbetweentdTomatoandeGFP-positiveneurons(right).Calibration:B,100ms,20mV;C–E,0.5min,20pA;F,50�m.
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ences in AMPA current in nonfluores-
cent MSNs in alcohol- and saline-
treated D1-eGFP mice (Fig. 1E; t(22) �
�0.01; p 
 0.05). Since there is little
overlap between D1R MSNs and D2R
MSNs in the dorsal striatum (Fig. 1F;
Bertran-Gonzalez et al., 2008), it is
highly likely that eGFP-negative MSNs
in the D1-GFP mice are D2R MSNs.
These results suggest that alcohol pro-
duces a long-lasting increase in AMPAR
function in D1R but not D2R MSNs of
the DMS.

The AMPA-induced current measures
the activity of both synaptic and extrasyn-
aptic AMPARs (Arendt, 2001). To deter-
mine whether synaptic AMPAR function
is altered selectively in D1R MSNs, we re-
corded AMPAR-mediated mEPSCs in
DMS D1R MSNs and D2R MSNs from
alcohol- and saline-treated D1-eGFP and
D2-eGFP mice. We found that the ampli-
tude of mEPSCs was greater in DMS D1R
MSNs from alcohol-treated D1-eGFP
mice than their saline controls (Fig. 2A,
left and middle; t(32) � �3.71, p 	 0.001),
whereas the mEPSC amplitudes in D2R
MSNs were identical in slices from
alcohol- and saline-treated mice (Fig. 2B,
left and middle; t(36) � 0.41, p 
 0.05).
Interestingly, the mEPSC frequency was
also higher in D1R MSNs, but not D2R
MSNs, from the alcohol group than the

Figure 2. Repeated systemic administration of alcohol induces a long-lasting increase in synaptic AMPAR function in D1R but not D2R MSNs of the DMS. D1-eGFP and D2-eGFP mice
were treated and DMS slices were prepared as above; AMPAR-mediated mEPSCs were recorded in fluorescent neurons in D1-eGFP (D1R MSNs) and D2-eGFP (D2R MSNs) mice. A, Systemic
alcohol administration causes a long-lasting increase in the amplitude and frequency of AMPAR-mEPSCs in DMS D1R MSNs. Left, Sample traces of mEPSCs. Middle, Cumulative probability
plots for mEPSC amplitude. Inset, Bar graphs comparing the mean mEPSC amplitude for saline and alcohol groups; ***p 	 0.001, t test. Right, Cumulative probability plots for mEPSC
interevent interval from saline- and alcohol-administered mice. Inset, Mean mEPSC frequency; **p 	 0.01, t test; n � 14 (D1R MSNs) and 20 (D2R MSNs) cells from four to five mice. B,
Systemic alcohol administration does not alter the amplitude or the frequency of AMPAR-mediated mEPSCs in D2R MSNs of the DMS. Left, Sample traces of mEPSCs. Middle, Cumulative
probability plots for mEPSC amplitude for saline- and alcohol-treated mice. Inset, Bar graphs comparing the mean amplitudes of mEPSCs from saline and alcohol groups. Right,
Cumulative probability plots for mEPSC interevent interval from saline- and alcohol-administered mice. Inset, Mean frequency of mEPSCs for saline and alcohol groups; n � 18 (D1R
MSNs) and 20 (D2R MSNs) cells from six mice for each group. Calibration: A, B, 0.3 s, 10 pA.

Figure 3. Generation of two new lines of mice that express eGFP in D1R or D2R MSNs in the striatum. D1-Cre mice and
D2-Cre mice were crossed with a Cre-reporter line, DsRed, to generate D1-Cre/DsRed mice and D2-Cre/DsRed mice, respec-
tively. DsRed mice express a red fluorescent protein, which is replaced by eGFP following Cre-recombination in D1-Cre/
DsRed or D2-Cre/DsRed mice. A–D, Distinct projection targets of DMS D1R and D2R MSNs. Images from sagittal (A, C) and
horizontal (B, D) sections from D1-Cre/DsRed (A, B) and D2-Cre/DsRed (C, D) mice. Note that D1R MSNs project to the GPi
and the SNr (A, B), whereas D2R MSNs project to the GPe (C, D). E, A sample high-power image of D1R MSNs (eGFP-positive
neurons) in a section from D1-Cre/DsRed mouse. Scale bars: A, B, 1 mm; E, 20 �m.
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saline group (D1R MSNs: Fig. 2A, left and right; t(32) � �3.22;
p 	 0.01; D2R MSNs: Fig. 2B, left and right; t(36) � �0.56; p 

0.05). These results indicate that repeated exposure to alcohol
leads to a long-lasting enhancement of synaptic AMPAR function
selectively in D1R but not D2R MSNs of the DMS.

Generation and characterization of D1-Cre/DsRed and
D2-Cre/DsRed mice
Next, we aimed to determine whether alcohol consumption en-
hanced AMPAR function selectively in D1R MSNs of the DMS.
To do so, we generated two new lines of
mice that consume high levels of alcohol
and in which D1R MSNs or D2R MSNs
are fluorescently labeled. Since C57BL/6
mice consume large quantities of alcohol,
we crossed Drd1a-Cre (D1-Cre) and
Drd2-Cre (D2-Cre) mice with a Cre-
reporter line DsRed (Gong et al., 2007; De
Gasperi et al., 2008), all of which are on
the C57BL/6 background, and generated
two new lines of mice: D1-Cre/DsRed and
D2-Cre/DsRed mice. The DsRed line ex-
presses a red fluorescent protein, which is
switched to eGFP following Cre-mediated
recombination when the DsRed mice are
bred with Cre lines (De Gasperi et al.,
2008). As shown in Figure 3, A and B, D1R
MSNs in D1-Cre/DsRed mice are eGFP
positive and the axonal fibers of eGFP-
labeled neurons are detected in the inter-
nal segment of the GPi and in the SNr, the
target of D1R MSNs (Gerfen et al., 2013).
Similarly, D2R MSNs in the D2Cre/
DsRed mice are eGFP positive and their
axonal fibers project to the external seg-
ment of the GPe (Fig. 3C,D). As shown in
Table 1, D1-Cre/DsRed and D2-Cre/
DsRed mice consumed high levels of alco-
hol and exhibited a high preference for
alcohol. The levels of alcohol consump-
tion in D1-Cre/DsRed and D2-Cre/
DsRed mice were identical (Table 1;
t(34) � 0.14; p 
 0.05), as was the alcohol preference (Table 1;
t(34) � �0.98; p 
 0.05).

Alcohol consumption induces
long-lasting increases in synaptic AMPAR function in DMS
D1R but not D2R MSNs
Next, D1-Cre/DsRed and D2-Cre/DsRed mice consumed alcohol
for 8 weeks (Table 1) and AMPAR activity was measured in the
eGFP-positive DMS neurons (Fig. 3E) 24 h after the last alcohol
drinking session. We found that AMPA-induced current was sig-
nificantly higher in DMS D1R MSNs of alcohol-consuming D1-
Cre/DsRed mice as compared with water-only drinking mice
(Fig. 4A; t(33) � �2.96, p 	 0.01). In contrast, AMPAR activity
was similar in DMS D2R MSNs of D2-Cre/DsRed mice drinking
alcohol versus water (Fig. 4B; t(40) � 1.26, p 
 0.05). We also
compared the synaptic AMPAR function between the alcohol
and water groups. Consistent with the results of AMPA-induced
currents, we found that the amplitude of AMPAR-mediated
mEPSCs was higher in DMS D1R MSNs of alcohol-drinking D1-
Cre/DsRed mice than water controls (Fig. 4C; t(28) � �3.96, p 	
0.001). In contrast, the mEPSC amplitudes were identical in DMS

D2R MSNs of alcohol and water groups (Fig. 4D; t(40) � �0.07,
p 
 0.05). These results suggest that repeated cycles of alcohol
consumption and abstinence produce a long-lasting increase in
synaptic AMPAR activity selectively in DMS D1R but not D2R
MSNs.

Alcohol consumption increases dendritic complexity of D1R
but not D2R MSN of the DMS
Because AMPAR activity is increased by alcohol in DMS D1R
MSNs and AMPAR plasticity is associated with morphological
changes in neurons (Kasai et al., 2010), we examined whether the
complexity of dendritic arborization was altered by alcohol con-
sumption in the DMS of D1R but not D2R MSNs. D1-Cre/DsRed
and D2-Cre/DsRed mice underwent the same paradigm de-
scribed above. Twenty-four hours after the last alcohol drinking
session, the neuronal tracer biocytin was applied through the
patching pipette into DMS D1R and D2R MSNs, and biocytin-
labeled neurons were imaged using confocal microscopy (Fig.
5A). The number of dendritic processes was measured by a Sholl
analysis in concentric spheres centered on the soma (Fig. 5B). As
shown in Figure 5C, dendrites that were 40 –120 �m from the

Figure 4. Alcohol consumption induces a long-lasting increase in AMPAR activity in D1R but not D2R MSNs of the DMS.
D1-Cre/DsRed and D2-Cre/DsRed mice consumed 20% alcohol or water only for 8 weeks using the intermittent-access two-bottle
choice drinking procedure. Twenty-four hours after the last alcohol-drinking session, DMS slices were prepared and AMPA-induced
currents, as well as AMPAR-mediated mEPSCs, were measured in eGFP-positive neurons. A, Alcohol consumption produces a
long-lasting increase in the peak amplitude of AMPA-induced current in D1R MSNs of the DMS; **p 	 0.01, t test; n � 18 (D1R
MSNs) and 17 (D1R MSNs) cells from five to six mice. B, Alcohol consumption does not alter the peak amplitude of AMPA-induced
current in D2R MSNs of the DMS; n � 21 cells from five mice for each group. C, Alcohol consumption produces a long-lasting
increase in the amplitude of AMPAR-mediated mEPSCs in D1R MSNs of the DMS. Graphs plotting cumulative probability of mEPSC
amplitudes in water (open circles) and alcohol (closed circles) groups show a shift of the distribution of amplitudes to the right after
alcohol consumption. Inset, Bar graphs summarizing mean values of mEPSC amplitude in water and alcohol groups; ***p 	0.001,
t test; n � 15 cells from four mice for each group. D, Alcohol consumption does not alter the amplitude of AMPAR-mEPSCs in D2R
MSNs of the DMS; n � 20 (D1R MSNs) and 22 (D2R MSNs) cells from five mice for each group.

Table 1. Comparison of levels of alcohol consumption and of alcohol preference in
transgenic mice used

Mouse lines Alcohol intake (g/kg/24 h) Alcohol preference (%)

D1-eGFP 4.90 � 0.50 27.88 � 3.49 n � 11
D1-Cre/DsRed 16.08 � 1.23*** 53.69 � 3.48 ### n � 17
D2-Cre/DsRed 15.88 � 0.75a 57.52 � 1.97b n � 19

All mice were exposed to alcohol using the intermittent access to 20% alcohol two-bottle choice drinking procedure.
***p 	 0.001, D1-Cre/DsRed versus D1-eGFP mice for alcohol intake; ###p 	 0.001, D1-Cre/DsRed versus D1-eGFP
mice for alcohol preference. aNo significant difference ( p 
 0.05) in alcohol intake between D1-Cre/DsRed and
D2Cre/DsRed mice. bNo significant difference ( p 
 0.05) in alcohol preference between D1-Dre/DsRed and D2-Cre/
DsRed mice.
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soma exhibited more intersections in DMS D1R MSNs from
alcohol-drinking D1-Cre/DsRed mice than that in water controls
(F(1,17) � 11.12, p 	 0.01). Furthermore, the total number of
dendritic branches of DMS D1R MSNs was significantly higher in
alcohol-drinking animals than in water controls (Fig. 5D; t(16) �
�3.30, p 	 0.01). We also observed that the total branching
points and the total ending points in DMS D1R MSNs were in-
creased following alcohol consumption (Fig. 5E–G; t(16) �
�3.10, p 	 0.01 for the branching points; t(16) � �4.02, p 	
0.001 for the ending points). Based on the number of bifurcations
from the cell body, dendritic branches of striatal MSNs can be
divided into different orders of branches: primary, secondary,
tertiary, and so forth (Gertler et al., 2008). Thus, we examined
whether alcohol consumption alters the number of dendritic
branches within the different orders. As shown in Figure 5H, the
numbers of the tertiary and quaternary dendritic branches in
DMS D1R MSNs were significantly higher in alcohol-drinking
animals than in their water controls (t(16) � �3.61, p 	 0.01

tertiary branching; t(16) � �2.40, p 	 0.05 quaternary branch-
ing). Moreover, the total dendritic length and the total length of
the tertiary and quaternary dendritic branches in DMS D1R
MSNs were also significantly higher in alcohol-drinking animals
than in their water controls (Fig. 5I; t(16) � �2.58, p 	 0.05 total
number of branches; t(16) � �3.53, p 	 0.01 tertiary branches;
t(16) � �2.37, p 	 0.05 quaternary branches). These results indi-
cate that alcohol consumption increases the arborization of the
tertiary and quaternary dendritic branches in DMS D1R MSNs.

In contrast, when the dendritic morphology of DMS D2R
MSNs was compared between the alcohol and water D2-
Cre/DsRed mice, we did not detect a significant difference in the
number of Sholl intersections (Fig. 5J; F(1,16) � 0.01, p 
 0.05),
the total number of dendritic branches (Fig. 5K; t(15) � �0.46,
p 
 0.05), the total number of branching points (Fig. 5K; t(15) �
�0.70, p 
 0.05), the total number of branching ending points
(Fig. 5K; t(15) � �0.52, p 
 0.05), or the total dendritic length
(Fig. 5L; t(15) � 0.04, p 
 0.05). These results reveal that the

Figure 5. Alcohol consumption leads to increases in dendritic branches and length of D1R MSNs in the DMS. D1-Cre/DsRed and D2-Cre/DsRed mice consumed alcohol and DMS slices were
prepared as above. Biocytin (1%) was perfused into eGFP-positive D1R or D2R MSNs via the whole-cell patch pipette, and slices were then fixed by 4% PFA and stained for biocytin-filled neurons.
A, A sample image of a biocytin-filled D1R MSN and its dendritic branches (red) in the DMS of a D1-Cre/DsRed mouse. Scale bar, 50 �m. B, Automated three-dimensional reconstruction of the
biocytin-filled cell in A. The radial grids indicate the radii of Sholl analysis. For the actual analysis, radii increased in a 10 �m interval. C, A three-dimensional Sholl analysis of biocytin-filled and
reconstructed neurons reveals significantly more intersections of dendritic process at 40 –120 �m from the cell body of D1R MSNs after alcohol consumption. ##p 	 0.01, two-way RM-ANOVA;
*p 	 0.05, **p 	 0.01, ***p 	 0.001, SNK test; n � 8 (Water) and 11 (Alcohol) mice. D, Alcohol consumption produces an increase in the total number of dendritic branches; **p 	 0.01 versus
the water group; n�8 (Water) and 11 (Alcohol) mice. E, F, A representative image depicting reconstructed dendritic branches of a D1R MSN from the water (E) and alcohol (F ) groups. Red and green
points show branching and ending points of dendritic branches, respectively. Scale bar, 40 �m. G, Alcohol consumption leads to increases in the numbers of branching and ending points; **p	0.01
and ***p 	 0.001 versus the water group; n � 8 (Water) and 10 (Alcohol) mice. H, Alcohol consumption produces an increase in the number of tertiary (3°) and quaternary (4°) branches; *p 	 0.05
and **p 	 0.01 versus the water group; n � 8 (Water) and 10 (Alcohol) mice. I, Alcohol consumption leads to an increase in the length of dendritic branches. The total dendritic length (left) and
the total length of tertiary (3°) and quaternary (4°) branches were higher in the alcohol group than in their water controls; *p 	 0.05 and **p 	 0.01 versus the water group; n � 8 (Water) and
10 (Alcohol) mice. J, Alcohol consumption does not produce a detectable change in Sholl interactions in D2R MSNs of the DMS; n � 8 (Water) and 10 (Alcohol) mice. K, Alcohol consumption does
not induce a significant change in the total number of dendritic branches, branching points, or ending points in D2R MSNs of the DMS; n � 8 (Water) and 9 (Alcohol) mice. L, Alcohol consumption
does not alter the total dendritic length in D2R MSNs of the DMS; n � 8 (Water) and 9 (Alcohol) mice.
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alterations in dendritic complexity by al-
cohol in the DMS are specific for D1R
MSNs.

Alcohol consumption increases the
density of mushroom spines in D1R but
not D2R MSNs of the DMS
Alcohol-induced, long-term synaptic
plasticity of AMPAR-mediated transmis-
sion can be associated with structural
plasticity of dendritic spines (Russo et al.,
2010). Thus, we examined whether the
density of dendritic spines was altered by
alcohol consumption in DMS D1R MSNs.
Twenty-four hours after the last session of
alcohol consumption, biocytin was in-
fused into DMS D1R or D2R MSNs of
alcohol-drinking D1-Cre/DsRed and D2-
Cre/DsRed mice or water controls, and
the spine density of biocytin-filled neu-
rons was measured (Fig. 6A,B). Although
the total spine density in DMS D1R MSNs
(Fig. 6C,D; t(15) � 0.45, p 
 0.05) or DMS
D2R MSNs (Fig. 6E; t(13) � 0.40, p 
 0.05)
was not different between alcohol- and
water-drinking D1-Cre/DsRed mice, the
density of mature, mushroom-shaped
spines in D1R MSNs was higher in the al-
cohol group than in the water group (Fig.
6C,F; t(15) � �2.51, p 	 0.05). Further-
more, the density of immature, long-thin
spines in the DMS D1R MSNs was lower
in alcohol-drinking D1-Cre/DsRed mice
as compared with water controls (Fig.
6C,F; t(15) � 2.15, p 	 0.05). In contrast,
the density of mushroom spines (Fig. 6G;
t(13) � 0.07, p 
 0.05) and the density of
long-thin spines (Fig. 6G; t(13) � 0.3, p 

0.05) were similar in the DMS D2R MSNs
of alcohol- and water-drinking D2-Cre/DsRed mice. These re-
sults suggest that while alcohol consumption does not alter the
total spine density, they stimulate spine maturation from the
long-thin to mushroom spines specifically in D1R MSNs but not
in D2R MSNs of the DMS.

Inhibition of D1Rs in the DMS attenuates
alcohol consumption
Our results suggest that repeated exposure of mice to alcohol
produces long-lasting increases in AMPAR activity, dendritic
complexity, and density of mushroom spines specifically in
D1R MSNs. In vivo alcohol exposure elevates levels of stria-
tal dopamine (Gonzales et al., 2004; Sulzer, 2011), which activates
D1Rs in D1R MSNs that may contribute to the functional and
structural plasticity and consequently alcohol consumption.
Therefore to assess whether the D1R is required for alcohol con-
sumption, we bilaterally infused the D1R antagonist SCH 23390
(0.5 �g/0.5 �l/side; Hodge et al., 1997) or vehicle (saline) into the
DMS of C57BL/6 mice and measured alcohol intake at 2, 4, and
24 h after the start of the drinking session. We found that alcohol
intake during the 2 and 4 h but not 24 h drinking sessions was
significantly lower following SCH 23390 infusion than following
vehicle infusion (Fig. 7A; F(1,19) � 11.61, p 	 0.01; Fig. 7B, F(2,38)

� 14,99, p 	 0.001; q � 5.01, p 	 0.01 at 2 h, q � 3.68, p 	 0.05

at 4 h, q � 1.15, p 
 0.05 at 24 h), and alcohol intake was signif-
icantly less at 2 h than at 4 h following SCH 23390 infusion (Fig.
7B; q � 3.65, p 	 0.05). The reduction of alcohol intake was
accompanied by a decrease in alcohol preference (Fig. 7C; F(1,19)

� 6.12, p 	 0.05). Water intake at the 2 h time point was not
significantly different between the SCH 23390 and vehicle
groups (Fig. 7D; F(1,19) � 0.01, p 
 0.05). We also assessed
whether inhibition of D2Rs in the DMS alters alcohol con-
sumption. The D2R antagonist raclopride (1 �g) has been
shown in the nucleus accumbens (Hodge et al., 1997) and the
dorsolateral striatum (Corbit et al., 2014) to alter behavioral
response for alcohol. To ensure D2Rs in the DMS are inhib-
ited, a higher dose of raclopride (4 �g/0.5 �l/side) was bilat-
erally infused into the DMS and alcohol intake was measured.
We found that raclopride infusion did not alter alcohol intake
(Fig. 7A; F(1,20) � 1.36, p 
 0.05), alcohol preference (Fig. 7C;
F(1,20) � 0.95, p 
 0.05), or water intake (Fig. 7D; F(1,20) �
0.13, p 
 0.05).These results suggest that activation of D1Rs is
required for mechanisms underlying alcohol consumption.

Discussion
In this study we report that repeated systemic alcohol adminis-
tration, or cycles of alcohol consumption and withdrawal, in-
crease AMPAR activity in DMS D1R but not D2R MSNs.

Figure 6. Alcohol consumption produces an increase in the density of mushroom spines in D1R MSNs of the DMS. D1R or D2R
MSNs from water and alcohol groups were labeled with biocytin as above. A, A representative image of a reconstructed dendrite
and spines. Scale bar, 5 �m. B, A sample image showing overlap of traced spines and a reconstructed one in A. C, Sample images
comparing mushroom spines (green) and long-thin spines (blue) in D1R MSNs from water and alcohol groups. Other types of spines
were omitted for clarity. Scale bar, 5 �m. D, E, Bar plot for comparison of the total spine density of D1R MSNs (D) and D2R MSNs (E)
between the water and alcohol groups. F, Bar graph summarizing the density of mushroom and long-thin spines in D1R MSNs
between the water and alcohol groups; *p 	 0.05, t test. G, Alcohol consumption does not alter the density of either mushroom or
long-thin spines in D2R MSN of the DMS; n � 8 (Water) and 9 (Alcohol) mice for D and F and 7 (Water) and 8 (Alcohol) mice for E
and G.
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Furthermore, we show that alcohol consumption increases the
number and length of specific tertiary and quaternary dendrites
and the density of mushroom spines in D1R but not D2R MSNs
of the DMS. Importantly, we found that inhibition of D1R func-
tion in the DMS causes a reduction of alcohol consumption. Our
data suggest that alcohol triggers a cell type-specific functional
and structural plasticity in the DMS, contributing to mechanisms
that drive alcohol consumption.

Previously we reported that alcohol enhances the induction of
NMDAR-dependent LTP of AMPAR-mediated response in the
DMS (Wang et al., 2010a; 2012), and here we show that alcohol
exposure produces a long-lasting increase in mEPSC amplitude,
indicating persistent facilitation of AMPAR activity. The AMPAR
facilitation occurs specifically in D1R MSNs of the DMS. In line
with this observation, dopamine signaling was shown to be essen-
tial for LTP induction in D1R but not D2R MSNs (Shen et al.,
2008). In fact, D1R signaling in the dorsal striatum stimulates
LTP induction (Calabresi et al., 2007), whereas dopamine activa-
tion of D2Rs inhibits NMDAR activity (Kotecha et al., 2002). In
vivo alcohol exposure induces elevation of dopamine levels in the
striatum (Gonzales et al., 2004; Sulzer, 2011). Thus, our results
suggest that alcohol, via NMDAR facilitation and dopamine-
mediated activation of D1Rs, stimulates LTP induction in D1R
MSNs. In contrast, alcohol-mediated facilitation of NMDAR ac-
tivity is counteracted in D2R MSNs by the D2R inhibition of the
NMDARs, which may underlie no change in synaptic plasticity of
AMPAR response in this subpopulation of neurons. We found
that exposure of mice to alcohol also increases the frequency of
mEPSCs in D1R MSNs of the DMS. An increase in mEPSC fre-
quency may result from the increased number of dendritic spines
where glutamatergic synapses are located (Kerchner and Nicoll,

2008). In fact, alcohol consumption in-
creased the total dendritic length of DMS
D1R MSNs without altering the total
spine density of the neurons, which pre-
sumably results in elevation of the num-
ber of spines. All spines form synaptic
contact (Honkura et al., 2008), thus, alco-
hol consumption is likely to produce an
increased number of synapses in DMS
D1R MSNs and consequently account for
the enhanced mEPSC frequency in D1R
MSNs in response to alcohol exposure.

Alcohol consumption also increased
tertiary and quaternary dendrites of
D1R MSNs but not in D2R MSNs in the
DMS, which may be the result of differ-
ent afferent inputs into D1R versus D2R
MSNs. Specifically, Wall et al. (2013) re-
cently reported that D1R MSNs receive
projections preferentially from sensory
cortical and limbic structures including
both limbic cortex and amygdala,
whereas D2R MSNs receive innerva-
tions mainly from the motor cortex
(Wall et al., 2013). Therefore, these
brain regions may selectively affect D1R
or D2R MSN activity via acting on spe-
cific dendritic branches of these two
neuron populations. It will be of interest
to determine whether different inputs
target different orders of dendrites of
D1R MSNs versus D2R MSNs and

whether synaptic transmission at these inputs are distinctly
altered by alcohol. Interestingly, alcohol consumption does
not alter all orders of dendritic branches: only tertiary and
quaternary dendritic branches in DMS D1R MSNs are in-
creased in number and length following in vivo alcohol expo-
sure. The underlying mechanism for the observed increase in
dendritic branches that are located 40 �m away from the soma
is yet to be determined. This may be due to the fact that glu-
tamatergic inputs form synapses on dendrites over 30 �m
from the soma (Wilson, 2004). The lack of excitatory synapses
in the proximal dendrites may also contribute to the lack of
changes in the primary and secondary dendritic branches fol-
lowing alcohol consumption. Finally, it is important to note
that primary dendrites also remain unchanged in dopamine
D2R-overexpressing mice that exhibit similar dendritic com-
plexity (Cazorla et al., 2012).

Recently, Spiga et al. (2014) reported that passive vapor cham-
ber exposure to alcohol reduces the density of immature long-
thin spines but not of mature mushroom spines in the NAc.
Interestingly, we found that alcohol consumption increases the
density of mature mushroom spines, whereas the density of im-
mature long-thin spines is decreased in D1R MSNs of the DMS.
These results suggest that alcohol stabilizes transient immature
spines into more permanent functional spines, a process that
occurs through an activity-dependent mechanism (Tada and
Sheng, 2006). For example, stimulation protocols that induce
LTP are associated with enlargement of existing spines (Kasai et
al., 2010). Thus, it is plausible that the induction of LTP by alco-
hol (Wang et al., 2012) may underlie the structural plasticity of
spines in D1R MSNs. Specifically, enlargement of spines from the
long-thin to mushroom type is associated with increased func-

Figure 7. Intra-DMS infusion of a D1R antagonist causes a reduction of alcohol consumption. The D1R antagonist SCH 23390
(0.5 �g), D2R antagonist raclopride (4 �g), or vehicle (saline) was bilaterally infused into the DMS of C57BL/6 mice 5 min before
the start of a drinking session, and alcohol intake was measured 2, 4, and 24 h later. A, Intra-DMS infusion of SCH 23390, but not of
raclopride, leads to a decrease in 2 h alcohol-drinking session; **p 	 0.01, one-way ANOVA. B, SCH 23390 infusion causes a
time-dependent reduction in alcohol intake; **p	0.01 versus Vehicle at 2 h; *p	0.05 versus Vehicle at 4 h; #p	0.05, two-way
RM-ANOVA followed by SNK tests. C, Intra-DMS infusion of SCH 23390, but not raclopride, produces a decrease in preference for 2 h
alcohol intake; *p 	 0.05, one-way ANOVA. D, Intra-DMS infusion of SCH 23390 or of raclopride does not alter 2 h water intake. E,
Schematic representation of the injection cannula placements. The location of the injector tips is represented by black circles for
Vehicle (left), SCH 23390 (middle), and raclopride (right) infusions. F, Sample image showing the placement of injection cannulae
as indicated by arrowheads. Scale bar, 1 mm. n � 11 (Vehicle), 10 (SCH 23390), and 11 (raclopride).
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tional expression of AMPARs (Kasai et al., 2010), and we found
that excessive alcohol consumption increases synaptic localiza-
tion of the AMPAR subunits GluR1 and GluR2 (Wang et al.,
2012), resulting in a long-lasting increase in synaptic AMPAR
receptor activity (Wang et al., 2012). Thus, the increased synaptic
localization and increased function of AMPARs is likely to con-
tribute to the enlargement of spines from the long-thin to mush-
room type. Together, the increased branches (thus increased total
number of spines) and the switch of immature to mature spines
that are induced by alcohol consumption may enhance the activ-
ity of D1R MSNs in the direct pathway.

Activation of D1R MSNs and D2R MSNs yields opposing ef-
fects on addiction-related behaviors (Lobo et al., 2010; Ferguson
et al., 2011; but see Cui et al., 2013), and exposure to cocaine was
found to distinctly alter D1R and D2R MSN activities in mouse
NAc (Bock et al., 2013; Pascoli et al., 2014). Furthermore, selec-
tive manipulation of D1R or D2R MSN activity differentially
alters addiction-related behaviors (Lobo et al., 2010; Beutler et al.,
2011). The potential role of D1Rs in alcohol consumption was
previously suggested (Hodge et al., 1997). However, to the best of
our knowledge this is the first report suggesting that D1Rs in the
DMS play an important role in mechanisms underlying alcohol
drinking.

It has recently been shown that DMS neurons respond to
multisensory stimulation, including tactile and visual stimula-
tion, and perform multisensory integration (Reig and Silberberg,
2014). In addition, the DMS is critical for action-outcome asso-
ciation that enables goal-directed behaviors (Yin and Knowlton,
2006), which was reported to generate an increase in the synaptic
plasticity of D1R but not D2R MSNs of the DMS (Shan et al.,
2014). Thus, it is plausible that the alcohol-induced activation of
D1R, which in turn increases AMPAR activity in DMS D1R
MSNs, could reduce the threshold of alcohol-related sensory
stimulation and enhance multisensory integration. As a result,
D1R MSNs are hyperexcited (or overstimulated) to initiate “Go”
actions during action-outcome association, enhancing the pro-
pensity to engage in an alcohol-seeking and alcohol-taking re-
sponse that may underline the development and maintenance of
alcohol consumption. In addition, alcohol-induced abnormal
spine maturation from the immature long-thin spines to the ma-
ture mushroom spines in DMS D1R MSNs may contribute to the
enhancement of consolidation of alcohol-related memories
(Mueller et al., 1983; Bruce et al., 1999), which may be contrib-
uting to mechanisms underlying pathological alcohol drinking.

In summary, our results suggest that repeated cycles of alcohol
drinking and the activation of D1Rs result in sustained functional
and structural alterations preferentially in the D1R MSNs of the
DMS, which in turn lead to aberrant synaptic and structural plas-
ticity that may contribute to pathological alcohol-related pheno-
types.
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