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Repeated exposure to ethanol followed by withdrawal leads to alterations in glutamatergic
signaling and impaired synaptic plasticity in the nucleus accumbens (NAc) in both
clinical and preclinical models of ethanol exposure. Homer2 is a member of a family
of postsynaptic density (PSD) scaffolding proteins that functions in part to cluster N-
methyl-D-aspartate (NMDA) signaling complexes in the PSD, and has been shown to be
critically important for plasticity in multiple models of drug and alcohol abuse. Here we
used Homer2 knockout (KO) mice and a chronic intermittent intraperitoneal (IP) ethanol
injection model to investigate a potential role for the protein in ethanol-induced adaptations
in dendritic spine morphology and PSD protein expression. While deletion of Homer2 was
associated with increased density of long spines on medium spiny neurons of the NAc
core of saline treated mice, ethanol exposure had no effect on dendritic spine morphology
in either wild-type (WT) or Homer2 KO mice. Western blot analysis of tissue samples
from the NAc enriched for PSD proteins revealed a main effect of ethanol treatment on the
expression of GluN2B, but there was no effect of genotype or treatment on the expression
other glutamate receptor subunits or PSD95. These data indicate that the global deletion
of Homer2 leads to aberrant regulation of dendritic spine morphology in the NAc core that
is associated with an increased density of long, thin spines. Unexpectedly, intermittent
IP ethanol did not affect spine morphology in either WT or KO mice. Together these data
implicate Homer2 in the formation of long, thin spines and further supports its role in
neuronal structure.
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INTRODUCTION
Chronic intermittent ethanol exposure and withdrawal induce
plasticity in glutamatergic synapses of the nucleus accumbens
(NAc). These neuroadaptations include altered synaptic expres-
sion of N-methyl-D-aspartate (NMDA)-type glutamate receptor
subunits (Gremel and Cunningham, 2009; Obara et al., 2009;
Mulholland et al., 2011), increased extracellular glutamate levels
in ethanol-seeking behaviors (Gass et al., 2014; Griffin et al.,
2014), and morphological adaptations in the size and density
of dendritic spines in the NAc (Zhou et al., 2007; Spiga et al.,
2014). Furthermore, these glutamate-based neuroadaptations are
thought to contribute to the severity of withdrawal symptoms,
consumption of large amounts of ethanol (EtOH), and relapse-
seeking behaviors (Kalivas, 2009).

Dendritic spine morphology and NMDA receptor expression
are intimately associated with the form and function of the
postsynaptic density (PSD), an area of dense protein scaffold-
ing in the postsynaptic membrane (Sheng and Sala, 2001; Kris-
tiansen et al., 2006; Cui et al., 2007; Ultanir et al., 2007). The
Homer family of proteins (Homer1a/b/c, 2a/b, and Homer3a/b)

plays an integral role in the structure of the PSD by tethering
metabotropic glutamate (mGlu) receptors, IP3 receptors, and
ionotropic glutamate receptors to scaffolding proteins through
an Enabled/VASP homology 1 (EVH1) domain (Xiao et al.,
1998; Shiraishi-Yamaguchi and Furuichi, 2007). Homer-linked
structures are thought to act as a signaling complex by link-
ing various proteins in close proximity, ultimately facilitating
signal transduction. For example, mGlu receptors, IP3 recep-
tors, and Shank are all critically involved in Ca2+ signaling
at the PSD, and are bound in proximity to each other by
Homer and other scaffolding proteins. Subsequently, activity-
dependent reversible clustering of these Homer complexes could
lead to structural and functional remodeling of the synapse
(Shiraishi-Yamaguchi and Furuichi, 2007; Shiraishi-Yamaguchi
et al., 2009). Evidence also suggests that Homer2 regulates
expression of the GluN2A subunit of the NMDA receptor in
the accumbens (Szumlinski et al., 2005). Because Homer2a/b is
highly expressed throughout the CNS and is predominant in
the PFC, NAc, and striatum (Shiraishi-Yamaguchi and Furuichi,
2007), this member of the Homer family is of particular
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interest when studying neuronal plasticity at the synaptic
level.

In models of cocaine addiction, Homer2 has been shown
to regulate behavioral and biochemical sensitivity to the drug
(Szumlinski et al., 2004). A plethora of recent study also implicate
Homer2 in the maladaptive behavioral plasticity associated with
ethanol reward and addiction (Szumlinski et al., 2005; Obara
et al., 2009; Goulding et al., 2011; Cozzoli et al., 2012). Homer2a/b
and mGlu1/5 expression are increased in the NAc after chronic
intermittent intraperitoneal (IP) injections of ethanol (Szumlin-
ski et al., 2005; Goulding et al., 2011). These studies suggest
that ethanol exposure can produce relatively long-lasting adap-
tations of Homer2 expression and glutamatergic signaling in
the NAc. In the present study, we investigated how the deletion
of Homer2 impacted dendritic spine morphology and protein
expression in PSD-enriched tissue from the NAc using a chronic
intermittent IP ethanol exposure model. These studies revealed
that this chronic intermittent ethanol exposure paradigm resulted
in increased GluN2B expression in both wild-type (WT) and
knockout (KO) mice, and that Homer2 deletion is associated with
an increase in the density of long, thin spines. Taken together,
these observations provide evidence that Homer2 plays a role
in the regulation of dendritic spine morphology, and further
suggests that homeostatic regulation of GluN2B in response to
ethanol exposure is robust enough to overcome the absence of
Homer2.

MATERIALS AND METHODS
CHRONIC INTERMITTENT IP ETHANOL EXPOSURE
Adult (8–10 weeks of age at the start of experimentation) male
WT mice and mice with null mutations of Homer2 (back-
crossed with C57BL/6J mice for >6 generations) were generated
and maintained by heterozygous mating as described previously
(Szumlinski et al., 2005). Genotype for each mouse was deter-
mined in duplicate, and only mice with confirmed genotype were
included in the study. Mice were group housed (3–4/cage) under
a reverse 12 h light/dark cycle (lights on at 0200). Rodent chow
(Harlan Teklad, Madison, WI, USA) and water were available
ad libitum. Mice were maintained in an Association for Assess-
ment and Accreditation of Laboratory Animal Care (AAALAC)
International-accredited facility with automated temperature,
humidity, and light cycle control. Following a protocol previously
reported to induce locomotor sensitization and conditioned place
preference (Nocjar et al., 1999; Szumlinski et al., 2005), mice
received intraperitoneal (IP) injections of vehicle (0.9% sterile
saline) or 3 g/kg ethanol (in 0.9% sterile saline; 0.2 ml/g) every
other day for a total of eight injections. All work was approved by
the Institutional Animal Care and Use Committee and conducted
according to the requirements of the NIH Guide for the Care and
Use of Laboratory Animals (2011).

BLOOD ETHANOL CONCENTRATION
To determine genotypic differences in ethanol metabolism and
any development of metabolic tolerance, blood samples were
taken from the infraorbital sinus from WT and Homer2 KO
mice 1 h after the first and last ethanol injection. Blood ethanol
concentrations (BECs; mg%) were analyzed using a modified

version of a previously described colorimetric alcohol oxidase
assay (Prencipe et al., 1987).

ETHANOL-INDUCED SEDATION
To assess the effect of deletion of Homer2 on the sedative
and motor-impairing effects of ethanol, we utilized an ethanol-
sedation test using previously described methods (Szumlinski
et al., 2005). Knock out and WT mice received intraperitoneal
(IP) injections of 5 g/kg ethanol. Once immobile, the mice were
laid on their backs in their home cages and the time to regain their
righting reflex as defined by the time taken to place all four paws
on the cage floor was measured.

SUBCELLULAR FRACTIONATION AND WESTERN BLOTTING
Tissue punches were taken from the NAc core of WT and Homer2
KO mice 1 h after the final ethanol or saline injection. Triton X-
100 insoluble fractions that are enriched in PSD proteins were
prepared as previously described (Mulholland et al., 2011). In
brief, a Dounce homogenate was prepared and centrifuged at
12,000 × g for 20 min to obtain a membrane fraction. The pellet
was resuspended in buffer containing 0.5% Triton X-100 and
rotated at 4°C for 15 min. This fraction was then centrifuged at
12,000 × g for 20 min to yield soluble and insoluble fractions.
The insoluble fraction was then sonicated in 2% LDS and stored
at−80◦C until analysis.

For western blot procedures samples were diluted with
NuPAGE 4X LDS sample loading buffer (Invitrogen Corpora-
tion, Carlsbad, CA, USA; pH 8.5) containing 50 mM dithio-
threitol, and samples were denatured for 10 min at 70°C. Five
micrograms of each sample were separated using the Bis-Tris
(375 mM resolving buffer and 125 mM stacking buffer, pH 6.4;
7.5% acrylamide) discontinuous buffer system with MOPS elec-
trophoresis buffer (50 mM MOPS, 50 mM Tris, 0.1% SDS, 1 mM
EDTA, pH 7.7). Protein was then transferred to Immobilon-
P Polyvinylidene fluoride (PVDF) membranes (Millipore, Bed-
ford, MA, USA) using a semi-dry transfer apparatus (Bio-Rad
Laboratories, Hercules, CA, USA). After transfer, blots were
washed with phosphate-buffered saline containing 0.1% Tween
20 (PBST) and then blocked with PBST containing 5% non-
fat dried milk (NFDM) for 1 h at room temperature with
agitation. The membranes were then incubated overnight at
4°C with primary antibodies diluted in PBST containing 0.5%
NFDM and washed in PBST prior to 1 h incubation at room
temperature with horseradish peroxidase conjugated secondary
antibodies diluted 1:2000 in PBST. Membranes received a final
wash in PBST and the antigen-antibody complex was detected
by enhanced chemiluminescence using a ChemiDoc MP Imaging
system (Bio-Rad Laboratories, Hercules, CA, USA). The bands
were quantified by mean optical density using computer-assisted
densitometry with ImageJ v1.41 (National Institutes of Health,
USA). Because the use of loading controls [e.g., actin, Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH)] for normalization
in western blot experiments are subject to quantitation errors
(Dittmer and Dittmer, 2006; Aldridge et al., 2008), normaliza-
tion to a total protein stain (i.e., amido black) was used in
these studies. Before each study, a series of western blots were
performed using different titrations of sample and antibody to
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establish the linear range for each target. GluN1 antibody was
purchased from BD Pharmingen (1:4000; Catalog # 556308; San
Jose, CA, USA). GluN2A and GluA1 antibodies were purchased
from EMD Millipore (1:2000; Catalog # 07-732; Billerica, MA,
USA). GluN2B and PSD95 antibodies were purchased from the
UC Davis/NIH NeuroMab Facility (1:2000; Catalog # 75-097;
Davis, CA, USA).

DENDRITIC SPINE LABELING, MORPHOLOGICAL CLASSIFICATION,
AND ANALYSIS
Neuronal labeling and morphological classification of dendritic
spines of medium spiny neurons (MSNs) in the NAc core were
carried out using previously reported methods (Jung et al., 2013;
McGuier et al., 2014). One hour after the final ethanol injec-
tion, mice were anesthetized with urethane (1.5 g/kg, IP) and
perfused with 0.1 M phosphate buffer (PB) followed by 1.5%
paraformaldehyde (PFA) in PB. Brains were blocked and post-
fixed for 30 min. Next, 150 µm thick coronal slices were prepared
using a vibratome. DiI coated tungsten particles (1.3 µm diame-
ter) were delivered to the slices using a modified Helios Gene Gun
(Bio-Rad; Hercules, CA, USA) fitted with a polycarbonate filter
(3.0 µm pore size; BD Biosciences; San Jose, CA, USA). Slices were
left overnight at 4°C in PB to allow the DiI to completely diffuse
through labeled neurons and sections were post fixed in 4%
PFA for 1 h at room temperature. After mounting with Prolong
Gold Antifade mounting media (Life Technologies; Carlsbad, CA,
USA), slices were imaged (1–4 dendritic sections/mouse; voxel
size: 47 nm × 47 nm × 100 nm) using a Zeiss LSM 510 confocal
microscope fitted with a 63× oil immersion objective (Plan-
Apochromat, Zeiss, NA = 1.4, working distance = 190 µm).
Images of sections of dendrites starting >75 µm away from
the soma of MSNs in the NAc core were acquired and then
deconvolved using AutoQuant (Media Cybernetics; Rockville,
MD, USA). Imaris XT (Bitplane; Zurich, Switzerland) was used
to generate a filament of the dendritic shaft and spines. Dendritic
spines were identified using Imaris software and then classified
into four categories (stubby, long, filopodia, and mushroom)
based on the spine length and the width of the spine head and
neck, where L is spine length, DH is spine head diameter, and DN

is spine neck diameter. Long spines were identified as having a
L ≥ 0.75 µm and <3 µm, mushroom spines had a L < 3.5 µm,
DH > 0.35 µm and a DH >DN , stubby spines had a L< 0.75 µm,
and filopodia were identified as having a L ≥ 3 µm. Data
on dendritic spine parameters were averaged for each dendritic
section and were collated from the Imaris output via custom
scripts written in Python. Dendritic spine data were then aver-
aged for each mouse, and the data were analyzed using two-way
ANOVAs and unpaired, two-tailed t-tests. All data are reported
as mean ± SEM and statistical significance was established with
p< 0.05.

RESULTS
Homer2 KO AND REPEATED ETHANOL EXPOSURE
It has been reported that Homer2 KO mice exhibit enhanced
aversion to ethanol, fail to sensitize to repeated injections of
ethanol, and display increased latency to regain a righting reflex
(Szumlinski et al., 2005). In our initial set of studies, we sought to

FIGURE 1 | Ethanol-induced behavior and metabolic adaptations are
not altered by Homer2 KO. (A) Neither WT nor KO mice developed
metabolic tolerance to ethanol after the final IP injection and there was no
effect of genotype on ethanol metabolism. (B) Wild-type and KO mouse
weights were not different from each other and did not change during the
course of the chronic intermittent ethanol IP injection procedure. (C) There
was no effect of genotype on loss of righting reflex in response to a single
5 g/kg IP injection of ethanol.

replicate these behavioral and metabolic experiments as a means
of confirming the behavioral phenotype of Homer2 deletion in
our cohort of mice. After the first and last of eight IP injections of
ethanol, the blood ethanol concentration (BEC) was determined
in WT and KO mice. As shown in Figure 1A, there was no inter-
action of genotype and time in BECs of the mice after the eighth
injection compared to the first injection [repeated-measures two-
way ANOVA F(1,9) = 4.8; p = 0.0552; n = 4–7/group]. How-
ever, there was a main effect of time on BEC [F(1,9) = 19.70;
p = 0.0016]. Also shown in Figure 1B, body weights did not
differ by genotype or treatment when measured after the first and
last injection. Lastly, in a latency to right task, WT and Homer2
KO mice were administered a sedative dose of ethanol (5 g/kg
IP) and the time until the mice regained its righting reflex was
determined. In contrast to previously published work (Szumlinski
et al., 2005), deletion of Homer2 did not influence latency to right
(Figure 1C; n = 7–8/genotype). Therefore, Homer2 KO mice did
not exhibit changes in ethanol metabolism or body weight after
repeated ethanol exposure or latency to right after a challenge
injection of acute ethanol.

REPEATED ETHANOL EXPOSURE, Homer2 , AND PSD PROTEINS
Homer2 plays an integral role in the scaffolding network of the
PSD, and repeated bouts of ethanol exposure and withdrawal
are known to induce adaptations in the expression of gluta-
mate receptors at synapses in the NAc (Zhou et al., 2007; Spiga
et al., 2014; Uys et al., in press). Thus, we hypothesized that
the absence of the Homer2 protein would prevent these changes
in ethanol-induced neuroplasticity. To test this hypothesis, WT
and KO mice were subjected to the chronic intermittent IP
ethanol injection procedure, and a PSD-enriched faction was
prepared 1 h after the last injection. As shown in Figure 2,
western blot analysis revealed that there was no significant treat-
ment effect or interaction of genotype on the expression levels
of PSD95, GluN1, GluN2A, or GluA1, but there was a signif-
icant effect of ethanol on the expression of GluN2B in both
WT and KO mice [main effect of treatment F(1,27) = 8.315,
p = 0.0076]. These data indicate that while chronic intermit-
tent IP injections of ethanol induces biochemical adaptations in
GluN2B expression, this increase does not depend on Homer2
expression.
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FIGURE 2 | Repeated chronic intermittent injections of ethanol induced
NMDA receptor plasticity independent of genotype. (A) Representative
images of western blots of the PSD-enriched tissue samples. There was no
effect of ethanol treatment or genotype on the expression of (B) PSD-95,
(C) GluA1, (D) GluN1, or (F) GluN2A. (E) Repeated intermittent injections of
ethanol resulted in increased expression of GluN2B in both WT and
Homer2 KO mice (*p < 0.05).

Homer2 AND DENDRITIC SPINES
Repeated cycles of ethanol exposure and withdrawal are known
to induce adaptations in the morphology of dendritic spines in
MSNs of the NAc core and shell (Zhou et al., 2007; Spiga et al.,
2014; Uys et al., in press). Given that Homer2 is a key component
of the PSD scaffold, we next investigated whether the genetic
deletion of this protein altered structural plasticity by examining
spine morphology in the MSNs of the NAc core. Analyses com-
paring saline-injected WT and KO mice revealed no differences in
total spine density [two-tailed t-test, t(15) = 1.682, p = 0.1133,
n = 6–11 mice/genotype, 11–23 dendritic segments/genotype;
Figures 3A,C], or the diameter of the dendritic shaft [two-tailed
t-test, t(15)= 0.1011, 0.9208; Figure 3B]. Dendritic spines can be
classified into subclasses (stubby, mushroom, long, or filopodia)
based on the morphological characteristics of the spine. Length
and diameter of the spine neck and terminal point, and the shape
of the spine have been associated with differential expression
of glutamate receptors and Ca2+- and cAMP-regulated signaling
proteins (Zhou et al., 2007; Obara et al., 2009; Goulding et al.,
2011; Cozzoli et al., 2012; Lum et al., 2014). Comparison of these
spine parameters showed no difference in spine length [two-way
ANOVA, F(3,52)= 0.1606, p= 0.9224, n= 6–11 mice/genotype,
11–23 dendritic segments/genotype; Figure 3E], while the density
of long, thin spines was significantly increased in the KO mice
compared to WT [two-way ANOVA, F(3,60)= 2.551, p= 0.0640;
post hoc p < 0.05; n = 6–11/genotype, 11–23 dendritic seg-
ments/genotype; Figure 3D].

Wild-type and Homer2 KO mice also received chronic inter-
mittent IP ethanol injections to determine if Homer2 regulates
ethanol-induced adaptations in dendritic spine morphology. In
contrast to our hypothesis, chronic intermittent IP injections
of ethanol had no effect on dendritic spine morphology or
density, and there was no interaction between genotype and
ethanol treatment on total spine density [two-way ANOVA,

FIGURE 3 | Deletion of Homer2 increased long spine density compared
to WT mice. (A) Representative images of diolistically labeled dendritic
segments from WT saline and Homer2 KO saline treated mice. The
dendritic shaft is shown in gray and spines are shown in light blue.
Classified spines are b color (dark blue = long, thin; pink = filopodia;
red = stubby; green = mushroom). (B) Dendritic diameter and (C) total
spine density were not altered by genotype. (D) Analysis of spine
subclasses revealed that long thin spine density is increased in KO mice
compared WT (∗p < 0.05). (E) There were no genotypic differences in
spine length.

F(1,27) = 0.6362, p = 0.4320, n = 6–11 mice/group, 11–23
dendritic segments/group] or spine density by class [two-way
ANOVAs, thin: F(1,27) = 0.3708, p = 0.5477; mushroom:
F(1,27) = 0.008345, p = 0.9279; stubby: F(1,27) = 0.04343,
p = 0.8365; filopodia: F(1,27) = 0.4314, p = 0.5169; n = 6–
11 mice/group, 11–23 dendritic segments/group; Figures 4A–F].
In the case of long spine density, deletion of Homer2 lead to
increased density regardless of treatment [two-way ANOVA, main
effect of genotype F(1,27) = 7.221, p = 0.0122; n = 6–12
mice/treatment; Figure 4C]. Together these data indicate that
Homer2 deletion increases density of long, thin spines.

DISCUSSION
This study investigated the involvement of the PSD scaffold-
ing protein Homer2 in ethanol-induced biochemical and mor-
phological adaptations of the NAc using a chronic intermit-
tent IP ethanol injection model. These studies showed no effect
of intermittent IP ethanol exposure or genotype on ethanol
metabolism, weight, or latency to right when comparing WT
and Homer2 KO mice. The expression of GluN2B was elevated
in the PSD from both WT and KO mice after repeated ethanol
exposure, however there was no influence of genotype on pro-
tein expression. Finally, while Homer2 KO mice exhibited an
increase in the density of long, thin spines in the NAc core
compared to WT mice, chronic intermittent IP injections of
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FIGURE 4 | Deletion of Homer2 is associated with increased long spine
density compared to WT mice that is unaffected by repeated ethanol
exposure. (A) Representative images of WT and Homer2 KO saline (sal)
and ethanol (EtOH) treated mice showing a diolistically labeled dendrite
segment (top), a labeled dendrite with a computer-generated filament
(middle), and the filament with classified spines (blue = long thin,
pink = filopodia, red = stubby, green = mushroom; bottom). (B) Total spine
density was unaffected by genotype or treatment. (C) Class analyses of
spine density showed no effect of treatment or genotype on stubby spine
density. (D) There was a main effect of genotype on thin spine density
(∗p = 0.0122), but no effect of treatment. Similar analyses showed no
effect of treatment or genotype on the density of (E) mushroom spines or
(F) filopodia. Representative images for WT Sal and KO Sal are the same as
those used in Figure 3.

ethanol did not induce morphological adaptations in this brain
region.

It has been suggested that the Homer family of proteins are
potential key regulators of dendritic spine morphology (Sala
et al., 2002, 2005). In cultured hippocampal neurons, Sala et al.
(2002) showed that dendritic spines on immature neurons over-
expressing Shank were shorter and displayed thicker heads that
morphologically resembled more mature type spines. Further-
more this study showed that a Homer1b-Shank interaction was
necessary for this phenomenon. Additional studies in HeLa cells
have shown that Cupidin’s (a Homer2a isoform) interaction with
the small GTPase Cdc42 within a scaffolding network is required
to prevent Cdc42-induced filopodia-like protrusion formation
(Shiraishi-Yamaguchi et al., 2009). This group also showed that
without Cupidin localized to the synapse in cultured hippocampal
neurons, there was a marked decrease in miniature excitatory
postsynaptic currents. Altogether these studies suggest that, at
least in culture, Homer is necessary for spine maturation and
synaptic function. In the present study, we observed that Homer2
deletion leads to an increase in the density of long spine on MSNs
of the NAc core under basal conditions. This class of spine is
characterized by its long, thin appearance, no significant head
and neck separation, and a lack of a substantial PSD network
(Jones and Powell, 1969; Peters and Kaiserman-Abramof, 1970;

Uys et al., in press). Interestingly, long spines are associated with
enhanced plasticity, and are believed to be precursors to the more
stable and mature mushroom type “memory” spines (Holtmaat
et al., 2006; Bourne and Harris, 2007; Arnsten et al., 2012), and
recently it was reported that chronic ethanol exposure altered
spine density in the NAc (Zhou et al., 2007; Spiga et al., 2014; Uys
et al., in press). While we observed that Homer2 deletion did not
alter the expression of PSD95 in PSD-enriched samples from the
NAc, it is possible that the absence of Homer2 destabilizes PSD
formation and promotes the formation of immature long spines.
Indeed previous reports have shown a necessity of a Homer/c
interaction to induce spine head enlargement via recruitment
of IP3 receptors and subsequently ER cisternas in cultured hip-
pocampal neurons (Sala et al., 2002, 2005).

In contrast with the influence of genotype on spine morphol-
ogy, we did not observe an effect of chronic intermittent IP injec-
tion of ethanol on spine morphology or an interaction between
genotype and ethanol treatment on long spine density. Although
speculative, the intermittent IP ethanol exposure paradigm used
in the present study could explain this lack of effect. Several
rodent models of ethanol exposure have been shown to induce
morphological adaptations in dendrites and dendritic spines in
the NAc. In a free-choice drinking model, alcohol-preferring rats
given either continuous access or repeated deprivation of ethanol
resulted in fewer spines with larger heads in MSNs of the NAc
(Zhou et al., 2007). In a separate study, alcohol-dependent rats
on a liquid diet exhibited decreased overall spine density in the
NAc shell, with long spines being selectively decreased (Spiga
et al., 2014). In addition, we have previously shown that chronic
intermittent ethanol exposure by vapor inhalation resulted in an
overall increase in dendritic spine density in the NAc core that was
attributed to an increase in long spine density (Uys et al., in press).
Unfortunately, we were unable to test the Homer2 KO mice in this
dependence model because our preliminary experiments showed
reduced survival rates during the withdrawal phase (unpublished
observation), suggesting that Homer2 KO mice are more sensitive
to withdrawal-induced hyperexcitability than WT mice. Though
the intermittent IP ethanol exposure paradigm used in the current
study has been previously reported to induce biochemical adap-
tations in mice (Szumlinski et al., 2005; Goulding et al., 2011),
in our hands this model did not result in changes in dendritic
spine morphological plasticity in the NAc core. However, we did
observe that Homer2 KO mice have alterations in the density of
long spines similar to the morphological phenotype in this region
reported in other models of chronic ethanol exposure. As other
abused substances (e.g., cocaine, heroin, and methamphetamine)
produce morphological adaptations in dendritic spines, future
studies should determine a role for Homer2 in regulation of
spine density and morphology in other models of chronic drug
exposure.

Increased expression of NMDA receptor subunits is asso-
ciated with repeated ethanol exposure (Carpenter-Hyland and
Chandler, 2007; Nagy, 2008). In particular, there is a marked
increase in the expression and function of NMDA receptors in
the NAc in continuous access and repeated withdrawal models
of ethanol exposure (Zhou et al., 2007; Spiga et al., 2014). It
is thought that this may represent a compensatory adaptation
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to counterbalance the inhibitory effect on neuronal excitabil-
ity (Carpenter-Hyland and Chandler, 2006). Using western blot
analysis we examined the expression of GluA1, NMDA receptor
subunits and the scaffolding protein PSD95 1 h after the final
injection. Consistent with previous findings, WT ethanol-exposed
mice exhibited increased expression of the GluN2B subunit com-
pared to saline controls, validating the ability of the intermittent
IP injection paradigm of exposure to induce biochemical adapta-
tions in NMDA receptors. We also observed that Homer2 KO mice
exhibited the same ethanol-induced increase in GluN2B expres-
sion. This finding is particularly interesting given that Homer2
clusters with NMDA receptors containing the GluN2B subunit
(Shiraishi-Yamaguchi and Furuichi, 2007). These data therefore
suggest that while Homer2 may play a role in PSD plasticity,
increased GluN2B expression by ethanol is mediated through an
additional process that is independent of Homer2.

In contrast to previous work showing a reduction in GluN2A
expression in the accumbens of Homer2 KO mice (Szumlinski
et al., 2005), we did not observe an effect of genotype on the
expression of GluN2A. This discrepancy may be explained by
the fractionation method used in preparation of the western
blot samples. In the present study, a synaptosomal fraction was
obtained and treated with Triton X-100 to isolate PSD-enriched
proteins, yet in the previous studies western blot analysis was car-
ried out using a total synaptosomal fraction (i.e., one containing
proteins from both the synaptic and extrasynaptic membrane;
Toda et al., 2003). Our data may therefore indicate that the KO-
induced decrease in GluN2A might be restricted to the extrasy-
naptic pool of receptors.

Our studies attempted to link ethanol-induced behavior and
Homer2 KO by measuring latency to right in both WT and
KO mice to confirm that the previously reported behavioral
phenotypes were maintained in the current cohorts of mice
(Szumlinski et al., 2005). Unexpectedly, we did not observe an
effect of genotype on righting behavior after a sedating dose of
acute ethanol. This is in direct contrast to previously published
work (Szumlinski et al., 2005), which showed that the Homer2
KO mice are more sensitive to the sedative effects of ethanol
compared to their WT littermates. One potential explanation
for this discrepancy could be genetic drift, which describes the
tendency of genes to continuously evolve without selective pres-
sure (Silver, 1995). As an example of this phenomenon, extensive
homozygotic inbreeding of 5-HT1B KO mice resulted in the loss of
a unique drinking phenotype (Bouwknecht et al., 2000). To avoid
genetic drift, mutant and control (C57BL/6J) populations should
occasionally be interbred and the resulting heterozygotic offspring
should be used to breed KO animals (Phillips et al., 1999). We
implemented this breeding schema, suggesting that it is unlikely
that genetic drift can account for the lack of effect of genotype on
ethanol sedation in the present study. It is also possible that the
progenitor strain (129Xi/SvJ; Shin et al., 2003), from which the
embryonic stem cells (ES) were derived to generate the Homer2
KOs, is a phenotypic match for the predicted ethanol-induced
behavioral adaptations associated with Homer2 deletion. This
was the case in a dopamine receptor 2 deficient mouse where
the ES progenitor strain (129/SvEv) used to generate the mutant
mouse strain endogenously exhibited the same locomotor deficits

as was predicted for the mutant. As a result, the mutant mouse
performed the same as the inbred 129/SvEv mouse strain despite
backcrossing the mutant with C57BL/6 mice (Kelly et al., 1998).
In the case of the Homer2 KO mice, it is possible that the effect
of ethanol on loss of righting originally seen by Szumlinski et al.
(2005) might have been a phenotype endogenous to 129Xi/SvJ
mice that dissipated in our colony as the Homer2 KO mice were
continually crossbred with C57BL/6J mice over several more
generations.

In summary, the results of the present study show that while
chronic intermittent IP injections of ethanol induce increases
in GluN2B expression in NAc of both WT and Homer2 KO
mice, deletion of Homer2 does not effect this ethanol-induced
adaptation. A lack of effect of intermittent IP ethanol exposure
on dendritic spine morphology in both WT and KO mice indicate
that the IP ethanol injection model of exposure does not appear to
be sufficient to induce morphological adaptations. Finally, these
studies show that deletion of Homer2 leads to an increase in long
thin spines of MSNs in the NAc core, providing the first evidence
that Homer2 directly affects dendritic spine morphology in vivo.

ACKNOWLEDGMENTS
This work was supported by NIH grants AA020930, AA010983
and AA010761, and AA021618. The authors would also like
to thank Andrew McGuier and Vincent Pistelli for writing the
Python scripts to collate the dendritic spine data exported from
the ImarisXT imaging program.

REFERENCES
Aldridge, G. M., Podrebarac, D. M., and Greenough, W. T. (2008). The use of

total protein stains as loading controls: an alternative to high-abundance single-
protein controls in semi-quantitative immunoblotting. J. Neurosci. Methods 172,
250–254. doi: 10.1016/j.jneumeth.2008.05.003

Arnsten, A., Wang, M. J., and Paspalas, C. D. (2012). Neuromodulation of thought:
flexibilities and vulnerabilities in prefrontal cortical network synapses. Neuron
76, 223–239. doi: 10.1016/j.neuron.2012.08.038

Bourne, J., and Harris, K. M. (2007). Do thin spines learn to be mushroom spines
that remember? Curr. Opin. Neurobiol. 17, 381–386. doi: 10.1016/j.conb.2007.
04.009

Bouwknecht, J. A., Hijzen, T. H., and van der Gugten, J. (2000). Ethanol intake is
not elevated in male 5-HT1B receptor knockout mice. Eur. J. Pharmacol. 403,
95–98. doi: 10.1016/S0014-2999(00)00527-6

Carpenter-Hyland, E., and Chandler, L. (2006). Homeostatic plasticity during
alcohol exposure promotes enlargement of dendritic spines. Eur. J. Neurosci. 24,
34963506. doi: 10.1111/j.1460-9568.2006.05247.x

Carpenter-Hyland, E., and Chandler, L. (2007). Adaptive plasticity of NMDA
receptors and dendritic spines: implications for enhanced vulnerability of the
adolescent brain to alcohol addiction. Pharmacol. Biochem. Behav. 86, 200208.
doi: 10.1016/j.pbb.2007.01.016

Cozzoli, D. K., Courson, J., Caruana, A. L., Miller, B. W., Greentree, D. I., Thomp-
son, A. B., et al. (2012). Nucleus accumbens mGluR5-associated signaling reg-
ulates binge alcohol drinking under drinking-in-the-dark procedures. Alcohol.
Clin. Exp. Res. 36, 1623–1633. doi: 10.1111/j.1530-0277.2012.01776.x

Cui, H., Hayashi, A., Sun, H.-S., Belmares, M. P., Cobey, C., Phan, T., et al. (2007).
PDZ protein interactions underlying NMDA receptor-mediated excitotoxicity
and neuroprotection by PSD-95 inhibitors. J. Neurosci. 27, 9901–9915. doi:
10.1523/JNEUROSCI.1464-07.2007

Dittmer, A., and Dittmer, J. (2006). β-Actin is not a reliable loading control in West-
ern blot analysis. Electrophoresis 27, 2844–2845. doi: 10.1002/elps.200500785

Gass, J. T., Trantham-Davidson, H., Kassab, A. S., Glen, W. B., Olive, M. F., and
Chandler, L. J. (2014). Enhancement of extinction learning attenuates ethanol-
seeking behavior and alters plasticity in the prefrontal cortex. J. Neurosci. 34,
7562–7574. doi: 10.1523/JNEUROSCI.5616-12.2014

Frontiers in Pharmacology | Neuropharmacology February 2015 | Volume 6 | Article 28 | 6

http://www.frontiersin.org/Neuropharmacology
http://www.frontiersin.org/Neuropharmacology
http://www.frontiersin.org/Neuropharmacology/archive


McGuier et al. Homer2 and ethanol: structural plasticity

Goulding, S. P., Obara, I., Lominac, K. D., Gould, A. T., Miller, B. W., Klugmann,
M., et al. (2011). Accumbens Homer2-mediated signaling: a factor contributing
to mouse strain differences in alcohol drinking? Genes Brain Behav. 10, 111–126.
doi: 10.1111/j.1601-183X.2010.00647.x

Gremel, C. M., and Cunningham, C. L. (2009). Involvement of amygdala dopamine
and nucleus accumbens NMDA receptors in ethanol-seeking behavior in mice.
Neuropsychopharmacology 34, 1443–1453. doi: 10.1038/npp.2008.179

Griffin, W. C. III, Haun, H. L., Hazelbaker, C. L., Ramachandra, V. S., and Becker,
H. C. (2014). Increased extracellular glutamate in the nucleus accumbens
promotes excessive ethanol drinking in ethanol dependent mice. Neuropsy-
chopharmacology 39, 707–717. doi: 10.1038/npp.2013.256

Holtmaat, A., Wilbrecht, L., Knott, G. W., and Welker, E. (2006). Experience-
dependent and cell-type-specific spine growth in the neocortex. Nature 441,
979–983. doi: 10.1038/nature04783

Jones, E. G., and Powell, T. P. (1969). Morphological variations in the dendritic
spines of the neocortex. J. Cell Sci. 5, 509–529.

Jung, Y., Mulholland, P. J., Wiseman, S. L., Chandler, L. J., and Picciotto, M.
R. (2013). Constitutive knockout of the membrane cytoskeleton protein beta
adducing decreases mushroom spine density in the nucleus accumbens but does
not prevent spine remodeling in response to cocaine. Eur. J. Neurosci. 31, 1–9.
doi: 10.1111/ejn.12037

Kalivas, P. W. (2009). The glutamate homeostasis hypothesis of addiction. Nat. Rev.
Neurosci. 10, 561–572. doi: 10.1038/nrn2515

Kelly, M. A., Rubinstein, M., and Phillips, T. J. (1998). Locomotor activity in
D2 dopamine receptor-deficient mice is determined by gene dosage, genetic
background, and developmental adaptations. J. Neurosci. 18, 3470–3479.

Kristiansen, L. V., Beneyto, M., Haroutunian, V., and Meador-Woodruff, J. H.
(2006). Changes in NMDA receptor subunits and interacting PSD proteins in
dorsolateral prefrontal and anterior cingulate cortex indicate abnormal regional
expression in schizophrenia. Mol. Psychiatry 11, 737–747. doi: 10.1038/sj.mp.
4001844

Lum, E. N., Campbell, R. R., Rostock, C., and Szumlinski, K. K. (2014). mGluR1
within the nucleus accumbens regulates alcohol intake in mice under limited-
access conditions. Neuropharmacology 79, 679–687. doi: 10.1016/j.neuropharm.
2014.01.024

McGuier, N. S., Padula, A. E., Lopez, M. F., Woodward, J. J., and Mulholland,
P. J. (2014). Withdrawal from chronic intermittent alcohol exposure increases
dendritic spine density in the lateral orbitofrontal cortex of mice. Alcohol 49,
21–27. doi: 10.1016/j.alcohol.2014.07.017

Mulholland, P. J., Becker, H. C., Woodward, J. J., and Chandler, L. J. (2011). Small
conductance calcium-activated potassium type 2 channels regulate alcohol-
associated plasticity of glutamatergic synapses. Biol. Psychiatry 69, 625–632. doi:
10.1016/j.biopsych.2010.09.025

Nagy, J. (2008). Alcohol related changes in regulation of NMDA receptor functions.
Curr. Neuropharmacol. 6, 39–54. doi: 10.2174/157015908783769662

Nocjar, C., Middaugh, L. D., and Tavernetti, M. (1999). Ethanol consumption
and place preference conditioning in the alcohol preferring C57BL/6 mouse:
relationship with motor activity patterns. Alcohol. Clin. Exp. Res. 23, 683–692.

Obara, I., Bell, R. L., Goulding, S. P., Reyes, C. M., Larson, L. A., Ary, A. W.,
et al. (2009). Differential effects of chronic ethanol consumption and withdrawal
on homer/glutamate receptor expression in subregions of the accumbens and
amygdala of P rats. Alcohol. Clin. Exp. Res. 33, 1924–1934. doi: 10.1111/j.1530-
0277.2009.01030.x

Peters, A., and Kaiserman-Abramof, I. R. (1970). The small pyramidal neuron of
the rat cerebral cortex. The perikaryon, dendrites and spines. Am. J. Anat. 127,
321–355. doi: 10.1002/aja.1001270402

Phillips, T. J., Hen, R., and Crabbe, J. C. (1999). Complications associated with
genetic background effects in research using knockout mice. Psychopharmacol-
ogy (Berl.) 147, 5–7. doi: 10.1007/s002130051128

Prencipe, L., Iaccheri, E., and Manzati, C. (1987). Enzymic ethanol assay: a new
colorimetric method based on measurement of hydrogen peroxide. Clin. Chem.
33, 486–489.

Sala, C., Piëch, V., Wilson, N. R., Passafaro, M., and Liu, G. (2002). Regulation
of dendritic spine morphology and synaptic function by Shank and Homer.
Neuron 31, 115–130. doi: 10.1016/S0896-6273(01)00339-7

Sala, C., Roussignol, G., and Meldolesi, J. (2005). Key role of the postsynaptic
density scaffold proteins Shank and Homer in the functional architecture of
Ca2+ homeostasis at dendritic spines in hippocampal neurons. J. Neurosci. 25,
4587–4592. doi: 10.1523/JNEUROSCI.4822-04.2005

Sheng, M., and Sala, C. (2001). PDZ domains and the organization of supramolecu-
lar complexes. Annu. Rev. Neurosci. 24, 1–29. doi: 10.1146/annurev.neuro.24.1.1

Shin, D. M., Dehoff, M., Luo, X., Kang, S. H., Tu, J., Nayak, S. K., et al. (2003).
Homer 2 tunes G protein-coupled receptors stimulus intensity by regulating
RGS proteins and PLCβ GAP activities. J. Cell Biol. 162, 293–303. doi: 10.1083/
jcb.200210109

Shiraishi-Yamaguchi, Y., and Furuichi, T. (2007). The Homer family proteins.
Genome Biol. 8, 206. doi: 10.1186/gb-2007-8-2-206

Shiraishi-Yamaguchi, Y., Sato, Y., and Sakai, R. (2009). Interaction of Cupidin/
Homer2 with two actin cytoskeletal regulators, Cdc42 small GTPase and
Drebrin, in dendritic spines. BMC Neurosci. 10:25. doi: 10.1186/1471-2202-
10-25

Silver, L. M. (1995). Mouse Genetics: Concepts and Applications. New York, NY:
Oxford University Press.

Spiga, S., Talani, G., Mulas, G., and Licheri, V. (2014). Hampered long-term
depression and thin spine loss in the nucleus accumbens of ethanol-dependent
rats. Proc. Natl. Acad. Sci. U.S.A. 111, 3745–3754. doi: 10.1073/pnas.1406768111

Szumlinski, K. K., Dehoff, M. H., Kang, S. H., and Frys, K. A. (2004). Homer pro-
teins regulate sensitivity to cocaine. Neuron 43, 401–413. doi: 10.1016/j.neuron.
2004.07.019

Szumlinski, K. K., Lominac, K. D., Oleson, E. B., Walker, J. K., Mason, A., Dehoff,
M. H., et al. (2005). Homer2 is necessary for EtOH-induced neuroplasticity.
J. Neurosci. 25, 7054–7061. doi: 10.1523/JNEUROSCI.1529-05.2005

Toda, S., Alguacil, L. F., and Kalivas, P. W. (2003). Repeated cocaine administration
changes the function and subcellular distribution of adenosine A1 receptor in
the rat nucleus accumbens. J. Neurochem. 87, 1478–1484. doi: 10.1046/j.1471-
4159.2003.02121.x

Ultanir, S. K., Kim, J. E., and Hall, B. J. (2007). Regulation of spine morphology and
spine density by NMDA receptor signaling in vivo. Proc. Natl. Acad. Sci. U.S.A.
104, 19553–19558. doi: 10.1073/pnas.0704031104

Uys, J. D., McGuier, N. S., Gass, J. T., Griffin, W. C. III., Ball, L. E., and Mulholland,
P. J. (in press). Chronic intermittent ethanol exposure and withdrawal leads
to adaptations in nucleus accumbens core postsynaptic density proteome and
dendritic spines. Addict. Bio.

Xiao, B., Tu, J. C., Petralia, R. S., Yuan, J. P., and Doan, A. (1998). Homer
regulates the association of group 1 metabotropic glutamate receptors with
multivalent complexes of homer-related, synaptic proteins. Neuron 21, 707–716.
doi: 10.1016/S0896-6273(00)80588-7

Zhou, F. C., Anthony, B., Dunn, K. W., Lindquist, W. B., and Xu, Z. C. (2007).
Chronic alcohol drinking alters neuronal dendritic spines in the brain reward
center nucleus accumbens. Brain Res. 1134, 148–161. doi: 10.1016/j.brainres.
2006.11.046

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 04 December 2014; accepted: 03 February 2015; published online: 23
February 2015.
Citation: McGuier NS, Padula AE, Mulholland PJ and Chandler LJ (2015) Homer2
deletion alters dendritic spine morphology but not alcohol-associated adaptations
in GluN2B-containing N-methyl-D-aspartate receptors in the nucleus accumbens.
Front. Pharmacol. 6:28. doi: 10.3389/fphar.2015.00028
This article was submitted to Neuropharmacology, a section of the journal Frontiers
in Pharmacology.
Copyright © 2015 McGuier, Padula, Mulholland and Chandler. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

www.frontiersin.org February 2015 | Volume 6 | Article 28 | 7

http://dx.doi.org/10.3389/fphar.2015.00028
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org
http://www.frontiersin.org/Neuropharmacology/archive

	Homer2 deletion alters dendritic spine morphology but not alcohol-associated adaptations in GluN2B-containing N-methyl-D-aspartate receptors in the nucleus accumbens
	Introduction
	Materials and Methods
	Chronic Intermittent IP Ethanol Exposure
	Blood Ethanol Concentration
	Ethanol-Induced Sedation
	Subcellular Fractionation and Western Blotting
	Dendritic Spine Labeling, Morphological Classification, and Analysis

	Results
	Homer2 Ko and Repeated Ethanol Exposure
	Repeated Ethanol Exposure, Homer2, and Psd Proteins
	Homer2 and Dendritic Spines

	Discussion
	Acknowledgments
	References


