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Abstract

Cocaine-induced changes in the expression of the glutamate-related scaffolding protein Homer2 influence this
drug’s psychostimulant and rewarding properties. In response to neuronal activity, Homer2 is phosphorylated
on S117/S216 by calcium-calmodulin kinase IIa (CaMKIIa), which induces a rapid dissociation of mGlu5-
Homer2 scaffolds. Herein, we examined the requirement for Homer2 phosphorylation in cocaine-induced
changes in mGlu5-Homer2 coupling, to include behavioral sensitivity to cocaine. For this, mice with alanine
point mutations at (S117/216)-Homer2 (Homer2AA/AA) were generated, and we determined their affective, cog-
nitive and sensorimotor phenotypes, as well as cocaine-induced changes in conditioned reward and motor hy-
peractivity. The Homer2AA/AA mutation prevented activity-dependent phosphorylation of S216 Homer2 in
cortical neurons, but Homer2AA/AA mice did not differ from wild-type (WT) controls with respect to Morris
maze performance, acoustic startle, spontaneous or cocaine-induced locomotion. Homer2AA/AA mice exhibited
signs of hypoanxiety similar to the phenotype of transgenic mice with a deficit in signal-regulated mGluR5
phosphorylation (Grm5AA/AA). However, opposite of Grm5AA/AA mice, Homer2AA/AA mice were less sensitive to
the aversive properties of high-dose cocaine under both place-conditioning and taste-conditioning procedures.
Acute injection with cocaine caused dissociation of mGluR5 and Homer2 in striatal lysates from WT, but not
Homer2AA/AA mice, suggesting a molecular basis for the deficit in cocaine aversion. These findings indicate
that CaMKIIa-dependent phosphorylation of Homer2 gates the negative motivational valence of high-dose

Significance Statement

Globally, psychostimulant use has again risen to reach epidemic proportions, particularly in the United
States. However, we continue to face a knowledge gap regarding the biological bases of psychostimulant
addiction vulnerability to inform disease prognosis and treatment-based recovery. Herein, we show that the
psychomotor stimulant cocaine induces the uncoupling of the mGlu5 glutamate receptor from its scaffold-
ing protein Homer2 in brain. Using a transgenic mouse model with deficits cocaine-induced uncoupling of
mGlu5-Homer2, we demonstrate an important role for Homer2 scaffolding of mGlu5 in regulating cocaine’s
aversive properties, without influencing cocaine reward. Findings suggest that environmental factors, to in-
clude cocaine exposure, that affect mGlu5-Homer2 scaffolding dynamics may contribute to an individual’s
subjective response to cocaine to influence addiction vulnerability.
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cocaine via regulation of mGlu5 binding, furthering an important role for dynamic changes in mGlu5-Homer in-
teractions in addiction vulnerability.
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Introduction
Cocaine remains one of the most widely used illicit

drugs worldwide, with ;18.2 million people reporting
cocaine use (United Nations Office on Drugs and Crime,
2021). Despite this, the knowledge gap regarding the neu-
robiological substrates underlying cocaine use disorder im-
pedes therapeutic progress. Cocaine impacts glutamate
transmission in brain, producing region-selective changes
in the expression and function of the Group1 metabotropic
glutamate receptor subtype mGlu5 (cf. Niedzielska-Andres
et al., 2021), which contribute to cocaine-seeking behavior
in animal models (Gass and Olive, 2008; Ben-Shahar et al.,
2013; Knackstedt and Schwendt, 2016; Gobin, et al.,
2020). mGlu5 receptors act primarily via Gq/11 proteins to
initiate the PLC/IP3/Ca21 cascade (Niswender and
Conn, 2010; Iacovelli et al., 2013), as well as signaling
to mitogen-activated protein kinase pathways (Wang
et al., 2007), and PI3K/Akt/mTOR signaling (Rong et
al., 2003; Ronesi and Huber, 2008).
mGlu5 localization and signaling is regulated by Homer

scaffolding proteins (Tu et al., 1998). In mammals, Homer
proteins are encoded by three genes (Homer1, Homer2,
Homer3; Soloviev et al., 2000), which bind mGlu5 and tet-
ramerize through their C-terminus coiled-coil domains to
form signaling scaffolds with mGlu5 and its effectors such
as the IP3 receptor, PI3K Enhancer and NMDA receptors.
Mutations in mGlu5 that prevent Homer binding (F1128 to
R; Grm5R/R) result in reduced mGlu5 in the postsynaptic
density and constitutive signaling, as well as loss of ago-
nist-induced signaling to downstream effectors such as
ERK and mTOR. Both a truncated, dominant negative,
isoform Homer1a and long Homers are regulated in brain
by cocaine or its absence (cf. Szumlinski et al., 2008;
Marton et al., 2015). Further, Homer1 and Homer2 gene
products regulate cocaine’s psychomotor-activating,

rewarding and reinforcing properties in rodent models
(Swanson et al., 2001; Szumlinski et al., 2004; Knackstedt
et al., 2010; Ary et al., 2013; Gould et al., 2015; Datko et
al., 2017).
mGlu5 binding with Homers and other interactors are

dynamic and highly regulated. Acute cocaine induces
ERK phosphorylation of (T1123/S1126)-mGlu5, which
promotes binding of the prolyl isomerase Pin1, and the
isomerization of the C-terminus of mGlu5 to enhance
mGlu5 signaling to NMDARs (Park et al., 2013). Mice
with site-specific mutations that prevent phosphoryla-
tion of (T1123/S1126)-mGlu5 (GRM5AA/AA mice) have
deficits in dopamine-induced regulation of mGlu5 sig-
naling to NMDARs, fail to develop cocaine-induced
sensitization (Park et al., 2013), but exhibit a very robust
cocaine-conditioned place-aversion (Campbell et al.,
2019). These latter findings implicate phosphorylation-
dependent, dynamical interactions between mGlu5 and
constitutively expressed Homer proteins in regulating
both the psychomotor-activating and rewarding prop-
erties of cocaine.
Brief depolarization of neurons and Ca21 influx

through both NMDARs and Ca21 channels induce phos-
phorylation of Homers by Ca21/calmodulin-dependent
protein kinase IIa (CaMKIIa). All three Homers have
CaMKIIa phosphorylation sites within their “hinge” re-
gion between the EVH1 and coiled-coil domains and
phosphorylation of these sites results in reduced binding
to mGlu5, as well as other Homer interactors (Mizutani et
al., 2008; Guo et al., 2015). Both Homer1 and Homer2
share a conserved CaMKIIa phosphorylation site at S117,
with Homer2 possessing an additional phosphorylation
site at S216. In the case of Homer2, CaMKIIa-dependent
phosphorylation of (S117/S216)-Homer2 rapidly dissoci-
ates mGlu5-Homer scaffolds (Guo et al., 2015). To date,
the biopsychological implications of CaMKIIa-de-
pendent Homer phosphorylation have been inferred
from studies of the Fmr1 knock-out (KO) mouse model
of Fragile X syndrome, which exhibits elevated CaMKIIa
activity, Homer1 and Homer2 hyperphosphorylation and
reduced Homer-mGlu5 binding (Guo et al., 2015), which
can be rescued by reducing CaMKIIa activity or levels or
replacement with mutant Homers that cannot be phos-
phorylated by CaMKIIa (Guo et al., 2015). Further, Fmr1
KO mice exhibit blunted cocaine-induced motor sensiti-
zation and conditioned reward, which can be rescued by
lowering mGlu5 expression (Smith et al., 2014). These re-
sults reveal an alternate, Homer-directed, phosphoryla-
tion-dependent mechanism for controlling Homer-mGlu5
scaffolding, neuronal excitability and perhaps also co-
caine-induced behavioral plasticity. Indeed, CaMKIIa
hyperactivity has long been implicated in cocaine ad-
diction-related behavior and neuroplasticity (cf. García-
Pardo et al., 2016; Yu et al., 2017). Here, we show
that acute cocaine activates CaMKIIa in mouse brain
and dissociates Homer2-mGlu5 scaffolds, the latter of
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which is absent in a knock-in (KI) mouse with alanine
substitutions at (S117/S216)-Homer2 that prevent its
phosphorylation by CaMKIIa (Homer2AA/AA mouse).
Homer2AA/AA mice exhibit certain behavioral signs of
hypoanxiety that are similar to those expressed by
GRM5R/R KI mice with reduced steady state Homer
binding and GRM5AA/AA KI mice with deficient regulated
mGlu5 interactions. However, opposite GRM5AA/AA mice
(Campbell et al., 2019), Homer2AA/AA mice are resilient to the
conditioned aversive properties of cocaine. This work pro-
vides knowledge of the dynamic regulation of mGluR5-
Homer2 scaffolds by cocaine that actively gates the negative
affective valence of this highly addictive substance.

Materials and Methods
Subjects
Homer2AS117A/S120A KI mouse
To determine the functional consequences of CaMKIIa-de-

pendent phosphorylation of Homer2 in vivo, a KI mouse with
serine (S) !alanine (A) point mutations at amino acid posi-
tions 117 and 120 of Homer2 was generated using CRISPR/
Cas9 andmicroinjection single-cell C57BL/6J embryos at the
Transgenic Technology Center at Institution 1. Two gRNAs
(S117A site: CTAGCCAGAGACAAGTCCCAGG; S216 site:
CAGCGTGGAGCAGTGGAAGCGG) were designed and vali-
dated by Sigma-Aldrich. The sequence of the oligo DNA
donor for S117A knock-in is: 59-aagtaagtcctaataactgttcca-
tatgttcagtttgcagagaagttccaggaggtaagagaagctgccaggctagcc
agagacaaggcccaagagaaaaccgagacctccagcaatcattcccaagt
aagtaagtcatttgtccccgagatgcatctgagtgtgatcagtaattgagat-39.
The sequence of the oligo DNA donor for S216A knock-in
is: 59-gatggagctgcagaccctgcgggagagcaacgcccggctgacca
cggcactgcaggagtcggcggccagcgtggagcagtggaagcgacagttc
gccatctgcagggacgagaatgacaggctccgcagcaaggtgggcctcgg
cagccagcgggacagagggcctggccgactggagca-39.
Genotyping of Homer2S117A/S120A KI (Homer2AA/AA) mice

was performed with the specific primers (H2S117AF: 59-
AGT TGC AGG TGT GCA CAT GGC A-39 and H2S117AR:
59-AGG TGA CTC CGA TTG CAT CAG T-39; H2S216AF: 59-
ACCCAACATGAGAGAGCTGAC-399 and H2S216AR: 59-CA
GGGTCTCTGTGGAAACATACTC-399). PCR products were
digested by the restriction enzyme Sau96I for H2S117A and
HpyCH4III for H2S216A, the PCR products from the mutant
allele was sensitive to Sau96I and HpyCH4III (Fig. 1).
Homer2AA/AA were backcrossed to C57BL/6J mice for
two to five generations before experiments.
For all experiments, both female and male wild-type

(WT) and homozygous Homer2AA/AA littermate mice were
generated at Institution 1 from heterozygous breeder
pairs. For behavioral experiments, between five and
eightweeks of age, WT and Homer2AA/AA littermates were
relocated to Institution 2, where they were quarantined
under standard housing conditions on a ventilated rack
for a maximum of nineweeks. Upon health clearance,
mice were relocated to a standard holding room in the
main vivarium space. Mice were initially housed under a
regular 12/12 h light/dark cycle (lights on: 7 A.M.), with
testing conducted between 8 A.M. and 5 P.M. The subset
of mice slated for taste-conditioning studies were then re-

located to a distinct holding room under a 12/12 h reverse
light/dark cycle (lights on: 10 P.M.) and were allowed to accli-
mate for 10d, before testing. In all, two distinct cohorts of WT
and Homer2AA/AA mice were employed in these studies,
spaced approximately sixmonths apart. Each cohort con-
sisted of approximately equal numbers of male and female
wild-type (WT) andHomer2AA/AAmice (6 threemice).

GRM5F1128R KI mouse
For comparison, the effects of preventing Homer-mGlu5

scaffolding on spatial learning/memory and cocaine-condi-
tioned reward were also determined using the GRM5F1128R

transgenic mouse (GRM5R/R). This mouse houses a single
F!R point mutation at F1128 that lies within the Homer bind-
ing domain on mGlu5 that prevents Homer binding to the re-
ceptor (Cozzoli et al., 2009). Thus, the consequences of the
GRM5R/R mutation are functionally opposite to that of the
Homer2AA/AA mutation. This particular mGlu5 mutant exhibits
a modest potentiation of cocaine-induced behavioral sensiti-
zation (Park et al., 2013), reduced binge alcohol-drinking
(Cozzoli et al., 2009, 2012), in addition to affective and senso-
rimotor phenotypes similar to those reported in Fmr1 KO
mice (Guo et al., 2016). The effects of disrupting Homer-
mGlu5 binding on cocaine reward and learning/memory have
not been reported. Thus, female and male WT and GRM5R/R

mice were generated by the mating of heterozygous breeder
pairs. Behavioral testing was conducted both female and
male adult (six to eight weeks of age) littermate offspring, with
approximately equal numbers of males and females em-
ployed for each genotype (6 threemice).

GRM5T1123A/S1126A KI mouse
Activity-dependent mGlu5 phosphorylation by proline-

directed kinases within the Homer binding domain in-
creases the binding avidity of Homer-mGlu5 scaffolds
(Orlando et al., 2009; Hu et al., 2012; Park et al., 2013).
GRM5T1123A/S1126A transgenic mice (GRM5AA/AA), in which
this phosphorylation is prevented, exhibit reduced mGlu5-
Homer binding avidity, concomitant with blunted cocaine-
induced locomotor and neurochemical sensitization (Park et
al., 2013), as well as robust cocaine-conditioned place-aver-
sion and a hypoanxious, “Fmr1 KO-like,” affective pheno-
type (Campbell et al., 2019). As the consequences of the
GRM5AA/AA mutation for Homer-mGlu5 scaffolding are also
predicted to be functionally opposite that produced by the
Homer2AA/AA mutation, we compared, in certain assays, fe-
male and male littermate WT and GRM5AA/AA mice, derived
from a colony of heterozygous breeders. As for GRM5R/R

mice, behavioral testing was conducted in adult mice (six to
eight weeks of age), with approximately equal number of
males and females employed for each genotype (6 three to
four mice).
Experimental mice were housed in same-sex groups

of two to four in an Association for Assessment and
Accreditation of Laboratory Animal Care-approved animal
facility in standard mouse cages housed on ventilated racks
under a regular 12/12 h light/dark cycle (lights on: 7 A.M.). All
testing was conducted during the light cycle with food and
water were available ad libitum, unless otherwise indicated.
All experiments were approved by the Institutional Animal
Care and Use Committees of our respective institutions and
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were conducted in accordance with the National Institutes of
Health Principles of Laboratory Animal Care.

Neocortical slice preparation and treatment
Neocortical slices were prepared from postnatal day (P)

28–P30 mice. Briefly, mice were anesthetized with keta-
mine (125mg/kg)/xylazine (25mg/kg) and transcardially
perfused with chilled (4°C) sucrose dissection buffer con-
taining the following (in mM): 2.6 KCl, 1.25 NaH2PO4,
26 NaHCO3, 0.5 CaCl2, 5 MgCl2, 212 sucrose, and 10
dextrose aerated with 95% O2/5% CO2. Coronal

neocortical slices were obtained on a Leica VT1000S
slicer. Slices recovered for 3.5 h and were maintained at
32°C in artificial cerebrospinal fluid containing (in mM):
119 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1
NaH2PO4, and 11 D-glucose aerated with 95% O2/5%
CO2 to pH 7.4. Slices were then treated with bicuculline
(100mM) and 4-aminopyridine (4-AP; 100 mM) for 5min.

Co-immunoprecipitation andWestern blotting
To examine for cocaine-induced changes in Homer2

phosphorylation and mGlu5 binding, adult mice were

Figure 1. Generation of Homer2 S117A, S216A (Homer2AA/AA) mutant knock-in mouse. A, Sequencing of Homer2 S117A site and S216A
site PCR-amplified genomic DNA from homozygote Homer2AA/AA mutant mouse. Asterisks indicate mutants. The dotted underlines indicate
knock-in-created Sau96I(S117A) and HpyCH4III(S216A) restriction enzyme sites for genotyping. B, PCR genotyping of wild-type (WT) and
homozygous Homer2AA/AA mutant mouse. The PCR product images of WT and homozygous Homer2AA/AA mutant after Sau96I and
HpyCH4III digestion. C, Western blots of cortical homogenates from WT and Homer2AA/AA mutant mice demonstrate normal levels of
mGlu5 and Homers 1 and 2. D, Brief, 5-min, treatment of mouse neocortical slices with bicuculline and 4-aminopyridine (4-AP) induced
phosphorylation (P) of S216 Homer2 and S117 Homer1 in WT mice as detected with phosphorylation site antibodies after immunoprecipita-
tion with a pan-Homer antibody. In neocortical slices from Homer2AA/AA mice, P-S216 Homer2 was not detected, but normal activity-in-
duced p(S117)-Homer1 was observed.
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injected intraperitoneally with saline or cocaine dissolved
in saline at 2mg/ml and 20mg/kg dosing. Mice were then
returned to the animal colony room in their home cage
for 1 h. Mice were then rapidly decapitated and whole
striatum was dissected and immediately frozen in liquid
nitrogen.
Tissue was lysed with co-immunoprecipitation (co-IP)

buffer (50 mM Tris, pH 7.4, 120 mM NaCl, 50 mM NaF, and
1% Triton X-100), containing protease inhibitor cocktail
(Sigma), phosphatase inhibitor cocktail 2 and 3 (Sigma).
The striatum samples were sonicated and centrifuged
(10min at 13,000 � g) to remove unlysed tissue. Protein
levels in the supernatant were measured using Pierce BCA
kit and 200mg protein were incubated with 1mg of pan-
Homer antibody (Santa Cruz Biotechnology, D-3; sc-
17842; RRID:AB_627742) overnight at 4°C and then with
protein A/G bead slurry (Thermo Scientific) was added for
one additional hour. Beads were then washed with co-im-
munoprecipitation buffer three times. Samples were sub-
jected to 12% SDS-PAGE gel analysis followed by Western
blotting. Antibodies used in this study for Western blotting
include: pan-Homer (Santa Cruz Biotechnology, E-18; sc-
8921; RRID:AB_648368), mGlu5 (Millipore; 6451; no RRID
available), Homer2 (Synaptic Systems; 160203; RRID:AB_
10807099), GAPDH (Millipore; MAB374; RRID:AB_2107445),
pT286CaMKIIa (Sigma; SAB4504356; no RRID available),
anti-CaMKIIa (Santa Cruz; sc-5391; RRID:AB_634553),
Homer1 phospho-S117 Homer2 phospho-S216 (Guo et
al., 2015).

General experimental design of the behavioral studies
To determine the behavioral phenotype of Homer2AA/AA

mice, their behavior was compared with that of WT ani-
mals and all experiments included the between-subjects
factor of Genotype. The majority of behavioral experi-
ments included approximately equal numbers of male
and female mice and also included the between-subjects
factor of Sex. The majority of behavioral outcomes in-
volved a single dependent variable and, thus, were ana-
lyzed using univariate ANOVAs. For experiments involving
repeated measures, the statistical analyses also included
a within-subjects factor. When a sex difference was not de-
tected in the initial statistical analyses, the data were col-
lapsed across the Sex factor for re-analysis of Genotype
effects and interactions, when applicable. For comparison,
some behavioral experiments were also conducted in
GRM5R/R and GRM5AA/AA mutant mice and compared with
their distinct WT controls. The general experimental design
and statistical approaches employed in the study of mGlu5-
related mutant mice were similar to those employed for
Homer2AA/AA versus their WT mice. The specific statistical
approach to each dataset is detailed for each paradigm in
the subsections below.

Prepulse inhibition of acoustic startle
GRM5R/R mice with disrupted Homer-mGlu5 binding

exhibit impaired prepluse inhibition (PPI) of acoustic star-
tle, in a manner consistent with Fmr1 KO mice that exhibit
Homer2 hyperphosphorylation and dissociated Homer-

mGlu5 scaffolds (Guo et al., 2016). To determine whether
increasing the avidity of Homer-mGlu5 binding by prevent-
ing phosphorylation-dependent uncoupling of Homer2-
mGlu5 scaffolds also impacts sensorimotor processing,
we compared female and male WT and Homer2AA/AA mice
in a standard PPI paradigm. For comparison, we compared
acoustic startle and PPI also between GRM5AA/AA phos-
pho-mutant mice with reduced mGlu5-Homer binding
avidity.
Six trial types were conducted: startle pulse (st110,

110dB/40ms), low prepulse stimulus alone (st74, 74dB/
20ms), high prepulse stimulus alone (st90, 90dB/20ms),
low or high prepulse stimulus played 100ms before the
onset of the startle pulse (pp74 and pp90, respectively),
and no acoustic stimulus (st0; only background noise). All
trials were presented in a randomized order; st0, st110,
pp74, and pp90 trials were administered 10 times each,
whereas st74 and st90 were presented five times each.
Background noise in each chamber was 70dB, and the
average intertrial interval lasted 15 s. The data for each
startle stimulus were analyzed using a Genotype � Sex �
Stimulus ANOVA, with repeated measures on the Stimulus
factor (four levels). The % PPI by the 74 and 90dB pre-
pulses was calculated as the percent change in the aver-
age startle during st110 trials during the pp74 and pp90
trials and analyzed using a Genotype � Sex � Prepulse
ANOVA, with repeated measures on the Prepulse factor
(two levels).

Morris water maze
Frm1 KOmice with dissociated Homer-mGlu5 scaffolds

exhibit learning and memory impairments in a variety of
assays, including those of spatial learning and memory
(cf. Santos et al., 2014). To examine how different Homer-
mGlu5 scaffolding mutations impact cognitive function,
genotypic differences in spatial reference learning and
memory were examined in a Morris water maze paradigm.
A stainless steel circular tank (200 cm in diameter, 60 cm
in height) served as the maze, with salient intramaze cues
located at all four compass points on the inside walls of
the maze and extra-maze cues present in the testing
room. The tank was filled with room-temperature water to
a depth of 50 cm. To ensure similar swim performance
and visual ability, Morris maze training began with a test
in which a visible flag was attached to the clear platform
(protruding 20 cm out of the water) and the platform was
placed in the NW quadrant. The mice were released from
the opposite quadrant (i.e., SE) and allowed 2min to lo-
cate the flagged platform. All animals successfully located
the flagged platform and so only one flag test was per-
formed for each study.
Over the course of the next 4 d, the flag was removed

from the platform so the platform was no longer visible
and the invisible platform remained in the NE quadrant
(i.e., a quadrant distinct from the Flag Test). Each day,
mice underwent 4 trials, in which they were randomly
placed in the pool at each of the four compass points and
swimming was recorded digitally by a video camera
mounted on the ceiling directly above the tank for a period
of 2min/trail (ANY-Maze, Stoelting). If the mice were
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unable to locate the platform during the allotted time, they
were guided to the platform where they remained for 30 s.
The mice were trained in series for each of the four release
points; as such, the intertrial interval was ;30–45min.
The release points were randomized across the 4d of
training (total of 16 training trials). At 24 h following the
last training day, a memory probe test was performed, in
which the platform was removed from the tank and swim-
ming location recorded over a 2-min period. In the study
of Homer2AA/AA mice, the day following the probe test, re-
versal learning was assayed by placing the hidden platform
in the SW quadrant (i.e., the quadrant opposite that during
the training phase) and mice underwent 4 trials (one per
compass location) to locate the relocated platform. The
data for the flag and probe tests were analyzing using a
Genotype � Sex ANOVA, while the data from the acquisi-
tion phase was analyzed using a Genotype � Sex � Day
ANOVA with repeated measures on the Day factor (four
levels) and the data from the reversal test (conducted only
between Homer2AA/AA and their WT mice) was analyzed
using a Genotype � Sex � Trial ANOVA, with repeated
measures on the Trial factor (four levels).

Novel object reactivity test
GRM5AA/AA mice exhibit reduced signs of negative af-

fect, relative to their WT controls to include lower novel ob-
ject reactivity (Campbell et al., 2019). Thus, a novel object
reactivity test was employed to compare genotypic differ-
ences in agoraphobic/neophobic behavior, as one behav-
ioral index of anxiety-like behavior between Homer2AA/AA

and WT mice. For comparison, novel object reactivity was
determined in a separate study of WT and GRM5R/R mice.
Mice were placed into a black, open field (45� 45� 45cm)
containing one small, inedible object for 2min. During that
time, animals were allowed to explore and interact with the
object. The number of contacts were tracked by an experi-
menter blind to the genotype of the animals and the time in
contact was recorded using a stopwatch (in seconds), as
conducted in prior studies of Homer2 null mutant mice
(Szumlinski et al., 2005a, b). The data were analyzed using
a Genotype� Sex ANOVA.

Elevated plus maze
An elevated plus-maze procedure was also employed as

an additional index of agoraphobic behavior. Homer2AA/AA,
GRM5AA/AA, or GRM5R/R mice and their WT controls were
placed on the center intersection of a four-arm radial plus
maze with two white open arms and two black-walled
arms 24cm high. Each arm measured 123cm long � 5cm
wide. The number of open-arm and closed-arm entries,
and total time spent in an open arm were monitored for a
5-min trial by a trained observer who was blind to mouse
genotype. The time spent in and entries into the open
arms, as well as the total number of arm entries were ana-
lyzed using a Genotype� Sex ANOVA.

Marble burying
The marble burying test was used to further compare

neophobic behavior between Homer2AA/AA and their WT

mice (Njung’e and Handley, 1991). The two lines of GRM5
mutant mice were not available at the time of study and,
thus, were not assayed for marble-burying. In our para-
digm, 25 small black marbles (13 mm in diameter) were
arranged in four rows of five marbles each in a standard
Plexiglas rat cage (12 � 8 � 6 cm), lined (;10 cm deep)
with clean sawdust bedding. The latency to start burying
the marbles was determined by a blind observer using a
stopwatch, and the total number of marbles completely
buried was recorded at the end of the 20-min session.
The test cages were cleaned with disinfectant between
animals and fresh bedding employed for each subject.
The data were analyzing using a Genotype� Sex ANOVA.

Light/dark shuttle box
The light/dark shuttle box test compared the photopho-

bic/agoraphobic behavior between Homer2AA/AA and WT
mice. The two lines of GRM5 mutant mice were also not
available at the time of study and, thus, were not assayed
in this paradigm. Mice were placed into a polycarbonate
box (46 cm long � 24 cm high � 22 cm wide) containing
distinct open (light) and closed (dark) environments for a
15-min trial. These two environments were separated by a
central divider with an opening. Mice were first placed on
the dark side, and the latency to enter the light side, num-
ber of light-side entries, and total time spent in the light-
side of the shuttle box were recorded using ANY-Maze
tracking software (RRID:SCR_014289). An increase in la-
tency to enter the light, uncovered, side was interpreted
as an index of anxiety-like behavior. The data were ana-
lyzed using a Genotype� Sex ANOVA.

Porsolt swim test
GRM5R/R mice exhibit less floating behavior in a forced

swim test than their WT controls (Guo et al., 2016), sug-
gesting that Homer2 hyperphosphorylation and disrupted
mGlu5-Homer scaffolds favors an active coping strategy
in response to a physical swim stressor. To test this hy-
pothesis, Homer2AA/AA and WT mice were compared in a
forced swim test in which each mouse was placed into an
11 cm diameter cylindrical container, filled with room-
temperature water, and the latency to first exhibit immo-
bility (defined as no horizontal or vertical displacement of
the animal’s center of gravity for 5 s), total time spent im-
mobile, and the numbers of immobile episodes were
monitored throughout the entire 6-min trial period using
ANY-Maze tracking software. For comparison, we also
analyzed data obtained from an earlier forced swim study
of WT and GRM5AA/AA mice, which employed a different
swim test procedure that involved a larger diameter pool
(30 cm), a longer duration of swimming (15min) and the la-
tency to first float, as well as the number of floating epi-
sodes, were recorded manually by a researcher blind to
the genotype of the mice. In both studies, the data were
analyzed using a Genotype� Sex ANOVA.

Cocaine-induced place conditioning
The dose–response function for cocaine-induced place-

conditioning is shifted markedly to the left in GRM5AA/AA
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mice, relative to WT controls, with GRM5AA/AA mice exhib-
iting a place-preference to 3mg/kg cocaine but a very ro-
bust place-aversion to 10 and 30mg/kg cocaine (Campbell
et al., 2019). Thus, we compared the capacity of 3 versus
30mg/kg cocaine to elicit place-conditioning between
Homer2AA/AA, GRM5R/R mice and their WT controls. To in-
duce place-conditioning, a two-compartment apparatus
was employed in which the compartments were tactilely
(floor texture) and visually (wall pattern) distinct. Behavior
was recorded throughout the experiment using an ANY-
Maze digital video-tracking system. Conditioning com-
menced with a 15-min habituation session to familiarize the
animals to the entire apparatus. The next day served as a
preconditioning test (Pre-Test) in which the animals again
had 15 min of free-access to both compartments. Animals
then received an intraperitoneal injection of saline (vol =10
ml/kg) and were confined to one of the compartments for
15min. The next day, mice were injected intraperitoneally
with cocaine (3 or 30mg/kg; Sigma) and then confined to
the opposite compartment for 15min. This conditioning pro-
cedure was repeated for a total of four conditioning sessions
per side. Following the final conditioning session, animals
were then allowed free-access to the entire apparatus in a
drug-free state during a 15-min postconditioning test (Post-
Test). Amount of time spent on the cocaine-paired versus
saline-paired compartment during the Post-Test served to
index cocaine reward/aversion and this CPP Score was an-
alyzed using a Genotype� Sex� Dose ANOVA.

Spontaneous and cocaine-induced locomotor activity
Although published comparisons of GRM5R/R versus

GRM5AA/AA mice argue that merely perturbing mGlu5-
Homer binding does not reliably affect the locomotor-acti-
vating or -sensitizing properties of cocaine (Park et al.,
2013), Homer2 expression within both the prefrontal cor-
tex (Ary et al., 2013) and in the nucleus accumbens
(Szumlinski, 2004) actively regulates cocaine-induced lo-
comotor activity. Thus, we compared the distanced trav-
eled by Homer2AA/AA and WT mice during the first
cocaine-conditioning session to index the acute locomo-
tor response to cocaine, and the difference in the distance
traveled from the first to fourth cocaine-conditioning ses-
sion (d Distance) indexed the development of locomotor
sensitization. In addition to these measures of cocaine-in-
duced locomotion, we also examined for genotypic differ-
ences in the distance traveled during the Pre-Test session
to index behavioral reactivity to a novel environment, the
distance traveled during the first saline-conditioning ses-
sion to index spontaneous locomotor activity and the dif-
ference in the distance traveled from the first to fourth
saline-conditioning session to index habituation to a neu-
tral environment. All of these variables were analyzed
using Genotype � Sex ANOVAs, with Cocaine Dose as an
additional between-subjects factor, as appropriate.

Cocaine-induced taste aversion
As an alternate index of cocaine aversion, a distinct co-

hort of Homer2AA/AA, GRM5AA/AA, and their WT mice were
tested under cocaine-induced taste-aversion procedures.
GRM5R/R mice were not available at the time of study. To

induce a cocaine-conditioned taste-aversion, fluid access
was scheduled for 1 h/d (Stafstrom-Davis et al., 2001;
Kusuhara et al., 2013). For this, group-housed mice were
placed into individual drinking cages in the colony room
and allowed to habituate for 1 h. At the end of the 1 h habit-
uation session, mice were presented with a sipper tube
containing water and allowed to drink for 1 h at which time
they were returned to their home cage. Over the next 3d,
mice underwent additional 1-h drinking sessions during
which they were presented with a 10% sucrose (w/v) solu-
tion. Following the 3rd sucrose drinking session, all mice
were injected IP with 30mg/kg cocaine just before return
to their home cage. The next day, mice were again offered
the 10% sucrose solution in a taste-conditioning test. Fluid
intake was recorded by bottle weight before and after the
1-h drinking sessions and intake calculated based on the
body weight of the animal. The average sucrose intake on
the days before cocaine injection were analyzed using a
Genotype � Sex ANOVA, as was the difference in sucrose
intake between the test and the baseline sucrose drinking
sessions (d Intake), which served to index taste-aversion.

Cocaine-induced stereotypy
Higher cocaine doses induce both locomotor hyperactiv-

ity (measured as the distance traveled), as well as focused,
stereotyped behaviors (Kuczenski et al., 1991), which are
not reliably detected using digital-tracking software. Thus,
to determine whether or not the effect of the Homer2AA/AA

mutation on the acute aversive properties of cocaine might
reflect an insensitivity to the stereotypy-inducing properties
the drug, the same mice tested for cocaine-induced taste-
aversion where then tested for cocaine-induced stereotypy,
a day following the taste-conditioning test. For this, mice
were injected IP with 30mg/kg cocaine and placed into an
activity chamber for 60min. Every 10min, the behavior of
the mice was observed for 30 s and scored by a trained ob-
server who was blind to the genotype of the mice using the
following behavioral rating scale: 0=asleep or still; 1=
grooming or mild licking; 2=continuous, exploratory loco-
motion along the horizontal plane for the entire 30 s without
rearing; 3=continuous, exploratory locomotion along the
horizontal plane for the entire 30 s with rearing; 4=bouts of
locomotion along the horizontal plane/“darting” without
rearing or sniffing; 5=darting with bouts of rearing or sniff-
ing; 6=continuous sniffing for 30 s without horizontal loco-
motion or rearing; 7=continuous sniffing for 30 s while
rearing; 8=patterned sniffing or head-bobbing in a fixed lo-
cation for ,30 s; 9=patterned sniffing or head-bobbing in
a fixed location for the entire 30 s; 10=continuous gnawing
or focused grooming; 11=bizarre dyskinetic movements or
seizures (adapted from Kalivas et al., 1988). The sum of the
stereotypy scores over the 60-min period were analyzed
using a Genotype� Sex ANOVA.

Results
Generation of phosphorylation siteHomer2mutant KI
mouse
To assess the in vivo roles of activity-regulated Homer2

phosphorylation and interactions with mGlu5 we created
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a Homer2 phosphorylation site mutant KI mouse using
CRISPR/Cas9 technology that harbored alanine substitu-
tions at S117 and S216 in Homer2 (Homer2AA/AA). Mice
were viable and were born at expected Mendelian ratios.
Total levels of Homer2, Homer1, Homer1a and mGlu5

in cortical lysates of Homer2AA/AA mice were normal (Fig.
1C). To evaluate levels of phosphorylated S216 Homer2
in Homer2AA/AA mice, acute cortical slices were prepared
and treated with bicuculline and 4-aminopyridine (Bic/
4AP; 5min) to induce neuronal activity. Levels of p(S216)-
Homer2 were low in untreated slices and strongly induced
with Bic/4AP treatment in wild-type (WT), but not
Homer2AA/AA mice (Fig. 1D). Bic/4AP-induced phospho-
rylation of Homer1 at S117 was normal in slices from
Homer2AA/AA mice.

Preventing phosphorylation-dependent changes in
Homer2-mGlu5 scaffolding does not alter
sensorimotor processing or gating
When WT and Homer2AA/AA mice were tested for

acoustic startle, we detected no difference in either startle
magnitude (st0-st100) or PPI, although the females in this
study exhibited lower startle magnitude in the absence of
a prepulse, than their male counterparts (for acoustic
stimuli, Stimulus effect: F(3,132) = 49.08, p,0.0001; Sex
effect: F(1,44) = 6.58, p=0.01; no Genotype effect or inter-
actions between factors, ps .0.20; for PPI, Prepulse ef-
fect: F(1,44) = 84.94, p, 0.0001; no Sex or Genotype
effects or interactions, ps. 0.22; Fig. 2A vs B).
A very similar pattern of acoustic startle and PPI results

were observed in a study of GRM5AA/AA mice and their

WT controls. Irrespective of genotype, females (Fig. 2C)
startled significantly less than males in the absence of a
prepulse (Sex effect: F(1,44) = 6.58, p=0.01; Stimulus ef-
fect: F(3,132) = 49.08, p, 0.0001; all other ps. 0.10; Fig.
2D), but no genotypic differences were detected for PPI
(PrePulse effect: F(1,44) = 84.94, p, 0.0001; no Sex or
Genotype effects or interactions, ps.0.23). Taken together,
these data indicate that phospho-mutations that affect ac-
tivity- (Homer2AA/AA) or signal-regulated (GRM5AA/AA)
Homer2-mGlu5 binding do not alter sensorimotor proc-
essing or gating.

Phospho-mutations affecting Homer2-mGlu5
scaffolds facilitate performance in the Morris water
maze
To examine the effects of altering Homer2-mGlu5 scaf-

folding on spatial learning and memory, we compared
Homer2AA/AA, GRM5AA/AA, and GRM5R/R mice to their re-
spective WTs in a Morris water maze paradigm.

Maze acquisition
Overall, the latency to locate the hidden platform dur-

ing the acquisition phase of Morris water maze training
was shorter in Homer2AA/AA versus WT mice (Genotype
effect: F(1,34) = 5.71, p= 0.02), although both genotypes
exhibited an equivalent rate of learning over the four
training trials (Session effect: F(3,102) = 15.22, p, 0.0001;
Session � Genotype: p = 0.41; Fig. 3A). There were no
sex differences detected for the rate of maze learning
in WT or Homer2AA/AA mice (Sex effect and interac-
tions, ps. 0.08).

Figure 2. Phosphorylation site mutants of Homer2 or mGlu5 that prevent their dynamic regulation of interactions do not affect
acoustic startle or PPI. Summary of the effects of the Homer2AA/AA (A, B) and the GRM5AA/AA (C, D) mutations on the magnitude of
startle (expressed as arbitrary units or au) in response to different acoustic stimuli in the absence (st0–st100) and presence of a 74
and 90dB prepulse (respectively, PPI74 and PPI90). The data for female mice are presented in red in the left panels, and the data
for males are presented in blue in the right panels. The data represent the means 6 SEMs of the number of mice indicated in
parentheses.
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In contrast to Homer2AA/AA mice (Fig. 3A), the genotypic
difference in Morris maze learning was sex-dependent in
the study of GRM5AA/AA mice (Genotype � Sex: F(1,46) =
5.31, p=0.03), with female GRM5AA/AA mice exhibiting a
shorter mean latency to locate the platform versus their fe-
male WT controls (t(24) = 2.09, p=0.047; Fig. 3A’). No sig-
nificant genotypic difference was apparent between male
WT and GRM5AA/AA mice (t(22) = 1.19, p=0.25; Fig. 3A’’).
However, akin toHomer2AA/AA mice, theGRM5AA/AA muta-
tion did not significantly affect the rate of learning across
the four training sessions (Session effect: F(1,138) = 29.03,
p, 0.0001; Session interactions, all ps.0.20).
In contrast to the phospho-mutant mice, we detected

no group differences in Morris maze acquisition between
WT and GRM5R/R mice that cannot bind Homer (Session
effect: F(3,138) = 29.03, p, 0.001; all other ps. 0.12; Fig.
3A’’’). Taken together, these data indicate that mutations
that alter activity-regulated Homer-mGlu5 binding facili-
tate performance on the Morris maze, while that which
disrupts Homer-mGlu5 binding has no effect.

Probe test for spatial memory
To index spatial memory, we removed the platform and

compared the relative time spent by mice in the former
platform quadrant versus the opposite quadrant as an
index of spatial recall (Stavnezer et al., 2002). No genotypic
differences in this measure of recall were detected in the
study of Homer2AA/AA mice (Genotype � Sex ANOVA, all
ps.0.56; Fig. 3B), GRM5AA/AA (Genotype � Sex ANOVA,

all ps.0.62; Fig. 3B’), or GRM5R/R mice (Genotype � Sex
ANOVA, all ps.0.27; Fig. 3B’’). Further, an examination of
data for alternate indices of spatial memory (e.g., latency to
first visit the former platform location etc.) also failed to in-
dicate any genotypic differences in spatial recall in the
studies of Homer2AA/AA or GRM5R/R mice (Table 1).
Further, theHomer2AA/AAmutation did not affect the acqui-
sition of a new platform location during reversal training
(Genotype � Sex � Trial ANOVA for the latency to locate
platform, Trial effect: F(3,102) = 61.92, p, 0.0001; all other
ps. 0.40; Fig. 3C).
Interestingly, although GRM5AA/AA mice did not differ

from their WT controls with respect to the relative time
spent in the former platform quadrant (Genotype � Sex
ANOVA, all ps.0.10; Fig. 3B’), they entered the former
platform location significantly more times during the
probe test than did their WT controls (Table 1), indicative
of better recall. TheGRM5AA/AA mutation not only reduces
mGlu5-Homer binding avidity, but also perturbs BDNF-in-
duced or dopamine-induced, mGlu5-mediated potentia-
tion of NMDA receptor currents (Park et al., 2013). This
collection of Morris water maze findings suggest that en-
hancing recall via preventing mGlu5 phosphorlyation oc-
curs independent of mGlu5-Homer2 interactions.

Phospho-mutations affecting Homer2-mGlu5
scaffolds reduce signs of negative affect
GRM5R/R and Fmr1 KO mice, both of which have dis-

rupted mGlu5-Homer scaffolds, exhibit hypoanxiety under

Figure 3. Phosphorylation site mutants of Homer2 or mGlu5 that prevent their dynamic regulation of interactions impair learning in a
Morris water maze. Summary of the effects of the Homer2AA/AA (A), the GRM5AA/AA (A’, A’’), and the GRM5R/R (A’’’) mutations on the
time taken to locate a hidden platform in a Morris water maze task. As an interaction with the Sex factor was detected only in the
study of GRM5AA/AA mice, the data are presented separately for females (red) and males (blue), while the data are collapsed across
sex for the other mutants. B–B’’, Summary of the results of the memory probe test for Homer2AA/AA, GRM5AA/AA, and GRM5R/R stud-
ies, respectively, indicating no effects of the mutations on recall. C, Comparison of the total latency and distance traveled during a
four-trial reversal learning test between Homer2AA/AA mice and their WT controls, indicating no difference in reversal learning. The data
represent the means 6 SEMs of the number of mice indicated in parentheses. *p, 0.05 for a main Genotype effect.
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various paradigms that assay negative affect (Z.H. Liu and
Smith, 2009; Guo et al., 2016). To test the hypothesis that
regulated interactions of mGlu5 or Homer2 contribute to
negative affect, we characterized the affective phenotype
of both GRM5AA/AA and Homer2AA/AA mice, as well as ex-
panded on the published hypoanxious phenotype of
GRM5R/Rmice (Guo et al., 2016).

Elevated plus maze
Both GRM5R/R and Fmr1 KO mice with disrupted scaf-

folding exhibit low levels of anxiety-like behavior in the
elevated plus maze (Guo et al., 2016), posing intact
mGlu5-Homer2 scaffolds as drivers of negative affect in
this paradigm. However, preventing phosphorylation-de-
pendent mGlu5-Homer2 uncoupling also increased both
the number of open arm entries (Genotype effect: F(1,49) =
5.04, p=0.03), and the time spent in the open arm (F(1,49) =
4.19, p=0.05), without affecting the total number of arm
entries (Genotype effect, p=0.44; Fig. 4A). Although fe-
males exhibited more open and total arm entries than
males (for open entries: Sex effect: F(1,49) = 5.53, p=0.02;
for total entries: Sex effect: F(1,49) = 10.64, p=0.002), the
anxiolytic effect of the Homer2AA/AA mutation did not vary
as a function of sex (Genotype � Sex interaction: for open
arm entries, p=0.64; for open arm time, p=0.81; data not
shown).
Curiously, GRM5AA/AA mice exhibited a very similar

anxiolytic profile asHomer2AA/AA mice, with phospho-mu-
tants entering the open arms more often (Genotype effect:
F(1,41) = 15.33, p, 0.0001) and spending a longer time in
the open arms than their WT controls (Genotype effect:
F(1,41) = 7.10, p=0.01). The effect of the GRM5AA/AA dele-
tion was independent of sex (for both variables, Sex effect
and interactions, ps.0.39) and did not generalize to total
arm entries (Genotype � Sex ANOVA, all ps. 0.13; Fig.
4A’). Thus, phospho-mutations impede dynamic regula-
tion of mGlu5 and its binding partners, with either Pin1
(GRM5AA/AA) or Homer2 (Homer2AA/AA) and produce a
similar phenotype as that observed in GRM5R/R mice that

cannot bind Homer, suggesting that regulation of mGlu5-
Homer scaffolds promotes anxiety.

Light-dark shuttle box
As measure of photophobia/agoraphobia, we also com-

pared Homer2AA/AA and their WT controls in a light-dark
shuttle-box assay. Consistent with their anxiolytic pheno-
type in the elevated plus maze (Fig. 4A), Homer2AA/AA

mice exhibited a shorter latency to first enter the light-side
of a light-dark shuttle box (Genotype effect: F(1,47) = 6.32,
p=0.02; Fig. 4B, left). Although, the females in this study
expressed less anxiety-like behavior overall (Sex effect:
F(1,47) = 4.70, p=0.04), the genotypic difference in this
measure was sex-independent (Genotype � Sex: p=0.57).
Females also exhibited approximately twice as many light-
side entries as did males (Sex effect: F(1,47) = 28.44,
p, 0.0001; Fig. 4B, right); however, the Homer2AA/AA mu-
tation did not affect the number of light-side entries in ei-
ther sex (no Genotype effect or interaction, ps. 0.45).
GRM5AA/AA and GRM5R/R mice were not available at the
time of study and, thus, were not assayed for photophobia.

Novel object reactivity
As a measure of neophobia and an alternate measure of

agoraphobia, we also compared Homer2AA/AA, GRM5AA/AA

and GRM5R/R mice to their respective WTs in a novel ob-
ject reactivity paradigm. In contrast to the prior two assays,
we failed to detect an effect of the Homer2AA/AA mutation
on the latency to first contact the novel object (Genotype�
Sex ANOVA, all ps.0.20) or the number of novel object
contacts (Genotype � Sex ANOVA, all ps.0.10; Fig. 4C).
Likewise, there was no effect of the GRM5AA/AA mutation
on these measures (Genotype � Sex ANOVAs, for la-
tency: all ps. 0.12; for contact number, all ps. 0.10; Fig.
4C’). However, GRM5R/R mice exhibited a longer latency
to first contact the novel object (Genotype effect: F(1,33) =
4.15, p=0.03; Sex effect and interaction, ps. 0.58; Fig.
4C’’), and made fewer contacts with the novel object
(Genotype effect: F(1,33) = 4.28, p=0.03; Sex effect and in-
teraction, ps. 0.12), indicating that absolute disruption of

Table 1: Summary of the descriptive statistics and results of the Genotype 3 Sex ANOVAs conducted on the data from the
alternate indices of spatial memory recall obtained during Morris water maze testing of Homer2AA/AA, GRM5AA/AA, and
GRM5R/R mutants and their WT mice

Study: Homer2AA/AA GRM5AA/AA GRM5R/R

Genotype:

WT
(n = 19)
(10 F, 9 M)

Mutant
(n = 19)
(10 F, 9 M)

WT
(n = 19)
(12 F, 7 M)

Mutant
(n = 31)
(17 F, 14 M)

WT
(n = 19)
(12 F, 7 M)

Mutant
(n = 29)
(13 F, 16 M)

Latency to enter former platform
location (s)

15.4 6 4.2 11.5 6 2.8 15.9 6 2.1 10.8 6 1.3 12.3 6 3.2 12.6 6 2.7
All ps . 0.45 Genotype: p = 0.10

Sex: F(1,49) = 7.64, p = 0.008
Interaction: p = 0.46

All ps . 0.64

Time in former quadrant (s) 24.0 6 2.6 23.8 6 1.9 24.5 6 1.6 26.4 6 0.9 24.0 6 1.3 24.0 6 1.0
All ps . 0.50 All ps . 0.13 All ps . 0.13

Number of former platform location
entries

5.1 6 0.7 5.9 6 0.7 8.2 6 0.8 11.0 6 0.7 7.9 6 1.2 9.6 6 1.1
All ps . 0.15 Genotype: F(1,49) = 5.62, p = 0.02

Other ps . 0.49
All ps . 0.35

Total distance (m) 16.0 6 1.0 16.2 6 1.5 13.0 6 1.0 13.5 6 0.7 16.6 6 1.1 16.9 6 0.8
Sex: F(1,37) = 6.40, p = 0.02
Other ps . 0.55

All ps . 0.27 All ps . 0.27

The data represent the means 6 SEMs of the number of mice indicated in parentheses. The number of female (F) and male (M) mice for each genotype is also in-
dicated in parentheses. *p , 0.05 versus WT.
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mGlu5-Homer binding increases anxiety-like behavior in
this assay.

Marble burying
As an alternate index of neophobia, Homer2AA/AA and

WT mice were also compared in a marble-burying test.
Although, Homer2AA/AA mice tended to exhibit a shorter
latency to bury and to bury fewer marbles than their WT
controls, no significant sex or genotypic differences were
detected for either variable (Genotype � Sex ANOVAs: for
latency, all ps.0.29; for number buried, all ps. 0.34;
Fig. 4D). GRM5AA/AA and GRM5R/R mice were not avail-
able at the time of study and, thus, were not assayed for
marble-burying.

Forced swim test
Both Fmr1 KO and GRM5R/R mice exhibit less floating

behavior in the forced swim test, relative to their WT con-
trols (Uutela et al., 2014; Guo et al., 2016), indicating an
important role for mGlu5-Homer binding in regulating

behavioral reactivity to a swim stressor. In contrast, no
differences were observed between male and female
Homer2AA/AA and WT mice regarding the latency to first
float or the number of floats in a forced swim test
(Genotype � Sex ANOVAs, for latency, all ps. 0.25; for
floating episodes, all ps. 0.20; Fig. 4E). The latency to
first float exhibited by both male and female WT and
GRM5AA/AA mice was longer than that exhibited by
Homer2AA/AA mice, which likely related to the larger diam-
eter pool employed in this study. However and regardless
of sex, GRM5AA/AA mice did not differ from their WT con-
trols in terms of their latency to first float (Genotype � Sex
ANOVA, all ps. 0.11; Fig. 4E’), although they exhibited
fewer floating episodes (Genotype effect: F(1,47) = 5.92,
p=0.02; Sex effect and interaction, ps. 0.75) in a manner
akin to GRM5R/R mice (Guo et al., 2016). These forced
swim data indicate that mutations affecting dynamic reg-
ulation of mGlu5-Homer scaffolding do not impact behav-
ioral reactivity to a swim stressor, while those that reduce
scaffolding increase active coping behavior.

Figure 4. Phosphorylation site mutants of Homer2 or mGlu5 that prevent their dynamic regulation of interactions reduce some signs
of negative affect. Summary of the effects of the Homer2AA/AA (A) and the GRM5AA/AA (A’) mutations on behavior in an elevated plus
maze assay, and the effects of the Homer2AA/AA mutation on behavior in a light-dark shuttle-box (B), indicating less anxiety-like be-
havior in the mutant mice. Note that because of a sex difference, the data for the light-dark shuttle-box are presented separately for
females (red) and males (blue). C’–C’’, Summary of the results of a novel object reactivity test for Homer2AA/AA, GRM5AA/AA, and
GRM5R/R mutations, respectively, indicating increased anxiety-like behavior in GRM5R/R mutants only. D, Comparison of behavior
expressed by Homer2AA/AA mice and their WT controls in the marble-burying test, indicating no difference in this assay. E, E’,
Summary of the results of a forced swim test for Homer2AA/AA (8min) and GRM5AA/AA mutations (15min), respectively, indicating
less passive coping behavior in GRM5AA/AA mutants. The data represent the means 6 SEMs of the number of mice indicated in pa-
rentheses. *p,0.05 for a main Genotype effect, 1p, 0.05 for a main Sex effect.
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Phospho-mutation of Homer2 reduces the aversive
properties of cocaine, without impacting cocaine-
induced psychomotor activation
Spontaneous and cocaine-induced locomotion
Constitutive Homer2 deletion markedly increases sensi-

tivity to the acute psychomotor-activating properties of
cocaine, without altering spontaneous motor activity
(Szumlinski et al., 2004). Similarly, GRM5AA/AA transgenic
mice with deficits in dopamine/BDNF-regulated mGlu5 in-
teractions also exhibit a greater locomotor response to
acute cocaine, but fail to develop cocaine-induced loco-
motor sensitization, presumably because of their “presen-
sitized” state (Park et al., 2013). In contrast, GRM5R/R

mice with disrupted mGlu5-Homer interactions do not dif-
fer from WT controls with respect to cocaine-induced lo-
comotion or locomotor sensitization (Park et al., 2013). To
determine more specifically how manipulations of mGlu5-
Homer2 binding impact psychomotor activity, we next ex-
amined for the effect of the Homer2AA/AA mutation on
spontaneous and cocaine-induced changes in locomotor
activity during place-conditioning procedures. Overall, fe-
males exhibited more novelty-induced locomotor hyper-
activity than males during the Pre-Test session (females:
31.926 1.43 m vs males: 27.486 1.51 m), and mice in-
jected with 30mg/kg cocaine exhibited a greater condi-
tioned locomotor response during the Post-Test session
than those conditioned with 10mg/kg cocaine, but there
were no genotypic differences on any measures of spon-
taneous or cocaine-conditioned locomotor activity (for
details, see Table 2).
No sex differences were observed for cocaine-induced

changes in locomotor activity (Genotype � Sex � Dose
ANOVA, all ps. 0.07). Thus, the data were collapsed
across sex for re-analysis. Homer2 phospho-mutation did
not alter the acute locomotor response to cocaine during
the first place-conditioning session (Genotype � Dose
ANOVA, ps. 0.60; Fig. 5A), nor did it alter the sensitiza-
tion of locomotor activity elicited by repeated cocaine
treatment, as defined by the increase in locomotor activity
from the first to the fourth conditioning session (Dose ef-
fect: F(1,79) = 37.6, p,0.0001; Genotype effect and inter-
action, ps.0.60; Fig. 5B). Thus, disrupting CAMKII-
dependent phosphorylation of Homer2 does not alter co-
caine-induced psychomotor activity nor its sensitization
with repeated administration.

Cocaine place conditioning
GRM5AA/AA mice exhibit a very marked shift to the left

in the dose–response function for cocaine-induced place-
conditioning, with mutant mice exhibiting robust condi-
tioned place-aversion to doses that elicit a place-prefer-
ence in WT controls (Campbell et al., 2019). Herein,
Homer2AA/AA mice exhibited what appeared to be an op-
posite phenotype (Fig. 6A), with both male and female
mutant mice exhibiting more robust place-conditioning
than WT controls at 30mg/kg cocaine (Genotype � Side:
F(1,75) = 8.46, p=0.005; Genotype � Dose: p=0.09; all
other ps. 0.17). Collapsing the data across sex, one-
sample t tests (comparator=0 s or no conditioning) were
conducted independently for each genotype at each co-
caine dose to confirm the presence of a conditioned re-
sponse. As illustrated (Fig. 6A), 3mg/kg cocaine elicited a
significant place-preference in both WT and Homer2AA/AA

mice and the magnitude of the place-preference was com-
parable (for WT, t(17) = 2.38, p=0.03; for Homer2AA/AA, t(19) =
2.25, p=0.04). In contrast, the 30mg/kg cocaine dose eli-
cited a significant place-preference only in the Homer2AA/AA

mice (for WT, t(19) = 0.85, p=0.40; for Homer2AA/AA, t(19) =
6.87, p,0.0001). As illustrated in Figure 6A, place-ambiva-
lence exhibited by the WT mice injected with 30mg/kg co-
caine in this study could be attributed to the relatively high
degree of variability in the conditioned response; ;1/3rd of
WT mice tested at this dose exhibited a conditioned place-
aversion (i.e., negative CPP score), whereas this dose eli-
cited a place-aversion in only 1Homer2AA/AAmouse and the
magnitude of that aversion was less than that exhibited by
the majority of cocaine-averse WT animals. While the place-
conditioning data from studies of GRM5AA/AA (Campbell et
al., 2019) versus Homer2AA/AA mice (Fig. 6A) argue that
mGlu5-Homer2 interactions bidirectionally gate the motiva-
tional valence of high-dose cocaine, a comparable study of
GRM5R/R mutants with an absolute disruption of mGlu5-
Homer binding failed to detect any genotypic differences in
place-conditioning, with neitherWT normutant mice exhibit-
ing conditioned aversion at the doses tested (Dose effect:
F(2,105) = 15.65, p, 0.0001; Sex effect: p=0.08; other

Table 2: Summary of the descriptive statistics and results
of the Genotype 3 Sex ANOVAs for data pertaining to the
spontaneous locomotor activity of Homer2AA/AA and their
WT mice

Variable
WT
(n = 19)

Homer2AA/AA

(n = 19)
Distance traveled during
Habituation (m)

31.5 6 1.6 28.0 6 1.4
Sex: F(1,79) = 4.17, p = 0.045
All ps . 0.10

Distance traveled following
acute saline injection (m)

15.1 6 1.4 16.7 6 3.8
All ps . 0.18

Change in distance travelled
from saline injection 1 to 4 (m)

0.7 6 1.4 �0.15 6 3.7
All ps . 0.34

The data represent the means 6 SEMs of the number of mice indicated in
parentheses.

Figure 5. Phosphorylation site mutants of Homer2 that prevent
activity-regulated interactions with mGlu5 exhibit normal loco-
motor responses to cocaine. Summary of the effects of the
Homer2AA/AA mutation on the locomotor response to acute in-
jection with either 3 or 30mg/kg cocaine (A) and its change with
repeated (4�) treatment (i.e., d Distance; B). The data represent
the means 6 SEMs of the number of mice indicated in
parentheses.
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ps. 0.29; Fig. 6B), with one-sample t tests indicated trends
toward a place-preference in both WT and GRM5R/R mice
conditioned with 3mg/kg cocaine (for WT: t(16) = 1.75,
p=0.09; GRM5R/R: t(18) = 2.03, p=0.06) and a robust place-
preference at 30mg/kg cocaine (for WT, t(17) = 7.91, p,
0.0001; forGRM5R/R: t(18) = 5.49, p, 0.0001).

Cocaine taste conditioning
We next determined whether or not the genotypic differ-

ences in cocaine-induced place-conditioning exhibited by
Homer2AA/AA (Fig. 6A) versus GRM5AA/AA mice (Campbell

et al., 2019) extended to an assay of the acute aversive
properties of the drug using taste-conditioning procedures.
Before posttreatment with 30mg/kg cocaine, fluid-restricted
Homer2AA/AA mutants and males consumed significantly
less of the 10% sucrose solution on average than did WT
mice (Genotype effect: F(1,35) = 12.94, p=0.001; Sex effect:
F(1,35) = 19.42, p,0.0001; interaction: p=0.33; Fig. 6C).
However, despite exhibiting lower baseline sucrose intake,
both male and femaleHomer2AA/AAmice exhibited a smaller
cocaine-conditioned taste aversion than their WT controls
(Genotype effect: F(1,35) = 18.29, p, 0.0001; Sex effect:
F(1,35) = 6.00, p=0.02; interaction: p=0.46; Fig. 6D). In con-
trast, GRM5AA/AA mice did not differ from their WT controls
with respect to baseline sucrose intake (Genotype � Sex
ANOVA, ps.0.19; Fig. 6E) or the magnitude of the taste
aversion (Genotype� Sex ANOVA, ps.0.23; Fig. 6F).

Cocaine-induced stereotypy
We next related the apparent insensitivity of Homer2AA/AA

mice to the aversive properties of high-dose cocaine to the
magnitude of high-dose cocaine-induced stereotypy. For
this, the same mice were injected with 30mg/kg cocaine
and stereotypy was recorded in an activity arena every
10min for 1 h. No sex or genotypic differences were
detected for the total stereotypy scores over the testing
period (Genotype � Sex ANOVA, all ps. 0.20;
WT = 13.476 1.0; Homer2AA/AA=14.686 0.48). Further
there was no correlation between the magnitude of co-
caine-induced taste aversion and the expression of
stereotypy (r = �0.06; p = 0.74). When combined with
the results for locomotor activity (Fig. 5), these stereotypy
findings argue that the relative insensitivity of Homer2AA/AA

mice to the aversive properties of cocaine does not reflect
an effect of the mutation on cocaine-induced psychomotor
activation.

Cocaine induces a rapid disruption of striatal mGlu5-
Homer that requires Homer2 phosphorylation
Homer2AA/AA mice show normal cocaine-conditioned re-

ward in response to lower cocaine doses (�10mg/kg), but
exhibit conditioned-reward at higher doses that are aver-
sive to WT mice. These results suggest that high-dose co-
caine stimulates phosphorylation of Homer2 at CaMKIIa
sites, which causes a reduction in Homer-mGlu5 interac-
tions. To test this possibility, WT or Homer2AA/AA mice
were treated with a high cocaine dose (20mg/kg, i.p.) and
after 1 h, whole striatum was dissected and a co-immuno-
precipitation (co-IP) of Homer and mGlu5 was performed.
Cocaine treatment resulted in a decrease in mGlu5 co-IP
with Homer in striatum of WT, but not Homer2AA/AA, mice
(Fig. 7A,B). Cocaine also resulted in activation of CaMKIIa,
as measured by p(T286)-CaMKIIa in striatal lysates (Fig.
7C). p(S216)-Homer2 was unable to be quantified in striatal
lysates, in contrast to cortical lysates (Fig. 1D), because of
the presence of a nonspecific band (data not shown).

Discussion
The capacity of mGlu5 to bind the postsynaptic density

scaffolding protein Homer2 has been implicated in gating
the psychomotor-activating, rewarding and reinforcing

Figure 6. Phosphorylation site mutants of Homer2 that pre-
vent activity-regulated interactions with mGlu5 reduces the
aversiveness of high-dose cocaine. Summary of the effects
of the Homer2AA/AA (A) and the GRM5R/R (B) mutation on the
expression of place-conditioning elicited by four pairings of 3
or 30mg/kg cocaine, indicating greater place-preference in
Homer2AA/AA mutants at the higher cocaine dose. For panels
A, B, #p, 0.05 versus 0 CPP Score (i.e., place-conditioning).
Summary of the effects of the Homer2AA/AA mutation on
baseline sucrose intake (C) and the change in sucrose intake
induced by 30mg/kg cocaine (i.e., d Intake; D), indicating
lower sucrose intake but blunted conditioned taste aversion
in mutant mice. E, F, Comparable taste-conditioning data for
GRM5AA/AA mice indicating no effect of this mutation on su-
crose intake or conditioned taste aversion. For panels C, D,
*p,0.05 main Genotype effect; 1p, 0.05 main Sex effect;
#p , 0.05 vs. 0 (one-sample t-test). The data represent the
means 6 SEMs of the number of mice indicated in parentheses.
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properties of cocaine for over two decades (Swanson et
al., 2001; Ghasemzadeh et al., 2003; Szumlinski et al.,
2004; Knackstedt et al., 2010; Ary et al., 2013; Park et al.,
2013; Loweth et al., 2014; Gould et al., 2015). In addition
to a conserved CaMKIIa-directed phosphorylation site at
S117, Homer2 also contains an additional phosphoryla-
tion site at S216 within its hinge region between the EVH1
domain that enables binding to interactors and its coiled-
coil domain that allows for tetramerization with other
Homer proteins to form multiprotein receptor scaffolds
(Mizutani et al., 2008; Guo et al., 2015) CaMKIIa-mediated
phosphorylation of these sites rapidly reduces Homer2
binding to mGlu5, as well as other interactors and this dy-
namical, activity-dependent, dissociation of Homer2-
mGlu5 interactions is implicated in the behavioral and
neuropathological phenotype of Fmr1 KO mouse model
of Fragile X syndrome (Guo et al., 2015). Here, we devel-
oped a Homer2 KI mouse incapable of activity-depend-
ent, CaMKIIa-mediated, phosphorylation of S117 and
S216 to probe its relevance for striatal mGlu5 binding,
sensorimotor, affective, and cognitive processing, as well
as behavioral sensitivity to cocaine. We show that acute
cocaine dissociates mGlu5-Homer2 complexes within
striatum which requires Homer2 phosphorylation (Fig. 7).

As summarized in Table 3, the spontaneous behavior of
phospho-mutants incapable of actively-dependent disso-
ciation of Homer2 scaffolds deviated little from their WT
littermates, with Homer2AA/AA mutants exhibiting WT-lev-
els of acoustic startle, prepulse inhibition of acoustic star-
tle, spatial learning, memory and reversal learning in a
Morris water maze task, anxiety-like behavior in novel ob-
ject reactivity, marble-burying and forced swim tests, as
well as spontaneous, cocaine-induced and cocaine-con-
ditioned motor activity. Homer2AA/AA manifested lower
behavioral signs of a anxiety-like state within the elevated
plus-maze and light-dark box tests that align with the
phenotype of GRM5R/R KI mice with reduced steady state
Homer binding (Table 3; Cozzoli et al., 2009; Guo et al.,
2016) and GRM5AA/AA KI mice with deficient signal-regu-
lated mGlu5 interactions with Homer (Table 3; Campbell
et al., 2019; Park et al., 2013). However, distinct from ei-
ther of these GRM5 KI lines, Homer2AA/AA mice were resil-
ient to the conditioned aversive properties of high-dose
cocaine as determined under both place-conditioning
and taste-conditioning procedures. Our results support a
model where high doses of cocaine strongly activate
striatal neurons that leads to CaMKIIa activation, Homer2
phosphorylation and disruption of mGlu5-Homer com-
plexes. The disruption of mGlu5-Homer in the striatum
(and perhaps other brain regions implicated in the affec-
tive/motivational properties of cocaine) then changes the
valence of high dose cocaine from rewarding to aversive.
Because CaMKIIa phosphorylation of Homer2 also re-
duces its affinity for other interactors such as drebrin and
mGlu1, Homer2 complexes with other proteins may also
be affected by high dose cocaine and contribute to co-
caine aversion.

Preventing steady-state, or activity-dependent
changes in, mGlu5-Homer interactions induces signs
of hypoanxiety
mGlu5 activity has long been implicated in the neuropa-

thology of depression and other stress-related disorders
(cf. Spooren et al., 2010; Peterlik et al., 2016; Kasten et
al., 2019; Dogra and Conn, 2021). Aligning with this, adult
GRM5 KO mice exhibit a hypoanxious phenotype (Olsen
et al., 2010; Inta et al., 2013; Xu et al., 2021) and negative
allosteric modulators of mGlu5 exhibit anti-depressive
and anxiolytic effects (Peterlik et al., 2016; Kasten et al.,
2019; Dogra and Conn, 2021). mGlu5 scaffolding by
Homer proteins and regulation of this scaffolding may be
pivotal for the capacity of this receptor to gate affective
states in response to stressors as mutations that either
abrogate steady-state mGlu5-Homer interactions (e.g.,
GRM5R/R KI or Fmr1 KO mouse; Guo et al., 2016; Table 3)
or prevent activity-dependent or signal-regulated changes
in mGlu5-Homer binding avidity (e.g., Homer2AA/AA,
GRM5AA/AA KI and Homer1a KOmouse; Datko et al., 2017;
Campbell et al., 2019) all exhibit certain signs of hypoanxi-
ety in behavioral test batteries for negative affect, although
the specific behavioral outcome affected varies across the
different mutant lines (see summary in Table 3). Although
Homer2 expression is upregulated within mesocorticolim-
bic structures by stressors (Ary et al., 2007; Quadir et al.,

Figure 7. High-dose cocaine decreases mGluR5-Homer inter-
actions in striatal lysates and is deficient in Homer2AA/AA mice.
A, Representative Western blottings from striatal lysates from
WT or Homer2AA/AA mice (H2AA/AA) 1 h following acute treat-
ment with saline (S) or cocaine (C; 20mg/kg, i.p.). B, Quantified
group data of mGlu5 that co-immunoprecipitated with a pan-
Homer antibody. Cocaine reduced the mGlu5-Homer co-IP in
striatum of WT, but not Homer2AA/AA mice. n=8 mice/group.
Error bars represent SEM, *p, 0.05; Sidak’s multiple compari-
son test. C, Quantified group data of the ratio of phosphoryl-
ated (P) T286 and active CaMKIIa to total CaMKIIa show that
cocaine induced robust activation of CaMKIIa in the striatum of
both WT and Homer2AA/AA mice; n=8 mice/group. **p , 0.01,
*p,0.05; Sidak’s multiple comparison test. There is no change
in the total levels of mGlu5, Homer2, Homer1a, CaMKIIa, and
GAPDH in WT and Homer2AA/AA mice striatal homogenates
with/without 1-h cocaine administration.
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2016), the affective phenotype of Homer2 KO mice does
not diverge from WT controls (Szumlinski et al., 2004,
2005a). In contrast, Homer1 KO mice, lacking both the
constitutively expressed and inducible Homer1 isoforms,
exhibit a pronounced spontaneous negative affective state
(Szumlinski et al., 2004, 2005a; Lominac et al., 2005;
Jaubert et al., 2007; Wagner et al., 2014, 2015). Based on
the distinct affective phenotypes of Homer1 versus Homer2
KO mice, one might infer that the hypoanxious phenotype
exhibited by GRM5R/R KI, GRM5AA/AA KI, Homer1a KO, and
Fmr1 KO mice reflect reduced mGlu5-Homer1a binding or
deficits in regulated mGlu5-Homer1 binding.
However, we show herein that preventing the CaMKIIa-

dependent phosphorylation of Homer2 and dissociation
from its interactors is also sufficient to reduce certain
signs of anxiety-like behavior in response to acute stres-
sors (see Table 3). Homer2AA/AA mice exhibit WT-levels of
basal Homer2 expression (Fig. 7A). Although the lack of any
affective phenotype in Homer2 KO mice was originally as-
cribed to compensation by Homer1 scaffolding (Szumlinski
et al., 2005a), the present data for Homer2AA/AA implicate
stressor-induced changes in CaMKIIa-mediated phospho-
rylation of Homer2, rather than changes in steady-state
Homer2 expression, as important for gating behavioral reac-
tivity to stressors. Indeed, mice with null deletions of the
gene encoding CaMKIIa (CAMK2A KO; Chen et al., 1994),
as well as KI mice lacking the T286 autophosphorylation site
on CaMKIIa required for its activation (Easton et al., 2011;

Gustin et al., 2011), exhibit reduced signs of anxiety-like be-
havior (Chen et al., 1994) and infusion of the CaMKII inhibitor
atCN21 peptide reduces elevated signs of a negative affec-
tive state in rats with global cerebral ischemia (Ahmed et al.,
2017). Taken together, the results of these latter studies,
coupled with our present data from Homer2AA/AA mice, im-
plicate stressor-induced CaMKIIa-mediated phosphoryla-
tion of Homer2, and its dissociation from interactors, as a
molecular switch driving anxiogenesis. The Homer2AA/AA

mutation also prevents activity-depending interactions with
other postsynaptic density proteins, including drebrin and
mGlu1 (Guo et al., 2015), and both of these interactors have
been implicated in anxiety-like behavior (Spooren et al.,
2010; Peterlik et al., 2016; Milanovic et al., 2017). Thus, it will
be important in future work to decipher which of these (or
other) Homer2 interactions is critical for anxiogenesis of rele-
vance to targeting anxiety disorders.

Preventing activity-dependent changes in mGlu5-
Homer interactions improve MWMperformance
CaMKII activity plays a pivotal role in the regulation of

synaptic strength underpinning the neural plasticity nec-
essary for normal learning, memory consolidation and re-
call (cf. Mayford et al., 1996; Giese et al., 1998; Soderling
and Derkach, 2000; Miller et al., 2002; Wayman et al.,
2008). Fmr1 KO rats (Tian et al., 2017) and certain strains
of Fmr1 KO mice (Kooy et al., 1996; D’Hooge et al., 1997;

Table 3: Comparison of behavioral phenotypes expressed by Homer2AA/AA, GRM5R/R, and GRM5AA/AA mice

WT vs Homer2AA/AA WT vs GRM5R/R WT vs GRM5AA/AA

mGlu5-coupling :
(activity-dependent)

; 1

(steady-state)
; 3

(activity-dependent)
Acoustic Startle (Fig. 1; sensorimotor processing) = = 2 =
Prepulse inhibition (PPI; Fig. 1; sensorimotor gating) = ;2 =
Morris water maze acquisition (Fig. 2; spatial learning) : = : (females)

= (males)
Morris water maze
Probe test (Fig. 2; Table 1; spatial memory)

= = = (quadrant)
: (platform)

Morris water maze reversal training (Fig. 2; spatial reversal learning) = n.d. n.d.
Elevated plus maze open arm time and entries (Fig. 3A,B; anxiety;
agoraphobia)

: :2 :

Light-Dark box (Fig. 3C)
latency and light entries
(anxiety; photophobia/agoraphobia)

; (latency)
= (entries)

n.d. n.d.

Novel object reactivity (Fig. 3D–F)
latency and contacts
(anxiety; neophobia/agoraphobia)

= : (latency)
; (contacts)

=

Marble burying test (Fig. 3G)
latency and # buried
(anxiety; neophobia)

= n.d. n.d.

Forced swim test (Fig. 3H,I)
(active vs passive coping)

= =2 Less floating
(active coping)

Acute cocaine locomotion (Fig. 4A) = = 3 : (10 mg/kg)3

Sensitized cocaine locomotion (Fig. 4B) = = 3 ; (10 and 30 mg/kg)3

Dose-response function for cocaine-induced place-
preference (Fig. 5A,B)

Shift to the right No change Shift to the left4

Cocaine taste aversion (Fig. 5D,F) ; n.d. =

: indicates an increase versus WT; ; indicates a decrease versus WT; = indicates no genotypic difference; n.d. indicates not determined.
1Cozzoli et al. (2009).
2Guo et al. (2016).
3Park et al. (2013).
4Campbell et al. (2019).
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Paradee et al., 1999; Dobkin et al., 2000; Van Dam et al.,
2000; Baker et al., 2010) exhibit deficits in spatial memory
assessed under MWM procedures. The spatial learning
deficits exhibited by Fmr1 KO rodents might reflect re-
duced scaffolding of mGlu5 by long Homer isoforms within
forebrain (Giuffrida et al., 2005), which is rescued by genet-
ic deletion of the short Homer1a isoform (Ronesi et al.,
2012) and mimicked by peptide-mediated disruption of
mGluR5-long Homer scaffolds in WT mice (Ronesi and
Huber, 2008; Ronesi et al., 2012; Tang and Alger, 2015).
Herein, the Homer2AA/AA mutation that prevents CaMKIIa-
dependent dissociation of Homer2 from its interactors
(Guo et al., 2015; Fig. 7B) facilitated the MWM acquisition
(Fig. 3A). A facilitation of MWM learning was also reported
previously in Homer1a KOmice (Datko et al., 2017) that ex-
hibit a relatively higher proportion of long Homer binding to
interactors following neuronal activity (Tu et al., 1998).
Together, these studies suggest that the capacity of long
Homer proteins to maintain protein scaffolds (presumably
with mGlu5) during the neuronal activity that accompanies
spatial learning enables the synaptic plasticity facilitating be-
havioral outcomes. Implicating an important role for activity-
dependent Pin1-mediated isomerization of mGlu5 in this
mechanism is the observation that GRM5AA/AA KI female
mice also exhibited facilitated MWM acquisition (Fig. 3B,C)
and both male and female GRM5AA/AA KI mice entered the
former platform location more times during the memory
probe test (Table 1). Although it is not clear at the present
time why the effect of theGRM5AA/AAmutation onMWMac-
quisition was female selective, it is worth noting that
GRM5R/R mice exhibit WT-levels of MWM performance (Fig.
3). Although the GRM5R/R mutation abrogates mGlu5 bind-
ing of all Homer isoforms (Cozzoli et al., 2009; Guo et al.,
2016), these mutants exhibit constitutive mGlu5-driven pro-
tein synthesis rates, translation initiation, and both ERK and
mTORC1 signaling (Guo et al., 2016).GRM5R/Rmice also ex-
hibit intact signal-induced, Pin1-directed, isomerization of
mGlu5 (Park et al., 2013), all of which might compensate for
reduced mGlu5-Homer binding to maintain cognitive func-
tion. It should be noted that whileHomer2AA/AA andGRM5AA/
AA exhibit a commonMWMphenotype to implicate mGlu5 as
a key Homer2-interacting protein gating spatial learning, the
Homer2AA/AA mutation affects activity-dependent binding to
other interactors (Guo et al., 2015). In this regard, Homer2 in-
teractions with drebrin are particularly intriguing as this F-
actin binding protein is central to memory-related hippocam-
pal synaptic plasticity (Jung et al., 2015), is downregulated in
postmortem brains of individuals with Alzheimer’s disease
(Rao et al., 2011; Counts et al., 2012), and mimicking drebrin
down-regulation within hippocampus accelerates cognitive
impairment in a genetic mouse model of Alzheimer’s disease
(Y. Liu et al., 2017).

Preventing activity-dependent changes in mGlu5-
Homer interactions spare cocaine reward but
eliminate cocaine aversion
The capacity of Homer proteins to regulate behavioral

sensitivity to cocaine was recognized two decades ago
(Ghasemzadeh et al., 2003) and studies of null Homer1,
Homer2 and Homer2 mutant mice provided corroborative

evidence that the loss of Homer1 or Homer2 expression
produces a cocaine “presensitized” phenotype, charac-
terized by increased locomotor responsiveness to acute
cocaine, heightened cocaine-conditioned reward, higher
cocaine reinforcement, “cocaine-like” glutamate anomalies
within the nucleus accumbens, including reduced synaptic
membrane expression of group 1 mGlu and NMDA recep-
tors (Szumlinski et al., 2004, 2005b; Lominac et al., 2005).
Withdrawal from repeated cocaine exposure also increases
the relative expression of long Homer2 versus Homer1 iso-
forms within prefrontal cortex (Ary and Szumlinski, 2007;
Gould et al., 2015; Chiu et al., 2021), which not only elevates
prefrontal cortex extracellular glutamate (Ary et al., 2013) to
drive cocaine relapse-like behavior (Gould et al., 2015; Shin
et al., 2018), but is sufficient to produce, in cocaine-naive
animals, many “cocaine-like” biochemical changes within
the nucleus accumbens known to increase behavioral sensi-
tivity to the drug, including a reduction in Homer1 and
Homer2 expression (Ary et al., 2013).
The first direct evidence supporting mGlu5-Homer inter-

actions as important for cocaine-induced behavioral plastic-
ity was derived from studies of GRM5AA/AA mice, which
(akin to Homer1 and Homer2 KO mice; Szumlinski et al.,
2004) also exhibit increased acute cocaine-induced loco-
motor activity, but fail to exhibit cocaine-induced behavioral
or neurochemical sensitization on repeated cocaine treat-
ment, implicating signal-regulated mGlu5-Homer binding as
important for cocaine-induced neuroplasticity (Park et al.,
2013). Consistent with this, rats exhibiting a time-dependent
intensification or incubation of cue-elicited cocaine-craving
exhibit reduced Homer1 and Homer2 scaffolding of mGlu5,
but not mGlu1, within the nucleus accumbens; however, at-
tempts to maintain Homer scaffolding by virus-mediated
overexpression of either long Homer isoform failed to affect
cocaine self-administration or self-craving (Loweth et al.,
2014). Consistent with this, mimicking the cocaine-induced
dissociation of mGlu5-Homer interactions with theGRM5R/R

mutation does not alter either the acute or sensitized loco-
motor response to cocaine (Park et al., 2013), nor does it
alter the expression of a cocaine-conditioned place-prefer-
ence (Fig. 6B). While such findings argue perhaps a more
important role for Homer binding to other interactors in gat-
ing the rewarding and reinforcing properties of cocaine,
GRM5AA/AA mice, with impaired Pin1-directed isomeriza-
tion of mGlu5, and impaired signal-induced regulation of
mGlu5-NMDA interactions (Orlando et al., 2009; Park et al.,
2013), exhibit a robust cocaine-conditioned place-aversion
to cocaine doses that elicit a place-preference in WT mice
(Campbell et al., 2019). As Pin1-directed isomerization of
mGlu5 is intact inGRM5R/Rmice (Park et al., 2013), the dis-
crepancies in findings between GRM5R/R and GRM5AA/AA

mice argued that signal-regulated, Pin1-directed, mGlu5
isomerization and consequent changes in mGlu5-Homer
binding avidity and/or NMDA receptor regulation, normally
enable cocaine-induced neuroplasticity driving the positive
motivational/affective properties of cocaine (Campbell et al.,
2019). Opposite GRM5AA/AA mice (Campbell et al., 2019),
Homer2AA/AA mice exhibit cocaine-conditioned place-pref-
erence (Fig. 6A) and no cocaine-conditioned taste-aversion
(Fig. 6C) at cocaine doses that elicit, respectively, place-
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ambivalence and taste-aversion in WT mice. As cocaine
taste-conditioning involves a single cocaine injection,
these findings demonstrate that preventing Homer2
phosphorylation blocks cocaine aversion in both the
acute and drug-experienced state. Importantly, the in-
sensitivity of Homer2AA/AA mice to cocaine’s aversive
properties does not reflect hypersensitivity to the drug’s
psychomotor activating properties asHomer2AA/AAmice ex-
hibited WT-levels of cocaine-induced locomotor activity and
stereotypy (Fig. 5). The insensitivity also does not reflect an
inability to detect the interoceptive effects of cocaine as
Homer2AA/AA mice exhibited WT-comparable cocaine-in-
duced place-preference at the lower cocaine dose tested.
While we did not conduct a dose–response study, high-
dose cocaine (20mg/kg) induced CaMKIIa-directed phos-
phorylation of Homer2 to dissociate mGlu5-Homer2, and
this cocaine-induced dissociation of mGlu5-Homer2 bind-
ing was blocked by in Homer2AA/AA KI mice (Fig. 7). These
findings indicate that Homer2AA/AA mice effectively maintain
the capacity of Homer2 to bind interactors in the presence
of cocaine-induced neuronal activity. While it will be impor-
tant in future work to determine whether mGluR-Homer2 in-
teractions are maintained in response to aversive cocaine
doses (e.g., 30mg/kg; Fig. 6), we propose that the polar op-
posite effects of the GRM5AA/AA versus Homer2AA/AA muta-
tions on the expression of cocaine aversion (potentiation
vs block, respectively) may simply reflect the opposing
consequences of cocaine-induced neuronal activity on
mGlu5-Homer2 binding avidity (reduction vs potentiation,
respectively). Alternatively, the resiliency of Homer2AA/AA

mice to cocaine aversion may be completely unrelated to
mGlu5 binding and reflect a heightening of interactions with
other proteins. As insensitivity to the aversive properties of
drugs of abuse is a major risk factor for developing a sub-
stance use disorder (de Wit et al., 1986; Chait, 1996; de Wit
and Phillips, 2012; Riley et al., 2022), delineating the precise
interactions impacted by the Homer2AA/AA mutation
may provide critical insight into substance use disorder
vulnerability.
In conclusion, using a transgenic mouse model with

deficits cocaine-induced uncoupling of mGlu5-Homer2,
we demonstrate an important role for Homer2 scaffolding
of mGlu5 in regulating cocaine’s aversive properties, with-
out influencing cocaine reward. Findings suggest that en-
vironmental factors, to include cocaine exposure, that
affect mGlu5-Homer2 scaffolding dynamics may contrib-
ute to an individual’s subjective response to cocaine to in-
fluence addiction vulnerability.
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