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Abstract

Homer proteins are intracellular scaffolding proteins that, amongst glutamate receptors, selectively
bind to groupl metabotropic glutamate receptors and regulate their trafficking and intracellular
signaling. Homer proteins have been implicated in synaptic and behavioral plasticity, including
drug-seeking behavior after cocaine treatment. Homer1 gene activation leads to transcription of a
variant mMRNA (Homer1a) which functions as an immediate early gene. Homerla competes with
the constitutive Homer proteins (Homerlb/c/d, Homer2a/b, Homer3) for binding to groupl
metabotropic glutamate and IP3 receptors. Binding of Homerla to these proteins disrupts their
association with the intracellular signaling scaffold and modulates receptor function. In this study,
using RT-PCR, activation of Homer1a mRNA transcription in response to acute and repeated
administration of cocaine was characterized in prefrontal cortex, nucleus accumbens, and ventral
tegmental area, three mesocorticolimbic nuclei of the rat brain. Moreover, the dopaminergic and
glutamatergic regulation of Homer1 gene activation by cocaine was investigated. Acute cocaine
rapidly and transiently activated transcription of Homer1a mRNA in all three nuclei. However,
repeated administration of cocaine was not effective in inducing the Homer1la mRNA
transcription after various withdrawal times ranging from two hours to three weeks. The acute
cocaine-mediated activation of Homer1 gene was regulated by D1 but not D2 dopamine receptors.
The blockade of AMPA or NMDA glutamate receptors did not prevent cocaine-mediated
activation of Homer1 gene in the three mesocorticolimbic nuclei. These data indicate that acute
administration of cocaine transiently activates Homer1 gene producing the immediate early gene
Homerla mRNA in the three mesocorticolimbic nuclei of the rat brain. Activation of Homer1
gene may contribute to the cocaine-mediated synaptic and behavioral plasticity.
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INTRODUCTION

The metabotropic glutamate receptors (mGIuRs) play an important role in regulation of
neuronal development, synaptic plasticity, learning and memory as well as regulating other
receptors and ion channels (Bashir et al., 1993; Conquet et al., 1994; Conn and Pin, 1997;
Kammermeier et al., 2000; Foa et al., 2001; Barker et al., 2006). The groupl metabotropic
glutamate receptors (MGIuR1 and 5) are Gg/11-protein-coupled and exert their physiological
effects through activation of phospholipase C and hydrolysis of membrane phosphoinositide
lipids. The trafficking, membrane localization, and function of the groupl mGIuR receptors
are modulated through their interaction with Homer proteins, a family of intracellular
scaffolding proteins that bind to the intracellular C-terminus of the receptor. The Homer
family of proteins is coded by three genes and all member proteins contain N-terminal
EVH1 (Enabled/vasodilator-stimulated phosphoprotein homology 1) domain able to bind a
proline-rich motif (PPXXFR) present on cellular signal transduction modules such as
mGIluR1a, mGIluR5a/b, IP3 receptors, ryanodine receptors, and Shank proteins, a component
of the postsynaptic PSD95-GKAP-NMDA receptor protein complex (Xiao et al., 1998; Tu
et al., 1998, 1999; Naisbitt et al., 1999; Bottai et al., 2002). All three Homer genes code for
constitutively expressed long-form Homer proteins (Homerlb/c/d, Homer2a/b, Homer3) that
contain a C-terminal coiled coil domain and leucine zipper motifs (Kato et al., 1998; Sun et
al., 1998; Tadokoro et al., 1999). These proteins form multimer protein complexes through
C-terminal interactions and can tether groupl mGIuRs, IP3 receptors, and ionotropic
glutamate receptors through interactions with Shank proteins (Tu et al., 1999; Naisbitt et al.,
1999). Homer1 is unique among Homer genes because, in response to an increase in cellular
activity, is transcribed into immediate early gene (IEG) products Homerla and Ania3
(Brakeman et al., 1997; Kato et al., 1997; Berke et al., 1998). The Homerla and Ania3
MRNA and protein sequences are very similar except for a few residues at the C-terminal
end (Berke et al., 1998; Bottai et al., 2002). These IEG products share the EVH1 domain
with the long-forms but lack the C-terminal domains and, hence, can compete and disrupt
the interaction between the long-forms and their target proteins including groupl mGIluRs
(Xiao et al., 2000; Kammermeier and Worley, 2007). Therefore, induction of IEG Homers
may play an important role in the regulation of groupl mGIuR intracellular signaling.
Recently, a unique role for Homer proteins in behavioral sensitization to cocaine and drug
seeking behavior has been described (Swanson et al., 2001; Ghasemzadeh et al., 2003;
Szumlinski et al., 2004, 2006).

In this study, we have characterized the dynamics of Homer1 gene activation and mMRNA
transcription in response to an acute or repeated administration of cocaine in three areas of
the mesocorticolimbic circuitry of the brain, prefrontal cortex, nucleus accumbens, ventral
tegmental area, involved in various aspects of drug response and drug seeking behaviors
(Vanderschuren and Kalivas, 2000; Everitt and Wolf, 2002; Kalivas and Volkow, 2005;
Robinson and Berridge, 2003; VVanderschuren and Everitt, 2005). Moreover, the regulation
of cocaine-mediated Homer 1 gene activation by dopaminergic and glutamatergic receptor
signaling was investigated.
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MATERIALS AND METHODS

Animal Housing

Male Sprague-Dawley rats weighing 250-300 g were obtained from Harlan laboratories
(Indianapolis, IN) and housed two per cage with water and food available ad libitum. All
housing and experimental procedures were conducted in AAALAC approved facilities and
were approved by the Institutional Animal Care and Use Committee. A 12 hour light/dark
cycle was used, with lights on at 7 AM. Animals were acclimated to the housing facility for
one week before the start of experiments. The drug treatments and tissue collection were
performed during the light cycle.

Cocaine Treatment

For acute cocaine studies, rats were injected with cocaine (30 mg/kg, ip) dissolved in saline
and killed at various time intervals (0, 1, 2, 6, 12, 24 hours) by rapid decapitation (Graybiel
et al., 1990; Steiner and Gerfen, 1993). After cocaine administration, except for the time
zero when the rats were immediately decapitated, animals were placed in their home cage
and returned to the animal colony room for the duration of the withdrawal time.

For chronic cocaine studies, rats were treated with seven once daily administration of either
saline (1 ml/kg) or cocaine (days 1 and 7: 15 mg/kg, ip; days 2-6: 30 mg/kg, ip) and were
killed at various withdrawal times (2 hours, 1 day, 1 week, 3 weeks) after the last saline or
cocaine injection by rapid decapitation. After each saline or cocaine administration, all rats
were placed in their home cages in the animal colony room. The cocaine doses and injection
regimen employed were based on prior studies indicating enduring molecular and behavioral
plasticity in rodents (Boudreau and Wolf, 2005; Boudreau et al. 2007; Ghasemzadeh et al.,
2003; Pierce et al., 1996; Szumlinski et al., 2004). The saline and cocaine treatments were
scheduled such that both treatment groups were present at each withdrawal time for tissue
collection. Rats were killed by rapid decapitation and brains were removed rapidly and
coronal sections were prepared on ice. The prefrontal cortex, nucleus accumbens, and
ventral tegmental area were dissected on an ice-cooled plate from 1-2 mm slices and
immediately frozen on dry ice and kept at =80 °C.

Pharmacological treatments

For examining the dopaminergic and glutamatergic regulation of the cocaine effects,
selective dopamine and glutamate receptor antagonists were employed. These antagonists
were dissolved in saline and administered 20 minutes before a saline (1 ml/kg, ip) or cocaine
(30 mg/kg, ip) injection. All animals were killed at 2 hours after the second injections. The
control groups received a saline injection instead of the receptor antagonist or cocaine. The 2
hours time interval was determined based on the acute cocaine time course experiments in
this study. The following pharmacological agents were used based on results from prior
studies: SCH23390, a selective D1 dopamine receptor antagonist (1 mg/kg, ip); Sulpiride, a
selective D2 dopamine receptor antagonist (20 mg/kg, ip); GYKI52466, a selective AMPA
glutamate receptor antagonist (15 mg/kg, ip); MK801, a selective NMDA glutamate receptor
antagonist (1 mg/kg, ip) (Kuroki et al., 1999; Taepavarapruk et al., 2000; Kalivas and Duffy,
1997; Ozaki et al., 1997; Svensson and Mathe, 2000; Pollack et al., 2005, Storvik et al.,
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2006). Cocaine hydrochloride was a gift from NIDA/NIH. Saline was used as the vehicle for
all drugs. All drugs were purchased from Tocris Cookson Inc. (Ballwin, MO).

Semiquantitative RT-PCR

Tissue homogenization, RNA extraction, and RT-PCR methods used in this study have been
previously described in detail (Leonard et al., 1993; Somogyi et al., 1995; Ghasemzadeh et
al., 1999). The PCR primer sequences were as follows: sense 5’-
CTGTGCCTGAGTGTCTGAGAG-3’, antisense 5'-CCATGTCTCCTGCAATCGCTG-3’;
GenBank accession number U92079. An RT-PCR calibration experiment was done for
Homerla mRNA transcript to establish the experimental conditions for the linear
amplification of the mMRNA transcripts as described previously (Ghasemzadeh et al., 1999).
The following PCR steps were used for 28 cycles: denatration 94 °C, annealing 63 °C,
extension 72 °C.

Data Analysis

Data for experiment two (repeated cocaine administration studies) were analyzed using a
two-way ANOVA with drug treatment and withdrawal time as main factors. For rest of the
experiments, the differences between groups were determined using one-way ANOVA, and
post hoc comparisons between treatment groups were conducted with Fisher’s PLSD.
Statistical significance was set at p< 0.05. The data presented in Table 1 were subjected to
the Levene’s test of homogeneity of variance and, due to the lack of homogeneity in data
obtained for dopamine antagonists, Welch’s ANOVA and Scheffe’s post hoc tests were used
for comparing means of groups.

RESULTS

The purpose of this study was to characterize the dynamics of Homer1 gene activation and
its pharmacological regulation in three nuclei of the rat brain mesocorticolimbic circuit after
acute and repeated exposure to cocaine. The tissue level of Homerla mRNA transcripts in
prefrontal cortex, nucleus accumbens, and ventral tegmental area were measured by RT-
PCR. These nuclei were selected because of their functional roles in behavioral responses to
psychostimulants and drug seeking behaviors (Vanderschuren and Kalivas, 2000; Everitt
and Wolf, 2002; Robinson and Berridge, 2003; Kalivas and Volkow, 2005; Vanderschuren
and Everitt, 2005). The RT-PCR technique has been characterized and validated in previous
studies (Somogyi et al., 1995; Ghasemzadeh et al., 1999). The RT-PCR technique used
cannot distinguish between Homer1a and Ania3 mRNA transcripts since the mMRNA
sequences of Homer1a and Ania3 are almost identical (Berke et al., 1998; Bottai et al.,
2002). Therefore, the amplified and measured mMRNAs is referred to as Homer 1la mRNA
transcript. A PCR calibration curve was constructed for the Homer1a mRNA to confirm the
linear amplification of the target transcript under the conditions employed in this study
(Figure 1).

Experiment one: Effect of acute cocaine administration on Homer1 gene activation

Rats were injected with cocaine (30 mg/kg, ip) and killed at various time intervals (0, 1, 2, 6,
12, 24 hours). Figure 2 shows that the level of Homer 1la mRNA significantly changed in all
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three brain regions in a time-dependent manner (PFC, F(5,33) = 6.82, p < 0.001; NA,
F(5,31) = 10.29, p< 0.001; VTA F(5,35) = 13.81, P < 0.001). In these regions, the Homer1la
mRNA was significantly increased by one hour post injection and remained elevated for the
first two hours after cocaine administration and returned to control level by six hours. The
magnitude of MRNA increase was highest in VTA, followed by NA and PFC. The mRNA
levels for the long-forms of Homer proteins were not measured in this study because their
mRNA and protein levels do not change after acute increase in cellular activity or cocaine
administration (Bottai et al., 2002; Zhang et al., 2007).

Experiment two: Effect of repeated cocaine administration on Homerl gene activation

Rats were treated with a repeated cocaine administration regimen that has been shown to
produce long-lasting molecular and behavioral plasticity (Pierce et al., 1996; Ghasemzadeh,
1999; 2003; Boudreau and Wolf, 2005). This regimen involved 7 once daily administration
of cocaine (2 days x 15 mg/kg; 5 days x 30 mg/kg, ip) followed by various times of
withdrawal from drug treatment (2 hours, 1 day, 1 week, 3 weeks). A separate group of
animals received an identical repeated saline treatment for each of the withdrawal times. All
animals were killed after the designated withdrawal times. As shown in Figure 3, a two way
analysis of variance yielded no significant changes in the Homer1la mRNA level at any of
the withdrawal times examined (PFC, treatment F(1,55) = 0.052, p = 0.82, time F(3,55) =
0.069, p = 0.98, treatment x time F(3,55) = 0.074, p = 0.97; NA, treatment F(1,48) = 0.957,
p = 0.33, time F(3,48) = 0.037, p = 0.99, treatment x time F(3,48) = 0.045, p=0.99; VTA,
treatment F(1,56) = 0.134, p = 0.72, time F(3,56) = 0.639, p = 0.59, treatment x time
F(3,56) = 0.676, p = 0.57).

Experiment three: Dopaminergic regulation of Homer1 gene activation after acute cocaine

Table 1 shows that the blockade of either D1 (SCH23390, 1 mg/kg, ip) or D2 (Sulpiride, 20
mg/kg, ip) dopamine receptors, in the absence of cocaine, did not alter the basal Homer 1a
mMRNA levels in any brain region examined (PFC, F(2,12) = 1.11, p=0.36; NA, F(2,4.3) =
0.40, p=0.69; VTA, F(2,11) = 0.53, p = 0.60). The drug doses were selected based on prior
studies indicating their effectiveness in modulation of dopamine release, basal glutamate
levels in nucleus accumbens, dopamine-mediated locomotor activity, and modulation of fos
and jun immediate early gene mRNA transcription in the brain (Kuroki et al., 1999;
Taepavarapruk et al., 2000; Kalivas and Duffy, 1997; Ozaki et al., 1997). An analysis of
variance showed that pretreatment with dopamine receptor antagonists had a significant
effect on cocaine mediated increase in Homerla mRNA in all three structures examined
(PFC, F(4,45) = 2.65, p< 0.05; NA, F(4,47) =3.48, p< 0.05; VTA, F(4,40) = 2.81, p<
0.05). Post hoc analysis using Fisher’s PLSD indicated that the blockade of D1 receptors
prevented the cocaine-mediated Homer 1la mRNA induction in PFC and NA but partially
reversed the cocaine effect in VTA (Figure 4). While the blockade of D2 receptors partially
reversed the cocaine-mediated Homer1a mRNA induction in prefrontal corte, it was
without effect in nucleus accumbens and ventral tegmental area. In addition, the blockade of
both D1 and D2 dopamine receptors prevented the cocaine-mediated Homer 1la mRNA
induction in prefrontal cortex, partially reversed the effect in nucleus accumbens, but was
not effective in ventral tegmental area.
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Experiment four: Glutamatergic regulation of Homerl gene activation after acute cocaine

Table 1 shows that the blockade of either AMPA (GYKI52466, 15 mg/kg, ip) or NMDA
(MK801, 1 mg/kg, ip) glutamate receptors, in the absence of cocaine, did not alter the
Homerla mRNA levels in any brain region examined (PFC, F(2,9) = 1.68, p = 0.24; NA,
F(2,9) =0.14, p=0.87; VTA, F(2,11) = 2.44, p = 0.13). The drug doses were selected based
on prior studies showing their effectiveness in modulation of learning, behavioral
sensitization, and cocaine-mediated gene expression (Svensson and Mathe, 2000; Pollack et
al., 2005, Storvik et al., 2006). An analysis of variance showed that pretreatment with
glutamate receptors had a significant effect on cocaine mediated increase in Homer1la
mMRNA in the three nuclei examined (PFC, F(3,43) = 2.85, p< 0.05; NA, F(3,42) =2.90, p<
0.05; VTA, F(3,33) = 2.89, p < 0.05). Surprisingly, post hoc analysis using Fisher’s PLSD
indicated that the blockade of NMDA receptors was not effective in preventing the cocaine-
mediated increase in Homerla mRNA in any of the three brain regions examined (Figure 5).
Moreover, the blockade of the AMPA receptors in nucleus accumbens only partially
reversed the cocaine-mediated increase in Homerla mRNA, while it was not effective in
prefrontal cortex and ventral tegmental area.

DISCUSSION

Homer proteins regulate several key physiological processes including axonal guidance,
spine growth, synaptic plasticity, ion channels and intracellular signaling. In addition,
Homer proteins play an important role in the regulation of groupl mGIuR signaling and
several reports have implicated Homer proteins in the regulation of cocaine-mediated
synaptic and behavioral plasticity, and drug seeking behavior (Ghasemzadeh et al., 2003;
Szumlinski et al., 2004, 2006). In this study, we investigated the effects of acute and chronic
cocaine administrations on Homer1 gene activity and Homer1a mRNA expression in three
nuclei of the mesocorticolimbic circuit of the rat brain and its regulation by dopaminergic
and glutamatergic signaling.

Acute and repeated cocaine administration and Homer1 gene activity

An acute injection of cocaine produced a transient Homer1 gene activation leading to an
increase in Homer 1la mRNA, the IEG short-form product, in all three brain regions
examined. This is in agreement with previous reports showing that acute administration of
the psychostimulants methylphenidate and cocaine or binge administration of cocaine
produce a significant induction of IEG Homers (Brakeman et al., 1997; Yuferov et al., 2003;
Yano and Steiner, 2005). This observation is also in agreement with cocaine regulation of
other IEGs in the brain. For example, fos, Arc, and zif268 demonstrate a similar transient
increase in mMRNA and protein expression after an increase in cellular activity (Hope et al.,
1992; Steiner and Gerfen, 1993; Berke et al., 1998; Lyford et al., 1995; Yano and Steiner,
2005). Homer 1a mRNA has an apparent slower transcription time course compared to most
other IEGs, reaching a peak mRNA expression level between one to two hours after cocaine
administration. By contrast, the time course of activation of other IEGs such as fos, Arc, and
zif268 is shorter and the mRNA induction is maximal at one hour after cellular activity with
a decline in the mRNA levels by two hours (Bottai et al., 2002; Sato et al., 2001; Moratalla
et al., 1992; Fosnaugh et al., 1995). The slower rate of Homer1a mRNA induction can be
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explained by the large difference in the size of Homer1 gene (> 100 kb) compared to most
other IEGs (< 5 kb) (Bottai et al., 2002). The delay in the appearance of Homerla mRNA is
also reflected in the delay of the Homerla protein peak level observed in striatum and
nucleus accumbens three hours after an acute cocaine administration (Zhang et al., 2007).
However, it is important to note that there is no difference between Homer1 and other IEGs
in the initiation of gene activation and primary RNA transcription (Bottai et al., 2002).

The acute cocaine-mediated increase in the Homer 1 gene activity is brain region selective.
While frontal and prefrontal cortex, striatum, and nucleus accumbens displayed an increase
in Homerla expression, some more caudal brain regions including hippocampus, amygdala,
and cerebellum were not affected (Zhang et al., 2007). In our study, acute cocaine
administration significantly increased Homer 1la mRNA levels in VTA, although, the
elevated level of Homer1a mRNA was still lower than elevated levels in prefrontal cortex
and nucleus accumbens. None the less, we were able to detect and quantify both the basal
and stimulated Homer1a mRNA levels in VTA after RT-PCR amplification. In contrast to
our observation, Zhang et al. (2007) reported an absence of Homerla protein induction in
VTA two hours after an acute cocaine administration. The Homerla protein expression
levels are low in the brain and its detection requires prolong exposure for optical signal
measurement (Zhang et al., 2007). Moreover, Zhang et al., (2007) used a lower cocaine dose
(20 mg/kg) and showed a weak increasing trend in Homerla protein in VTA. The
differences in detection techniques and cocaine dose may have contributed to the different
results in detecting the acute cocaine effect in VTA. In contrast to Homer1la mRNA and
proteins, the level of the constitutive Homer mRNA and proteins do not change after an
increase in cellular activity or acute cocaine administration (Bottai et al., 2002; Zhang et al.,
2007). Fourgeaud et al. (2004) reported an increase in Homerlb/c protein in nucleus
accumbens at 24 hours after an acute cocaine administration. However, we were not able to
replicate this finding in our laboratory (Saline (1 ml/kg, ip), 100 £ 10.4, n=8; Cocaine (30
mg/Kkg, ip), 94.5 £ 6.9, n=8).

Repeated daily administration of cocaine leads to the development of long-lasting synaptic,
molecular, and behavioral plasticity in the mesocorticolimbic circuit (Vanderschuren and
Kalivas, 2000; Everitt and Wolf, 2002; Kalivas and VVolkow, 2005; Robinson and Berridge,
2003; Vanderschuren and Everitt, 2005; Boudreau and Wolf, 2005). Repeated daily
treatment with cocaine did not lead to a sustained Homer1 gene activation and Homer 1a
mMRNA induction after withdrawal times ranging from 2 hours to three weeks in any of the
brain regions examined. The lack of gene activation by an acute cocaine injection given after
repeated daily administration of cocaine has also been reported for other IEGs in the brain
(Hope et al., 1992, 2006; Steiner and Gerfen, 1993; Yano and Steiner, 2005). This
observation, termed desensitization of IEG induction, has been documented in several IEGs
using various methods of increasing cellular activity (Hope et al., 1992, 2006; Steiner and
Gerfen, 1993; Morattala et al., 1996). In contrast to a lack of change in Homerla mRNA,
and presumably protein, Homer1b/c protein is decreased in nucleus accumbens after three
weeks of withdrawal from repeated cocaine administration (Swanson et al., 2001; Ary and
Szumlinsky, 2007). The decrease in Homer1b/c protein level in nucleus accumbens has been
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implicated in the behavioral and biochemical plasticity after repeated administration of
cocaine (Ghasemzadeh et al, 2003; Szumlinski et al., 2004, 2006).

The dopaminergic regulation of Homerl gene activity

Dopaminergic signaling regulates activation of fos and other IEGs in the brain. In general,
blockade of D1 dopamine receptor inhibits the cocaine and amphetamine induced IEG
MRNA expression (Young et al., 1991; Bhat et al., 1992; Berretta et al., 1992; Simpson and
Morris, 1995; Ozaki et al., 1997). In contrast, D2 dopamine receptor antagonists are
generally ineffective in blocking the induction of IEGs by psychostimulants (Young et al.,
1991; Simpson and Morris, 1995; Ozaki et al., 1997). Similarly, our data indicate that D1
dopamine signaling mediates cocaine-induced Homer 1la mRNA induction in all three brain
regions. The basal level of Homer1 gene activity was not regulated by dopaminergic
signaling since the blockade of either D1 or D2 dopamine receptors by SCH23390 and
sulpiride, respectively, did not significantly alter the Homer1a mRNA levels in any of the
brain areas examined (Young et al., 1991; Deutch and Duman, 1996; Semba et al., 1996;
Robertson et al., 1994; Watanabe et al., 1998; Zhang et al., 2007). Although sulpiride
administration at a high dose (100 mg/kg, ip) increases expression of c-fos mMRNA or protein
in nucleus accumbens shell (Deutch and Duman, 1996; Semba et al., 1996; Watanabe et al.,
1998), the dose selected in this study (20 mg/kg, ip) does not affect Homer1a or c-fos
mRNA induction in the brain (Fiore et al., 2003; Robertson et al., 1994; Deutch and Duman,
1996). However, recent studies suggest that there is heterogeneity in the effects of D2
dopamine receptor antagonists on basal Homer1a mRNA expression in nucleus accumbens
and dorsal striatum. While eticlopride and sulpiride are without effect, haloperidol increases
the Homer1a mRNA or protein levels in nucleus accumbens and dorsal striatum (Zhang et
al., 2007; Fiore et al., 2003; Tomasetti et al., 2007; Ambesi-impiombato et al., 2007). The
blockade of D1 dopamine receptor with SCH23390 inhibited the induction of Homer 1a
MRNA by acute cocaine administration in prefrontal cortex and nucleus accumbens and
partially reversed the cocaine effect in ventral tegmental area. Similarly, the blockade of D1
dopamine receptor inhibited the induction of Homerla mRNA in striatum by acute
methylphenidate administration (Yano et al., 2006). Akin to other IEGs, blockade of the D2
dopamine receptors did not affect the cocaine induction of Homer1la mRNA in nucleus
accumbens and ventral tegmental area, however, it was able to partially reverse the
Homerla mRNA induction in prefrontal cortex. Zhang et al. (2007) reported similar D1 and
D2 dopamine receptor regulation of Homerla protein expression in striatum and nucleus
accumbens after acute cocaine administration. Recent in vitro studies indicate that the D1
dopamine receptor regulation of Homerla induction is mediated through activation of
protein kinase A and Ca2*/calmodulin-dependent protein kinases, but not protein kinase C,
and that their effects may involve CREB transcription factor (Zhang et al., 2007). These
observations indicate that Homer1 gene activity, similar to the other IEGs, is influenced by
dopaminergic signaling in the three nuclei of the mesocorticolimbic circuit of the rat brain.

The inability of the D1 and combined D1/D2 dopamine receptor blockade in VTA to
prevent the cocaine induced Homer1 gene activation may be attributed to the regulation of
GABA and glutamate release through activation of presynaptic D1 and 5HT1D receptors
(Cameron and Williams, 1993, 1994; Kalivas and Duffy, 1995). Administration of cocaine
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leads to inhibition of dopamine and serotonin reuptake and an increase in their extracellular
levels in VTA (Bradberry and Roth, 1989; Cameron and Williams, 1993, 1994). The
modulation of GABA and glutamate neurotransmission in VTA by cocaine takes place via
activation of presynatic D1 and 5-HTD1 receptors located on afferents to VTA (Cameron
and Williams, 1993, 1994; Kalivas and Duffy, 1995). The overall effect of cocaine on
enhancing extracellular glutamate and reducing GABA levels leads to an increase in
neuronal activity and transcription of Homer1la mRNA in VTA. The blockade of D1
receptors by SCH23390 prevents the cocaine-mediated glutamate release without any effect
on cocaine-mediated reduction in GABA and may be responsible for the partial reversal of
cocaine effect in VTA (Kalivas and Duffy, 1995). The blockade of somatodendritic D2
dopamine autoreceptors will lead to further dopaminergic neuronal activity and dopamine
release by reducing the inhibitory influence of the somatodendritic D2 dopamine
autoreceptors and, hence, will not modulate the cocaine effect on Homerla mRNA
transcription (Cameron and Williams, 1994; Adell and Artigas, 2004). The combined
blockade of D1 and D2 receptors in VTA was not effective in reducing the cocaine effect
because the increase in neuronal activity mediated by the inhibition of D2 dopamine
autoreceptors may counter balance the partial reversal effect of D1 receptor blockade.

The glutamatergic regulation of Homerl gene activity

Our data suggest a lack of tonic effects of the ionotropic glutamate receptors on the basal
Homer1 gene activity and the expression levels of Homer1a mRNA in the brain regions
examined. This is in agreement with the previous reports showing that blockade of AMPA/
kainate or NMDA glutamate receptors does not alter the basal mRNA or protein levels of
immediate early genes fos or zif268 in prefrontal cortex, nucleus accumbens, dorsal striatum,
and VTA (Wang et al., 1994; Dalia and Wallace, 1995; Keefe and Adams, 1998; Hussain et
al., 2001; De Leonibus et al., 2002; Lee and Rajakumar, 2003). However, the effect of
NMDA receptor blockade on IEG activity seems to be region and antagonist dependent.
Whereas MK801 does not activate c-fos expression in prefrontal cortex, striatum, nucleus
accumbens and ventral tegmental area, phencyclidine increases c-fos activity in prefrontal
cortex, decreases in striatum and produce no effect in nucleus accumbens (Keefe and
Adams, 1998; Hussain et al., 2001; De Leonibus et al. 2002; Lee and Rajakumar, 2003;
Kargieman et al., 2007; Hansen et al., 2007). Similarly, a recent report has indicated that
blockade of NMDA receptors by phencyclidine increased Homer1la mRNA in prefrontal
cortex in a region and layer specific manner (Cochran et al., 2002). Moreover, acute
cocaine-mediated increases in Homer 1la mRNA does not seem to be under AMPA or
NMDA glutamate receptor regulation in the three mesocorticolimbic nuclei examined:;
although, blockade of AMPA/kainate receptors partially reversed the acute cocaine-
mediated Homer 1a mRNA levels in nucleus accumbens (Figure 5). The lack of
glutamatergic control over IEG induction is consistent with previous studies. The blockade
of AMPA or NMDA receptors did not inhibit the acute amphetamine mediated increase in
Fos protein expression in nucleus accumbens (Dalia and Wallace, 1995). The blockade of
AMPA/kainate receptors inhibited the acute amphetamine mediated increase in zif268
mMRNA expression in striatum but was without effect in cortex (Wang et al., 1994). In
cortical neuronal cell culture, AMPA receptors did not block the glutamate-mediated
increase in c-fos and zif268 mMRNA expression; however, blockade of NMDA receptors
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abolished the stimulated gene expression (Condorelli et al., 1994). Taken together, these
observations indicate that glutamatergic regulation of the stimulated immediate early gene
expression is heterogeneous across genes and brain structures. Therefore, plasticity in
glutamate neurotransmission and signaling which plays an important role in a variety of
physiological and pathological states may be able to differentially regulate the expression of
immediate early genes across different brain structure, allowing selective regulation of
down-stream genes in these areas. The lack of glutamatergic regulation of the IEG
expression after acute cocaine administration may be due to cocaine-mediated increase in
the extracellular dopamine in prefrontal cortex, nucleus accumbens, and ventral tegmental
area. Stimulation of D1 dopamine receptors and activation of the related intracellular
signaling is sufficient to activate the IEGs and, therefore, inhibition of glutamatergic
signaling would not prevent cocaine-mediated IEG activation (Zhang et al., 2007; Simpson
and Morris, 1995). Supporting a sufficient, but not necessary, regulation by glutamate,
agonist stimulation of AMPA, NMDA, and mGIuR receptors leads to activation of several
IEGs (Vaccarino et al., 1992; Wang, 1998).

Consequences of Homerl gene induction

An increase in synaptic activity or acute exposure to psychostimulants leads to activation of
Homer1 gene and an increase in expression of Homer1la mRNA and protein. The elevated
cellular levels of Homerla protein may lead to numerous synaptic, cellular, and behavioral
alterations. These may include alterations in dendritic spine and axons, PSD95, AMPA and
NMDA receptor clusters, surface expression and activity of AMPA, NMDA, and groupl
mGIuR receptors, disruption of memory formation (Tu et al., 1998; Ango et al., 2000, 2001,
2002; Ciruela et al., 1999, 2000; Shiraishi et al., 1999, 2003; Foa et al., 2001; Serge et al,
2002; Sala et al., 2001, 2003; Hennou et al., 2003; Roche et al., 1999; Tadokoro et al., 1999;
Kammermeier and Worley, 2007; Klugmann et al., 2005). An increase in Homerla protein
may lead to modulation of intracellular calcium release, increased translocation of TRP
calcium channels and calcium influx, and enhanced groupl mGIluR-mediated N-type
calcium and M-type potassium channel current inhibition (Tu et al., 1998; Yuan et al., 2003;
Kim et al., 2006; Kammermeier et al., 2000; Kammermeier and Worley, 2007). An
increased level of Homerla protein may also decrease coupling of mGIuR5 and ERK
signaling and nuclear transcription factors activation in striatum and nucleus accumbens
neurons (Mao et al., 2005).

Increased levels of Homerla protein in neurons disrupts coupling between groupl mGIuR
receptors and the constitutively expressed Homer proteins (Tu et al., 1998, Xiao et al.,
1998). This molecular uncoupling modulates mGluR-induced intracellular signaling and
calcium release which may play a role in cellular and behavioral effects of acute and chronic
psychostimulant treatments. Overexpression of Homerla protein leads to blunted glutamate
release in prefrontal cortex after an acute cocaine administration (Lominac et al., 2005).
Transgenic mice overexpressing Homerla protein in dorsal striatum exhibit an augmented
behavioral response and a significantly higher level of Fos protein expression after an acute
amphetamine administration. These animals suffer from a higher level of anxiety and defects
in locomotor performance (Tappe and Kuner, 2006). A transient reduction in or knock out of
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Homer1 proteins in nucleus accumbens leads to an augmented behavioral response to
cocaine administration (Ghasemzadeh et al., 2003; Szumlinski et al., 2004, 2006).

Taken together, these data suggest that an increase in Homerla protein followed by
alterations of groupl mGIuR signaling produces significant changes in multitude of
signaling pathways leading to modification of cellular and behavioral responses. The
molecular mechanisms by which Homerla mediates these numerous and varied array of
changes is not well understood and awaits future studies.
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PFC prefrontal cortex

NA nucleus accumbens
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MGIuR metabotropic glutamate receptor

IP3 inositol triphosphate

PSD95 postsynaptic density 95

CREB CAMP response element-binding protein

RT-PCR reverse transcription-polymerase chain reaction
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Figure 1. RT-PCR calibration curve for Homer1la mRNA transcript.
Data are presented as mean = SEM (n=3). Total RNA from whole brain tissue was used to synthesize cDNA for these

experiments. The RT and PCR conditions were identical to the conditions used for experimental samples.
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Figure 2. Effect of an acute cocaine administration on Homer 1a mRNA transcription at various withdrawal times.
Cocaine (30 mg/kg, ip) was administered at time zero and animals were killed at the specified withdrawal times. Data are

presented as mean + SEM (n= 4-8 rats/time point) and were evaluated using one-way ANOVA followed by post hoc Fisher’s
PLSD test for multiple comparisons. * p<0.05 compared to time zero.
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Figure 3. Effect of repeated cocaine administration on Homer 1a mRNA transcription at various withdrawal times.
Rats were treated with cocaine for 7 days (2 x 15 mg/kg and 5 x 30 mg/kg, ip) followed by specified withdrawal times from the

last cocaine injection. A separate group of repeated saline treated rats were paired with the corresponding repeated cocaine
treatment group for each of the withdrawal times. Data are mean = SEM (n= 7-8 rats/time point) and were analyzed using two-
way ANOVA with treatment and withdrawal time as main factors. There was no statistical significance in main factors, or
interactions. White bars, saline; black bars, cocaine.
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Figure 4. The dopaminergic regulation of cocaine stimulated Homer 1a mRNA transcription.
Rats were treated with Saline (1 ml/kg, ip), SCH23390 (1 mg/kg, ip), Sulpiride (20 mg/kg, ip) or a cocktail of SCH23390 and

Sulpiride followed 20 minutes later by a saline (1 ml/kg, ip) or an acute cocaine (30 mg/kg, ip) administration. All rats were
killed at 2 hours after the second injection. The data are presented as mean + SEM (n= 9-16 rats/treatment group) and were
evaluated using one-way ANOVA followed by post hoc Fisher’s PLSD test for multiple comparisons. * p< 0.05 compared to
Saline/Saline, * p< 0.05 compared to Saline/Cocaine.
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Figure 5. The glutamater gic regulation of cocaine stimulated Homer 1a mRNA transcription.
Rats were treated with Saline (1 mg/kg, ip), GYKI52466 (15 mg/kg, ip) or MK801 (1 mg/kg, ip) followed 20 minutes later by a

Saline (1 ml/kg, ip) or an acute cocaine (30 mg/kg, ip) administration. All rats were killed at 2 hours after the second injection.
The data are presented as mean + SEM (n= 10-15 rats/treatment group) and were evaluated using one-way ANOVA followed by
post hoc Fisher’s PLSD test for multiple comparisons. * p< 0.05 compared to Saline/Saline.
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Table 1

Effect of dopamine or glutamate receptor blockade on Homer1 gene activity

PFC NA VTA

A. Dopamine

Saline/Saline 100 £5.5 100 £ 4.5 100+ 7.3
SCH23390/Saline 89.4+58 100.9+21.0 99.6+8.1
Sulpiride/Saline 93.1+38 789+212 1142+159
B. Glutamate

Saline/Saline 100 £5.2 100 £ 4.6 100+ 7.0
GYKI52466/Saline  102.9+8.6 113.6 +49.6 91.7+3.0
MK801/Saline 86.3+6.2 116.2 £ 23 79.7+8.2

Data are presented as mean + SEM per cent of saline/saline value. There was no statistical significant difference between treatments in any brain
regions, using one-way ANOVA comparison of treatment groups, n=3-5 per treatment.
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