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Abstract

Human imaging studies show that psychostimulants such as cocaine produce functional changes in
several areas of cortex and striatum. These may reflect neuronal changes related to addiction. We
employed gene markers (zif 268, homer 1a) that offer a high anatomical resolution to map cocaine-
induced changes in 22 cortical areas and 23 functionally related striatal sectors, in order to determine
the corticostriatal circuits altered by repeated cocaine exposure (25 mg/kg, 5 days). Effects were
investigated 1 day and 21 days after repeated treatment to assess their longevity. Repeated cocaine
treatment increased basal expression of zif 268 predominantly in sensorimotor areas of the cortex.
This effect endured for 3 weeks in some areas. These changes were accompanied by attenuated gene
induction by a cocaine challenge. In the insular cortex, the cocaine challenge produced a decrease
in zif 268 expression after the 21-day, but not 1-day, withdrawal period. In the striatum, cocaine also
affected mostly sensorimotor sectors. Repeated cocaine resulted in blunted inducibility of both zif
268 and homer 1a, changes that were still very robust 3 weeks later. Thus, our findings demonstrate
that cocaine produces robust and long-lasting changes in gene regulation predominantly in
sensorimotor corticostriatal circuits. These neuronal changes were associated with behavioral
stereotypies, which are thought to reflect dysfunction in sensorimotor corticostriatal circuits. Future
studies will have to elucidate the role of such neuronal changes in psychostimulant addiction.
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INTRODUCTION

Drug addiction is associated with neuronal changes in specific parts of the brain. Imaging
studies demonstrated that repeated exposure to psychostimulants produces functional changes
in brain regions such as the cerebral cortex and the basal ganglia (e.g., London et al., 1990;
Breiteretal., 1997; Beveridge et al., 2006; Porrino et al., 2007). Interactions between the cortex
and the basal ganglia are critical for the organization of normal motivated behavior (Albin et
al., 1989; DeLong, 1990; Robbins et al., 1998). These interactions are mediated by distinct
anatomical loops that arise in all parts of the cortex, project in a topographical manner to
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specific functional domains of the striatum, and from there, via basal ganglia output nuclei and
thalamus, back to the cortex (Alexander et al., 1986; 1990; Groenewegen et al., 1990).
Identification of the functional loops and their neuronal processes that are altered by
psychostimulants will further our understanding of the addiction process and guide treatment
approaches.

Various studies identified psychostimulant-induced molecular changes in the basal ganglia,
especially the striatum (e.g., Harlan & Garcia, 1998; Berke & Hyman, 2000; Yano & Steiner,
2007). Most previous work focused on limbic areas, which mediate motivational processes
(Pierce & Kalivas, 1997) and are thus considered of central importance in early addiction
stages. However, imaging studies indicate that, as the disease progresses, associational and
sensorimotor domains of the striatum are increasingly affected (Porrino et al., 2007). These
domains are implicated in habitual and compulsive aspects of drug taking (Berke & Hyman,
2000; Everitt & Robbins, 2005) and indeed display particularly robust psychostimulant-
induced molecular changes (e.g., Steiner & Gerfen, 1993; Badiani et al., 1998; Willuhn et
al., 2003; Yano & Steiner, 2005b).

Much less is known regarding molecular changes in the cortex after psychostimulant exposure.
Several studies documented effects in limbic-related prefrontal areas (e.g., Freeman et al.,
2002; Black et al., 2006), but there is evidence for changes in several other cortical areas as
well. For example, we recently showed that the psychostimulant methylphenidate induces
immediate-early genes (IEGs) such as zif 268 and homer 1a in a widespread but regionally
selective manner, including many sensory and motor cortical areas (Yano & Steiner, 2005a;
Cotterly et al., 2007). Cocaine and amphetamine have also been found to induce IEGs in the
sensorimotor cortex (e.g., Curran et al., 1996; Badiani et al., 1998), but the regional specificity
of these effects remains unclear.

In the present study, we mapped changes in IEG expression induced by acute and repeated
cocaine treatment throughout the cortex (22 cortical areas on 4 rostrocaudal levels) and
compared these effects with the distribution of striatal gene regulation (23 striatal sectors) to
determine the corticostriatal circuits affected. For comparison with our previous studies (Yano
& Steiner, 20053; Cotterly et al., 2007), we assessed the IEGs zif 268 and homer la. These
genes serve as functional markers (Sharp et al., 1993; Chaudhuri, 1997), but are also of interest
because of their direct involvement in neuroplasticity; zif 268 encodes a transcription factor
(Knapska & Kaczmarek, 2004) and homer 1a a synaptic plasticity regulator (Xiao et al.,
2000).

MATERIALS AND METHODS

Subjects

Male Sprague—Dawley rats (175-200 g at the beginning of the experiment; Harlan, Madison,
WI, USA) were housed 2 per cage under standard laboratory conditions (12:12-hr light/dark
cycle; lights on at 0700 h) with food and water available ad libitum. The experiments were
performed between 1300 and 1700 h. All procedures met the NIH guidelines for the care and
use of laboratory animals and were approved by the Rosalind Franklin University Animal Care
and Use Committee.

Drug treatments

Before the start of the pharmacological treatment, rats were repeatedly handled on three days.
The animals then received an injection of vehicle or cocaine (cocaine hydrochloride; Sigma,
St. Louis, MO, USA; 25 mg/kg, in 0.02% ascorbic acid, i. p.) once daily for 5 days, in their
home cage. On days 6 (withdrawal day 1) or 26 (withdrawal day 21), the animals were
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transferred in their home cage to an adjacent room and, 3 hours later, received a challenge
injection of cocaine (25 mg/kg) or vehicle (groups VV, CV, VC, CC; n=7-9). After the
injection, the rat was placed in the arena of an activity monitoring system (43 x 43 cm; Truscan,
Coulbourn Instruments, Allentown, PA, USA), and locomotion (ambulatory distance) and
stereotypy (“stereotypy 2”) counts were measured for 30 min. These “stereotypy” counts reflect
local, repetitive movements (e.g., head bobbing, focused sniffing). Animals of the 21-day
withdrawal groups were handled every third day between repeated drug treatment and
challenge injection.

Tissue preparation and in situ hybridization histochemistry

The rats were Killed with CO, 30 min after the challenge injection. The brain was rapidly
removed, frozen in isopentane cooled on dry ice and then stored at —30 °C until cryostat
sectioning. Coronal sections (12 um) were thaw-mounted onto glass slides (Superfrost/Plus,
Daigger, Wheeling, IL, USA), dried on a slide warmer and stored at —30 °C. In preparation for
the in situ hybridization histochemistry, the sections were fixed in 4% paraformaldehyde/0.9%
saline for 10 min at room temperature, incubated in a fresh solution of 0.25% acetic anhydride
in 0.1 M triethanolamine/0.9% saline (pH 8.0) for 10 min, dehydrated, defatted for 2 x 5 min
in chloroform, rehydrated, and air-dried. The slides were then stored at —30 °C until
hybridization.

Oligonucleotide probes (48-mers; Invitrogen, Rockville, MD, USA) were labeled with [3°S]-
dATP as described earlier (Steiner & Kitai, 2000). The probes had the following sequence: zif
268, complementary to bases 352-399, GenBank accession number M18416; homer 1a, bases
163-210, NM_031707. The latter targets the beginning of the homer 1 transcript, which yields
a more robust signal at this timepoint (Bottai et al., 2002). Previous findings indicate that the
cocaine-induced signal measured with this probe reflects homer 1a expression (Brakeman et
al., 1997; Bottai et al., 2002; Zhang et al., 2007).

One hundred pl of hybridization buffer containing labeled probe (~3 x 108 cpm) was added to
each slide. The sections were coverslipped and incubated at 37 °C overnight. After incubation,
the slides were first rinsed in four washes of 1X saline citrate (150 mM sodium chloride, 15
mM sodium citrate), and then washed 3 times 20 min each in 2X saline citrate/50% formamide
at 40 °C, followed by 2 washes of 30 min each in 1X saline citrate at room temperature. After
a brief water rinse, the sections were air-dried and then apposed to X-ray film (BioMax MR-2,
Kodak) for 4-10 days.

Analysis of autoradiograms

Gene expression in the cortex was assessed in sections from 4 rostrocaudal levels (see Fig. 4):
frontal, approximately at +2.7 mm relative to bregma (Paxinos & Watson, 1998); rostral, +1.6;
middle, +0.4; caudal, —0.8 (Yano & Steiner, 2005a). Levels of mMRNA were measured in a total
of 22 cortical regions (from medial to lateral; Paxinos & Watson, 1998): cingulate, medial
agranular (M2), motor (M1), somatosensory and insular cortex on frontal to caudal levels, and
infralimbic, prelimbic and lateral orbital cortex on the frontal level. Striatal gene expression
was determined on rostral, middle and caudal levels in a total of 23 sectors mostly defined by
their predominant cortical inputs (Fig. 8, Table 1; Willuhn et al., 2003). Eighteen of these
sectors represented the caudate-putamen and 5 the nucleus accumbens (medial and lateral core,
medial, ventral and lateral shell) (Yano & Steiner, 2005a).

Hybridization signals on film autoradiograms were measured by densitometry (NIH Image;
Wayne Rasband, NIMH, Bethesda, MD, USA). The films were captured using a light table
(Northern Light, Imaging Research, St. Catharines, Ontario, Canada) and a Sony CCD camera
(Imaging Research). The “mean density” value of a region of interest was measured by placing
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a template over the captured image. Mean densities were corrected for background by
subtracting mean density values measured over white matter (corpus callosum). Values from
corresponding regions in the two hemispheres were then averaged.

Treatment effects were determined by two-factor ANOVA, followed by Newman-Keuls post
hoc tests to describe differences between individual groups (Statistica, StatSoft, Tulsa, OK,
USA). For illustrations of topographies (maps) and correlation analyses, the change in gene
expression in a given region was expressed as the percentage of the maximal change (% of
max.) observed for a particular probe. The illustrations of film autoradiograms displayed in
Figure 2 are computer-generated images, and are contrast-enhanced where necessary. Maximal
hybridization signal is black.

Behavioral effects

Figure 1 depicts behavioral effects of the cocaine challenge injection (or vehicle) given 1 or
21 days after repeated cocaine or vehicle treatment. Administration of cocaine increased
ambulation counts in vehicle-pretreated (VC vs. VV, P<0.001) and in cocaine-pretreated
animals (CC vs. CV, P<0.01), an effect that was similar in groups tested on withdrawal days
1 or 21 (Fig. 1A). The cocaine challenge produced significant increases in stereotypy counts
in cocaine-pretreated animals (withdrawal day 1: CC vs. CV, P<0.01; CC vs. VC; P<0.05), but
this effect was less robust (CC vs. CV, P<0.05) 21 days after repeated cocaine treatment.

Cocaine effects on gene expression in the cortex

Zif 268 expression—Gene expression in the cortex was assessed in a total of 22 areas on
four rostrocaudal levels. Absolute density values and challenge-induced values expressed in
percentage of basal expression (i.e., in respective vehicle controls) are presented.

One day after repeated cocaine treatment, “basal” zif 268 expression (CV vs. VV) was
significantly increased when measured across all cortical areas (total cortex) on rostral
(P<0.01), middle (P<0.01) and caudal (P<0.05) levels (Figs. 2A, 3A). Regional analysis (Figs.
4, 6) showed that this effect was most pronounced in the somatosensory cortex on all 4 levels
(frontal, P<0.05; rostral, P<0.001; middle, P<0.001; caudal, P<0.01). Weaker increases were
seen in the motor (M1) (rostral, caudal, P<0.01), medial agranular (M2) (middle, caudal,
P<0.05), and insular (middle, P<0.05) cortex. After the 21-day withdrawal period, a tendency
for increased basal zif 268 expression was still widespread (Fig. 3A), but increased expression
was statistically significant only in the somatosensory cortex on the frontal (P<0.01) and middle
(P<0.05) levels and in the insular cortex on the middle level (P<0.01) (Figs. 4, 6).

Acute cocaine administration produced increased cortical zif 268 expression (VC vs. VV), but
only when given 1 day after the repeated vehicle treatment. In this group, zif 268 expression
across the total cortex was significantly elevated on the rostral and middle levels (Figs. 2, 3A);
the greatest increases were present in the somatosensory cortex (rostral, middle, P<0.01;
caudal, P<0.05), followed by the motor cortex (rostral, P<0.001; caudal, P<0.05), the medial
agranular cortex (middle, P<0.01) and the cingulate cortex (caudal, P<0.05) (Figs. 5, 6). In
contrast, no statistically significant changes in cortical zif 268 expression were observed when
the acute cocaine challenge was administered 21 days after repeated vehicle treatment (Fig.
3A, 5, 6).

The effects of repeated cocaine treatment on cortical zif 268 expression were also dependent
on the withdrawal period. Animals that received the cocaine challenge injection 1 day after
repeated cocaine treatment showed no significant changes in any cortical area (CC vs. CV)
(Figs. 2A, 3A, 5, 6). When the zif 268 responses to acute (VC) and repeated (CC) cocaine
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treatments were expressed relative to their baseline controls (VV and CV, respectively),
repeatedly treated animals (CC) displayed significantly reduced zif 268 responses compared
with acute responses (VC) on all 4 rostrocaudal levels (total cortex, Fig. 3A). Significant
decreases were found in 9 of the 22 cortical areas and were again most robust in the
somatosensory (rostral, middle, P<0.01) and motor cortex (rostral, P<0.01) (Figs. 5, 6). When
the cocaine challenge was given after the 21-day withdrawal period, 21 of the 22 cortical areas
showed a tendency for lower zif 268 mMRNA levels than baseline (CC vs. CV) (Fig. 3A), an
effect that was statistically significant in the somatosensory cortex on the frontal and rostral
levels (P<0.05, data not shown) and in the somatosensory cortex (P<0.05) and insular cortex
(P<0.01) on the middle level (Fig. 6). When expressed relative to baseline, these animals (CC)
displayed a significantly lower zif 268 response than acute animals (VC) in the middle insular
cortex (P<0.05) (Fig. 6).

Homer la expression—Overall, these cocaine treatments had only modest effects on the
expression of homer 1a in the cortex (Fig. 2B, 3B). Effects on basal homer 1a expression were
similar in direction and location to effects on basal zif 268 expression. One day after repeated
cocaine treatment, basal homer 1la expression was significantly increased (CV vs. VV) in the
rostral somatosensory cortex (P<0.05, data not shown), the same area that showed the most
robust increase in zif 268 expression (see above). After the 21-day withdrawal period,
significant increases in basal homer 1a expression were found in the somatosensory and motor
cortex on the middle level (P<0.05) (data not shown). Neither acute cocaine (VC vs. VV) nor
achallenge after repeated cocaine treatment (CC vs. CV) produced consistent changes in homer
la expression in these cortical areas, either 1 or 21 days after the repeated treatment (data not
shown).

Cocaine effects on gene expression in the striatum

Zif 268 expression—Gene expression in the striatum was measured in a total of 23 sectors
on three rostrocaudal levels. While basal zif 268 expression in the striatum tended to be
increased in a majority of sectors, this effect reached statistical significance only in the
dorsolateral (sensorimotor) sector on the caudal level (CV vs. VV, P<0.05, data not shown),
one day after repeated cocaine treatment.

When given 1 day after the repeated vehicle treatment, acute cocaine (VC) induced highly
significant (P<0.001) increases in zif 268 expression (VC vs. VV) in all but 2 of the 18 sectors
representing the caudate-putamen (Figs. 2A, 7A, 8A), the exceptions being the ventral sectors
on the middle (P<0.01) and caudal (P>0.05) levels (Fig. 8A). While these effects were present
on all rostrocaudal levels, they tended to increase from rostral towards caudal and from medial
towards lateral, and were most robust in the caudal sensorimotor striatum (Fig. 8A). In the 5
sectors representing the nucleus accumbens (rostral), a significant increase in zif 268 expression
was only seen in the lateral shell (P<0.01) (Fig. 8A). The acute cocaine challenge administered
21 days after repeated vehicle treatment (VC) produced zif 268 induction with principally the
same regional distribution (16/18 sectors, P<0.001; middle ventral, P<0.05; caudal ventral,
P>0.05; lateral shell, P<0.05) (Fig. 8A), but the magnitude of the zif 268 response tended to
be somewhat smaller (Figs. 7A, 8A).

After repeated cocaine treatment, significant zif 268 induction by the cocaine challenge (CC
vs. CV, P<0.05) occurred in 14 of the 23 striatal sectors (both 1-day and 21-day withdrawal)
(Figs. 2A, 7A, 8A). While the overall topography of induction was similar to that after acute
cocaine (CC vs. VC, 1-day withdrawal, r=0.843, P<0.001; 21-day withdrawal, r=0.919,
P<0.001), “chronic” zif 268 induction was attenuated (blunted) throughout the striatum (Figs.
7A, 8A). Thus, a significant decrease in induction (CC vs. VC, P<0.05) was seen in 17 (1-day
withdrawal) and 13 sectors (21-day withdrawal), including the nucleus accumbens lateral shell
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(1-day withdrawal, P<0.01). This blunting of chronic zif 268 induction was directly related to
acute induction; the more robust the acute induction in a given sector, the more reduced the
chronic response in that sector (CC-VC vs. VC, 1-day withdrawal, r=—0.896, P<0.001; 21-day
withdrawal, r=—0.777, P<0.001; Fig. 9A).

Homer la expression—Overall, the topography of changes in cocaine-induced homer la
expression in the striatum was similar to that for zif 268 expression. Indeed, regional effects
on homer la and zif 268 expression were highly correlated for both induction after acute (VC
vs. VC, 1-day withdrawal, r=0.907, P<0.001; 21-day withdrawal, r=0.910, P<0.001) and
repeated treatments (CC vs. CC, 1-day withdrawal, r=0.937, P<0.001; 21-day withdrawal,
r=0.828, P<0.001).

One day after the repeated vehicle treatment, acute cocaine (VC) induced highly significant
(P<0.001) increases in homer la expression (VC vs. VV) in 13/18 sectors of the caudate-
putamen (Figs. 2B, 7B, 8B). Induction was less robust or absent in the 3 ventral sectors (rostral,
P<0.01; middle, caudal, P>0.05), as well as in the central sectors on the caudal level (P<0.05)
(Fig. 8B). Again, these effects tended to increase towards lateral and caudal, and were most
pronounced in the caudal sensorimotor sectors. In the nucleus accumbens, the only effect seen
was a significant increase in expression in the lateral shell (P<0.01). When given 21 days after
repeated vehicle treatment, the acute cocaine challenge (VC) produced homer 1a induction
with a similar regional distribution (10/18 sectors, P<0.001; rostral medial, P>0.05; middle
medial, P<0.01; caudal medial, P>0.05; rostral, middle, caudal ventral, P>0.05; caudal central,
P<0.05; no effects in nucleus accumbens) (Fig. 8B), but the magnitude of induction again
tended to be somewhat smaller in some sectors (Fig. 8B).

After repeated cocaine treatment, the cocaine challenge induced significant homer 1a
expression (CC vs. CV, P<0.05) in 9 and 10 of the 23 striatal sectors (Figs. 2B, 7B, 8B). While
the overall topography was also similar to that after acute cocaine (CC vs. VC, 1-day
withdrawal, r=0.798, P<0.001; 21-day withdrawal, r=0.919, P<0.001), “chronic” homer la
induction was blunted on all 3 rostrocaudal levels (Figs. 7B, 8B). Thus, significantly smaller
induction (CC vs. VC, P<0.05) was seen in 13 (1-day withdrawal) and 8 sectors (21-day
withdrawal), including the nucleus accumbens lateral shell (1-day withdrawal). Again, this
blunting of chronic homer 1a induction was related to acute induction; the more robust the
acute induction, the more blunted the chronic induction (CC-VC vs. VC, 1-day withdrawal, r=
—0.811, P<0.001; 21-day withdrawal, r=—0.690, P<0.001; Fig. 9B).

DISCUSSION

In the present study, we used two functional markers, the IEGs zif 268 and homer 1a, to map
neuronal changes in cortex and striatum after acute and repeated cocaine treatment. Moreover,
by investigating these effects 1 versus 21 days after the repeated treatment, we determined
whether such changes endure for a prolonged time period after cocaine exposure. Our findings
show that repeated cocaine treatment produces dysregulated gene expression in specific
functional domains of the cortex and striatum and that some of these effects last for at least 3
weeks. Our most important findings are summarized as follows. (1) Acute cocaine
administration induced zif 268 expression predominantly in somatosensory and motor areas of
the cortex. (2) Repeated cocaine treatment resulted in increased basal expression of zif 268 in
the cortex on all rostrocaudal levels. This effect was most robust in sensorimotor areas one day
after the treatment, but was still present 3 weeks later in some areas. (3) These increases in
basal expression were accompanied by attenuated zif 268 inducibility by a cocaine challenge
one day after the repeated treatment in all affected cortical regions. (4) After the 3-week
withdrawal period, the cocaine challenge produced a decrease in zif 268 expression in the
insular cortex. (5) Similar to the cortical effects, in the striatum, acute induction of zif 268 was
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also most robust in sensorimotor sectors. (6) After repeated cocaine treatment, zif 268
inducibility was blunted throughout the striatum, an effect that was proportional to the acute
induction and lasted for at least 3 weeks. (7) Interestingly, unlike in the striatum, the acute zif
268 response in the cortex was dependent on the treatment context (handling history); acute
cocaine given 1 day, but not 21 days, after repeated vehicle injections significantly enhanced
zif 268 expression. (8) While cocaine had minimal or no effects on homer 1a expression in the
cortex, cocaine-induced changes in homer 1a expression in the striatum were robust and
displayed principally identical regional and temporal dynamics as those for zif 268. This study
is the first to demonstrate long-lasting changes in gene regulation mostly in sensorimotor
corticostriatal circuits after repeated cocaine treatment.

Repeated cocaine treatment produces long-lasting increases in basal zif 268 expression, but
attenuates challenge-induced zif 268 responses, in the cortex

IEGs such as c-fos and zif 268 encode transcription factors that regulate other genes and are
implicated in various forms of neuronal plasticity (Knapska & Kaczmarek, 2004; Valjent et
al., 2006). Psychostimulant-induced changes in the expression of these IEGs thus suggests that
repeated drug exposure produces local neuroadaptations or other neuroplastic changes. While
imaging studies indeed indicate functional changes in various cortical regions in human or non-
human drug users (London et al., 1990; Breiter et al., 1997; Beveridge et al., 2006; Porrino et
al., 2007), only relatively few previous molecular studies investigated the effects of repeated
psychostimulant exposure on cortical gene regulation, and these typically focused on the
prefrontal cortex (e.g., Freeman et al., 2002; Black et al., 2006). Our study is, to our knowledge,
the first to quantitatively map gene regulation effects of acute and repeated cocaine treatment
throughout the main functional areas of the cerebral cortex.

Our results demonstrate that repeated cocaine treatment produces increased basal zif 268
expression in the cortex, an effect that occurred predominantly in somatosensory and motor
areas, but spread across all rostrocaudal levels examined. Importantly, increased zif 268 mMRNA
levels persisted for at least 3 weeks after the treatment in some of the most affected areas. This
increased basal zif 268 expression was accompanied by attenuated inducibility of zif 268 one
day after the treatment. Thus, in these cocaine-pretreated animals, a cocaine challenge failed
to further increase zif 268 expression. Future work will have to determine which
neuroadaptations in cellular signaling pathways, or other neuronal changes (see below),
produced by repeated cocaine treatment are responsible for these changes in zif 268 expression.

Regarding the underlying mechanisms, our most recent findings indicate that such
psychostimulant-induced molecular changes in the cortex are not specific for cocaine, but may
be age-dependent. Thus, similar to cocaine (present study), enhanced basal expression of zif
268, as well as attenuated zif 268 inducibility were also produced by repeated treatment with
methylphenidate (Steiner et al., 2008). Cocaine blocks dopamine, norepinephrine and
serotonin transporters, while methylphenidate only blocks reuptake of dopamine and
norepinephrine, but not serotonin (c. f., Yano & Steiner, 2007). However, both the present
findings with cocaine and the above methylphenidate-induced effects (Steiner et al., 2008)
were obtained with repeated drug treatment in adult rats. Interestingly, these effects contrast
with our prior findings in adolescent rats. Thus, repeated methylphenidate treatment in
adolescents produced opposite effects on cortical IEG regulation, namely, reduced basal zif
268 expression and enhanced zif 268 and homer 1a induction by a (methylphenidate) challenge
throughout the cortex (Cotterly et al., 2007). These age-dependent drug effects on cortical gene
regulation are likely related to changes in cell-physiological (e.g., Tseng & O’Donnell, 2005;
2007) or other mechanisms (Andersen, 2005) that occur during normal maturation of cortical
processes. It will be important to elucidate what the relevant age-dependent mechanisms are
and their exact role in cortical gene regulation by psychostimulants.
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Long-lasting blunting of gene induction in the striatum after repeated cocaine treatment

In contrast to the cortex, numerous studies have investigated psychostimulant effects on gene
regulation in the striatum and the findings are very consistent (Harlan & Garcia, 1998; Torres
& Horowitz, 1999; Yano & Steiner, 2007). For example, we previously described the
topography of cocaine-induced gene regulation for c-fos and dynorphin in the striatum
(Willuhn et al., 2003). Similar to that regional distribution, our present results for zif 268 and
homer 1a demonstrate that acute gene induction by cocaine is most pronounced in dorsal and
lateral (sensorimotor) sectors of the striatum, with lesser or minimal effects in the medial
(associative) or ventral (limbic) striatum. Along the rostrocaudal axis, such gene regulation is
moderate rostrally (associative/limbic striatum), increases towards caudal and peaks in the
postcommissural striatum (corresponding to the putamen) (present study; Willuhn et al.,
2003). While generally similar to gene regulation by amphetamine (e.g., Badiani et al., 1998)
and methylphenidate (Yano & Steiner, 2005a; 2005b), differences in the distribution of cocaine
effects were also noted. For example, our present study shows that cocaine induces more robust
effects in the caudal striatum, compared with methylphenidate (Yano & Steiner, 20053;
2005b; Cotterly et al., 2007). This difference may indicate a more pronounced role for serotonin
in gene regulation in the caudal striatum (see Yano & Steiner, 2007, for discussion).

Repeated cocaine treatment has previously been shown to produce blunting of IEG induction
in the striatum (Hope et al., 1992; Steiner & Gerfen, 1993; for reviews, see Harlan & Garcia,
1998; Yano & Steiner, 2007). Our present results demonstrate that this blunting is directly
related to the magnitude of acute gene induction. This finding is consistent with the view that
such blunting reflects drug-induced compensatory neuroadaptations, possibly both at the
epigenetic level (Renthal & Nestler, 2008) and at the systems level (Steiner & Gerfen, 1998).
Again, these adaptations appear to be long-lasting; our present results show for the first time
that blunting of IEG induction is still very robust 3 weeks after repeated cocaine treatment.

While the regulation of IEGs such as c-fos and zif 268 is fairly well-known, ours is one of the
first studies that assessed effects of repeated psychostimulant treatment on the regulation of
homerla in cortex and striatum. A few previous studies showed induction of homer 1 isoforms
(homer 1a, ania-3) by acute cocaine in the striatum (Brakeman et al., 1997; Berke et al.,
1998; Zhang et al., 2007), but little is known on the effects of repeated psychostimulant
treatment on homer 1a expression (Szumlinski et al., 2008). In our previous study in adolescent
rats, we found a marked dissociation between zif 268 and homer 1a regulation by repeated
methylphenidate treatment (Cotterly et al., 2007). While the induction of zif 268 was
significantly blunted in the striatum, that of homer 1a was modestly decreased in some areas
but increased in others, after repeated treatment. The present study demonstrates that, in
contrast, repeated cocaine treatment (in adults) produces identical blunting for both zif 268 and
homer 1a, regionally and temporally. These findings extend our observations indicating that
cocaine produces to some degree more severe (or other) neuroadaptations than
methylphenidate (see Yano & Steiner, 2007, for discussion).

Homer/Vesl proteins are scaffolding proteins that anchor type | metabotropic glutamate
receptors to the postsynaptic density and link them to IP3 receptors in the endoplasmatic
reticulum (Brakeman et al., 1997; Kato et al., 1997; for reviews, see Xiao et al., 2000; Thomas,
2002). These proteins are implicated in calcium signaling, glutamate receptor clustering and
trafficking, spine morphogenesis and other processes of synapse structuring (Xiao et al.,
2000; Thomas, 2002). These and other findings suggest a role for homer 1a in activity-
dependent synaptic plasticity (e.g., regulation of the signaling complex and synapse turnover;
Xiao et al., 2000; Thomas, 2002). Our findings thus suggest that repeated cocaine treatment
affects restructuring of synapses in the striatum. Interestingly, our results also indicate that this
effect is much more prominent in striatal neurons than in the cortical neurons.
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Context-dependent effects of acute cocaine on gene regulation in the cortex

A somewhat surprising finding of our study is that zif 268 induction in the cortex after acute
cocaine administration was dependent on the handling history. Other studies have shown IEG
induction in the cortex by acute psychostimulants (e.g., Graybiel et al., 1990; Johansson et
al., 1994; Curran et al., 1996; Badiani et al., 1998; Yano & Steiner, 2005a). However, most
of these previous studies apparently administered the psychostimulant to animals with limited
preceding handling/habituation. Our present study underlines the importance of the handling
context for cortical, but not striatal, IEG induction by acute cocaine. Thus, in contrast to the
robust zif 268 response when acute cocaine was given 1 day after repeated vehicle treatment,
rats that received acute cocaine 3 weeks after the repeated vehicle injections (plus further
intermittent handling) did not show significantly increased zif 268 expression in the cortex.
These results thus corroborate previous observations indicating a role of handling/arousal-
related activities in cortical IEG induction by psychostimulants (Badiani et al., 1998; Yano &
Steiner, 2005a; Conversi et al., 2006). Insofar as these genes are markers for neuroadaptations
(see above), these findings highlight the importance of contextual variables for drug-induced
neuroplasticity in the cortex, but not in the striatum.

Functional considerations

Our present results show extensive and long-lasting changes in gene regulation in cortex and
striatum after repeated cocaine treatment. Most of these changes tended to be reduced after the
3-week withdrawal period, indicating that these are transient alterations produced by the drug
exposure. Others, however, such as the decreased gene expression in the insular cortex, only
emerged after 3 weeks. These latter changes are reminiscent of neurobehavioral changes that
develop during drug withdrawal (Grimm et al., 2003; Conrad et al., 2008). These effects may
thus reflect cortical alterations related to drug withdrawal-induced behavioral changes such as
craving (Nagvi et al., 2007).

The finding that repeated cocaine treatment predominantly affects gene regulation in
sensorimotor cortical and striatal domains suggests that especially sensorimotor functions are
changed by exposure to such drugs, perhaps more so than is currently appreciated. The exact
functional consequences of these molecular changes, however, remain to be determined. It has
been shown that acute cocaine increases neuronal firing in cortex and striatum (e.g., Pederson
et al., 1997; White et al., 1998; Drouin & Waterhouse, 2004; Devonshire et al., 2007), and
such changes in neuronal activity are accompanied by changes in the expression of IEGs such
aszif 268 (Chaudhuri etal., 1995; Melzer & Steiner, 1997). The following paragraphs speculate
how neuronal functioning may be altered in these corticostriatal circuits after such treatments.

In the cortex, both (excitatory) projection neurons and (inhibitory) interneurons can upregulate
IEG expression upon activation (e.g., Chaudhuri et al., 1995; Bertini et al., 2002; Staiger et
al., 2002; Van der Gucht et al., 2002). However, by virtue of the relatively low interneuron
numbers (<15-30%, depending on area and layer; Ren et al., 1992; Beaulieu, 1993), gene
expression area measures as used here should mostly reflect activity changes in projection
neurons. Thus, increased basal zif 268 expression may indicate chronically enhanced basal
activity in (some of) these neurons (Drouin & Waterhouse, 2004). Alternatively, as zif 268
expression was measured following the open-field test, enhanced “basal” zif 268 expression
in these cocaine-pretreated, vehicle-challenged animals (compared with the vehicle-pretreated,
vehicle-challenged group) may reflect increased cortical responsiveness (Dong et al., 2005;
Nasif et al., 2005) to arousal-enhancing situations such as the behavioral test. Either way,
chronic overactivation of these neurons would be expected to cause adaptations in cellular
signaling pathways (Hyman & Nestler, 1996), changes that could contribute to the here
observed loss of (IEG) responsiveness after the cocaine challenge. It remains to be seen what
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the net effects of such complex cellular and molecular adaptations for behaviorally relevant
cortical outputs are in such animals.

In the striatum, cocaine-induced IEG expression occurs mostly but not exclusively in neurons
of the D1 receptor-regulated direct output pathway (Cenci et al., 1992; Johansson et al.,
1994; Kosofsky et al., 1995; Badiani et al., 1999; Uslaner et al., 2001). A reduction in cortical
input to the striatum has been shown to attenuate psychostimulant-induced IEG expression in
striatal projection neurons (Cenci & Bjorklund, 1993; Vargo & Marshall, 1995; Ferguson &
Robinson, 2004). Blunting of striatal IEG induction after repeated cocaine treatment could
thus, at least in part, reflect dampened cortical input and/or output in direct pathway neurons.
Activity in the direct pathway facilitates cortical activation (see Steiner, 2007, for review),
which is reflected in increased cortical IEG expression (Steiner & Kitai, 2000). Reduced
activity in the direct pathway would therefore be expected to result in a loss of basal ganglia-
related input to the cortex (and IEG expression). Therefore, this scenario proposes chronically
reduced/dampened activity or excitability in neurons of the affected cortico-basal ganglia-
cortical circuits after repeated cocaine treatment.

Our results show that the most pronounced behavioral consequence of the repeated cocaine
treatment was an increase in behavioral stereotypies (repetitive head bobbing, sniffing). Such
stereotypies are typical behavioral correlates of repeated psychostimulant/dopamine agonist
treatments and have been linked to drug-induced molecular changes in sensorimotor
corticostriatal circuits before (Graybiel et al., 2000). Such motor stereotypies appear to reflect
a dysfunction in selection or switching of motor actions, one of the main functions of basal
ganglia circuits (c.f. Cotterly et al., 2007), and may be related to motor compulsions (Graybiel
& Rauch, 2000). Drug-induced neuronal alterations in these circuits may thus play a role in
compulsive drug taking (Berke & Hyman, 2000; Everitt & Robbins, 2005), a defining
characteristic of drug addiction.
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Fig 1.

Repeated cocaine treatment increases levels of behavioral stereotypies. Ambulation (A) and
stereotypy counts (B) (mean+SEM) are shown for animals that received 5 daily injections of
vehicle or cocaine (25 mg/kg, i.p.) followed 1 day (left) or 21 days later (right) by a vehicle
injection (groups VV and CV) or a cocaine challenge (25 mg/kg) (groups VC and CC).
Ambulatory activity and stereotypies were assessed for 30 min in a novel openfield,
immediately after the injection (see Materials and Methods). * P<0.05, ** P<0.01, *** P<0.001
vs. respective vehicle control or as indicated.
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Fig. 2.

Effects of repeated cocaine treatment on IEG expression in the cortex and striatum after 1-day
withdrawal. lllustrations of film autoradiograms depict expression of zif 268 (A) and homer
1a (B) in cortex and striatum on the mid-striatal level for rats that received 6 vehicle injections
(VV), 5 vehicle injections followed one day later by a cocaine challenge (25 mg/kg) (VC)
(acute cocaine), or 5 cocaine injections (25 mg/kg) followed by a vehicle (CV) or a cocaine
injection (CC) (repeated cocaine, 1-day withdrawal). Repeated cocaine treatment significantly
increased basal zif 268 expression in the cortex (CV vs. VV) (similar trend for homer 1a). In
contrast, challenge-induced expression of zif 268 in the cortex and zif 268 and homer 1ain the
striatum were attenuated (CC vs. CV compared with VC vs. VV).
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Repeated cocaine treatment increases basal expression and attenuates challenge-induced
expression of zif 268 in the cortex. Effects on zif 268 (A) and homer 1a (B) expression (mean
density values; mean+SEM, arbitrary units) in the total cortex on frontal, rostral, middle and
caudal levels are shown for rats that were treated with 6 vehicle injections (VV), 5 cocaine
injections (25 mg/kg) followed 1 day later (left column) or 21 days later (right column) by a
vehicle injection (CV), 5 vehicle injections followed by a cocaine challenge (25 mg/kg) (VC),
or 5 cocaine injections followed by a cocaine challenge (CC). Absolute values (left) and relative
values (% of vehicle controls, right) are depicted. * P<0.05, ** P<0.01 vs. vehicle controls or

as indicated.
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changes in basal zif 268 expression
1-day withdrawal 21-day withdrawal
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Fig. 4.

Distribution of increases in basal zif 268 expression in the cortex after repeated cocaine
treatment: 1-day vs. 21-day withdrawal. The maps illustrate the differences in zif 268
expression between animals that received 5 cocaine injections followed by a vehicle injection
(CV) and controls that received 6 vehicle injection (VV) on frontal, rostral, middle and caudal
levels, 1 day (left column) and 21 days (right column) after repeated cocaine administration.
The values are expressed relative to the maximal change on withdrawal day 1 (% of max.
WND1). Areas with significant differences (P<0.05) are coded as indicated. Areas without
significant effects are in white. IL, infralimbic; PL, prelimbic; CG, cingulate; M2, medial
agranular; M1, motor; SS, somatosensory; I, insular; I/LO, insular/lateral orbital.
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changes in challenge-induced zif 268 expression
1-day withdrawal 21-day withdrawal
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Fig. 5.

Distribution of changes in cocaine challenge-induced zif 268 expression in the cortex after
repeated cocaine treatment: 1-day vs. 21-day withdrawal. The maps depict changes in zif
268 expression on frontal, rostral, middle and caudal levels after acute (VC) and repeated (CC)
cocaine administration, 1 day (left column) and 21 days (right column) after repeated treatment.
The value in a given region was first expressed as the percentage of that in vehicle controls,
and was then normalized relative to the maximal change in the acute group on withdrawal day
1 (% of max. acute, WD1). Areas with significant differences (P<0.05) are coded as indicated.
Areas without significant effects are in white. IL, infralimbic; PL, prelimbic; CG, cingulate;
M2, medial agranular; M1, motor; SS, somatosensory; I, insular; I/LO, insular/lateral orbital.
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Regional specificity of repeated cocaine-induced changes in cortical zif 268 expression: 1-day
vs. 21-day withdrawal. Effects on zif 268 expression (mean density values; mean+SEM) in the
different cortical areas on the middle level are given for VV, CV, VC and CC groups, 1 day
(left column) or 21 days (right column) after repeated treatment. Absolute values (left) and
relative values (% of vehicle controls, right) are depicted. * P<0.05, ** P<0.01, *** P<0.001

vs. vehicle controls or as indicated.
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Repeated cocaine treatment blunts inducibility of zif 268 and homer 1a in the striatum. Effects
on zif 268 (A) and homer 1a (B) expression (mean density values; mean=SEM) in the total
striatum on the middle level are shown for VV, CV, VC and CC groups, 1 day (left column)
or 21 days (right column) after repeated treatment. Absolute values (left) and relative values
(% of vehicle controls, right) are depicted. * P<0.05, ** P<0.01, *** P<0.001 vs. vehicle

controls or as indicated.
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changes in challenge-induced gene expression
1-day withdrawal 21-day withdrawal
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Fig. 8.

Distribution of changes in cocaine challenge-induced zif 268 and homer 1a expression in the
striatum after repeated cocaine treatment: 1-day vs. 21-day withdrawal. The maps illustrate
changes in zif 268 (A) and homer 1a (B) expression in the rostral, middle and caudal striatum
after acute (VC) and repeated (CC) cocaine administration, 1 day (left column) and 21 days
(right column) after repeated treatment. The value in a given sector was first expressed as the
percentage of that in vehicle controls, and was then normalized relative to the maximal change
in the acute group on withdrawal day 1 (% of max. acute, WD1). Sectors with significant
differences (P<0.05) are coded as indicated. Sectors without significant effects are in white.
Caudate-putamen: m, medial; dm, dorsomedial; d, dorsal; dl, dorsolateral; v, ventrolateral; v,
ventral; ¢, central; vc, ventral central; dc, dorsal central; nucleus accumbens: mC, medial core;
IC, lateral core; mS, medial shell; vS, ventral shell; IS, lateral shell.
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striatum: acute vs. chronic gene induction
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Fig. 9.

Relationship between acute IEG induction and IEG induction after repeated (chronic) cocaine
treatment in the striatum. Scatterplots show correlations between acute induction (VC, in % of
max. VC) and changes in chronic induction (CC-VC, in % of max. VC) for zif 268 (A) and
homer 1a expression (B) in the 23 striatal sectors. *** P<0.001.
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Functional domains: striatal sectors and their cortical inputs

Table 1

Page 24

level striatal sector main cortical input regions
rostral dorsolateral motor (M1), somatosensory
dorsal medial agranular (M2), motor (M1), somatosensory
dorsomedial cingulate
medial cingulate, prelimbic
ventral insular, lateral orbital
NAC medial core prelimbic
NAC lateral core insular
NAC medial shell prelimbic
NAC ventral shell infralimbic
NAC lateral shell insular, lateral orbital
middle medial cingulate, prelimbic
dorsal medial agranular (M2), motor (M1), somatosensory
dorsolateral motor (M1), somatosensory
ventrolateral motor (M1), somatosensory
ventral insular
central insular, lateral orbital
caudal medial cingulate, prelimbic
dorsal medial agranular (M2), motor (M1), somatosensory

dorsolateral
ventrolateral
ventral
ventral central

dorsal central

motor (M1), somatosensory
motor (M1), somatosensory
insular
insular

insular, lateral orbital

The function of the 23 striatal sectors (left) is mostly determined by their cortical inputs (simplified, right). These inputs are described and discussed in

detail in Willuhn et al. (2003). NAC, nucleus accumbens.
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