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Abstract

The psychostimulant methylphenidate (Ritalin) is used in conjunction with selective serotonin
reuptake inhibitors (SSRISs) in the treatment of medical conditions such as attention-deficit
hyperactivity disorder with anxiety/depression comorbidity and major depression. Co-exposure
also occurs in patients on SSRIs that use psychostimulant “cognitive enhancers”. Methylphenidate
is a dopamine/norepinephrine reuptake inhibitor that produces altered gene expression in the
forebrain; these effects partly mimic gene regulation by cocaine (dopamine/norepinephrine/
serotonin reuptake inhibitor). We investigated whether the addition of SSRIs (fluoxetine or
citalopram; 5 mg/kg) modified gene regulation by methylphenidate (2-5 mg/kg) in the striatum
and cortex of adolescent rats. Our results show that SSRIs potentiate methylphenidate-induced
expression of the transcription factors zif 268 and c-fos in the striatum, rendering these molecular
changes more cocaine-like. Present throughout most of the striatum, this potentiation was most
robust in its sensorimotor parts. The methylphenidate + SSRI combination also enhanced
behavioral stereotypies, consistent with dysfunction in sensorimotor striatal circuits. In so far as
such gene regulation is implicated in psychostimulant addiction, our findings suggest that SSRIs
may enhance the addiction liability of methylphenidate.
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INTRODUCTION

Use of the psychostimulant methylphenidate (Ritalin), both in the treatment of attention-
deficit hyperactivity disorder (ADHD) and as a “cognitive enhancer” in the healthy, has
increased considerably over the past decades (Kollins et al., 2001; Swanson & Volkow,
2008; Bogle & Smith, 2009). While it remains controversial whether the medical use of
psychostimulants is completely safe (Kollins, 2008; Wilens et al., 2008), especially in
children and adolescents (Carlezon & Konradi, 2004; Andersen, 2005), one aspect of such
drug treatments is often overlooked: potential drug interactions. Methylphenidate is
frequently administered together with selective serotonin reuptake inhibitors (SSRIs). This
concomitant therapy is used, for example, to treat ADHD with anxiety/depression
comorbidity (Safer et al., 2003; Bhatara et al., 2004), as a high percentage of ADHD
patients is also diagnosed with major depressive or bipolar disorder (Kollins, 2008).
Methylphenidate plus SSRI concomitant therapies are also employed in depression, for
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example, as augmentation therapy in major depressive disorder (e.g., Nelson, 2007; Ishii et
al., 2008; Ravindran et al., 2008), as acceleration treatment with SSRIs (e.g., Lavretsky et
al., 2003), or to treat sexual dysfunction (e.g., Csoka et al., 2008). In addition to such
clinical co-administration, it is presently unknown how much uncontrolled methylphenidate
+ SSRI co-exposure occurs due to “cognitive enhancer” use (Greely et al., 2008) by patients
on SSRIs.

Concerns regarding potential harmful consequences of methylphenidate + SSRI co-exposure
are related to the neurochemical effects of these drugs. The mode of action of
methylphenidate overlaps with that of others psychostimulants. Similar to cocaine,
methylphenidate blocks the dopamine (and norepinephrine) transporter, thus, indirectly
producing excessive dopamine receptor stimulation and ensuing changes in gene regulation
in dopamine target areas such as the striatum (for review, see Yano & Steiner, 2007).
Among the many genes affected by methylphenidate (Adriani et al., 2006a; Adriani et al.,
2006b), those encoding transcription factors (immediate-early genes, IEGS) such as zif 268
and c-fos (Lin et al., 1996; Brandon & Steiner, 2003; Chase et al., 2003; Yano & Steiner,
2005b) are of special interest, as they regulate the expression of effector genes and are thus
implicated in neuroplasticity underlying psychostimulant addiction (Hyman & Nestler,
1996; Berke & Hyman, 2000).

However, methylphenidate differs from cocaine in that it has a much lower affinity for the
serotonin transporter and does not produce serotonin overflow (Kuczenski & Segal, 1997;
Borycz et al., 2008; for review, see Yano & Steiner, 2007). This may explain why not all
gene regulation effects of cocaine are mimicked by methylphenidate (Yano & Steiner,
2007). Evidence indicates that serotonin interacts with dopamine to modify striatal gene
regulation by psychostimulants. For example, interruption of the serotonin transmission by
transmitter depletion (Bhat & Baraban, 1993) or receptor deletion (Lucas et al., 1997)
reduces IEG induction by cocaine.

We here determied whether concomitant treatment with SSRIs, which elevate extracellular
serotonin levels, enhances methylphenidate-induced gene regulation and produces more
cocaine-like effects. We investigated, in adolescent rats, the effects of the SSRIs fluoxetine
and citalopram on gene regulation in the striatum and cortex. We assessed the expression of
the two transcription factors/IEGs zif 268 and c-fos to allow for a more sensitive two-marker
correlation analysis of drug effects (Yano & Steiner, 2005a,b). Our results show that these
SSRIs potentiate methylphenidate-induced gene expression preferentially in the
sensorimotor striatum. A partial account of our findings has been presented in a brief report
(Steiner et al., 2010).

MATERIALS AND METHODS

Subjects

Male Sprague—-Dawley rats (35-day old at the time of the drug treatment; Harlan, Madison,
WI, USA) were housed 2 per cage under standard laboratory conditions (12:12h light/dark
cycle; lights on at 07:00h) with food and water available ad libitum. Experiments were
performed between 13:00 and 17:00h. Prior to the drug treatment, the rats were allowed one
week of acclimation during which they were repeatedly handled. 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

Rats received a single intraperitoneal injection of vehicle (V), methylphenidate HCI (2 mg/
kg, MP2, or 5 mg/kg, MP5; in 0.02% ascorbic acid, 1 ml/kg; Sigma, St. Louis, MO, USA),
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fluoxetine HCI (5 mg/kg, FLX; Sigma), or methylphenidate plus fluoxetine (MP2+FLX or
MP5+FLX) (n=5-7 each). Other groups were treated with citalopram HBr (5 mg/kg, CIT;
Sigma), methylphenidate (5 mg/kg) plus citalopram (MP5+CIT) or cocaine HCI (25 mg/kg;
Sigma). After the injection, the rat was placed in an open-field apparatus (43 x 43 cm), and
locomotion (ambulatory distance) and stereotypy (*stereotypy 2”) counts were measured for
40 min with an activity monitoring system (Truscan, Coulbourn Instruments, Allentown,
PA, USA). These “stereotypy” counts reflect local, repetitive movements (e.g., head
bobbing, focused sniffing).

Tissue preparation and in situ hybridization histochemistry

The rats were killed with CO, 40 min after the 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
[35S]-dATP as described earlier (Steiner & Kitai, 2000). The probes had the following
sequence: zif 268, complementary to bases 352-399, GenBank accession number M18416;
c-fos, bases 207-254, X06769. 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 5-9 days.

Analysis of autoradiograms

Gene expression in the cortex was assessed in sections from 4 rostrocaudal levels (Fig. 1):
frontal, approximately at +2.7 mm relative to bregma (Paxinos & Watson, 1998); rostral,
+1.6; middle, +0.4; caudal, —0.8. Levels of mMRNA were measured in a total of 22 cortical
regions (from medial to lateral; Paxinos & Watson, 1998): cingulate (CG), medial agranular
(M2), motor (M1), somatosensory (SS) and insular (1) cortex on frontal to caudal levels, and
infralimbic (IL), prelimbic (PL) and insular/lateral orbital cortex (I/LO) 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. 1; see Willuhn et al., 2003).
Eighteen of these sectors represented the caudate-putamen: medial (m), dorsomedial (dm),
dorsal (d), dorsolateral (dl), ventrolateral (vl), ventral (v), central (c), dorsal central (dc),
ventral central (vc); and 5 the nucleus accumbens: medial core (mC), lateral core (IC),
medial shell (mS), ventral shell (vS) and lateral shell (IS) (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 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.
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The illustrations of film autoradiograms displayed in Figures 3, 5 and 10 are computer-
generated images, and are contrast-enhanced where necessary. Maximal hybridization signal
is black.

Treatment effects were determined by two- and three-factor ANOVA with methylphenidate
(0, 2, 5 mg/kg) and fluoxetine or citalopram (0, 5 mg/kg) as between-subject variables.
Newman-Keuls post hoc tests were used to describe differences between individual groups
(Statistica, StatSoft, Tulsa, OK, USA). For illustrations of topographies (maps), the change
in gene expression in a given region was expressed as the percentage of the maximal change
in the striatum observed for a particular probe (% max.). It was of interest to determine
whether the regional distribution in the striatum of the changes in gene expression was
similar for c-fos and zif 268. Thus, these changes in the 23 striatal sectors were compared by
Pearson correlations. Also, our previous studies showed that such two-marker correlation
analyses are more sensitive than ANOVAs to measure threshold drug effects, because trends
contribute to correlations (Yano & Steiner, 2005a,b). For these analyses, the values were
normalized relative to the maximal change observed for the 5 mg/kg methylphenidate
treatment.

Effects of fluoxetine on methylphenidate-induced open-field behavior

Administration of methylphenidate increased ambulation (MP2 vs. V, P<0.01; MP5 vs. V,
P<0.001) and stereotypy counts (MP2 vs. V, P<0.001; MP5 vs. V, P<0.01) in the first (0-20
min) and second half (20-40 min) of the test (Fig. 2). Fluoxetine alone had no effect on
these two parameters (FLX vs. V, P>0.05). The methylphenidate + fluoxetine combinations
increased ambulation counts in a manner similar to methylphenidate alone (MP2+FLX vs.
MP2 and MP5+FLX vs. MP5, P>0.05) and more than fluoxetine alone (MP2+FLX vs. FLX
and MP5+FLX vs. FLX, P<0.001). As with methylphenidate alone, the methylphenidate +
fluoxetine combinations induced stereotypies (MP2+FLX vs. V or FLX, and MP5+FLX vs.
V or FLX, P<0.001). This increase in stereotypy counts was similar in the MP2 and
MP2+FLX groups (P>0.05). However, the MP5+FLX group showed higher stereotypy
counts than the MP5 alone group (P<0.001; Fig. 2) early and late in the test, demonstrating
that fluoxetine potentiated methylphenidate-induced stereotypies for this higher
methylphenidate dose.

Effects of fluoxetine on methylphenidate-induced gene expression in the striatum

Administration of methylphenidate alone induced a dose-dependent increase in zif 268 and
c-fos expression in the striatum on all three rostrocaudal levels (Figs. 3-6 and Tables 1 and
2), consistent with our previous findings (Brandon & Steiner, 2003;Yano & Steiner,
2005a,b). For zif 268, a significant increase in expression was observed in five (MP2) and 17
(MP5) of the 23 striatal sectors, and for c-fos, in three (MP2) and 11 (MP5) sectors (P<0.05
vs. V) (Fig. 6). Gene regulation varied considerably between different striatal regions. For
both zif 268 and c-fos, the most robust increase was observed on middle and caudal striatal
levels, in dorsal/central and medial sectors (Figs. 3—-6) that receive sensorimotor and
cingulate cortical inputs (Fig. 1). In contrast, the nucleus accumbens displayed more modest
drug effects. No statistically significant changes in gene expression were seen with 2 mg/kg
of methylphenidate alone (P>0.05 vs. V). The 5 mg/kg dose significantly increased zif 268
expression in the lateral shell only (MP5 vs. V, P<0.001, Figs. 4 and 6). In order to compare
the regional patterns of methylphenidate-induced zif 268 and c-fos expression across the 23
striatal sectors, we performed a correlation analysis. This analysis confirmed that the
regional distribution of increases (vs. vehicle-treated controls) was highly correlated
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between zif 268 and c-fos expression (zif 268 x c-fos: MP2, r=0.844, P<0.001; MP5,
r=0.931, P<0.001; not shown).

In contrast to methylphenidate, fluoxetine (5 mg/kg) alone did not modify gene expression,
neither in the caudate-putamen nor in the nucleus accumbens (Figs. 3—-6). None of the 23
sectors showed significant changes in zif 268 or c-fos expression (P>0.05 vs. V, Figs. 4 and
6, Tables 1 and 2).

However, when given in conjunction with methylphenidate, fluoxetine potentiated
methylphenidate-induced IEG expression in the striatum. Correlation analyses show that the
regional distribution of this potentiation (POT; i.e., the difference between MP+FLX and
MP) was similar for zif 268 and c-fos expression (zif 268 x c-fos: methylphenidate 2 mg/kg,
POT2, r=0.775, P<0.001; 5 mg/kg, POTS5, r=0.840, P<0.001; Fig. 7). Moreover, despite
relatively modest potentiation for 2 mg/kg of methylphenidate, principally the same sectors
were affected as for 5 mg/kg (POT2 x POTS5: zif 268, r=0.659, P<0.05; c-fos, r=0.759,
P<0.01; not shown).

The fluoxetine potentiation was reflected in a higher proportion of the 23 striatal sectors
displaying significantly increased zif 268 and c-fos expression after the methylphenidate +
fluoxetine treatment, compared with methylphenidate alone (zif 268: MP2+FLX vs. MP2, 10
sectors vs. 5 sectors; MP5+FLX vs. MP5, 19 vs. 17; c-fos: 6 vs. 3 and 16 vs. 11; Fig. 6).
Direct statistical comparisons showed that, for the 2 mg/kg dose of methylphenidate, c-fos
induction was significantly more robust in the MP2+FLX group than in the MP2 group in
one sector (middle level, dorsal sector; Fig. 6, POT2). For the 5 mg/kg dose, the potentiation
(MP5+FLX vs. MP5, POT5) was statistically significant in 15 and 13 of the 23 striatal
sectors, for zif 268 and c-fos, respectively. Further analysis showed that the magnitude of the
fluoxetine potentiation was principally related to the magnitude of gene induction produced
by methylphenidate alone (5 mg/kg, MP5 x POT5: zif 268, r=0.638, P<001; c-fos, r=0.814,
P<001; Fig. 8; 2 mg/kg: P>0.05; not shown). However, a more pronounced potentiation than
predicted by the methylphenidate response was seen in the dorsolateral and ventrolateral
(sensorimotor) sectors of the middle striatum for both zif 268 and c-fos expression (Fig. 8).
This finding confirms that the lateral (sensorimotor) striatum displayed a more pronounced
fluoxetine potentiation of gene regulation than the medial (associative) striatum; this is also
apparent in the potentiation maps (Fig. 6).

Fluoxetine also potentiated methylphenidate-induced gene expression in selective regions of
the nucleus accumbens, predominantly in the lateral part of the shell (Figs. 4 and 6). After
MP2+FLX, but not MP2 alone, zif 268 expression was significantly increased in the lateral
shell, as was c-fos expression after MP5+FLX, but not MP5 alone. For zif 268, a significant
potentiation in MP5+FLX vs. MP5 animals (POT5) was seen in the lateral shell as well as in
the medial core (Fig. 6).

Effects of fluoxetine on methylphenidate-induced zif 268 expression in the cortex

Administration of methylphenidate alone induced a dose-dependent up-regulation of zif 268
expression in the cortex on all four rostrocaudal levels (Fig. 9, Table 3). A statistically
significant increase in zif 268 mRNA levels was observed in 7 (MP2) and 11 (MP5) of the
22 cortical areas (P<0.05 vs. V). However, this effect was restricted to dorsomedial cortical
regions, including the cingulate, medial agranular and motor cortex (mainly on rostral to
caudal levels), as well as the prelimbic and insular/lateral orbital cortex (frontal level). These
are mostly limbic and associative areas. In contrast, the somatosensory cortex and insular
cortex (except frontal level) were not affected by methylphenidate on any rostrocaudal

levels (MP2 or MP5 vs. V, P>0.05).
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Fluoxetine given alone tended to increase zif 268 mMRNA levels in many cortical areas, but
this effect was statistically significant only in the cingulate (frontal level) and motor cortex
(caudal level) (FLX vs. V, P<0.05 and P<0.01, respectively, Fig. 9 and Table 3). After the
methylphenidate + fluoxetine treatment, significantly enhanced zif 268 expression was found
in eight (MP2+FLX) and 14 (MP5+FLX) of the 22 cortical areas (as compared to 7 and 11,
respectively, for methylphenidate only, see above). However, the methylphenidate +
fluoxetine treatment did not produce significantly higher zif 268 mRNA levels than
methylphenidate alone in any cortical area (MP+FLX vs. MP; P>0.05), except in the
infralimbic cortex on the frontal level for 2 mg/kg of methylphenidate (Fig. 9; MP2+FLX
vs. MP2; P<0.01; MP5+FLX vs. MP5; P>0.05). Therefore, in contrast to the striatum, this
dose of fluoxetine did not robustly potentiate cortical gene regulation by methylphenidate.

Our earlier findings (Yano & Steiner, 2005a; Cotterly et al., 2007) showed that there is a
positive correlation between psychostimulant-induced gene expression in cortical areas and
gene induction in the striatal sectors targeted by these cortical areas, indicating coordinated
molecular changes in cortical and striatal nodes of corticostriatal circuits. We assessed
whether such a relationship existed in the present study and whether it was affected by the
present SSRI treatments. Thus, drug-induced increases in zif 268 expression in cortical areas
were compared with those in their respective striatal target sectors (see Fig. 1). When a
striatal sector received input from more than one cortical area, the values of these cortical
areas were averaged. Our results show that, overall, methylphenidate-induced zif 268
expression in the cortical areas was positively correlated with that in their connected 23
striatal sectors (MP2, r=0.493, P<0.05; MP5, r=0.436, P<0.05), confirming our earlier
findings (Yano & Steiner, 2005a; Cotterly et al., 2007). This effect was more robust when
only the 18 sectors of the caudate-putamen were included (MP2, r=0.556, P<0.05; MP5,
r=0.676, P<0.01). The addition of fluoxetine to methylphenidate weakened this correlation
(23 sectors: MP2+FLX, r=0.326, P>0.05; MP5+FLX, r=0.307, P>0.05; 18 sectors:
MP2+FLX, r=0.503, P<0.05; MP5+FLX, r=0.567, P<0.05).

Effects of citalopram on methylphenidate-induced IEG expression in the striatum

We also assessed whether the potentiation of methylphenidate-induced gene regulation
generalized to other SSRIs. Our results demonstrate that this is the case. Administration of
the SSRI citalopram (5 mg/kg) together with methylphenidate (5 mg/kg) potentiated
methylphenidate-induced expression of zif 268 (Fig. 10) and c-fos (not shown) in the
striatum. The regional distribution of this potentiation was similar to that produced by
fluoxetine.

DISCUSSION

In these studies, we demonstrate that concomitant administration of serotonin reuptake
inhibitors (fluoxetine, citalopram) robustly potentiates gene regulation by the
psychostimulant and dopamine reuptake blocker methylphenidate, consistent with the notion
that serotonin facilitates dopamine-mediated gene regulation (see Yano & Steiner, 2007).
Our findings show enhanced induction of IEG transcription factors (zif 268 and c-fos) in the
striatum, with the most robust effects occurring in sensorimotor parts, which mediate motor
learning/habit formation and are implicated in compulsive aspects of drug taking (see
below), and more modest effects in the nucleus accumbens, which participates in reward
processes. These molecular changes were associated with selective potentiation of motor
stereotypies, which are thought to reflect dysfunction in sensorimotor striatal circuits and
may be related to compulsive behavior.
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SSRIs potentiate methylphenidate-induced IEG expression in the striatum and nucleus

accumbens

Activation of transcription factors by psychostimulants regulates the expression of effector
genes and is thus critical for many forms of long-term neuroplasticity related to addiction.
The effects of methylphenidate on zif 268 and c-fos expression emerged with 2 mg/kg (i.p.)
and were more pronounced with 5 mg/kg, consistent with previous findings (e.g., Brandon
& Steiner, 2003; Yano & Steiner, 2005b; see also Yano & Steiner, 2007). Our present
results show that 5 mg/kg of fluoxetine, which by itself had no effect on gene expression,
potentiated gene regulation by both 2 and 5 mg/kg of methylphenidate, with a more robust
potentiation for the higher methylphenidate dose. We further confirmed this SSRI
potentiation of methylphenidate-induced gene regulation with a second SSRI, citalopram (5
mg/kg). These findings highlight the ability of SSRIs to potentiate psychostimulant-induced
molecular changes.

Acute IEG induction by psychostimulants is predictive of altered gene regulation after
repeated psychostimulant treatments (Brandon & Steiner, 2003; Willuhn et al., 2003;
Cotterly et al., 2007; Unal et al., 2009) and thus serves as a marker to identify brain regions
prone to such neuroplasticity induced by repeated treatments. In so far as such molecular
changes underlie addiction (Hyman & Nestler, 1996; Berke & Hyman, 2000; Nestler, 2001),
it is of interest to compare the propensity of methylphenidate to alter gene regulation with
that of psychostimulants such as cocaine (Yano & Steiner, 2007). While similar to cocaine
effects in many ways, methylphenidate effects after acute and repeated treatment also
display distinct differences (for review, see Yano & Steiner, 2007). For example, previous
mapping studies revealed, and the present results confirmed, that methylphenidate-induced
zif 268 and c-fos expression is most pronounced on middle-to-caudal striatal levels (Brandon
& Steiner, 2003; Yano & Steiner, 2005a,b; Cotterly et al., 2007), whereas cocaine-induced
gene regulation peaks on more caudal levels (Willuhn et al., 2003; Unal et al., 2009). As to
the medial-lateral distribution, methylphenidate-induced gene regulation is most robust in
medial and central striatal regions (associative striatum) (see above), again confirmed here,
whereas cocaine prominently involves the lateral (sensorimotor) striatum as well (Willuhn et
al., 2003; Unal et al., 2009).

Our present findings demonstrate that the SSRI potentiation of methylphenidate-induced
gene regulation occurs on all rostrocaudal levels of the striatum and, generally, is directly
related to the magnitude of gene induction by methylphenidate alone. Thus, the addition of
the SSRI did not produce a shift in the rostrocaudal distribution of gene regulation.
However, this was not the case for the medial-lateral distribution. Our correlation analysis
shows that two striatal sectors, the dorsolateral and ventrolateral (sensorimotor) sectors on
the middle level, displayed a more pronounced potentiation than predicted by the gene
response to methylphenidate alone. This preferential potentiation in these two sensorimotor
sectors shifted the regional distribution to also include the lateral striatum. In this respect,
SSRI-potentiated gene regulation by methylphenidate resembles more gene regulation
induced by cocaine (Willuhn et al., 2003; Unal et al., 2009). As these preferentially affected
lateral striatal regions subserve habit formation (Packard & Knowlton, 2002), it will be
important to determine whether such concomitant SSRI + methylphenidate treatment
facilitates drug taking habits/addiction, similar to cocaine (see also below).

Our earlier studies showed that, in addition to the dorsal striatum, methylphenidate-induced
gene regulation also occurs in the nucleus accumbens, although to a more modest extent
(Brandon & Steiner, 2003; Yano & Steiner, 2005a,b; Cotterly et al., 2007). Consistent with
these earlier findings, the most robust gene regulation in the nucleus accumbens in the
present study was seen in the lateral part of the shell. Fluoxetine also produced a statistically
significant potentiation of methylphenidate-induced zif 268 expression in the lateral shell (as
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well as in the medial core), but had no effect on c-fos expression. These regional effects also
mimic those of cocaine (Unal et al., 2009). The functional consequences of these changes in
specific nucleus accumbens subregions remain to be determined.

Mechanisms that may mediate the SSRI potentiation

A number of mechanisms may account for the SSRI potentiation of methylphenidate-
induced gene regulation as described in the present study. It is unlikely that metabolic
interactions between methylphenidate and SSRIs contributed to the observed effects. The
principal metabolic pathway for methylphenidate is deesterification by carboxylesterases
(e.g., Sun et al., 2004; Zhu et al., 2008), and, to our knowledge, there is no evidence for an
inhibition of carboxylesterases by SSRIs. Conversely, the metabolism of SSRIs involves
mostly demethylation by liver enzymes (cytochrome P450 system; Sandson et al., 2005).
While there is some evidence that methylphenidate can inhibit such liver enzymes (Le
Nedelec & Rosengren, 2002), it is unclear whether the specific P450 isozymes that
metabolize fluoxetine and citalopram (Sandson et al., 2005) are affected. In addition, a
recent study failed to find altered pharmacokinetics for methylphenidate (10 mg/kg) after the
addition of citalopram (5 mg/kg), while this drug combination facilitated dopamine overflow
in the prefrontal cortex (Weikop et al., 2007). Furthermore, it would be difficult to envision
how systemic drug interactions could result in a potentiation of gene regulation with the
distinct regional variations as observed here.

More likely, this potentiation is mediated by systems-level interactions between the
dopamine and serotonin neurotransmissions (e.g., Bhat & Baraban, 1993; Gardier et al.,
2000). The effects of psychostimulants (including methylphenidate; Yano et al., 2006) on
gene expression in the striatum are principally mediated by the activation of dopamine
receptors (for reviews, see Steiner & Gerfen, 1998; Yano & Steiner, 2007), but are also
dependent on cortical (glutamate) inputs (e.g., Wang & McGinty, 1996; Steiner, 2010). Both
glutamate and dopamine inputs are modulated by serotonin. For example, serotonin and
agonists are well-known to enhance activity of the mesostriatal and mesolimbic/cortical
dopamine pathways, by complex interactions in both the dopamine terminal regions (e.g.,
Benloucif & Galloway, 1991; Benloucif et al., 1993; Balcioglu & Wurtman, 1998; Bubar et
al., 2003) as well as in the somatodendritic areas in the midbrain (for reviews, see Muller &
Huston, 2006; Weikop et al., 2007; Bubar & Cunningham, 2008). Consistent with these
findings, a facilitatory role for serotonin in dopamine/glutamate-mediated gene regulation in
the striatum has been shown before (Bhat & Baraban, 1993; Torres & Rivier, 1993; Guerra
et al., 1998; Wirtshafter & Cook, 1998; Gardier et al., 2000; Horner et al., 2005). Therefore,
the present SSRI potentiation of methylphenidate-induced gene regulation in the striatum
could reflect increased cortical input to the striatum and/or potentiated dopamine action that
occurs with enhanced serotonin activity in the striatum and/or other brain areas.

Since drugs were administered systemically, we can not conclude which of the above local
mechanisms played a role in this SSRI potentiation. However, our further analysis suggests
that enhanced cortical input is not a main determinant. Our previous work showed that acute
administration of methylphenidate produces coordinated IEG induction in cortical neurons
and their striatal targets (Yano & Steiner, 2005a; Cotterly et al., 2007), which suggests
enhanced activity in specific corticostriatal circuits. In order to assess a possible contribution
of enhanced cortical activity, we thus compared zif 268 induction between specific cortical
areas and their striatal target sectors (see Willuhn et al., 2003). Our results confirmed
coordinated up-regulation of zif 268 expression between cortical areas and functionally
related striatal sectors for both doses of methylphenidate used. However, the co-
administration of fluoxetine with methylphenidate disrupted this coordinated response,
mainly because fluoxetine robustly potentiated gene induction in the striatum, but not in the

Eur J Neurosci. Author manuscript; available in PMC 2010 August 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Van Waes et al.

Page 9

cortex. This dissociation suggests that the potentiated gene regulation in the striatum is not
likely a consequence of enhanced activity in corticostriatal projections.

A host of serotonin receptor subtypes are known to mediate serotonin/dopamine interactions
(for reviews, see Muller & Huston, 2006; Bubar & Cunningham, 2008) and to regulate
striatal gene expression (Keefe & Horner, 2010), and could thus conceivably contribute to
the SSRI potentiation. Interestingly, a recent study provided evidence for a role of the 5-
HT1B receptor subtype in fluoxetine-potentiated methylphenidate effects (Borycz et al.,
2008). This study showed that adjunct treatment with fluoxetine facilitated the stimulatory
effects of methylphenidate on locomotor activity (Borycz et al., 2008). Moreover, this
behavioral potentiation by fluoxetine was inhibited by a selective 5-HT1B receptor
antagonist and mimicked by a 5-HT1B receptor agonist (Borycz et al. 2008). 5-HT1B
receptors have previously also been shown to induced IEG expression (Wirtshafter & Cook,
1998) and facilitate cocaine-induced gene regulation (Lucas et al., 1997; Castanon et al.,
2000) in the striatum. Therefore, the 5-HT1B serotonin receptor subtype may be one of the
mediators of the SSRI potentiation of striatal gene regulation and could thus be a potential
target for preventing this effect. Future studies with local administration of selective
serotonin receptor agents will have to determine the relevant serotonin receptors in the
striatum and/or other brain regions.

Stereotypies: Behavioral correlates of the SSRI-potentiated striatal gene regulation

In our study, the fluoxetine potentiation of methylphenidate-induced gene regulation in the
striatum was accompanied by potentiation of behavioral stereotypies. Similar to the gene
regulation effects, this behavioral potentiation was dose-dependent; it emerged with the
lower methylphenidate dose (2 mg/kg; statistically not significant) and was very robust with
the higher dose (5 mg/kg). While this behavioral effect is principally consistent with the
above findings by Borycz et al. (2008), we did not see potentiated locomotor activity
(ambulation) in our study. Different drug doses for fluoxetine or methylphenidate (10 mg/kg
each in Borycz et al., 2008) and/or other experimental variables (e.g., non-habituated
animals in our study vs. habituated animals in the study by Borycz et al.) may account for
these differences.

Previous work has related behavioral stereotypies to drug-induced dysfunction and
molecular changes in sensorimotor striatal circuits (for reviews, see Graybiel et al., 2000;
Steiner, 2010). “Stereotypies” denotes a compulsive repetition of specific behavioral
elements without apparent purpose (Randrup & Munkvad, 1967; Ellinwood & Balster,
1974). Sensorimotor striatal circuits are critical for selection and switching of motor actions
(and thoughts) (e.g., Mink, 1996; Redgrave et al., 1999), and behavioral stereotypies have
been interpreted as a switching dysfunction (Redgrave & Gurney, 2006). It has also been
pointed out that such stereotypies share both phenomenological characteristics (Randrup &
Munkvad, 1967) and neuronal substrates (Graybiel et al., 2000) with motor compulsions in
humans. It is presently unclear whether stereotypies are mechanistically related to
compulsions; however, stereotypies may to some degree reflect similar basal ganglia output
deficiencies (see Steiner, 2010). Our findings thus suggest that one of the functional
consequences of concomitant methylphenidate plus SSRI treatment is an enhanced liability
for compulsive-like behavior.

Functional implications of SSRI-potentiated gene regulation by psychostimulants

A wealth of literature demonstrates that the most robust molecular changes induced by
psychostimulants such as cocaine (Willuhn et al., 2003; Unal et al., 2009), amphetamine
(Badiani et al., 1998; Uslaner et al., 2003) and methylphenidate (Yano & Steiner, 2005b;
Cotterly et al., 2007) occur in the dorsal/lateral striatum that includes sensorimotor circuits
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(for reviews, see Berke & Hyman, 2000; Steiner, 2010). Our present findings show that the
SSRI potentiation of methylphenidate-induced gene regulation preferentially occurs in the
sensorimotor striatum. The sensorimotor striatum is known to mediate stimulus-response
(SR) learning/habit formation (Graybiel, 1995; Packard & Knowlton, 2002), and it has been
proposed that such drug-induced molecular changes may contribute to aberrant habit
formation and compulsive aspects of drug taking (Berke & Hyman, 2000; Everitt &
Robbins, 2005). Indeed, previous studies showed that the sensorimotor striatum is critical
for relapse to cocaine seeking in the self-administration paradigm in animals
(Vanderschuren et al., 2005; Fuchs et al., 2006; See et al., 2007).

Methylphenidate is also self-administered (Kollins et al., 2001), and pretreatment with this
psychostimulant facilitates subsequent self-administration of cocaine (Brandon et al., 2001)
in animal models of addiction, both signifying a certain addiction liability for
methylphenidate. Given that the SSRI potentiation of striatal gene regulation is paralleled by
more pronounced compulsive-like behavior, future studies will have to determine whether
methylphenidate+SSRI combinations enhance drug seeking/taking tendencies and/or
facilitate relapse.

Our study demonstrates that SSRIs potentiate gene regulation effects of methylphenidate in
the striatum, with the most robust effects in sensorimotor parts. Such molecular changes are
implicated in psychostimulant addiction. These findings thus suggest that such concomitant
drug exposure, for example, during medical treatments or in patients on SSRIs who also use
methylphenidate as a cognitive enhancer or for recreational purposes, may increase the
liability for drug abuse disorder.
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Figure 1.

Schematic illustration of the 23 striatal and 22 cortical regions used to measure gene
expression. The predominant cortical inputs to these striatal sectors are indicated by arrows
(simplified; see Willuhn et al., 2003, for discussion). Gene expression was assessed on 4
rostrocaudal levels: frontal, rostral, middle, and caudal (ranging from +2.7 to —0.8 mm
relative to bregma; Paxinos & Watson, 1998). Cortical areas (from medial to lateral): CG,
cingulate; M2, medial agranular; M1, motor; SS, somatosensory; I, insular; P, piriform; IL,
infralimbic; PL, prelimbic, I/LO, insular/lateral orbital. For striatal areas, see Figure 6.
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Drug effects on open-field behavior. Ambulation (A) and stereotypy counts (B) are shown

for animals that received a systemic injection of vehicle (V), fluoxetine (5 mg/kg; FLX),

methylphenidate (2 or 5 mg/kg; MP2, MP5), or methylphenidate + fluoxetine combinations

(MP2+FLX and MP5+FLX) (n=5-7) and were tested for 40 min in a novel open field.
Fluoxetine selectively potentiated methylphenidate (5 mg/kg)-induced stereotypies. **

P<0.01, *** P<0.001, vs. respective control group (V or FLX); ### P<0.001, MP5+FLX vs.

MP5 (potentiation).

Eur J Neurosci. Author manuscript; available in PMC 2010 August 16.

\Y

FLX

MP2

MP2 + FLX
MP5

MP5 + FLX



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Van Waes et al.

middle rostral

caudal

Page 17

zif 268 expression

MP5 + FLX

Figure 3.

Fluoxetine potentiates methylphenidate-induced zif 268 expression in the striatum.
Ilustrations of film autoradiograms depict zif 268 expression in coronal sections from the
rostral, middle and caudal striatum in rats treated with vehicle (V), fluoxetine (5 mg/kg;
FLX), methylphenidate (5 mg/kg; MP5), or methylphenidate + fluoxetine (MP5+FLX). The
maximal hybridization signal is black.
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Figure 4.

Fluoxetine potentiation of methylphenidate-induced zif 268 expression in specific striatal
sectors. Mean density values (mean£SEM) for zif 268 expression in rats that received an
injection of vehicle (V), fluoxetine (5 mg/kg; FLX), methylphenidate (2 or 5 mg/kg; MP2,
MP5), or methylphenidate + fluoxetine combinations (MP2+FLX and MP5+FLX) (n=5-7)
are depicted for 4 middle striatal sectors (top) and the 5 sectors of the nucleus accumbens
(bottom). Abbreviations: caudate-putamen: d, dorsal; dl, dorsolateral; vl, ventrolateral; c,
central; nucleus accumbens: mC, medial core; IC, lateral core; mS, medial shell; vS, ventral
shell; IS, lateral shell. * P<0.05, ** P<0.01, *** P<0.001 vs. respective control group (V or
FLX); # P<0.05, ## P<0.01, ### P<0.001, MP+FLX vs. MP (potentiation).
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c-fos expression
V FLX

Figure 5.

Fluoxetine potentiates methylphenidate-induced c-fos expression in the striatum.
Illustrations of film autoradiograms depict c-fos expression in coronal sections from the
middle striatum in rats that received vehicle (V), fluoxetine (5 mg/kg; FLX),
methylphenidate (5 mg/kg; MP5), or methylphenidate + fluoxetine (MP5+FLX). The
maximal hybridization signal is black.
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Topography of fluoxetine-potentiated gene regulation by methylphenidate. Maps depict the
distribution of zif 268 (A) and c-fos expression (B) in the rostral, middle and caudal striatum
after an injection of fluoxetine (5 mg/kg; FLX), methylphenidate (2 or 5 mg/kg; MP2, MP5),
or methylphenidate + fluoxetine combinations (MP2+FLX, MP5+FLX). The potentiation
(POT) denotes the difference between methylphenidate + fluoxetine and methylphenidate
alone. The data are normalized relative to the maximal increase observed in the striatum (%
of max.). Sectors with significant differences vs. vehicle-treated controls (P<0.05) are coded

as indicated. Sectors without significant effects are in white. Abbreviations: caudate-
putamen: c, central; d, dorsal; dc, dorsal central; dl, dorsolateral; dm, dorsomedial; m,
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medial; v, ventral; vc, ventral central; vl, ventrolateral; nucleus accumbens: mC, medial
core; IC, lateral core; mS, medial shell; vS, ventral shell; IS, lateral shell.
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Figure 7.

The potentiation of gene induction displays a similar regional distribution in the striatum for
zif 268 and c-fos. Scatterplots show the correlations between zif 268 and c-fos potentiation
for 2 mg/kg (r=0.775, POT2, top) and 5 mg/kg (r=0.840, POTS5, bottom) of methylphenidate
in the 23 striatal sectors. The values are expressed as the percentages of the maximal value
in the 5 mg/kg group. *** P<0.001.
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Figure 8.

Relationship between the gene induction by methylphenidate alone and the fluoxetine
potentiation in the different striatal sectors. Scatterplots depict the correlations between gene
induction by 5 mg/kg methylphenidate (MP5) and the fluoxetine potentiation (POT5) in the
23 sectors, for zif 268 (r=0.638, top) and c-fos (r=0.814, bottom). The values are expressed
as the percentages of the maximal value in each group. Abbreviations: M vl, middle level
ventrolateral sector; M dl, middle level dorsolateral sector. *** P<0.001.
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Figure 9.

Effects of methylphenidate + fluoxetine combination treatment on zif 268 expression in the
cortex. Maps show the distribution of zif 268 expression in the cortex on frontal, rostral,
middle and caudal levels after an injection of fluoxetine (5 mg/kg; FLX), methylphenidate
(2 or 5 mg/kg; MP2, MP5), or methylphenidate + fluoxetine combinations (MP2+FLX,
MP5+FLX). The potentiation (POT) denotes the difference between methylphenidate +
fluoxetine and methylphenidate alone. The data are normalized relative to the maximal
increase observed in the striatum (% of max.). Sectors with significant differences vs.
vehicle-treated controls (P<0.05) are coded as indicated. Sectors without significant effects
are in white. Abbreviations: CG, cingulate; M2, medial agranular; M1, motor; SS,
somatosensory; I, insular; IL, infralimbic; PL, prelimbic, I/LO, insular/lateral orbital.

Eur J Neurosci. Author manuscript; available in PMC 2010 August 16.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Van Waes et al. Page 25

zif 268 expression
cIT

Figure 10.

Citalopram potentiates methylphenidate-induced zif 268 expression in the striatum. (A)
Ilustrations of film autoradiograms depict zif 268 expression in coronal sections from the
middle striatum in rats treated with vehicle (V), citalopram (5 mg/kg; CIT), methylphenidate
(5 mg/kg; MP5), or methylphenidate + citalopram (MP5+CIT). (B) For comparison, zif 268
induction by cocaine (25 mg/kg) is also shown. The maximal hybridization signal is black.
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