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Abstract
Background—There is growing use of psychostimulant cognitive enhancers such as
methylphenidate (Ritalin). Methylphenidate differs from the psychostimulant cocaine because it does
not enhance brain levels of serotonin. We investigated whether exposure to methylphenidate
combined with a serotonin-enhancing medication, the prototypical selective serotonin reuptake
inhibitor (SSRI) fluoxetine (Prozac), would produce more “cocaine-like” molecular and behavioral
changes.

Methods—We measured the effects of fluoxetine on gene expression induced by the cognitive
enhancer methylphenidate in the striatum and nucleus accumbens of rats, by in situ hybridization
histochemistry. We also determined whether fluoxetine modified behavioral effects of
methylphenidate.

Results—Fluoxetine robustly potentiated methylphenidate-induced expression of the transcription
factors c-fos and zif 268 throughout the striatum and to some degree in the nucleus accumbens.
Fluoxetine also enhanced methylphenidate-induced stereotypical behavior.

Conclusions—Both potentiated gene regulation in the striatum and the behavioral effects indicate
that combining the SSRI fluoxetine with the cognitive enhancer methylphenidate mimics cocaine
effects, consistent with an increased risk for substance use disorder.
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Introduction
Demand for cognitive-enhancing drugs is growing, and these are most often psychostimulants
such as methylphenidate (Ritalin) (1,2). Animal studies indicate that psychostimulants can
produce long-term adverse effects on brain function and behavior, especially when given
during childhood and adolescence (3,4,5). This is, at least in part, because psychostimulants
tend to induce changes in gene regulation (6) and other molecular alterations that interfere with
normal brain development (4,5). It remains, however, unclear whether proper medical use of
drugs such as methylphenidate has detrimental effects on patient health (7,8,9).
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Methylphenidate, like cocaine, acts by blocking reuptake of dopamine and norepinephrine and
thus enhances their actions at postsynaptic receptors (6). However, unlike cocaine,
methylphenidate does not affect serotonin reuptake. This may explain why methylphenidate
mimics some but not all molecular effects of cocaine (6). We investigated whether concomitant
exposure to methylphenidate and a medication that enhances brain serotonin levels, the SSRI
antidepressant fluoxetine (Prozac), produces more “cocaine-like” molecular and behavioral
changes. The effects on gene markers for neuroadaptations implicated in drug addiction (6),
the transcription factors c-fos and zif 268, were examined in brain regions that subserve reward
processing (nucleus accumbens) and habit formation/compulsive behaviors (striatum). We also
assessed whether this methylphenidate/SSRI combination would alter drug-induced behavioral
effects.

Methods and Materials
Subjects

Drug responses were assessed in five-week-old (adolescent) male Sprague-Dawley rats
(Harlan, Madison, WI, USA). Animals were housed under standard laboratory conditions
(12:12-hr light/dark cycle; lights on at 7:00 a.m.) and 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 treatment and behavioral measurements
Rats received a single intraperitoneal injection of vehicle, methylphenidate (methylphenidate
HCl, generously provided by the National Institute on Drug Abuse, Bethesda, MD, USA; 5
mg/kg, in 0.02% ascorbic acid, 1 ml/kg), fluoxetine (fluoxetine HCl, Sigma, St. Louis, MO,
USA; 5 mg/kg) or methylphenidate (5 mg/kg) plus fluoxetine (5 mg/kg) (n=5-7). After the
injection, each rat was placed in the arena of an activity monitor (43 × 43 cm; Truscan,
Coulbourn Instruments, Allentown, PA, USA), and the ambulatory distance, rearing rate, and
stereotypy counts (local repetitive movements) were measured for 40 min.

In situ hybridization histochemistry
Forty minutes after the injection, the rats were killed with CO2, and the brains were rapidly
removed and frozen. After cryostat sectioning (12 μm), the tissue was prepared for in situ
hybridization histochemistry (10). Oligonucleotide probes (48-mers; Invitrogen, Rockville,
MD, USA) were labeled with [35S]-dATP as described earlier (10). The probes had the
following sequence: c-fos, complementary to bases 207-254, GenBank accession number
X06769; zif 268, bases 352-399, M18416. Following incubation and washing (10), 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 was assessed in sections from 3 rostrocaudal levels: rostral, approximately at
+1.6 mm relative to bregma (11); middle, +0.4; caudal, −0.8. Hybridization signals on film
autoradiograms were measured by densitometry (NIH Image; Wayne Rasband, NIMH,
Bethesda, MD, USA) across the total area of the nucleus accumbens (rostral level) and striatum
(rostral, middle and caudal levels), using previously described procedures (10). 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). The
illustrations of film autoradiograms displayed in Figure 1 are computer-generated images.
Maximal hybridization signal is black.
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Results
Gene regulation in the striatum and nucleus accumbens

Pronounced effects on gene regulation were present in the striatum on all three rostrocaudal
levels (Fig. 1; Tab. 1) and were most robust in sensorimotor domains of the striatum (Fig. 1).
Administration of methylphenidate alone significantly increased the expression of c-fos and
zif 268 on all three levels (P<0.001), consistent with previous findings (12,13). Fluoxetine
alone did not produce changes in the expression of these genes (Fig. 1a, b, Tab. 1). However,
adding fluoxetine to methylphenidate treatment potentiated methylphenidate-induced c-fos and
zif 268 expression in the striatum on all levels; the increase in hybridization signals in the
methylphenidate plus fluoxetine group was approximately twice as high as that produced by
methylphenidate alone (P<0.01; Fig. 1a, b, Tab. 1). In the nucleus accumbens, effects were
more modest. Neither methylphenidate alone nor fluoxetine alone produced statistically
significant changes in zif 268 or c-fos mRNA levels. However, concomitant administration of
both significantly increased zif 268 expression (P<0.01; Fig. 1b). A similar tendency for c-
fos did not reach statistical significance (Fig. 1b).

Behavioral effects in the open field
We also investigated effects of these drug treatments on open-field behavior. As seen before
(6), methylphenidate alone increased measures of locomotion (ambulation; P<0.001) and
rearing (P<0.05), but fluoxetine had no effect on these behavioral variables, neither alone nor
in combination with methylphenidate (Fig. 1d). In contrast, behavioral stereotypies, a measure
of striatal dysfunction related to compulsive behavior (14), were potentiated by the
methylphenidate plus fluoxetine treatment (Fig. 1d). Thus, methylphenidate alone increased
stereotypy counts (P<0.01), while fluoxetine alone had no effect. When given together with
methylphenidate, however, fluoxetine further elevated stereotypy levels over those induced by
methylphenidate alone (P<0.05).

Discussion
Our present findings are the first to demonstrate that concomitant administration of the
serotonin reuptake blocker fluoxetine robustly potentiates gene regulation by methylphenidate,
consistent with the notion that serotonin facilitates dopamine-mediated gene regulation (6).
Here, we show enhanced induction of transcription factors (c-fos, zif 268) in the striatum and
the nucleus accumbens. Such acute gene induction often serves as a marker for long-term
neuroadaptations after repeated psychostimulant treatment, which are thought to underlie
addiction (14). This potentiated gene induction was most robust in sensorimotor domains of
the striatum, which mediate motor learning/habit formation and are implicated in compulsive
aspects of drug addiction (15,16). These fluoxetine effects on gene regulation 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 (17). In the nucleus
accumbens, gene induction was mostly enhanced in the lateral part of the shell (Van Waes et
al., in preparation), which receives input (among other areas) from the insular cortex, which is
implicated in craving and relapse in drug addiction (18). Together, these molecular and
behavioral changes are consistent with an increased liability for drug addiction or other
compulsive disorders (4,6,17).

In summary, our findings show that concomitant exposure to psychostimulant-cognitive
enhancers such as methylphenidate together with SSRIs such as fluoxetine produces cocaine-
like effects, suggestive of an increased risk for substance use disorder. This is of concern as
surveys indicate that millions of patients in the US alone are being treated with SSRIs and
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psychostimulants (2,8), and concomitant exposure to these drugs will likely increase
considerably with spreading popularity (1) of psychostimulants as cognitive enhancers.
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Fig. 1.
Fluoxetine potentiates methylphenidate-induced gene regulation and behavior. (a) Illustrations
of film autoradiograms depict expression of zif 268 in the striatum on the middle striatal level
for rats that received a single injection of vehicle (V), methylphenidate (MP, 5 mg/kg, i.p.) or
fluoxetine (FLX, 5 mg/kg), or a combination of methylphenidate+fluoxetine. (b) Mean density
values (mean±SEM) for c-fos and zif 268 expression in the nucleus accumbens (left) and middle
striatum (right) are given for rats that were treated with vehicle, methylphenidate, fluoxetine,
or methylphenidate+fluoxetine (n=5-7). (c) For comparison, zif 268 expression in the striatum
after acute cocaine administration (25 mg/kg; 19) is shown. (d) Ambulation (left), rearing
(middle) and stereotypy counts (right) are given for animals that received the above
methylphenidate and/or fluoxetine treatments and were then tested in a novel open field (40
min). Fluoxetine selectively potentiated methylphenidate-induced stereotypies. * P<0.05, **
P<0.01, *** P<0.001, vs. vehicle controls or as indicated.
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