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Abstract

Drug combinations that include a psychostimulant such as methylphenidate (Ritalin) and a 

selective serotonin reuptake inhibitor (SSRI) such as fluoxetine are indicated in several medical 

conditions. Co-exposure to these drugs also occurs with “cognitive enhancer” use by individuals 

treated with SSRIs. Methylphenidate, a dopamine reuptake inhibitor, by itself produces some 

addiction-related gene regulation in the striatum. We have demonstrated that co-administration of 

SSRIs potentiates these methylphenidate-induced molecular effects, thus producing a more 

“cocaine-like” profile. There is evidence that the 5-HT1B serotonin receptor subtype mediates 

some of the cocaine-induced gene regulation. We thus investigated whether the 5-HT1B receptor 

also modifies methylphenidate-induced gene regulation, by assessing effects of a selective 5-

HT1B receptor agonist (CP94253) on immediate-early gene markers (Zif268, c-Fos, Homer1a) in 

adolescent male rats. Gene expression was measured by in situ hybridization histochemistry. Our 

results show that CP94253 (3, 10 mg/kg) produced a dose-dependent potentiation of 

methylphenidate (5 mg/kg)-induced expression of Zif268 and c-Fos. This potentiation was 

widespread in the striatum and was maximal in lateral (sensorimotor) sectors, thus mimicking the 

effects seen after cocaine alone, or co-administration of fluoxetine. However, in contrast to 

fluoxetine, this 5-HT1B agonist did not influence methylphenidate-induced expression of 

Homer1a. CP94253 also potentiated methylphenidate-induced locomotor activity. These findings 

indicate that stimulation of the 5-HT1B receptor can enhance methylphenidate (dopamine)-

induced gene regulation. This receptor may thus participate in the potentiation induced by 

fluoxetine (serotonin) and may serve as a pharmacological target to attenuate methylphenidate

+SSRI-induced “cocaine-like” effects.
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Introduction

There is increasing use of psychotropic medications (e.g., psychostimulants, antidepressants) 

in children and adolescents. For example, psychostimulants such as the dopamine (and 

norepinephrine) reuptake inhibitor methylphenidate (MP) are useful in the treatment of 

attention-deficit/hyperactivity disorder (ADHD) (Castle et al., 2007; Kollins, 2008), which is 

diagnosed in up to 12% of school-age children in the United States (Kollins, 2008; Collins 

and Cleary, 2016). According to recent reports, up to 3.5 million US children age 4–17 years 

were taking psychostimulant medications in 2011 (Swanson et al., 2011; Visser et al., 2014). 

Perhaps more troubling is the increasing abuse of medical psychostimulants such as MP as 

“cognitive enhancers” or party drugs, as such use tends to entail more high-level drug 

exposure (Steiner and Van Waes, 2013). Such non-medical use is well-documented (Kollins, 

2008; Wilens et al., 2008; Benson et al., 2015). For example, a 2008 US survey found that 

about 8.5% of the population age 12 and older admitted to a history of non-medical use of 

prescription psychostimulants, and it was estimated that as many as 11 million prescriptions 

out of 38 million may have been diverted for non-medical use (Swanson et al., 2011).

Exposure to psychotropic agents in children and adolescents is of great concern because 

preclinical studies show that such drugs have the potential to interfere with normal brain 

development and facilitate long-term neurobehavioral maladaptations, including addiction 

and other neuropsychiatric disorders (for reviews, see Carlezon and Konradi, 2004; 

Andersen, 2005; Marco et al., 2011; Steiner et al., 2014).

Long-term neuronal and behavioral changes induced by such drugs are typically mediated 

by altered gene regulation. Research shows that MP, for example, can produce changes in 

the expression of many genes, similar to the effects of illicit psychostimulants such as 

cocaine (Yano and Steiner, 2007; Steiner and Van Waes, 2013), although other genes appear 

less affected (Yano and Steiner, 2007). Cocaine primarily blocks the reuptake of dopamine 

and serotonin, while MP blocks the dopamine transporter, but not the serotonin transporter 

(e.g., Kuczenski and Segal, 1997; see Yano and Steiner, 2007). Dopamine action is critical 

for the molecular impact of cocaine (e.g., Bhat and Baraban, 1993), but an important 

contribution of serotonin to the behavioral (Muller and Huston, 2006) and molecular effects 

of cocaine (Bhat and Baraban, 1993; Lucas et al., 1997; Horner et al., 2005) is also well 

established. The lack of serotonin effects for MP may therefore explain its more moderate 

effects on gene regulation (Yano and Steiner, 2007).

This notion is supported by our findings from a series of studies showing that serotonin 

action potentiates MP-induced gene regulation. More specifically, combining MP with a 

selective serotonin reuptake inhibitor (SSRI; SERT) antidepressant, such as fluoxetine 

(FLX) or citalopram, in doses that by themselves have no effect on gene regulation, 

potentiates MP-induced gene regulation in the striatum (for review, see Van Waes and 
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Steiner, 2015). This potentiating effect was demonstrated for acute induction of immediate-

early genes (IEGs) such as Zif268, c-Fos, and Homer1a by MP (Steiner et al., 2010; Van 

Waes et al., 2010), as well as for expression of neuropeptides (Van Waes et al., 2015) and 

blunting (repression; Renthal and Nestler, 2008) of IEG induction (Beverley et al., 2014; 

Van Waes et al., 2014), after repeated MP+FLX treatment.

These gene regulation effects are strikingly similar to those induced by illicit 

psychostimulants such as cocaine and amphetamine (Steiner and Van Waes, 2013), and are 

considered integral part of the molecular basis of addiction (Berke and Hyman, 2000; 

Nestler, 2001; Nestler, 2012). Zif268 and c-Fos encode transcription factors that regulate the 

activity of other genes (Knapska and Kaczmarek, 2004), and both are implicated in long-

term neurobehavioral changes induced by psychostimulants. For example, Zif268 is critical 

for place preference conditioning by cocaine (Valjent et al., 2006) and for reconsolidation of 

cocaine memories (Lee et al., 2005; Théberge et al., 2010), among other effects (Valjent et 

al., 2006). Homer proteins are scaffolding proteins that help cluster glutamate receptors at 

the synapse and link these to internal calcium stores. Homer1 (Homer1a) also plays a role in 

receptor trafficking and other mechanisms of synaptic plasticity (Xiao et al., 2000; Thomas, 

2002; Diering et al., 2017), and has long been implicated in drug-induced abnormal 

neuroplasticity related to addiction (for review, see Szumlinski et al., 2008).

The mechanisms underlying this serotonin potentiation of MP (dopamine)-induced gene 

regulation are not clear. This is partly due to the complexity in the interactions between 

serotonin and dopamine transmission as these are mediated by several serotonin receptor 

subtypes in multiple brain regions (Muller and Huston, 2006; Cunningham and Anastasio, 

2014; De Deurwaerdère and Di Giovanni, 2017). For example, a number of serotonin 

receptor subtypes are expressed in striatal neurons themselves (Barnes and Sharp, 1999; De 

Deurwaerdère and Di Giovanni, 2017), and these could thus directly modulate the molecular 

effects of dopamine input in these neurons.

One of the most highly expressed serotonin receptors in the striatum is the 5-HT1B receptor 

(Barnes and Sharp, 1999; De Deurwaerdère and Di Giovanni, 2017). A number of studies 

have demonstrated a role for this receptor in the regulation of behavioral effects (e.g., 

Parsons et al., 1998; Neumaier et al., 2002; Pentkowski et al., 2012) and gene regulation 

induced by cocaine (Lucas et al., 1997; Castanon et al., 2000). Moreover, a facilitatory role 

for 5-HT1B in behavioral activation by MP has also been shown (Borycz et al., 2008). We 

previously investigated whether MP and/or FLX treatment regulated the expression of 5-

HT1B in the striatum (Van Waes et al., 2015). Indeed, our results demonstrated that repeated 

treatment with MP also increases the expression of 5-HT1B (but not 5-HT2C) in striatal 

neurons and that this effect is also potentiated by co-treatment with the SSRI FLX (Van 

Waes et al., 2015). Moreover, the normal expression of 5-HT1B is highest in the lateral 

striatum (Van Waes et al., 2015), which roughly matches the distribution of the FLX-induced 

potentiation of gene regulation seen in our studies (see above).

In the present study, we investigated whether activation of 5-HT1B regulates MP-induced 

gene expression by assessing the effects of the selective 5-HT1B agonist CP94253 (Borycz 

et al., 2008; Pentkowski et al., 2008) on the induction of our IEG markers Zif268, c-Fos and 
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Homer1a. These effects were contrasted with those previously observed with FLX. Our 

results show that the 5-HT1B agonist CP94253 potentiates MP-induced expression of 

Zif268 and c-Fos, but not Homer1a, thus matching in part the effects induced by FLX co-

treatment.

Materials and methods

Animals

Male Sprague–Dawley rats (five weeks old at the time of the drug treatment; Harlan, 

Madison, WI, USA) were housed 2–3 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 time 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

Rats (n=5–9 per group) received an injection of vehicle (V; i.p.), or the selective 5-HT1B 

receptor agonist CP94253 [3 (CP3) or 10 mg/kg (CP10) in 0.02% ascorbic acid, 1 ml/kg; 

Tocris Bioscience, Minneapolis, MN, USA] (Borycz et al., 2008; Pentkowski et al., 2008), 

followed 15 min later by an injection of V or methylphenidate HCl (5 mg/kg, MP; Sigma, 

St. Louis, MO, USA). MP plus fluoxetine HCl (5 mg/kg each, MP+FLX; Sigma) were 

administered in the same injection (Steiner et al., 2010; Van Waes et al., 2014). After the last 

injection, the rat was placed in an open-field apparatus (43 × 43 cm), and locomotion 

(ambulatory counts) was measured for 40 min with an activity monitoring system (Truscan, 

Coulbourn Instruments, Allentown, PA, USA).

The MP and FLX doses were based on our previous studies. The MP dose of 5 mg/kg 

produces robust changes in striatal gene regulation, and these effects are potentiated by 

adding FLX (5 mg/kg) (e.g., Steiner et al., 2010; Van Waes et al., 2014). This MP dose is at 

the upper limit or above of doses used clinically and is relevant for MP abuse (see Steiner 

and Van Waes, 2013). The FLX dose is in the clinically relevant range (Dulawa et al., 2004; 

Rantamäki et al., 2007).

Tissue preparation and in situ hybridization histochemistry

After the behavioral test, the rats were killed with CO2, and the brain was rapidly removed, 

frozen in isopentane cooled on dry ice and then stored at −30 °C until cryostat sectioning. 

Coronal sections (12 μm) were thaw-mounted onto glass slides (Superfrost/Plus, Daigger, 

Wheeling, IL, USA), dried on a slide warmer and stored at −30 °C. In situ hybridization 

histochemistry was performed as described before (Willuhn et al., 2003; Van Waes et al., 

2015). Oligonucleotide probes (48-mers; Invitrogen, Rockville, MD, USA) were labeled 

with [33P]-dATP. The probes had the following sequence: Zif268 (Egr1), complementary to 

bases 352–399, GenBank accession number M18416; c-Fos, bases 207–254, X06769; 

Homer1a, bases 1493–1540, AB003726. Hybridization and washing procedures were as 
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reported (Willuhn et al., 2003; Van Waes et al., 2015). The sections were apposed to X-ray 

film (BioMax MR-2, Kodak) for 5–9 days.

Analysis of autoradiograms

Gene expression in the striatum was assessed in sections from 3 rostrocaudal levels [rostral, 

approximately at +1.6 mm relative to bregma (Paxinos and Watson, 1998); middle, +0.4 

(Fig. 1); caudal, −0.8] in a total of 23 sectors. These sectors reflect functional domains and 

are mostly defined by their predominant cortical inputs (see Willuhn et al., 2003; Yano and 

Steiner, 2005a). Eighteen of these sectors represent the caudate-putamen, and 5 the nucleus 

accumbens (Fig. 2).

Hybridization signals on film autoradiograms were measured by densitometry (NIH Image; 

Wayne Rasband, NIMH, Bethesda, MD, USA), as described (Van Waes et al., 2015). 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. The illustrations of film autoradiograms displayed in Figure 1 are 

computer-generated images, and are contrast-enhanced where necessary.

Statistics

Treatment effects were determined by one-factor ANOVA. Newman-Keuls post hoc tests 

were used to describe differences between individual groups (Statistica, StatSoft, Tulsa, OK, 

USA). The distribution of changes in gene induction throughout the striatum was illustrated 

by maps (Fig. 2). For these maps, the difference in gene expression (vs. V or as indicated) in 

a given sector was expressed as the percentage of the maximal difference observed for either 

gene (% max.). The regional distributions of gene regulation effects across the 23 striatal 

sectors were compared by Pearson correlations.

Results

Effects of 5-HT1B receptor agonist alone: Increased gene expression in the rostral dorsal 
striatum for all three IEGs

Acute administration of the 5-HT1B receptor agonist CP94253 (10 mg/kg; CP10 group) 

alone was sufficient to induce modest IEG expression in the striatum (Figs. 1, 2, 3). This 

response had a distinctive regional distribution (Figs. 1, 2). Gene induction followed a 

rostrocaudal gradient, with the highest levels in the dorsal and dorsolateral striatal sectors on 

the rostral level and minor (dorsal) or no effects on the middle and caudal levels. This effect 

was found for all three IEGs [Zif268, c-Fos, Homer1a: rostral: significantly increased (vs. V 

group) in 5, 5, 4 of the 10 sectors, respectively; middle: 2, 1, 0 of 6 sectors; caudal: 0, 0, 0 of 

7 sectors; Fig. 2] and was indeed highly correlated between the three IEGs across the 23 

striatal sectors (Zif268 x c-Fos, r=0.9781, P<0.001; Zif268 x Homer1a, r=0.9274, P<0.001; 

c-Fos x Homer1a, r=0.9069, P<0.001).
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5-HT1B receptor stimulation potentiates methylphenidate-induced expression of Zif268 
and c-Fos, but not Homer1a

MP (5 mg/kg) alone induced IEG expression with a different striatal distribution (Figs. 1, 2, 

3). This effect was present on rostral, middle and caudal levels and was maximal in the 

dorsal and central striatum on the middle and caudal levels (Figs. 1, 2) (Zif268, c-Fos, 

Homer1a: rostral: 6, 5, 4 of 10 sectors, respectively; middle: 5, 5, 5 of 6; caudal: 4, 3, 3 of 7; 

Fig. 2). Again, this distribution was similar for all three IEGs (Zif268 x c-Fos, r=0.9478, 

P<0.001; Zif268 x Homer1a, r=0.9589, P<0.001; c-Fos x Homer1a, r=0.9582, P<0.001).

The 5-HT1B agonist CP94253 given together with MP (MP+CP) produced more 

pronounced induction of Zif268 and c-Fos than MP alone (potentiation), on all three striatal 

levels (Fig. 1A and B, 2A and B, 3A and B). This effect was dose-dependent; MP+CP10 

produced a more robust increase than MP+CP3 in the lateral striatum (Fig. 3A, B). Overall, 

the striatal sectors affected by MP+CP10 (Zif268, c-Fos: rostral: 6, 5 of 10 sectors; middle: 

5, 5 of 6; caudal: 6, 5 of 7; Fig. 2) were similar to those with MP alone. However, the maps 

(Fig. 2) show that adding CP10 to MP produced a shift in the peak induction towards the 

lateral striatum compared to MP alone, for both Zif268 and c-Fos. This potentiation was 

most robust on the middle level and displayed a medial-lateral gradient, with greatest 

increases in the dorsolateral and ventrolateral sectors on the middle level (Fig. 3). The 

statistical comparison of the effects in MP+CP10 vs. MP groups (Fig. 2, box) confirmed that 

MP+CP10 animals displayed significantly stronger Zif268 and c-Fos responses in the rostral 

(3 and 3 sectors), middle (3, 3), and caudal striatum (0, 2), with the most pronounced 

differences occurring in the middle, lateral striatum. Considering that part of the signal in the 

rostral striatum likely reflects an effect by CP10 alone (see above), the potentiation was most 

robust in the middle, lateral striatum.

In contrast to Zif268 and c-Fos, Homer1a induction by MP was not affected by adding 

CP94253 (Figs. 1C, 2C, 3C). In MP+CP10-treated animals, no significantly greater 

Homer1a induction than in MP-treated animals was seen in any of the striatal sectors (MP

+CP10 vs. MP, potentiation; Fig. 2C, box). This difference was also reflected by weaker or 

no correlations between Homer1a vs. Zif268 and c-Fos (MP+CP10 minus MP; Zif268 x c-

Fos, r=0.8320, P<0.001; Zif268 x Homer1a, r=0.6670, P<0.001; c-Fos x Homer1a, 

r=0.4821, P<0.05).

For a further comparison of these responses, we also assessed the effects of a MP+FLX 

combination (Figs. 1, 2, 3). As previously reported (Steiner et al., 2010; Van Waes et al., 

2010), FLX (5 mg/kg), which by itself has no effect on these genes (Van Waes et al., 2010; 

Van Waes et al., 2014; Van Waes et al., 2015), potentiated MP-induced gene expression for 

all three IEGs. MP+FLX-treated animals showed increased expression (vs. V controls) on 

rostral, middle and caudal levels (Zif268, c-Fos, Homer1a: rostral: 7, 5, 5 of 10 sectors; 

middle: 6, 5, 6 of 6; caudal: 6, 4, 5 of 7; Fig. 2). A significantly greater response in MP

+FLX- than in MP-treated animals (potentiation) was seen for all three IEGs (Zif268, c-Fos, 

Homer1a: rostral: 3, 3, 4 of 10 sectors; middle: 3, 3, 6 of 6; caudal: 1, 2, 3 of 7; Fig. 2). 

Consequently, these differences between MP+FLX- and MP-treated animals were highly 

correlated between all three IEGs (Zif268 x c-Fos, r=0.9498, P<0.001; Zif268 x Homer1a, 
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r=0.9179, P<0.001; c-Fos x Homer1a, r=0.9498, P<0.001). Thus, in contrast to CP94253, 

FLX also potentiates MP effects on Homer1a expression.

Comparison of 5-HT1B agonist effects with distribution of 5-HT1B receptor expression in 
the striatum

We next used correlation analysis to compare the effects of these drugs on IEG expression 

with the distribution of 5-HT1B receptor mRNA in the striatum, as reported before (Van 

Waes et al., 2015). The distribution of the effects of CP94253 (10 mg/kg) alone was not or 

poorly related to that of 5-HT1B mRNA expression (values taken from Van Waes et al., 

2015) across the 23 striatal sectors (Zif268 x 5-HT1B, r=0.3350, P>0.05; c-Fos x 5-HT1B, 

r=0.3098, P>0.05; Homer1a x 5-HT1B, r=0.4231, P<0.05). On the other hand, the regional 

distribution of the CP10-induced potentiation of MP-induced IEG expression (i.e., MP

+CP10 minus MP values) better matched the receptor mRNA distribution, for Zif268 
(Zif268 x 5-HT1B, r=0.6319, P<0.002) and c-Fos (c-Fos x 5-HT1B, r=0.4392, P<0.05), but 

not Homer1a (no potentiation; Homer1a x 5-HT1B, r=0.3476, P>0.05).

5-HT1B receptor stimulation potentiates methylphenidate-induced locomotor activity

MP treatment alone significantly increased ambulation in the open-field test, while CP94253 

(10 mg/kg) alone had no effect, as compared with V controls (Fig. 4). The MP+CP10 

combination produced a significantly greater increase in ambulation than MP alone 

(potentiation) (Fig. 4), consistent with findings by others (Borycz et al., 2008). Overall, this 

behavioral profile matched the profile of IEG induction in the middle lateral striatum (see 

Fig. 3).

Discussion

The present study investigated potential mechanisms mediating the potentiation of MP-

induced gene regulation in the striatum by SSRIs, such as FLX, resulting in a “cocaine-like” 

profile of gene expression. Our main findings demonstrate that acute stimulation of the 5-

HT1B receptor by the selective 5-HT1B agonist CP94253 potentiates the induction of the 

IEGs Zif268 and c-Fos by MP, thus mimicking previously observed FLX effects. The 

regional distribution of this potentiation matched that of the FLX-induced potentiation of 

gene regulation as well as the distribution of 5-HT1B receptor expression in the striatum. 

However, in contrast to FLX, CP94253 had no effect on MP-induced expression of the IEG 

Homer1a. These findings are consistent with a role for 5-HT1B in FLX-induced gene 

regulation, but indicate that other serotonin receptor subtypes may also be involved in these 

FLX effects.

Interactions between dopamine and serotonin receptors in gene regulation in the striatum: 
Effects of the 5-HT1B agonist CP94253

Psychostimulant-induced gene regulation in the striatum is the result of interactions between 

several neurotransmitter systems (Steiner and Van Waes, 2013). For example, numerous 

studies have demonstrated that the molecular effects of cocaine are principally a result of 

dopamine receptor stimulation (for review, see Steiner and Van Waes, 2013), but this impact 

of cocaine is also influenced by serotonin (e.g., Bhat and Baraban, 1993). Further studies 
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have identified the 5-HT1B serotonin receptor subtype as a facilitator of the molecular 

effects of cocaine (Lucas et al., 1997; Castanon et al., 2000).

The gene regulation effects of the dopamine reuptake inhibitor MP are also mediated by 

dopamine receptors (Yano et al., 2006; Alburges et al., 2011). However, our previous studies 

showed that these effects are more limited compared to those of cocaine (Yano and Steiner, 

2007). Indeed, we then demonstrated that increasing the serotonin tone, by combining MP 

with FLX, potentiates MP-induced gene regulation (Van Waes and Steiner, 2015). Given the 

known facilitatory role for the 5-HT1B receptor in cocaine-induced gene regulation (Lucas 

et al., 1997; Castanon et al., 2000), the present study assessed the impact of 5-HT1B 

stimulation on MP-induced IEG expression.

Consistent with a facilitatory role for 5-HT1B, our findings show that the 5-HT1B agonist 

CP94253 combined with MP enhanced, in a dose-dependent manner, the expression of 

Zif268 and c-Fos over the expression induced by MP alone, thus mimicking FLX effects in 

inducing a “cocaine-like” pattern. CP94253 by itself also produced some (modest) IEG 

induction in some striatal areas, most notably in the rostral dorsal striatum. The increase by 

the combined treatment may thus reflect an additive effect in those areas. In contrast, in the 

middle and caudal striatum, where CP94253 alone had minimal or no effects, this increase 

represents a potentiation of MP-induced IEG expression. This potentiation was maximal in 

the lateral (sensorimotor) striatum on the middle level, which also mimicked the regional 

distribution of the FLX-induced potentiation of MP-induced IEG regulation (Van Waes et 

al., 2010; Van Waes et al., 2014).

The IEG response to CP94253 alone in the rostral striatum was seen for all three IEGs, 

including Homer1a. This finding notably contrasted with the CP94253-induced potentiation 

in the middle and caudal striatum that was only found for Zif268 and c-Fos, but not 

Homer1a. Moreover, unlike the potentiation, this effect by CP94253 alone did not match the 

distribution of striatal 5-HT1B expression. This dissociation indicates differential underlying 

mechanisms. Given that striatal gene regulation is also dependent on glutamate receptor 

stimulation/cortical input (Steiner and Van Waes, 2013), it is possible that this response in 

the rostral striatum reflected enhanced cortical (or other) input as a consequence of 5-HT1B 

receptor stimulation outside of the striatum.

On the other hand, the CP94253-induced potentiation of MP-induced IEG expression in the 

middle and caudal striatum paralleled the distribution of 5-HT1B mRNA expression, 

consistent with a role for 5-HT1B receptors expressed by striatal neurons in this 

potentiation.

Potential mechanisms mediating the potentiation of IEG induction by 5-HT1B stimulation

In our studies, systemic drug treatments were employed, which precludes conclusions 

regarding the specific site of action of the 5-HT1B agonist. For example, we cannot exclude 

potential metabolic or pharmacokinetic interactions between the 5-HT1B agonist and MP, 

which might have resulted in increased MP levels in the brain (Zhu et al., 2010). However, 

elevated MP plasma levels would be expected to enhance striatal gene expression throughout 

the striatum, as we have shown for higher MP doses (Yano and Steiner, 2005b), but this is 
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not the case for MP+CP94253 (or MP+FLX) combinations. Instead, our present and 

previous findings show that the FLX- or CP94253-induced potentiation of gene regulation 

by MP preferentially occurs in the lateral striatum, where levels of 5-HT1B mRNA are 

highest (Van Waes et al., 2015). These matching regional patterns (correlations) for the 

Zif268/c-Fos potentiation and 5-HT1B receptors (mRNA) in the striatum suggest that local 

receptors may play a role.

Several mechanisms involving such 5-HT1B receptors are conceivable. The 5-HT1B 

receptor is predominantly located presynaptically on neuronal terminals and inhibits 

transmitter release (Boschert et al., 1994; De Deurwaerdère and Di Giovanni, 2017). Given 

that the distribution of the potentiation of gene regulation in striatal projection neurons 

roughly matches the striatal 5-HT1B mRNA distribution, 5-HT1B receptors expressed by 

striatal projection neurons (heteroreceptors) are likely involved, rather than 5-HT1B 

receptors on serotonin terminals (autoreceptors; Barnes and Sharp, 1999; De Deurwaerdère 

and Di Giovanni, 2017) or other striatal inputs (De Deurwaerdère and Di Giovanni, 2017). 

5-HT1B receptors expressed by striatal projection neurons are located in their terminal 

regions, for example, in the substantia nigra, but also on the extensive local axon collaterals 

in the striatum (Wilson and Groves, 1980).

One potential mechanism for 5-HT1B action, as previously proposed by Hen and colleagues 

(Lucas et al., 1997; Castanon et al., 2000), involves disinhibition of dopamine input to the 

striatum, mediated by serotonin action on 5-HT1B receptors in the substantia nigra. In this 

scenario, the relevant 5-HT1B receptors would be expressed by striatonigral (direct 

pathway) neurons and be situated on their terminals in the substantia nigra to inhibit GABA 

release from these neurons (Ding et al., 2015; see Castanon et al., 2000, for discussion). 

Reduced GABA release would be expected to increase (disinhibit) dopamine input to striatal 

neurons (Castanon et al., 2000). Enhanced dopamine input would be consistent with 

increased dopamine-mediated gene regulation after MP plus SSRI co-treatment. 

Alternatively, local inhibition of GABA release by serotonin acting on 5-HT1B receptors 

located on terminals of local striatal axon collaterals of striatonigral neurons (Wilson and 

Groves, 1980), or other GABA neurons, and consequent disinhibition of striatal neurons is 

another potential mechanism by which 5-HT1B receptors could enhance gene regulation by 

dopamine input. Future studies with local experimental manipulations will have to discern 

between these mechanistic possibilities.

Differential effects of 5-HT1B stimulation on Zif268, c-Fos vs. Homer1a expression in the 
striatum

As mentioned above, the 5-HT1B agonist CP94253 (10 mg/kg) potentiated the MP-induced 

expression of Zif268 and c-Fos, but not Homer1a. This differential response contrasts with 

the effects of FLX. FLX potentiates MP-induced regulation of Homer1a to a similar degree 

as regulation of Zif268 and c-Fos. This was demonstrated for acute IEG induction by MP

+FLX (present results) as well as for blunting (repression) of IEG induction after repeated 

MP+FLX treatment (Beverley et al., 2014; Van Waes et al., 2014).

Differential regulation for Homer1a vs. Zif268/c-Fos was also seen in some of our earlier 

studies, and serotonin appeared to be a factor as well. Thus, repeated cocaine treatment (i.e., 
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dopamine+serotonin activation) resulted in similar robust blunting for Homer1a and Zif268 
induction (Unal et al., 2009). In contrast, repeated methylphenidate (dopamine) treatment 

produced robust Zif268 blunting, but had minimal or no effects for Homer1a (Cotterly et al., 

2007). However, as discussed above, adding FLX (serotonin) to MP produced similar 

blunting for both Homer1a and Zif268 (Beverley et al., 2014; Van Waes et al., 2014). These 

results highlight the critical role for serotonin in Homer1a regulation.

In the present study, we did not assess whether a higher dose of the 5-HT1B receptor agonist 

CP94253 might potentiate induction of Homer1a to determine whether stimulation of 5-

HT1B can be sufficient also for Homer1a. In either case, this observed dissociation for 

Zif268 and c-Fos vs. Homer1a demonstrates differential regulatory mechanisms for these 

genes.

The mechanisms underlying these effects remain unclear. Transcription dynamics may play 

a role. In the striatum, robust psychostimulant-induced Zif268 and c-Fos signals are detected 

within 15 min, and peak around 30–60 min after drug administration (i.e., cocaine, MP; 

Steiner and Van Waes, 2013). In contrast, the time course for the Homer 1a signal is delayed 

(Yano and Steiner, 2005a; Steiner and Van Waes, 2013). Homer 1 is a larger gene (~100 kb, 

10 exons), and the Homer 1a-specific signal (intron 5) only appears around 30 min after 

transcription initiation (Bottai et al., 2002). For MP, this signal peaks around 60 min after 

drug administration or later (Yano and Steiner, 2005a; Steiner and Van Waes, 2013). At 40 

min (present study), this signal was thus on the ascending limb. While these differential 

dynamics may indicate a less robust Homer 1a signal at 40 min, this signal was significantly 

above threshold following treatment with the 5-HT1B receptor agonist CP94253 (10 mg/kg) 

alone (in the rostral striatum) and for MP alone (all 3 striatal levels), yet the 5-HT1B agonist 

did not potentiate the MP-induced signal. These differential dynamics can thus hardly 

account for the lack of potentiation for Homer 1a by CP94253.

Given that FLX (serotonin) did potentiate the Homer 1a signal in the present study, while the 

5-HT1B agonist was insufficient, the most parsimonious explanation is that stimulation of 

additional 5-HT receptor subtypes is necessary for the Homer 1a potentiation, but not 

Zif268/c-Fos potentiation. Several other serotonin receptor subtypes are present in the 

striatum, and some of these also facilitate psychostimulant-induced gene regulation (e.g., 5-

HT2A, Szucs et al., 2005; 5-HT3, Genova and Hyman, 1998). In addition, it is conceivable 

that serotonin receptor subtypes outside of the striatum are involved, by facilitating cortico-/

thalamostriatal input which drives psychostimulant-induced gene regulation in the striatum 

(Steiner and Van Waes, 2013). Future studies will have to clarify whether other serotonin 

receptors, alone or in combination with 5-HT1B, contribute to facilitate MP-induced gene 

regulation.

Clinical relevance and conclusions

Our findings show that combining SSRIs with MP potentiates gene regulation in the 

striatum, which mimics gene regulation by cocaine in several aspects (Steiner and Van Waes, 

2013). Such combination treatments are indicated for various conditions. These include 

ADHD/depression comorbidity (Safer et al., 2003; Bhatara et al., 2004; Kollins, 2008), 

which occurs with up to 40% prevalence in pediatric ADHD (Waxmonsky, 2003; Spencer, 
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2006), as well as other conditions (e.g., Lavretsky et al., 2003; Nelson, 2007; Ishii et al., 

2008). Dual exposure to these medications also occurs as a result of “cognitive enhancer” 

use (Kollins, 2008) by patients on SSRIs.

Given that the affected genes are implicated in addiction (Berke and Hyman, 2000; Nestler, 

2001; Nestler, 2012), the question arises whether this MP+SSRI combination treatment may 

increase the risk for subsequent substance use disorder. Preclinical studies suggest that this 

may be the case. For example, MP+FLX treatment in juvenile rats enhanced the rewarding 

effects of cocaine later in life, as determined in the cocaine place preference conditioning 

model (Warren et al., 2011). Moreover, such a combination treatment has been shown to 

facilitate the subsequent acquisition of cocaine self-administration in rats (Marinelli et al., 

2015). Both effects are suggestive of an increased cocaine abuse/addiction risk after MP

+SSRI exposure. Identifying serotonin receptors that participate in this SSRI-mediated 

potentiation of MP-induced gene regulation and associated behavioral changes may provide 

pharmacological targets to attenuate this risk.
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Figure 1. 
Differential effects of 5-HT1B receptor stimulation on IEG expression induced by 

methylphenidate (MP) in the striatum. Illustrations of film autoradiograms depict Zif268 
(A), c-Fos (B) and Homer1a expression (C) in coronal sections from the middle striatum in 

rats that received an injection of vehicle (V) or the 5-HT1B receptor agonist CP94253 (10 

mg/kg; CP10), followed 15 min later by an injection of V, MP (5 mg/kg), or MP plus 

fluoxetine (5 mg/kg each; MP+FLX) (groups V+V, V+MP, CP10+V, CP10+MP or MP

+FLX), and were killed 40 min later. The maximal hybridization signal is in black. The 5-

HT1B receptor agonist potentiated MP-induced expression of Zif268 and c-Fos, but not 

Homer1a (MP+CP10). In contrast, FLX potentiates MP-induced expression of all three IEGs 

(MP+FLX).
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Figure 2. 
Topography of 5-HT1B agonist effects on basal and methylphenidate (MP)-induced gene 

expression. Maps depict the distribution of gene induction (i.e., the difference vs. vehicle 

controls, V) for Zif268 (A), c-Fos (B) and Homer1a (C) across the 23 sectors in the rostral, 

middle and caudal striatum in rats treated with MP (5 mg/kg), the 5-HT1B receptor agonist 

CP94253 (10 mg/kg; CP10), MP+CP10, or MP plus fluoxetine (5 mg/kg; MP+FLX). The 

differences between MP+CP10 and MP, and between MP+FLX and MP groups are also 

shown (box). The data are normalized relative to the maximal induction observed (% of 

max.) for each gene. Sectors with a statistically significant induction or difference (P<0.05) 

are shaded as indicated. Sectors without significant difference are in white. The 5-HT1B 

agonist by itself (CP10) produced some increase in expression for all three genes. This effect 

was maximal in the rostral dorsal striatum and dissipated towards caudal. CP94253 

potentiated MP-induced gene expression (MP+CP10 vs. MP), which was most robust in the 

lateral sectors of the middle striatum. However, this effect was only seen for Zif268 and c-

Fos, but not for Homer1a. In contrast, FLX, in a dose that by itself produces no gene 

regulation (see text), potentiated induction of all three IEGs (MP+FLX vs. MP). This effect 
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was also maximal in the lateral striatum on the middle level. d, dorsal; dl, dorsolateral; vl, 

ventrolateral.
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Figure 3. 
5-HT1B agonist-induced potentiation of methylphenidate (MP)-induced IEG expression in 

the middle striatum. Mean density values (mean ± SEM) for Zif268 (A), c-Fos (B) and 

Homer1a expression (C) in rats that received vehicle (V), MP (5 mg/kg), MP plus the 5-

HT1B receptor agonist CP94253 (3 or 10 mg/kg; MP+CP3, MP+CP10), CP10 alone, or MP 

plus fluoxetine (5 mg/kg; MP+FLX) are given for the dorsal (d), dorsolateral (dl), and 

ventrolateral (vl) sectors on the middle level. CP94253 potentiated MP-induced expression 

of Zif268 and c-Fos, but not Homer1a, in a dose-dependent manner. This effect was most 

robust in the lateral sectors. FLX potentiated MP-induced expression of all three IEGs. 

*P<0.05, **P<0.01, ***P<0.001 vs. V; #P<0.05, ##P<0.01, ###P<0.001 vs. MP 

(potentiation) and as indicated.
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Figure 4. 
Drug effects on open-field behavior. Ambulation counts (mean ± SEM) during 40 min after 

the last drug injection are shown for animals that received vehicle (V), methylphenidate (5 

mg/kg; MP), MP plus the 5-HT1B receptor agonist CP94253 (3 or 10 mg/kg; MP+CP3, MP

+CP10), or CP10 alone. CP94253 potentiated MP-induced ambulation in a dose-dependent 

manner. ***P<0.001 vs. V; ##P<0.01, ###P<0.001 vs. MP (potentiation) and as indicated.
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