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Abstract

The medical psychostimulant methylphenidate (MP) is used to treat attention-deficit hyperactivity
disorder and recreationally as a “cognitive enhancer”. MP is a dopamine reuptake inhibitor, but
does not affect serotonin. Serotonin contributes to addiction-related gene regulation and behavior.
Previously, we showed that enhancing serotonin action by adding a selective serotonin reuptake
inhibitor, fluoxetine (FLX), to MP potentiates MP-induced gene regulation in striatum and nucleus
accumbens, mimicking cocaine effects. Here, we investigated the behavioral consequences of
MP+FLX treatment. Young adult male rats received MP (5 mg/kg, i.p.) or MP+FLX (5 mg/kg
each) daily for 6-8 days. Behavioral effects were assessed in an open-field test during the repeated
treatment. Two weeks later the motor response to a cocaine challenge (25 mg/kg) and the rate of
acquisition of cocaine self-administration behavior were determined. Our results demonstrate that
FLX potentiates effects of MP on open-field behavior. However, we found differential behavioral
responses to MP+FLX treatment, as approximately half of the rats developed high rates of

focal stereotypies (termed “MP+FLX/high reactivity” group), whereas the other half did not, and
only showed increased locomotion (“MP+FLX/low reactivity” group). Two weeks later, cocaine-
induced locomotion and stereotypies were positively correlated with MP+FLX-induced behavior
seen at the end of the repeated MP+FLX treatment. Moreover, the MP+FLX/high reactivity group,
but not the low reactivity group, showed facilitated acquisition of cocaine self-administration.
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These results demonstrate that repeated MP+FLX treatment can facilitate subsequent cocaine
taking behavior in a subpopulation of rats. These findings suggest that MP+FLX exposure in some
individuals may increase the risk for psychostimulant use later in life.
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1. Introduction

Findings in preclinical studies demonstrate that exposure to psychotropic drugs can produce
long-lasting neurobehavioral changes that may facilitate addiction and other psychiatric
disorders later in life [1-3]. Increasing numbers of individuals are being exposed to
psychotropic drugs such as the medical psychostimulant methylphenidate (MP, Ritalin) for
the treatment of certain mental disorders or as a “cognitive enhancer” [4,5]. For example,

in 2008 approximately 3 million children between 4 and 17 years of age were treated with
psychostimulants for attention-deficit hyperactivity disorder (ADHD) in the US alone [6].
In addition, there is increasing misuse of MP for recreational purposes or as a cognitive
enhancer by children, students and adults [4,5,7,8]. According to surveys, up to 20 % of
college students indicated such nonmedical use to improve concentration, stay awake to
study, or party (e.g., [4,8,9]). The 2014 National Survey on Drug Use and Health found that
more than 1 million individuals age 12 and older in the US admitted to current nonmedical
use of prescription stimulants, continuing a decade-long trend [10]. Recreational use is
more problematic, as it often involves high-level exposure due to intravenous administration,
snorting etc. [4,11].

Co-exposure to more than one psychotropic drug also frequently occurs. For example,
combinations of MP and a selective serotonin reuptake inhibitor (SSRI) are used to

treat comorbid ADHD/major depressive and anxiety disorders [12—14]. These treatments
typically continue into adulthood. MP+SSRI concomitant treatments are also indicated

for a number of other conditions in adults, including augmentation therapy in major
depressive disorder [15-17], augmentation of partial response to stimulants [18], reversal of
stimulant-induced insomnia [19] and others. Aside from depression, SSRIs are also used to
treat several other disorders, including post-traumatic stress disorder, obsessive-compulsive
disorder, phobias, anxiety, and eating disorders. Unintended co-exposure thus occurs in
patients taking SSRIs who use MP recreationally or as a cognitive enhancer [4,20].

Long-term neurobehavioral changes induced by psychotropic drugs are typically mediated
by altered gene regulation. A host of research over the last decade has demonstrated that
MP produces changes in the expression of hundreds of genes in rodents (for reviews, see
[11,21]), although such gene regulation tends to be more limited than that induced by
illicit psychostimulants such as cocaine [21]. These differential molecular effects are likely
related to the differential neurochemical effects of these psychostimulants. Cocaine blocks
the reuptake of dopamine and serotonin, while MP only blocks the reuptake of dopamine,
but not of serotonin (e.g., [22]; see [21]). While dopamine is critical, serotonin contributes
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to the impact of cocaine on gene regulation [23-25] and behavior (e.g., [26]). Interactions
between dopamine and serotonin also occur with MP+SSRI combinations. Our findings
from a series of studies show that SSRIs [fluoxetine (FLX) or citalopram], in doses that by
themselves have no effect on gene regulation, potentiate MP-induced gene regulation in the
rat striatum (for review, see [27]). In as far as the affected genes are considered part of the
molecular basis for addiction [11], these results suggest an increased addiction liability for
MP+SSRI combinations.

Less is known on the behavioral effects of MP+SSRI combinations in rodents. One early
study found that acute treatment with FLX increased the locomotor stimulant effects of

MP in rats [28]. Further work demonstrated that repeated MP+FLX treatment in juvenile
rats facilitated cocaine-induced place preference conditioning when these rats were adults
[29]. Our previous studies showed that adding FLX to MP treatment produced increased
levels of behavioral stereotypies in an open-field test [30,31]. This same treatment had no
overall effect on subsequent cocaine self-administration, but we observed variable responses
between rats, whereby some showed heightened self-administration behavior and others not
[32], indicating that MP+FLX treatment could differentially affect subpopulations of rats.
Together with the facilitated place preference conditioning [29], these findings suggest that
MP+FLX combinations may enhance cocaine-induced motivated behavior.

In the present study, we further investigated the behavioral effects of MP+FLX
combinations. We examined behavioral changes in the open-field (locomotion, stereotypies)
during the repeated MP+FLX treatment, as well as subsequent behavioral responses to
cocaine, either in an open-field test or in the cocaine self-administration model. We assessed
the effects of intermittent treatment (once daily, 6-8 days) with MP and FLX in doses of

5 mg/kg each, which produces robust changes in addiction-related gene regulation [27].

The present behavioral analysis was performed in young adult rats, as patients in this

age group are most often exposed to MP+FLX combinations and have access to illicit
psychostimulants such as cocaine [10,33].

2. Methods
2.1. Subjects

Male Sprague—Dawley rats [300-330 g (~10 weeks old) at the beginning of the drug
treatment; Harlan, Madison, WI, USA] were housed 2—-3 per cage under standard laboratory
conditions (12:12 h light/dark cycle; lights on at 07:00 h) with food and water available

ad libitum. Experiments were performed between 13:00 and 17:00 h. Prior to the drug
treatment, 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.

2.2. Repeated drug treatments

Experiment 1.—Open-field behavior: The repeated drug treatment consisted of an
intraperitoneal (i.p.) injection of vehicle (V), methylphenidate HCI (5 mg/kg, MP; in 0.02
% ascorbic acid, 1 ml/kg; Sigma, St. Louis, MO, USA), or methylphenidate plus fluoxetine
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(5 ma/kg, FLX; Sigma) (MP+FLX) [30], once daily for 6 days (Fig. 1). This FLX dose is

in the clinically relevant range [34,35], while the MP dose is at the upper limit or above of
doses used clinically and is thus likely more relevant for MP abuse (see [11]). This treatment
was performed in a behavioral laboratory adjacent to the housing room. Drug-induced
behavior was measured with a Truscan activity monitoring system (arena, 43 x 43 cm;

light beam spacing, 1.3 cm; sampling rate, 500 msec; Coulbourn Instruments, Allentown,
PA, USA). Locomotion (“ambulation counts”) and local repetitive movements (stereotypies;
“stereotypy 1 counts™) were assessed. For control purposes, behavior was also video-taped.
Before the drug injection, the rat was placed in the open-field arena for a 40-min habituation
period. After the injection, the drug-induced behavior was measured for 90 min. Two weeks
after the last treatment (Fig. 1), all rats received a cocaine challenge (25 mg/kg, C; cocaine
HCI, Sigma) (groups V/C, MP/C, MP+FLX/C; n=7-11) to assess their behavioral response
to cocaine. After the cocaine injection, the rat was again placed in the open-field apparatus,
and ambulation and stereotypy counts were measured for 40 min.

Experiment 2.—Cocaine self-administration: The drug treatment, once daily for 8 days
(Fig. 1), was identical to that in experiment 1, except that behavior (ambulation) was
measured with an SDI photobeam activity system (San Diego Instruments, San Diego, CA,
USA). Again, the rats were first placed in the activity cages (47 x 25 cm) for a 40-min
habituation period and then received an injection of V, MP (5 mg/kg), FLX (5 mg/kg) or
MP+FLX (n=6-16), and ambulation was recorded for another 90 min.

2.3. Cocaine self-administration procedures

One week after the last treatment, rats received surgery under isoflurane anesthesia,

to implant an intravenous Silastic catheter for subsequent intravenous cocaine self-
administration. Briefly, the catheter was inserted in the right external jugular vein and
passed subcutaneously to exit the mid-scapular region [36]. After one week of recovery
(i.e., 2 weeks after the last drug treatment), these animals started cocaine self-administration
training (Fig. 1).

Self-administration training occurred for 10 consecutive days (2h/day) in operant chambers
(41 x 24 cm floor area, 21 cm high; MED Associates) equipped with two nose-poke holes
on opposing walls. Nose pokes in the “active” hole delivered one infusion of cocaine
(fixed-ratio 1, FR1; 150 pg/100 pl/kg). Nose poking in the “inactive” hole was recorded but
had no consequences. A successful infusion was signaled by illumination of a light inside
the active hole and a timeout period (10-30 s) during which additional nose pokes were
recorded but had no consequences.

2.4. Statistics

Treatment effects were determined by one- and two-factor ANOVA. Newman-Keuls post
hoc tests were used to describe differences between individual groups (Statistica, StatSoft,
Tulsa, OK, USA). Behavioral outcomes were also compared by Pearson correlations.
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3. Results

3.1. Experiment 1: open-field behavior

3.1.1. Open-field behavior during repeated MP+FLX treatment
(“sensitization””)—On each of the 6 days of repeated treatment, ambulation and
stereotypies were measured for 90 min after the drug injection. Time courses from days

1, 3 and 5 are displayed in Fig. 2. Analysis of these behavioral effects showed that, for

rats treated with MP+FLX, there were two subgroups that responded differently (Figs. 2

and 3). Rats of one subgroup (termed “MP+FLX/high reactivity” group; n=5) displayed
maximally elevated ambulation counts on days 1-2 (compared with MP alone) and
increasingly high levels of focal stereotypies from day 3 onwards (Fig. 3); during the periods
of high stereotypy counts, ambulation was much reduced (Fig. 2). The other subgroup
(“MP+FLX/low reactivity” group; n=6) expressed high levels of ambulatory activity from
day 2 onwards and showed some stereotypies only towards the end of the 6-day treatment
(Fig. 3). These differences between the two subgroups were most pronounced during min 6—
40 after drug administration, when focal stereotypies in the “high reactivity” group peaked
and ambulation was suppressed (Fig. 2). Later in the session, as the stereotypies in this
group receded, ambulatory activity recovered (Fig. 2). The statistical analysis (Fig. 3) thus
focused on the period min 6-40. In contrast to the MP+FLX-treated rats, the MP-treated rats
did not show two subgroups.

The statistical analysis revealed the following (Fig. 3).

Ambulation: For ambulation over 6 days (Fig. 3, top left), there were significant

main effects of treatment [F(3,24)=44.27; P<0.0001] and days [F(5,120)=5.11; P<0.001]
and a significant treatment x days interaction [F(15,120)=7.16; P<0.0001]. On days 1-

2 pooled (Fig. 3, right), the treatment effect [F(3,24)=30.01; P<0.0001] was produced

by significantly increased ambulation counts in all drug-treated groups compared with

V controls (all P<0.001), as well as by higher ambulation in MP+FLX/high reactivity
(P<0.01) and MP+FLX/low reactivity (P<0.05) groups compared with the MP group. On
days 3—-4 [F(3,24)=27.08; P<0.0001], all drug-treated groups displayed significantly more
ambulation than V controls (P<0.01-0.001), but the MP+FLX/high reactivity group showed
significantly lower (P<0.01) and the MP+FLX/low reactivity group showed significantly
higher counts (P<0.05) than the MP group. The MP+FLX/low reactivity group also
displayed more ambulation than the MP+FLX/high reactivity group (P<0.001). Similarly,
on days 5-6 [F(3,24)=28.89; P<0.0001], the MP group (P<0.001) and the MP+FLX/low
reactivity group (P<0.001), but not the MP+FLX/high reactivity group (P>0.05), displayed
more ambulation than V controls. The MP+FLX/high reactivity group showed significantly
lower counts than the MP group (P<0.001), but the MP+FLX/low reactivity group was not
different from the MP group (P>0.05). Again, the MP+FLX/low reactivity group displayed
more ambulation than the MP+FLX/high reactivity group (P<0.001).

Stereotypies: For stereotypies over 6 days (Fig. 3, bottom left), there were significant

main effects of treatment [F(3,24)=29.13; P<0.0001] and days [F(5,120)=10.72; P<0.0001]
and a significant treatment x days interaction [F(15,120)=13.54; P<0.0001]. However, on

Addict Neurosci. Author manuscript; available in PMC 2024 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lamoureux et al.

Page 6

days 1-2 (Fig. 3, right), there was no treatment effect [F(3,24)=0.55; P>0.05]. On days

3-4 [F(3,24)=51.49; P<0.0001], the MP+FLX/high reactivity group displayed significantly
more stereotypies than all the other groups (all P<0.001). No other differences were seen.
Similarly, on days 5-6 [F(3,24)=22.59; P<0.0001], the MP+FLX/high reactivity group
showed significantly higher stereotypy counts than all other groups (all P<0.001). In
addition, the MP+FLX/low reactivity group also displayed more stereotypies than V controls
(P<0.05).

Correlations between ambulation and stereotypies: We used correlation analysis to
further compare ambulation and stereotypy counts during the 6-day treatment, for MP+FLX/
high reactivity (Fig. 4, red) and MP+FLX/low reactivity (blue) groups pooled. For the total
counts in the 90-min sessions over the 6 days, there was a significant negative correlation
between ambulation and stereotypies (r=-0.798, P<0.005) (Fig. 4, left). When considering
only the time period with very high stereotypy levels, min 6-40 of the test session, over

the 6 days, this correlation was more robust (total 6 days: r=-0.832, P<0.002) (data not
shown). When considering only days 3-4 or 5-6 (highest stereotypy levels), this correlation
improved further [days 3—4: 90 min, r=—0.803, P<0.005; min 6-40, r=—0.851, P<0.001 (Fig.
4, right); days 5-6: 90 min, r=—0.827, P<0.002; min 6-40, r=-0.858, P<0.001] (not shown).

In summary, the two MP+FLX-treated groups differed most from each other and from the
MP only-treated group on days 3-4 of the repeated treatment. The MP+FLX/high reactivity
group showed significantly more stereotypies than the other groups and less locomotion than
the MP+FLX/low reactivity group and the MP group.

3.1.2. Open-field behavior during cocaine challenge—Two weeks after the
repeated drug treatment, these rats received an acute cocaine (25 mg/kg) challenge in order
to assess the effects of the MP and MP+FLX pretreatments on subsequent cocaine-induced
open-field behavior. The behavior (ambulation and stereotypies) was measured for 40 min
after cocaine injection, and total counts are presented (Fig. 5). There was a significant

main effect of treatment on cocaine-induced ambulation [F(3,24)=4.44; P<0.05] (Fig. 5,
top). This effect reflected significantly lower ambulation counts in the MP+FLX/high
reactivity/C group compared with all other groups [vs. V/C (P<0.01), vs. MP/C (P<0.05)
and vs. MP+FLX/low reactivity/C (P<0.05)] (Fig. 5, top). There was also a significant main
effect of treatment on stereotypies [F(3,24)=9.50; P<0.001] (Fig 5, bottom). This effect was
produced by significantly higher counts in the MP+FLX/high reactivity/C group compared
with the V/C (P<0.001) and MP/C (P<0.001) groups, but not the MP+FLX/low reactivity/C
(P=0.055) group. The MP+FLX/low reactivity/C group also showed more stereotypies than
the V/C (P<0.05) and MP/C (P<0.05) groups (Fig. 5, bottom). For groups MP+FLX/high
reactivity/C and MP+FLX/low reactivity/C pooled, there was again a significant negative
correlation between ambulation and stereotypies during the cocaine challenge test (r=—671,
P<0.05) (data not shown).

3.1.3. Relationship between MP+FLX-induced and cocaine challenge-
induced open-field behavior—To determine whether and when behavioral responses
during the repeated MP+FLX treatment (sensitization) in individual rats predicted the
behavioral responses to the subsequent cocaine challenge two weeks later, we used
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correlation analysis. The results showed that, for every comparison, behavior during min
6-40 of the repeated treatment sessions (sensitization) better predicted behavior during the
cocaine challenge than total counts during the whole 90-min sensitization sessions, and thus
only the results for min 6-40 are presented (Fig. 6).

For total activity (min 6-40) over the 6 repeated treatment sessions (sensitization), there
were positive correlations between counts during the sensitization sessions and counts
during the subsequent cocaine challenge session, for ambulation (r=0.917, P<0.001) and for
stereotypies (r=0.651, P<0.05) (not shown). However, these effects were dependent on the
treatment duration, as the strength of the correlations increased across the repeated treatment
sessions. Thus, for counts on days 1-2 of the repeated treatment, there were no significant
correlations (sensitization x challenge; ambulation: r=0.372, P>0.05; stereotypies: r=0.464,
P>0.05) (not shown). For days 3—4, there was a positive correlation for ambulation (r=0.750,
P<0.01), but not for stereotypies (r=0.477, P>0.05) (Fig. 6, top). For days 5-6, there was

a positive correlation for both ambulation (r=0.825, P<0.002) and stereotypies (r=0.683,
P<0.05) (not shown). This effect was maximal at the end (day 6) of the repeated treatment
(ambulation: r=0.828, P<0.002; stereotypies: r=0.766, P<0.01) (Fig. 6, bottom). Fig. 6 also
shows that, both on day 6 of sensitization (but not days 3—4) and during the cocaine
challenge, two animals of the MP+FLX/low reactivity group (blue) displayed high levels of
stereotypies, similar to the MP+FLX/high reactivity group (red) (Fig. 6, bottom right).

Overall, therefore, for both ambulation and stereotypies, the behavior shown at the end
of the repeated MP+FLX treatment (sensitization period) best predicted the subsequent
behavior in the cocaine challenge test 2 weeks later.

3.2. Experiment 2: cocaine self-administration

3.2.1. Open-field behavior during repeated MP+FLX treatment—In experiment
2, rats were repeatedly treated with V, MP, FLX or MP+FLX for 8 days, and ambulation was
assessed for 90 min after each drug administration (stereotypies could not be measured with
the SDI activity system used in the self-administration facility). Again, ambulation during
min 6-40 of the repeated treatment sessions (sensitization) differentiated best between the
treatment groups (Fig. 7). Similar to experiment 1, there were two subgroups in MP+FLX-
treated animals, but not with any other treatment. In the MP+FLX/high reactivity subgroup
(n=6), ambulation was maximal on days 1 or 2 and strongly declined thereafter (Fig. 7, left).
In contrast, in the MP+FLX/low reactivity subgroup (n=9), ambulation peaked on days 2-3
or later, and leveled off thereafter.

Statistical analysis revealed the following. Over the 8 repeated treatment days, there were
significant main effects of treatment [F(4,42)=48.73; P<0.0001] and days [F(7,294)=5.66;
P<0.0001] and a significant treatment x days interaction [F(28,294)=5.69; P<0.0001] (Fig. 7,
left). On days 1-2 (Fig. 7, right), there was a significant effect of treatment [F(4,42)=51.85;
P<0.0001] that reflected increased ambulation counts (vs. V or FLX controls) in the MP,
MP+FLX/high reactivity and MP+FLX/low reactivity groups (all P<0.001) (FLX vs. V,
P>0.05). The MP+FLX/high reactivity and MP+FLX/low reactivity groups also displayed
more ambulation than the MP group (P<0.001). On days 3-4 [F(4,42)=52.45; P<0.0001],
the MP (P<0.001), MP+FLX/high reactivity (P<0.05) and MP+FLX/low reactivity groups
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(P<0.001), but not FL X, showed more ambulation than V controls. However, the MP+FLX/
high reactivity group displayed less ambulation (P<0.05) and the MP+FLX/low reactivity
group displayed more ambulation (P<0.001) than the MP group. The MP+FLX/high
reactivity group also showed less ambulation than the MP+FLX/low reactivity group
(P<0.001). At the end of the treatment (days 7-8) [F(4,42)=13.25; P<0.0001], the MP and
MP+FLX/low reactivity groups (P<0.001), but not the FLX or MP+FLX/high reactivity
groups, showed more ambulation than V controls. Again, the MP+FLX/high reactivity

(but not MP+FLX/low reactivity) groups displayed less ambulation than the MP group
(P<0.001). The MP+FLX/high reactivity group also showed less than the MP+FLX/low
reactivity group (P<0.001).

In summary, again the two MP+FLX-treated groups differed most from each other and from
the MP-treated group on days 3—4. That is, the MP+FLX/high reactivity group showed
significantly less locomotion than the MP+FLX/low reactivity group and the MP group, and
the low reactivity group showed significantly more locomotion than the MP group.

3.2.2. Acquisition of cocaine self-administration—Two weeks after the repeated
drug treatment, the cocaine self-administration training began. This training consisted of 10
sessions (once daily) with 2-h access to cocaine.

Our statistical analysis (Fig. 8) showed that, for total number of cocaine infusions in 2 h over
the 10 days, there was no significant main effect of treatment [F(4,42)=1.53; P=0.21], but

a significant effect of days [F(9,378)=34.79; P<0.0001] and a significant treatment x days
interaction [F(36,378)=1.90; P<0.002] (Fig. 8, top left). Inspection of these data (Fig. 8, top
left) indicated that animals in the MP+FLX/high reactivity group tended to acquire cocaine
self-administration faster, as their number of infusions reached a maximal level already
during training days 4-6 and leveled off thereafter, while the other groups hardly approached
this level by the end of the training. Thus, when the 2-h total for days 4-6 was considered,
there was a significant effect of treatment [F(4,42)=2.77; P<0.05] (Fig. 8, top right). This
effect reflected significantly higher numbers of infusions in the MP+FLX/high reactivity
group compared with all the other groups (all P<0.05). All the other groups showed similar
infusion rates.

Post-hoc inspection of these data further showed that the infusion rates at the beginning

of each training session differed most. When the number of infusions during the first 10
min of the 2-h sessions was considered, over the 10 days, there was a robust tendency for

a treatment effect [F(4,42)=2.42; P=0.06], a significant effect of days [F (9,378)=26.15;
P<0.0001] and a significant treatment x days interaction [F(36,378)=2.01; P<0.001] (Fig.

8, bottom left). Again, this effect was significant for days 4-6 [F(4,42)=4.33; P<0.01] (Fig.
8, bottom right) and reflected a higher number of infusions in the MP+FLX/high reactivity
group than in the other groups (all P<0.01) (MP+FLX/high reactivity, 233 % of V controls).

These findings show that the MP+FLX/high reactivity group acquired the cocaine self-
administration behavior faster than the MP+FLX/low reactivity and other groups, and that
this difference was most robust at the beginning of the 2-h training sessions.
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3.2.3. Relationship between MP+FLX-induced behavior and subsequent
cocaine self-administration—We assessed whether the behavior during the repeated
MP+FLX treatment (sensitization sessions) predicted the subsequent acquisition of cocaine
self-administration. Our results demonstrate that the total number of cocaine infusions
during the first 10 min of training days 4-6 (Fig. 9), followed by those in 120 min of days 4—
6 (not shown) (i.e., during the training periods when these groups differed most, see above),
was best predicted by ambulation during the repeated MP+FLX treatment (sensitization).
The results for ambulation counts from min 6—40 of the sensitization sessions are presented
in Fig. 9. The same pattern was obtained when the total ambulation counts over 90 min were
considered (not shown).

This correlation analysis showed that ambulation during min 6—40 on treatment days 1-2
(sensitization) did not correlate with cocaine infusions on days 4—6 for the first 10 min of
training (r=—0.033, P>0.05) or for the total 120 min of training (r=-0.079, P>0.05) (not
shown). In contrast, the ambulation on treatment days 3—4 best predicted subsequent cocaine
intake. Thus, ambulation during min 6-40 on treatment days 3—-4 was negatively correlated
with the number of infusions on days 4-6 for the first 10 min of training (r=—0.574,

P<0.05) (Fig. 9, top) and for the total 120 min of training (r=—0.519, P<0.05) (not shown).
Conversely, there were no significant correlations between ambulation on treatment days
5-6 (r=-0.353; r=-0.281; both P>0.05), days 7-8 (r=—0.466; r=—0.467; both P>0.05) (all
not shown), or day 8 [r=-0.464, P>0.05 (Fig. 9, bottom); r=-0.474, P>0.05 (not shown)] and
subsequent cocaine intake. As can be seen in Fig. 9, bottom, for treatment day 8, a possible
relationship between MP+FLX-induced ambulation and subsequent cocaine infusions was
negated by a few animals in the MP+FLX/low reactivity group (blue dots) that displayed
very low ambulation counts (likely due to high stereotypy levels) at the end of the repeated
MP+FLX treatment.

In summary, these findings demonstrate that, in contrast to cocaine-induced ambulation/
stereotypies, which were best correlated with behavior at the end of the repeated MP+FLX
treatment (sensitization) (experiment 1), the cocaine self-administration behavior was best
predicted by the pattern of ambulation/stereotypies on days 3-4 of the repeated MP+FLX
treatment.

4. Discussion

This study investigated the behavioral consequences of repeated MP+FLX co-exposure.
Our most important findings include the following. (1) Treatment with FLX (5 mg/kg)
alone did not produce significant changes in open-field behavior (locomotion, stereotypies),
but this FLX dose potentiated MP-induced behavior during the course of the repeated
treatment. (2) However, subgroups of rats showed differential drug effects on this

behavior. Approximately, 40-50 % of the rats (designated MP+FLX/high reactivity group)
displayed maximally increased locomotion during the first 2 days of the repeated MP+FLX
treatment, followed by fast increasing levels of focal stereotypies and consequently
suppressed locomotion. In contrast, the other half of the rats (MP+FLX/low reactivity
group) displayed a delayed increase in locomotion, with some focal stereotypies in a

few individuals emerging only towards the end of the treatment. (3) This differential
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behavioral responsiveness during the repeated MP+FLX treatment was associated with a
differential response to cocaine 2 weeks later, for both locomotion/stereotypies and cocaine
self-administration behavior. For one, locomotion and stereotypy rates during MP+FLX
pretreatment were positively correlated with those during the subsequent cocaine challenge.
(4) Importantly, when assessed in the cocaine self-administration procedure, the MP+FLX/
high reactivity group, but not the MP+FLX/low reactivity group or MP-only-treated group,
showed faster acquisition of cocaine self-administration behavior than controls.

4.1. Effects of MP+FLX on open-field behavior: locomotion vs. stereotypies

It has long been known that acute and repeated treatment with psychostimulants (dopamine
agonists) produce behavioral stereotypies, especially with higher doses and/or extended
treatment duration [37-39]. Stereotypies refer to highly repetitive behaviors that are
executed over and over without apparent purpose [40]. The specific behaviors emitted are
species-, drug- and dose-dependent. For example, low doses may only induce locomotor
activation, while higher doses will often also produce (more or less focal) stereotypies,
including repetitive head bobbing, sniffing and licking. During the course of a repeated drug
treatment, episodes with focal stereotypies typically become more prominent (e.g., [41]).
The stereotypies induced by MP and MP+FLX mostly consist of repetitive sniffing/whisking
and head/neck movements (head bobbing) [30,31,42].

The temporal sequence of behavioral activation after administration of psychostimulants

or dopamine agonists typically starts with an increase in locomotor activity (ambulation),
which is followed by a period of stereotypies. When the drug effect wears off, stereotypies
give way to a second period of enhanced locomotion (triphasic motor response; [41]).
During intense, focal stereotypies, locomaotion typically ceases [41,43]. Our results show
that there was a strong negative correlation between locomotor counts and stereotypy counts
also with repeated MP+FLX treatment. In the present study, the above temporal pattern
emerged from treatment day 3 onwards in approximately half of the rats, the MP+FLX/high
reactivity group. In the rest, the MP+FLX/low reactivity group, this pattern only appeared
in a few animals towards the end of the treatment (hence the distinction “high” vs. “low
reactivity”).

Stereotypies are produced by deficient functioning of basal ganglia circuits [40,41,44] and,
in the case of treatment with dopamine agonists, are associated with specific patterns

of gene regulation in the striatum [41,45]. This is consistent with our previous findings
demonstrating that acute and chronic treatment with MP+FLX produce potentiated gene
regulation (compared with MP-only treatment) in the striatum. This effect was demonstrated
for a range of genes, including those encoding transcription factors, neuropeptides and
neurotransmitter receptors (for review, see [11,27]). Future studies will have to determine
whether some of these genes are differentially affected in MP+FLX/high vs. low reactivity
groups.
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4.2. Effects of MP+FLX pretreatment on cocaine-induced behavior and cocaine self-
administration

We also investigated whether these drug treatments modified subsequent cocaine self-
administration behavior. Our findings demonstrate that the MP+FLX/high reactivity group
showed facilitated acquisition of cocaine self-administration when tested starting two weeks
after the repeated MP+FLX treatment. The time course indicates that rats in this group were
similar to those in the other groups on the first two days of cocaine self-administration.
However, they displayed increased rates of cocaine taking from day 3 onwards, and their
intake leveled off after day 5 of the 10-day self-administration course, whereas rats in the
other groups showed steady increases that developed more slowly, approaching the rates
seen in the MP+FLX/high reactivity group only towards the end of the 10-day course.

These findings after intermittent i.p. MP+FLX administration for 8 days are consistent with
recent results showing that prolonged oral administration (8h/day, 4 weeks) of MP+FLX in
drinking water, in doses that produced clinically relevant drug plasma levels [46], resulted
in increased cocaine taking in the self-administration procedure when tested 2 weeks later
[47]. In that study, MP pretreatment alone produced facilitated acquisition of cocaine intake
during the first week of self-administration, whereas MP+FLX pretreatment potentiated
cocaine intake from week 2 on [47]. This longer pretreatment regimen with oral MP+FLX
also induced more robust potentiation of striatal gene regulation [48] and was associated
with a variety of other behavioral changes, including enhanced sucrose consumption and
altered anxiolytic- and antidepressant-like effects in MP+FLX-treated rats [49]. The present
findings show that even short-term intermittent MP+FLX exposure can result in facilitated
cocaine taking.

In our present study, the shorter intermittent pretreatment with MP alone did not facilitate
acquisition of cocaine self-administration compared with vehicle controls. Previous studies
investigating the effects of MP pretreatment on subsequent cocaine self-administration
yielded equivocal results, with some reporting facilitation (e.g., [50-53]), while others did
not [53-55]. Overall, these findings underscore the importance of variables such as age of
treatment (younger animals seem to be more sensitive; [36,50]), treatment duration, drug
doses, etc. for the emergence of facilitated cocaine taking.

4.3. Are different subtypes of responders to MP+FLX at differential risk for subsequent
cocaine taking?

In our previous studies, we had observed a considerable variance in the behavioral responses
to MP+FLX (or to cocaine after repeated MP+FLX treatment; [31,32]). Our present detailed
behavioral analysis revealed that in the early phase of the repeated MP+FLX treatment rats
tended to respond either with an early increase in locomotion followed soon by emerging
strong stereotypies (MP+FLX/high reactivity group) or with a delayed increase in locomotor
activity and some stereotypies only by the end of the treatment (low reactivity group).

Our findings demonstrate that the MP+FLX/high reactivity group then showed facilitated
acquisition of cocaine self-administration two weeks after the repeated MP+FLX treatment.
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Not surprisingly, given the neurochemical and molecular similarities between MP+FLX

and cocaine treatment [21], for both groups pooled, the locomotor and stereotypy rates
during the cocaine challenge 2 weeks later correlated best with locomotor and stereotypy
rates measured at the end of the repeated MP+FLX pretreatment (sensitization period). In
contrast, the rate of cocaine intake during the self-administration sessions correlated best
with locomotion/stereotypies during days 3—4 of the sensitization period, when the two
subgroups differed most, and not with behavior at the end of the sensitization period (day 8).
These findings indicate that the differential cocaine intake did not merely reflect differential
sensitization by MP+FLX. Rather, the different cocaine intake rates seem to reflect different
behavioral endophenotypes [56]: individuals responding early with stereotypies to MP+FLX
treatment subsequently acquired cocaine self-administration faster. In rodents, several
different behavioral endophenotypes have been described that predict cocaine taking [56],
and these are thought to be associated with different gene expression profiles [56]. Our
results indicate that stereotypies can be added to the list of such behavioral markers for
identifying individuals with an enhanced vulnerability for psychostimulant taking.

4.4. Potential mechanisms

The mechanisms mediating these differential behavioral responses to MP+FLX treatment
demonstrated here are unclear. Based on our previous work and that of others, it can be
speculated that differences in dopamine (or serotonin) receptor signaling may be involved.
MP-induced gene regulation in the striatum is mediated by striatal D1 dopamine receptors
[57,58] and occurs predominantly but not exclusively in D1 receptor-expressing striatal
projection neurons [11]. Moreover, the MP+FLX-induced behavioral stereotypies [30,31]
are associated with a potentiation of MP-induced gene regulation, again mostly in striatal

D1 neurons [27]. While widespread throughout the dorsal and ventral striatum, these
molecular changes are most prominent in the dorsolateral (sensorimotor) striatum [27].
Striatal dopamine receptors and the sensorimotor striatum are instrumental for dopamine
agonist-induced stereotypies [40,44] and are also important for psychostimulant abuse/
addiction (e.g., for drug-habit formation, relapse; [59-62]). It is interesting to note that

at least one endophenotype [56] prone to enhanced cocaine taking (“sign trackers™) differs in
striatal dopamine receptor expression, with higher levels of D1 receptors at the beginning of
the training and lower levels of D2 receptors after repeated training, compared with a control
phenotype (“goal trackers”; [63]).

On the other hand, there is evidence that serotonin (5-HT) receptors may also be involved
(e.g., [26]). For example, the 5-HT1B receptor subtype is implicated in psychostimulant
action. Thus, the 5-HT1B receptor has been shown to facilitate cocaine effects on striatal
gene regulation and behavior [24,64], and it has been proposed that this facilitation reflects
disinhibition of dopamine input to the striatum by 5-HT1B action in the midbrain [64].
Stimulation of the 5-HT1B receptor indeed also facilitates MP-induced behavior [28] and
striatal gene regulation [65,66], mimicking FLX effects. Moreover, MP treatment increases
5-HT1B receptor expression in striatal projection neurons [65], an effect that is also
potentiated by co-administration of FLX [65]. However, given the many serotonin receptor
subtypes expressed in the brain [67] and the complex interactions between the serotonin
and dopamine systems [26], other serotonin receptors (e.g., 5-HT1A; [68]) may also be
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involved in these effects. Future work will have to investigate whether differential dopamine
or serotonin receptor function may underlie the differential development of stereotypies and
cocaine self-administration demonstrated in the present study.

4.5. Clinical considerations and conclusions

Funding

MP+FLX combinations are indicated for several medical conditions. These include ADHD/
depression comorbidity, which is seen with up to 40 % prevalence in pediatric ADHD
[69,70], as well as other conditions (e.g., [15,16,71]). Dual exposure to these medications
also occurs as a result of using MP as a cognitive enhancer [4] by patients taking SSRIs. Our
previous gene regulation studies show that combining FLX with MP treatment potentiates
MP-induced regulation of addiction-related genes [27], which occurs preferentially in

the sensorimotor striatum [27] that mediates habit forming and compulsive aspects of
addiction [72-74]. While prolonged oral treatment with MP+FLX resulted in more robust
facilitation of subsequent cocaine self-administration [47], our present results show that even
after short-term intermittent MP+FLX treatment a subgroup of rats displayed facilitated
acquisition of cocaine taking, suggesting a potentially increased risk for substance use
disorder produced by exposure to MP+FLX combinations, at least in some subjects. This

is consistent with the finding that drug-induced addiction-related neuroplasticity in lateral
striatal circuits is modulated by several neurotransmitters including dopamine and serotonin
[74]. Our present findings also indicate that some individuals are more susceptible to this
facilitating effect of MP+FLX, and that this subgroup can be identified by their responding
to MP+FLX treatment with focal stereotypies. Stereotypies (repetitive behaviors) reflect
aberrant striatal function and are associated with various neuropsychiatric disorders (cf.
[40,41]). Drug-induced stereotypies may thus serve as a marker for individual susceptibility
to substance use disorder.

This work was supported in part by grants DA031916 and DA046794 from the National Institute on Drug Abuse.
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Data will be made available on reasonable request.

References

[1]. Carlezon WAJ, Konradi C, Understanding the neurobiological consequences of early exposure
to psychotropic drugs: linking behavior with molecules, Neuropharmacology 47 (2004) 47—-60.
[PubMed: 15464125]

[2]. Andersen SL, Stimulants and the developing brain, Trends Pharmacol. Sci 26 (2005) 237-243.
[PubMed: 15860370]

[3]. Carrey N, Wilkinson M, A review of psychostimulant-induced neuroadaptation in developing
animals, Neurosci. Bull 27 (2011) 197-214. [PubMed: 21614102]

[4]. Kollins SH, ADHD, substance use disorders, and psychostimulant treatment: current literature and
treatment guidelines, J. Atten. Disord 12 (2008) 115-125. [PubMed: 18192623]

[5]. Swanson JM, Volkow ND, Increasing use of stimulants warns of potential abuse, Nature 453
(2008) 586.

Addict Neurosci. Author manuscript; available in PMC 2024 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lamoureux et al. Page 14

[6]. Swanson JM, Wigal TL, Volkow ND, Contrast of medical and nonmedical use of stimulant drugs,
basis for the distinction, and risk of addiction: comment on Smith and Farah (2011), Psychol.
Bull 137 (2011) 742-748. [PubMed: 21859175]

[7]. Farah MJ, llles J, Cook-Deegan R, Gardner H, Kandel E, King P, Parens E, Sahakian B, Wolpe
PR, Neurocognitive enhancement: what can we do and what should we do? Nat. Rev. Neurosci 5
(2004) 421-425. [PubMed: 15100724]

[8]. Benson K, Flory K, Humphreys KL, Lee SS, Misuse of stimulant medication among college
students: a comprehensive review and meta-analysis, Clin. Child Fam. Psychol. Rev 18 (2015)
50-76. [PubMed: 25575768]

[9]. White BP, Becker-Blease KA, Grace-Bishop K, Stimulant medication use, misuse, and abuse in an
undergraduate and graduate student sample, J. Am. Coll. Health 54 (2006) 261-268. [PubMed:
16539218]

[10]. Behavioral SAMHSA, Health trends in the United States: results from the 2014 national survey
on drug use and health. NSDUH Series H-50, HHS Publication No. (SMA), 2015, pp. 15-4927.
https://www.samhsa.gov/data/sites/default/filessNSDUH-FRR1-2014/NSDUH-FRR1-2014.pdf.

[11]. Steiner H, Van Waes V, Addiction-related gene regulation: risks of exposure to cognitive
enhancers vs. other psychostimulants, Prog. Neurobiol 100 (2013) 60-80. [PubMed: 23085425]

[12]. Pliszka SR, Greenhill LL, Crismon ML, Sedillo A, Carlson C, Conners CK, McCracken JT,
Swanson JM, Hughes CW, Llana ME, Lopez M, Toprac MG, The Texas children’s medication
algorithm project: report of the Texas consensus conference panel on medication treatment of
childhood attention-deficit/nyperactivity disorder. Part I1: tactics. Attention-deficit/hyperactivity
disorder, J. Am. Acad. Child Adolesc. Psychiatry 39 (2000) 920-927. [PubMed: 10892235]

[13]. Rushton JL, Whitmire JT, Pediatric stimulant and selective serotonin reuptake inhibitor
prescription trends: 1992 to 1998, Arch. Pediatr. Adolesc. Med 155 (2001) 560-565. [PubMed:
11343498]

[14]. Safer DJ, Zito JM, DosReis S, Concomitant psychotropic medication for youths, Am. J.
Psychiatry 160 (2003) 438-449. [PubMed: 12611822]

[15]. Nelson JC, Augmentation strategies in the treatment of major depressive disorder. Recent
findings and current status of augmentation strategies, CNS Spectr. 12 (22) (2007) 6-9. Suppl.

[16]. Ishii M, Tatsuzawa Y, Yoshino A, Nomura S, Serotonin syndrome induced by augmentation of
SSRI with methylphenidate, Psychiatry Clin. Neurosci 62 (2008) 246. [PubMed: 18412855]

[17]. Ravindran AV, Kennedy SH, O’Donovan MC, Fallu A, Camacho F, Binder CE, Osmotic-release
oral system methylphenidate augmentation of antidepressant monotherapy in major depressive
disorder: results of a double-blind, randomized, placebo-controlled trial, J. Clin. Psychiatry 69
(2008) 87-94. [PubMed: 18312042]

[18]. Greenhill LL, Pliszka S, Dulcan MK, Bernet W, Arnold V, Beitchman J, Benson RS, Bukstein
O, Kinlan J, McClellan J, Rue D, Shaw JA, Stock S, Practice parameter for the use of stimulant
medications in the treatment of children, adolescents, and adults, J. Am. Acad. Child Adolesc.
Psychiatry 41 (2) (2002) 26S-49S. Suppl. [PubMed: 11833633]

[19]. Prince JB, Wilens TE, Biederman J, Spencer TJ, Wozniak JR, Clonidine for sleep disturbances
associated with attention-deficit hyperactivity disorder: a systematic chart review of 62 cases, J.
Am. Acad. Child Adolesc. Psychiatry 35 (1996) 599-605. [PubMed: 8935206]

[20]. Wilens TE, Adler LA, Adams J, Sgambati S, Rotrosen J, Sawtelle R, Utzinger L, Fusillo S,
Misuse and diversion of stimulants prescribed for ADHD: a systematic review of the literature, J.
Am. Acad. Child Adolesc. Psychiatry 47 (2008) 21-31. [PubMed: 18174822]

[21]. Yano M, Steiner H, Methylphenidate and cocaine: the same effects on gene regulation? Trends
Pharmacol. Sci 28 (2007) 588-596. [PubMed: 17963850]

[22]. Kuczenski R, Segal DS, Effects of methylphenidate on extracellular dopamine, serotonin, and
norepinephrine: comparison with amphetamine, J. Neurochem 68 (1997) 2032-2037. [PubMed:
9109529]

[23]. Bhat RV, Baraban JM, Activation of transcription factor genes in striatum by cocaine: role of
both serotonin and dopamine systems, J. Pharmacol. Exp. Ther 267 (1993) 496-505. [PubMed:
8229780]

Addict Neurosci. Author manuscript; available in PMC 2024 January 12.


https://www.samhsa.gov/data/sites/default/files/NSDUH-FRR1-2014/NSDUH-FRR1-2014.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lamoureux et al.

Page 15

[24]. Lucas JJ, Segu L, Hen R, 5-Hydroxytryptamine1B receptors modulate the effect of cocaine on

C-FOS expression: converging evidence using 5-hydroxytryptaminelB knockout mice and the 5-
hydroxytryptaminelB/1D antagonist GR127935, Mol. Pharmacol 51 (1997) 755-763. [PubMed:
9145913]

[25]. Horner KA, Adams DH, Hanson GR, Keefe KA, Blockade of stimulant-induced preprodynorphin

mRNA expression in the striatal matrix by serotonin depletion, Neuroscience 131 (2005) 67-77.
[PubMed: 15680692]

[26]. Muller CP, Huston JP, Determining the region-specific contributions of 5-HT receptors to

the psychostimulant effects of cocaine, Trends Pharmacol. Sci 27 (2006) 105-112. [PubMed:
16406129]

[27]. Van Waes V, Steiner H, Fluoxetine and other SSRI antidepressants potentiate addiction-related

gene regulation by psychostimulant medications, in: Pinna G (Ed.), Fluoxetine: Pharmacology,
Mechanisms of Action and Potential Side Effects, Nova Science Publishers, Hauppauge, NY,
2015, pp. 207-225.

[28]. Borycz J, Zapata A, Quiroz C, Volkow ND, Ferré S, 5-HT(1B) receptor-mediated serotoninergic

modulation of methylphenidate-induced locomotor activation in rats, Neuropsychopharmacology
33 (2008) 619-626. [PubMed: 17487226]

[29]. Warren BL, Ifiiguez SD, Alcantara LF, Wright KN, Parise EM, Weakley SK, Bolafios-Guzman

CA, Juvenile administration of concomitant methylphenidate and fluoxetine alters behavioral
reactivity to reward- and mood-related stimuli and disrupts ventral tegmental area gene
expression in adulthood, J. Neurosci 31 (2011) 10347-10358. [PubMed: 21753012]

[30]. Van Waes V, Beverley J, Marinelli M, Steiner H, Selective serotonin reuptake inhibitor

antidepressants potentiate methylphenidate (Ritalin)-induced gene regulation in the adolescent
striatum, Eur. J. Neurosci 32 (2010) 435-447. [PubMed: 20704593]

[31]. Beverley JA, Piekarski C, Van Waes V, Steiner H, Potentiated gene regulation by

methylphenidate plus fluoxetine treatment: long-term gene blunting (Zif268, Homerla) and
behavioral correlates, Basal Ganglia 4 (2014) 109-116. [PubMed: 25530939]

[32]. Marinelli M, Beverley JA, Lamoureux L, Steiner H, Fluoxetine potentiates methylphenidate-

induced behavioral stereotypies and subsequent cocaine self-administration in rats, Soc.
Neurosci. Abstr 45 (2015) 51.21.

[33]. Wagner FA, Anthony JC, From first drug use to drug dependence; developmental periods of

risk for dependence upon marijuana, cocaine, and alcohol, Neuropsychopharmacology 26 (2002)
479-488. [PubMed: 11927172]

[34]. Dulawa SC, Holick KA, Gundersen B, Hen R, Effects of chronic fluoxetine in animal models of

anxiety and depression, Neuropsychopharmacology 29 (2004) 1321-1330. [PubMed: 15085085]

[35]. Rantaméki T, Hendolin P, Kankaanpaa A, Mijatovic J, Piepponen P, Domenici E, Chao MV,

Mannisto PT, Castrén E, Pharmacologically diverse antidepressants rapidly activate brain-derived
neurotrophic factor receptor TrkB and induce phospholipase-Cgamma signaling pathways in
mouse brain, Neuropsychopharmacology 32 (2007) 2152-2162. [PubMed: 17314919]

[36]. Wong WC, Ford KA, Pagels NE, McCutcheon JE, Marinelli M, Adolescents are more vulnerable

to cocaine addiction: behavioral and electrophysiological evidence, J. Neurosci 33 (2013) 4913-
4922. [PubMed: 23486962]

[37]. Randrup A, Munkvad I, Stereotyped activities produced by amphetamine in several animal

species and man, Psychopharmacologia 11 (1967) 300-310. [PubMed: 4968376]

[38]. Ellinwood EH Jr., Balster RL, Rating the behavioral effects of amphetamine, Eur. J. Pharmacol

28 (1974) 35-41. [PubMed: 4473346]

[39]. Kalivas PW, Stewart J, Dopamine transmission in the initiation and expression of drug- and

stress-induced sensitization of motor activity, Brain Res. Rev 16 (1991) 223-244. [PubMed:
1665095]

[40]. McBride SD, Parker MO, The disrupted basal ganglia and behavioural control: an integrative

cross-domain perspective of spontaneous stereotypy, Behav. Brain Res 276 (2015) 45-58.
[PubMed: 25052167]

Addict Neurosci. Author manuscript; available in PMC 2024 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lamoureux et al.

Page 16

[41]. Crittenden JR, Gipson TA, Smith AC, Bowden HA, Yildirim F, Fischer KB, Yim M, Housman

DE, Graybiel AM, Striatal transcriptome changes linked to drug-induced repetitive behaviors,
Eur. J. Neurosci 53 (2020) 2450-2468.

[42]. Cotterly L, Beverley JA, Yano M, Steiner H, Dysregulation of gene induction in corticostriatal

circuits after repeated methylphenidate treatment in adolescent rats: differential effects on zif 268
and homer 1a, Eur. J. Neurosci 25 (2007) 3617-3628. [PubMed: 17610581]

[43]. Kuczenski R, Segal DS, Sensitization of amphetamine-induced stereotyped behaviors during the

acute response, J. Pharmacol. Exp. Ther 288 (1999) 699-709. [PubMed: 9918578]

[44]. Graybiel AM, Canales JJ, Capper-Loup C, Levodopa-induced dyskinesias and dopamine-

dependent stereotypies: a new hypothesis, Trends Neurosci. 23 (2000) S71-S77. [PubMed:
11052223]

[45]. Canales JJ, Graybiel AM, A measure of striatal function predicts motor stereotypy, Nat. Neurosci

3 (2000) 377-383. [PubMed: 10725928]

[46]. Thanos PK, Robison LS, Steier J, Hwang YF, Cooper T, Swanson JM, Komatsu DE,

Hadjiargyrou M, Volkow ND, A pharmacokinetic model of oral methylphenidate in the rat and
effects on behavior, Pharmacol. Biochem. Behav 131 (2015) 143-153. [PubMed: 25641666]

[47]. Senior D, McCarthy M, Ahmed R, Klein S, Lee WX, Hadjiargyrou M, Komatsu D, Steiner H,

Thanos PK, Chronic oral methylphenidate plus fluoxetine treatment in adolescent rats increases
cocaine self-administration, Addiction Neuroscience 8 (2023) 100127.

[48]. Moon C, Marion M, Thanos PK, Steiner H, Fluoxetine potentiates oral methylphenidate-induced

gene regulation in the rat striatum, Mol. Neurobiol 58 (2021) 4856-4870. [PubMed: 34213723]

[49]. Thanos PK, McCarthy M, Senior D, Watts S, Connor C, Hammond N, Blum K, Hadjiargyrou M,

Komatsu D, Steiner H, Combined chronic oral methylphenidate and fluoxetine treatment during
adolescence: effects on behavior, Curr. Pharm. Biotechnol 24 (2023) 1307-1314. [PubMed:
36306463]

[50]. Brandon CL, Marinelli M, Baker LK, White FJ, Enhanced reactivity and vulnerability to cocaine

following methylphenidate treatment in adolescent rats, Neuropsychopharmacology 25 (2001)
651-661. [PubMed: 11682248]

[51]. Schenk S, Izenwasser S, Pretreatment with methylphenidate sensitizes rats to the reinforcing

effects of cocaine, Pharmacol. Biochem. Behav 72 (2002) 651-657. [PubMed: 12175462]

[52]. Crawford CA, Baella SA, Farley CM, Herbert MS, Horn LR, Campbell RH, Zavala AR,

Early methylphenidate exposure enhances cocaine self-administration but not cocaine-induced
conditioned place preference in young adult rats, Psychopharmacology 213 (2011) 43-52.
[PubMed: 20848087]

[53]. Harvey RC, Sen S, Deaciuc A, Dwoskin LP, Kantak KM, Methylphenidate treatment in

adolescent rats with an attention deficit/hyperactivity disorder phenotype: cocaine addiction
vulnerability and dopamine transporter function, Neuropsychopharmacology 36 (2011) 837-847.
[PubMed: 21150910]

[54]. Thanos PK, Michaelides M, Benveniste H, Wang GJ, Volkow ND, Effects of chronic oral

methylphenidate on cocaine self-administration and striatal dopamine D2 receptors in rodents,
Pharmacol. Biochem. Behav 87 (2007) 426-433. [PubMed: 17599397]

[55]. Freund N, Jordan CJ, Lukkes JL, Norman KJ, Andersen SL, Juvenile exposure to

methylphenidate and guanfacine in rats: effects on early delay discounting and later cocaine-
taking behavior, Psychopharmacology 236 (2019) 685-698. [PubMed: 30411140]

[56]. Belin D, Belin-Rauscent A, Everitt BJ, Dalley JW, search of predictive endophenotypes in

addiction: insights from preclinical research, Genes Brain Behav. 15 (2016) 74-88. [PubMed:
26482647]

[57]. Yano M, Beverley JA, Steiner H, Inhibition of methylphenidate-induced gene expression in the

striatum by local blockade of D1 dopamine receptors: interhemispheric effects, Neuroscience 140
(2006) 699-709. [PubMed: 16549270]

[58]. Alburges ME, Hoonakker AJ, Horner KA, Fleckenstein AE, Hanson GR, Methylphenidate alters

basal ganglia neurotensin systems through dopaminergic mechanisms: a comparison with cocaine
treatment, J. Neurochem 117 (2011) 470-478. [PubMed: 21323925]

Addict Neurosci. Author manuscript; available in PMC 2024 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lamoureux et al.

Page 17

[59]. Vanderschuren LJ, Di Ciano P, Everitt BJ, Involvement of the dorsal striatum in cue-controlled

cocaine seeking, J. Neurosci 25 (2005) 8665-8670. [PubMed: 16177034]

[60]. Fuchs RA, Branham RK, See RE, Different neural substrates mediate cocaine seeking after

abstinence versus extinction training: a critical role for the dorsolateral caudate—putamen, J.
Neurosci 26 (2006) 3584—3588. [PubMed: 16571766]

[61]. Belin-Rauscent A, Everitt BJ, Belin D, Intrastriatal shifts mediate the transition from drug-

seeking actions to habits, Biol. Psychiatry 72 (2012) 343-345. [PubMed: 22872011]

[62]. Gremel CM, Lovinger DM, Associative and sensorimotor cortico-basal ganglia circuit roles in

effects of abused drugs, Genes Brain Behav. 16 (2017) 71-85. [PubMed: 27457495]

[63]. Flagel SB, Watson SJ, Robinson TE, Akil H, Individual differences in the propensity to

approach signals vs goals promote different adaptations in the dopamine system of rats,
Psychopharmacology 191 (2007) 599-607. [PubMed: 16972103]

[64]. Castanon N, Scearce-Levie K, Lucas JJ, Rocha B, Hen R, Modulation of the effects of cocaine by

5-HT1B receptors: a comparison of knockouts and antagonists, Pharmacol. Biochem. Behav 67
(2000) 559-566. [PubMed: 11164086]

[65]. Van Waes V, Ehrlich S, Beverley JA, Steiner H, Fluoxetine potentiation of methylphenidate-

induced gene regulation in striatal output pathways: potential role for 5-HT1B receptor,
Neuropharmacology 89 (2015) 77-86. [PubMed: 25218038]

[66]. Alter D, Beverley JA, Patel R, Bolafios-Guzmfin CA, Steiner H, The 5-HT1B serotonin

receptor regulates methylphenidate-induced gene expression in the striatum: differential effects
on immediate-early genes, J. Psychopharmacol 31 (2017) 1078-1087. [PubMed: 28720013]

[67]. Barnes NM, Sharp T, A review of central 5-HT receptors and their function, Neuropharmacology

38 (1999) 1083-1152. [PubMed: 10462127]

[68]. Hrabak M, Moon M, Bolafios-Guzméan CA, Steiner H, Vilazodone, a selective serotonin reuptake

inhibitor with diminished impact on methylphenidate-induced gene regulation in the striatum:
Role of 5-HT1A receptor, Mol. Neurobiol (2023) in press.

[69]. Waxmonsky J, Assessment and treatment of attention deficit hyperactivity disorder in children

with comorbid psychiatric illness, Curr. Opin. Pediatr 15 (2003) 476-482. [PubMed: 14508296]

[70]. Spencer TJ, ADHD and comorbidity in childhood, J. Clin. Psychiatry 67 (8) (2006) 27-31.

Suppl.

[71]. Lavretsky H, Kim MD, Kumar A, Reynolds CF, Combined treatment with methylphenidate and

citalopram for accelerated response in the elderly: an open trial, J. Clin. Psychiatry 64 (2003)
1410-1414. [PubMed: 14728100]

[72]. Everitt BJ, Robbins TW, Neural systems of reinforcement for drug addiction: from actions to

habits to compulsion, Nat. Neurosci 8 (2005) 1481-1489. [PubMed: 16251991]

[73]. Steiner H, Psychostimulant-induced gene regulation in striatal circuits, in: Steiner H, Tseng KY

(Eds.), Handbook of Basal Ganglia Structure and Function, Academic Press/Elsevier, London,
2017, pp. 639-672.

[74]. Luscher C, Janak PH, Consolidating the circuit model for addiction, Annu. Rev. Neurosci 44

(2021) 173-195. [PubMed: 33667115]

Addict Neurosci. Author manuscript; available in PMC 2024 January 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lamoureux et al.

Page 18

Exp. 1 cocaine
drug treatment (daily, 6 days) challenge
open-field behavior open-field
0 20
Exp. 2 cocaine self-administration
drug treatment (daily, 8 days) surgery (daily, 10 days)
open-field behavior acquisition
0 15 22 32

Fig. 1.

Timeline of drug treatments and behavioral assessments.
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Fig. 2.

Ct?anges in open-field behavior during repeated methylphenidate plus fluoxetine (MP+FLX)
treatment. Rats were treated daily for 6 days with MP (5 mg/kg; n=10) or MP+FLX (5
mg/kg each; n=11), and behavior was recorded with a Truscan activity monitoring system
for a total of 130 min each day. Drugs were administered after a 40-min habituation

period. Time courses for locomotion (ambulation counts) (mean+SEM) (top) and stereotypy
counts (bottom) during 15 min before and 90 min after the drug injection are presented

for treatment days 1, 3 and 5. Analysis showed that the MP+FLX-treated rats exhibited

two different behavioral profiles. Approximately half of the rats displayed maximally
increased ambulation on days 1-2, followed by increasing stereotypy levels and reduced
ambulation during days 3-6 (denoted as “MP+FLX/high reactivity” group, n=5). The other
half (“MP+FLX/low reactivity” group, n=6) showed high levels of ambulation from day 2
onwards and some emerging stereotypies with decreasing ambulation only towards the end
of the treatment (day 6; see Fig. 3). Stereotypy counts typically peaked during min 6-40

of the test sessions, during which time period ambulation was largely suppressed (see day

5, right). When stereotypies receded, locomotion reemerged. Such differential behavioral
effects were not seen in the MP only-treated group.
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Fig. 3.

Ef%ects of repeated MP+FLX treatment on open-field behavior. Ambulation counts
(mean+SEM) (top) and stereotypy counts (bottom) are presented for rats that received
vehicle (V; n=7), MP (5 mg/kg; n=10) or MP+FLX (5 mg/kg each; high reactivity group,
n=5; low reactivity group, n=6) once daily for 6 days. Time courses for total counts (during
min 6-40 of the session) for days 1-6 (left) and counts pooled for days 1-2, 3-4 and

5-6 (right) are shown. The MP+FLX/high reactivity group showed the highest ambulation
levels on days 1-2, followed by increasing stereotypy levels and suppressed ambulation. In
contrast, the MP+FLX/low reactivity group displayed high ambulation levels from day 2
onwards and some stereotypies (with declining ambulation) on days 5-6. *** P<0.001, **
P<0.01, * P<0.05, vs. V or as indicated; ## P<0.001, # P<0.01, #P<0.05, vs. MP.
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Relationship between ambulation counts and stereotypy counts. Scatter plots depict the

negative correlation between total ambulation counts and total stereotypy counts during the
90-min sessions on days 1-6 (r=—0.798, P<0.005) (left) and between ambulation counts and
stereotypy counts during min 6-40 of the sessions on days 3-4 (r=—0.851, P<0.001) (right).
Individual animals of the high reactivity group are shown in red, those of the low reactivity

group are in blue.
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Effects of the cocaine challenge on open-field behavior. Ambulation (total counts,
mean+SEM) (top) and stereotypies (bottom) are given for the rats that received vehicle
(V), MP (5 mg/kg) or MP+FLX (5 mg/kg each; high reactivity group; low reactivity group)
for 6 days, followed by a cocaine challenge (C; 25 mg/kg) two weeks later. Animals were
tested in the open-field for 40 min after the cocaine injection. *** P<0.001, ** P<0.01, *
P<0.05, vs. V or as indicated; *# P<0.001, #P<0.05, vs. MP.

Addict Neurosci. Author manuscript; available in PMC 2024 January 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lamoureux et al.

cocaine challenge

cocaine challenge

Page 23

3200

ambulation stereotypies
sensitization (days 3-4, min 6-40) x challenge (40 min)
25000 1500
r=0.750** r=0.477
20000 - 1200 A
1]
()]
]
15000 - = 900
S
o o 2
10000 - & ‘% 600 4
® 3
o
5000 ® 300 1
0 T ¥ T T 0 T T
° 8 8 8 8 8 ° 8 8 8
o (=] (=] o o =] ©
¥ & 8 & g = o
MP+FLX sensitization MP+FLX sensitization
sensitization (day 6, min 6-40) x challenge (40 min)
25000 1500
r=0.828** r=0.766"
20000 - 1200 A
[}
()]
g
15000 = 900+
L e
o
2
10000 A = 600
o
o
o
5000 - 300 1
0 - : : : 0 ;
o o o o o o o o o o
o o o o o o o o
o o o o o <r o [aV]
ol < (o] o] S_;} —
MP+FLX sensitization MP+FLX sensitization
Fig. 6.

Relationship between behavior during the repeated MP+FLX pretreatment (“sensitization”)
and during the cocaine challenge. Scatter plots depict correlations between cocaine-induced
behavior and MP+FLX-induced behavior for ambulation (left) and stereotypies (right)
during days 3-4 (min 6-40) (top) and day 6 (min 6-40) (bottom) of the repeated MP+FLX
treatment. For days 3-4, there was a positive correlation between the two counts for
ambulation (r=0.750, P<0.01), but not for stereotypies. There were more robust correlations
for day 6 of the sensitization, for ambulation (r=0.828, P<0.01) and for stereotypies
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(r=0.766, P<0.01). Therefore, the behavior at the end (day 6) of the repeated MP+FLX
treatment (sensitization) best predicted the behavior during the cocaine challenge 2 weeks
later.
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Fig. 7.
Effects of repeated MP+FLX treatment on open-field behavior (measured with SDI activity

system; stereotypy counts not available). Time course for ambulation counts (mean+SEM,;
min 6-40) for days 1-8 (left) and counts pooled for days 1-2, 3-4 and 7-8 (right) are
shown for rats that received vehicle (V; n=16), MP (5 mg/kg; n=10), FLX (5 mg/kg; n=6)
or MP+FLX (5 mg/kg each; high reactivity group, n=6; low reactivity group, n=9) once
daily for 8 days. As in Exp. 1, the MP+FLX/high reactivity group displayed the highest
ambulation levels on days 1-2 of the repeated treatment, followed by rapidly decreasing
ambulation counts. In contrast, the MP+FLX/low reactivity group showed the highest
ambulation levels on days 2-3, and then somewhat declining levels towards days 7-8. ***
P<0.001, * P<0.05, vs. V, FLX or as indicated; ## P<0.001, vs. MP.
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Fig. 8.

Ef%ects of repeated MP+FLX pretreatment on subsequent acquisition of cocaine self-
administration 2 weeks later. Rats obtained cocaine infusions by nose poking, with cocaine
access for 120 min/day on 10 consecutive days (FR1; 150 pg/100 pl/kg infusions per nose
poke). The total number of infusions (mean+SEM) during the 120-min sessions (top) or
during the first 10 min of the session (bottom) are given for rats that were pretreated with
vehicle (V; n=16), MP (5 mg/kg; n=10), FLX (5 mg/kg; n=6) or MP+FLX (5 mg/kg each;
high reactivity group, n=6; low reactivity group, n=9) once daily for 8 days. The time
course for daily infusions on days 1-10 (left) and total infusion counts for days 1-10 and
days 4-6 (right) are presented. The MP+FLX/high reactivity group acquired cocaine self-
administration faster than the other groups, as their daily intake already peaked during days
4-6. Notably, the increased cocaine intake in this group was most robust at the beginning
of the session (first 10 min). ** P<0.01, * P<0.05, vs. V, FLX or as indicated; # P<0.01, #
P<0.05, vs. MP.
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(sensitization) and cocaine intake during self-administration. Scatter plots show correlations

between the rates of cocaine infusions (days 4-6, first 10 min) and ambulation counts

during days 3-4 (min 6-40) (top) or day 8 (min 6-40) (bottom) of the repeated MP+FLX
pretreatment. For days 3-4, there was a negative correlation between ambulation counts and
cocaine infusions (r=—0.574, P<0.05). In contrast, there was no significant correlation for
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day 8 (r=—0.464, P>0.05). Therefore, the behavior during days 3-4 of the repeated MP+FLX
treatment best predicted the rate of cocaine intake 2 weeks later.
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