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A B S T R A C T

Aims: Methylphenidate (MPD) widely prescribed for the treatment of attention deficit hyperactivity disorder
(ADHD), is a psychostimulant and can produce addiction in patients treated with it. In view of growing increase
in the use of drug by general population as a cognitive enhancer, the present study is designed to investigate
reinforcing and cognition enhancing effects of MPD in rats. Associated changes in serotonin-1A receptor ex-
pression are investigated as a potential molecular mechanism involved.
Methods: Learning acquisition and memory retention in Morris water-maze test were used to assess cognitive
effects of MPD. Reinforcing effects were evaluated in conditioned place-preference (CPP) paradigm. The ex-
pression of 5-hydroxytryptamine (5-HT; serotonin)-1A receptor in the nucleus accumbens and prefrontal cortex
of repeated MPD treated animals was determined by qRT-PCR.
Findings: Lower doses (0.5 and 2.5 mg/kg) of MPD enhanced learning acquisition and memory retention but
higher doses (5 mg/kg) impaired these. The drug administered repeatedly at a dose of 2.5 mg/kg was reinforcing
in CPP test, but sensitization like effects of this dose were only transient. These animals tested in water-maze test
exhibited improved memory retention but no effect occurred on learning acquisition. The expression of 5-HT-1A
receptor was markedly attenuated in the nucleus accumbens; attenuation in the prefrontal cortex was not sig-
nificant.
Significance: The findings suggest that clinically relevant doses of MPD can produce drug addiction, but effects of
the drug on memory retention are retained. A downregulation of 5-HT-1A receptor in the nucleus accumbens
seems important in the reinforcing effects of MPD.

1. Introduction

Methylphenidate (MPD) is widely prescribed for the treatment of
Attention-deficit hyperactivity disorder (ADHD) since 1957 [1]. ADHD
is a disorder characterized by inattentiveness, hyperactivity and im-
pulsivity [2]. Children are more affected by this disease and the
worldwide prevalence is about 5.3% [3–5]. The drug is also used by
general population, especially college students to improve academic
and work related performances [6,7]. Evidence suggests that ther-
apeutic or non therapeutic use of MPD results in drug overuse and
addiction [8].

ADHD is a multi-factorial highly heritable disorder and several an-
imal models of ADHD currently exist [9,10]. These models define the
fundamental aspects of ADHD behavior such as impulsivity, hyper-
activity and inattention [11,12]. Although the drug is not necessarily

used in clinically relevant doses by general population, a growing in-
crease in MPD use and over-use has been seen in general population
where the drug is potentially used for its nootropic effects [6]. Over-use
of the drug has also been seen in ADHD patients using therapeutic doses
of MPD [7]. The present study is designed to assess addictive effects of
clinically relevant doses of MPD in normal rats. Whether these doses
can improve learning and memory in normal rats is also tested.

Dose related effect of MPD on learning and memory are determined
in Morris water-maze test. Drugs which produce addiction are re-
warding, reinforcing and elicit behavioral sensitization [13]. A dose
(2.5 mg/kg), which is a memory enhancing and clinically relevant too
[14], is administered repeatedly in conditioned place-preference para-
digm (CPP) to determine its potential reinforcing and sensitization like
effects.

MPD is thought to produce its pharmacological effects by inhibiting
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dopamine and noradrenaline reuptake [15]. The resulting increase in
the synaptic availability of dopamine and noradrenaline can reduce
symptoms of ADHD [15,16]. The drug induced increase in catechola-
mine neurotransmission within the prefrontal cortex is thought to im-
prove cognition [17] while an increase in extracellular dopamine in the
nucleus accumbens produces reinforcement to lead to drug addiction
[18].

Evidence suggests that serotonin (5-hydroxytryptamine; 5-HT) plays
an important role in cognition as well as addiction. These effects of
serotonin are mediated via the activation of 5-HT-1A receptors, which
modulate dopamine neurotransmission in the nucleus accumbens as
well as the prefrontal cortex [19]. Thus co-administration of buspirone,
an agonist at 5-HT-1A receptor, inhibited apomorphine as well as
morphine-induced addiction [20–22]. We hypothesized that due to
agonist activity for 5-HT-1A receptors [23,24], MPD may have little or
no reinforcing effects. Therefore, in the present study, reinforcing ef-
fects of MPD and 5-HT-1A receptor expression in the nucleus ac-
cumbens are determined.

Prefrontal cortex is known to have an important role in learning and
memory [25]. It is also involved in the formation of addiction related
memories [26]. 5-HT-1A receptors are highly expressed in the pre-
frontal cortex [27] and activation of these postsynaptic receptors can
interfere with memory retrieval [28]. Memory retention in animals
treated repeatedly with MPD and its association with 5-HT-1A expres-
sion in the prefrontal cortex is also determined.

2. Methodology

2.1. Animals

Animals were housed and handled according to the strict guidelines
of ‘Guide for the care and use of laboratory animals’, The National
Academies Press, Washington D.C, USA and the Institutional Animal
Ethics Committee (IAEC; Animal study protocol no. 2015-0014).
Although, a precise relationship between the age of laboratory rats and
human is still a matter of debate, male albino rats, which were not
sexually mature (< 6weeks of age; 4–5weeks old), weighing
180–220 g were used in the present study. The animals provided by the
animal house, ICCBS, University of Karachi were housed individually
and kept under 12 h light dark cycle (a light turned on at 8:00) and
controlled room temperature (24 ± 2 °C) with access to tap water and
cubes of standard rodent diet 5 days before the start of the experiment.
Rats were acclimatized to various handling procedures so as to reduce
the psychological stress of the environment.

2.2. Drugs

Methylphenidate (Ritalin, Novartis) was purchased locally and ad-
ministered orally. The tablets were pulverized and dissolved in distilled
water. Before each experiment, drug solution was freshly prepared. A
measured volume of it (according to dose) was administered orally via
syringe connected gavages as described before [29]. The animals were
handled carefully to avoid any distress or gavages related injury till the
drug was totally taken and not expelled out.

It has been shown that oral doses of MPD≤ 3mg/kg produce
plasma drug level in rodents which is equivalent to the clinically ef-
fective doses in humans [30–32]. The drug was administered at a dose
of 0.5, 2.5 and 5mg/ml/kg in the first experiment (dose related study).
It was administered at a dose of 2.5mg/ml/kg repeatedly in the second
experiment. MPD is rapidly absorbed after oral administration with the
peak plasma concentration achieved in an average of 1 h [33–35]. The
experiments on cognition and reinforcing effects of MPD were designed
accordingly.

2.3. Experiment 1 - dose-related effects of MPD on water-maze performance

Twenty four animals were used to determine dose related effects of
MPD on learning acquisition and memory retention in water-maze test.
The rats were divided randomly into four groups, each containing six
animals. MPD was administered, orally, in doses of 0.0, 0.5, 2.5 and
5mg/kg, at 09:00 h–11:00 h, immediately before training in Morris
water-maze.

2.3.1. Water-maze test
The apparatus and procedure was essentially same as described

before [29]. The maze, a white circular pool, 90 cm in diameter and
60 cm high, was used. It was filled with water, made opaque with milk,
to a depth of 30 cm. The apparatus placed in an experimental room was
surrounded with constant visual cues (window, cabinets, equipment
etc.). The maze was divided virtually into four equal quadrants (north,
south, east and west). In the center of the north quadrant a square
platform (10× 10 cm) was placed at a height 2 cm below the surface of
water.

Acquisition and retention of memory were assessed as the latency
time to locate the hidden platform. The procedure consisted of two
phases: the training phase and the test phase. In the training phase, all
animals had successive three training trials, one from each quadrant
(other than the quadrant with hidden platform), to locate the platform.
Cut-off time was 2min for each session. If the rat succeeded, it was
allowed to stay on it for 10 s and if failed, then guided towards the
platform. In the test phase, acquisition and retention of memory were
tested. The platform was placed in the north quadrant and animals were
entered from a single position (opposite quadrant to the north) to locate
the hidden platform (cut-off time=2min). The acquisition and reten-
tion of memory were assessed respectively after 2 and 24 h of the
training.

2.4. Experiment 2- effects of repeated administration of MPD

Sixteen rats were subjected to a 13-day procedure of place con-
ditioning and preference test as shown in Table 1. The rats were ran-
domly divided into two groups each containing eight animals. MPD was
orally administered at a dose of 2.5mg/kg, while the control group was
treated with water. This dose was selected from the results of previous
experiment of dose response curve and administered in CPP paradigm
as shown in Table 1 and described below in the Section 2.4.1.2, on drug
conditioning.

Table 1
Scheme for repeated administration of drug and water thorough out the experiment.

Treatment days Pre-conditioning Conditioning phase Post-
conditioning

Training & learning
acquisition

Memory
retention

Decapitation

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Control (water) N W W W W W W W W W W W W N W W W
Treatment

(methylphenidate)
D D D D D D D D

{*W=water, *D=drug (2.5mg/kg methylphenidate), N*=No drug/water}.
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2.4.1. Reinforcing effects in CPP-paradigm
The CPP test was conducted to monitor reinforcing effects of re-

peated administration of MPD. The test was carried out in a three
compartment place-preference apparatus of unbiased design as de-
scribed before [21]. The two end-compartments (26×26×26 cm)
were separated by guillotine sliding doors and a shuttle compartment in
the middle (10× 26×26 cm). The end-compartments provided dif-
ferent environment perception with one compartment having black
horizontals strips (side walls) and grid rod floor while the other com-
partment having vertical strips of black color and meshed floor made up
of stainless steel. The middle shuttle compartment had the smooth floor
and transparent guillotine sliding doors. A video recording system was
placed appropriately to monitor all the sessions of place conditioning.
The test was conducted to determine preconditioning place preference,
followed by drug conditioning after which post conditioning place
preference was determined. Motor activity was monitored during the
conditioning phase to assess behavioral sensitization.

2.4.1.1. Pre-conditioning place preference. As shown in Table 1, on the
pre-treatment day (day 0), animals exposed individually to the CPP
apparatus were allowed to explore the apparatus and establish pre-
conditioning responses and monitor any probable bias for either
compartment. Animals were entered through the central shuttle
compartment and after 10 s, sliding doors of both end compartments
were raised and animals allowed to move freely and explore all three
compartments for 10min (at 9:00 h–10:00 h). The time spent in both
end compartments (preference) was recorded. Animals showing no
preference for either compartment were included in the study.

2.4.1.2. Drug conditioning. Animals went through drug conditioning
(one session per day) for 12 days (Table 1). During drug conditioning,
an animal was confined with either the horizontal or vertical strip
compartment after entering from the shuttle compartment. On day 1, 3,
5, 7, 9 and 11 animals were treated with water orally (at 9:00–12:00 h)
and placed in the ‘non-drug’ associated compartment (horizontal strips)
for 30min. On the other days i.e. 2, 4, 6, 8, 10 and 12, control animals
were treated with water while test animals were treated with MPD (at
9:00–12:00 h) and placed immediately in the ‘drug’ associated
compartment (vertical strips) for 30min.

2.4.1.3. Post-conditioning test. The post-conditioning test was
conducted on day 13 at 09:00 h–10:00 h. The test was conducted
essentially in the same way as preconditioning test. An animal was
placed in the shuttle compartment and guillotine sliding doors of both
the end-compartments were raised. The animal was allowed to move
freely in all compartments for 10min. Time spent in ‘drug’ and ‘non-
drug’ associated compartment was monitored to determine place
preference as described before [21].

2.4.2. Effect of repeated administration of MPD on motor activity
The effects on motor activity were scored during conditioning phase

(at 09:00 h–12:00 h) via video recording device. The activity was scored
on drug treatment day as well as on water treatment day. As described
above control animals were treated with water on drug treatment day
as well as on water treatment day. Motor activity in control animals was
also monitored every day. The activity was scored as the numbers of

compartment crossings (both horizontals as well as vertical) starting
5min post-injection for a period of 10min.

2.4.3. Effect of repeated administration of MPD on learning acquisition and
memory retention

The effects on learning and memory in rats treated repeatedly with
MPD were determined on day 14 and day 15. Morris water-maze and
the procedure described in experiment 1 were used to determine per-
formance. On day 14 (Table 1), MPD or water was administered to,
respectively, test and control group. Immediately after the adminis-
tration animals were trained to locate the submerged escape platform in
the water-maze. The training session continued from 9:00 h to 11:00 h.
Following the training session, learning acquisition and memory re-
tention were monitored as the latency to mount the escape platform.
Test for learning acquisition was conducted at 13:00 h to 14:00 h and
that for memory retention at next day (day 15) at 9:00 h to 11:00 h.

2.5. Collection of brain samples and gene expression analysis of serotonin-
1A receptor

The experiment for collecting samples for 5-HT-1A receptor ex-
pression was performed on day 16 (Table 1). The animals treated with
MPD or water at 09:00 h–11:00 h were decapitated 1 h post treatment.
Brains taken out immediately were micro-dissected to collect the nu-
cleus accumbens and prefrontal cortex as described earlier [36]. The
samples were stored at −80 °C for determining the expression of ser-
otonin-1A receptor.

2.5.1. RNA isolation and reverse transcription
The samples were homogenized in TRIzol® reagent (Ambion, Life

technologies) and total RNA were isolated according to the protocol
described by the manufacturer. Photometric measurements of total
RNA concentrations were carried out at 260 nm using a NanoDrop
(ThermoScientific Multiskan GO). Reverse transcription was performed
with 1 μg of total RNA from each sample via RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific) with random primers in Master
cycler proS (Eppendorf). The guidelines provided by the manufacturer
were followed during the procedure.

2.5.2. Quantitative Real-time polymerase chain reaction (qRT-PCR)
Specific primers of serotonin (5-HT)-1A and β-actin designed and

synthesized by Penicon Pharmaceuticals were used (Table 2). PCR
products were quantified fluorimetrically using SYBR green (SG) dye.
This cyanine dye was used to bind double stranded DNA. The resulting
DNA-dye complex, which absorbs blue light (ƛmax=497 nm) and
emits green light (ƛmax=520 nm), helped quantify DNA [37].

Real-time PCR was done in Stratagene Mx3000P (Agilent technol-
ogies, USA) with Thermo Scientific Maxima SYBR Green/ROX qPCR
Master Mix. Thermal amplification cycling conditions included an in-
itial de-naturation step at 95 °C for 10min and the run for 40 cycles for
15 s at 95 °C, annealing at 60 °C for 30 s and final extension at 72 °C for
30 s. Data were acquired and analyzed using comparative CT method
(MxPro Software). β-Actin mRNA was used as an internal loading
control, co-amplified with 5-HT-1AR mRNA. The levels of the 5-HT-
1AR mRNA were normalized by β-actin.

Table 2
Primer sequences with annealing temperatures and product size.

PCR Primers Sequences Annealing temperature (°C) Product size (bp)

Beta actin (F) 5′-ACCCACACTGTGCCCATCTA 58.5 285
Beta actin (R) 5′-CGGAACCGCTCATTGCC 57.1
5-HT-1A receptor (F) 5′-CCCCCCAAGAAGAGCCTGAA 59.4 335
5-HT-1A receptor (R) 5′-GGCAGCCAGCAGAGGATGAA 60.1
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2.6. Determining food intake and body weight changes

Food intake (g) was monitored by taking the difference of food
given on day 1, and food left at the end of experiment i.e. on decap-
itation day. Pre-weighed food was provided in the built-in stainless steel
hopper of the cage. Body weights were also monitored on starting day
and on decapitation day. Percentage change in the body weight was
calculated as (Body weight on decapitation day / Body weight on start
day)× 100.

2.7. Statistical analyses

All results are presented as means ± S.D. Behavioral data were
analyzed by two-ways ANOVA (factor 1, drug; factor 2, repeated
measure) followed by Tukey's post-hoc test. Data on food intake, body
weight change and expression studies were analyzed by Mann-Whitney
U test. Results with p values < 0.05 were considered statistically sig-
nificant.

3. Results

Fig. 1 shows dose related effects of MPD on learning acquisition and
memory retention in water-maze test. Latency time to reach and mount
the escape platform was taken as a measure of learning and memory.
Because the same animals were used in learning acquisition and
memory retention, two-way ANOVA (factor 1=drug, factor 2= re-
peated measure) with repeated measure design was used. The analysis
showed significant effect of MPD (F= 111.12; df= 3,20; p < 0.01),
repeated measure (F=255.697; df= 1,20; p < 0.01) and significant
(F= 9.274; df= 3,20; p < 0.01) interaction between MPD and re-
peated measure. Post-hoc test showed that latency time to reach the
escape platform, in learning acquisition as well as in memory retention
phase, was smaller in animals treated with low doses (0.5 mg/kg,
2.5 mg/kg) MPD treated than water treated animals. Conversely, ani-
mals treated with 5.0mg/kg MPD exhibited an increase in the latency
time compared to water treated animals or low doses (0.5 and 2.5 mg/
kg) MPD treated animals. The results suggest that low doses of MPD
improve learning acquisition as well as memory retention while higher
doses impair it.

Fig. 2 shows reinforcing effects of 2.5mg/kg MPD in CPP paradigm.
Data on pre and post conditioning values of time passed in drug paired
compartment, analyzed by two-way ANOVA (repeated measure design)

showed significant effect of MPD (F=15.367; df= 1,14; p < 0.01),
repeated measure (F=11.430; df= 1,14; p < 0.01) and significant
(F= 7.274; df= 1,14; p < 0.05) interaction between MPD and re-
peated measure. Post hoc analysis showed that pre- and post-con-
ditioning values of time spent in drug paired compartment were not
different in water treated animals. MPD treated animals exhibited an
increase in post- than pre-conditioning values of time spent in drug-
paired compartment. Post-conditioning values of time spent in drug-
coupled compartment was also greater in MPD than water treated an-
imals. The results suggest that doses of MPD which improve cognition
are reinforcing.

Fig. 3 shows motor activity in controls and test animals during
conditioning phase. The activity on non drug treatment day is shown in
Fig. 3A, while the activity on drug treatment day is shown in Fig. 3B.
Data of water treatment days (day 1, 3, 5, 7, 9, and 11) analyzed by
two-way ANOVA repeated measure design showed significant effect of
MPD (F= 74.671; df= 1,10, p < 0.01), repeated measure (F=5.205;
df= 5,70; p < 0.01) and significant (F= 6.107; df= 5,70; p < 0.01)
interaction between MPD and repeated measure. Post-hoc analysis
showed significant increase in motor activity in MPD treated than water
treated animals on day 3, 5 and 7. The MPD treated animals exhibited
greater motor activity on day 5 than on day 1. Differences on other
treatment days were not significant. Results suggest that motor activity
enhancing effects of MPD also occur 24 h after the drug administration.

Data on drug treatment days (day 2, 4, 6, 8, 10 and 12) analyzed by
two-way ANOVA repeated measure design showed significant effects of
MPD (F= 178.779; df= 1,10, p < 0.01) and repeated measure
(F=6.108; df= 5,70; p < 0.01). Interaction between MPD and re-
peated measure was not significant (F= 1.255; df= 5,70; p > 0.05).
Post-hoc analysis showed significant increase (p < 0.05) in motor ac-
tivity in MPD than water treated animals after every administration.
The activity in MPD treated animals on day 6 i.e. following 3rd MPD
administration was greater than the values observed following 1st MPD
administration suggesting sensitization like effects. However, these ef-
fects did not persist following subsequent administration. Results sug-
gest that sensitization like effects following repeated MPD administra-
tion are only transient and do not persist on further administration.

Fig. 4 shows learning acquisition and memory retention in repeated
water (control) and MPD treated (test) animals. Data analyzed by two-
way ANOVA (repeated measure design) showed significant effect of
MPD (F=24.598, df= 1,14, p < 0.01) and significant (F= 5.098,
df= 1,14, p < 0.05) interaction between MPD and repeated measure.

Fig. 1. Dose related effects of MPD on learning acquisition (2 h after training)
and memory retention (20 h after learning acquisition) as monitored in Morris
water-maze. Values are means ± SD (n= 6). Significant differences by Tukey's
test: **p < 0.01, *p < 0.05 from water treated animals; +p < 0.01 from
lower doses of MPD treated animals following two-way ANOVA repeated
measure design.

Fig. 2. Effect of MPD (2.5 mg/kg) on pre- and post-conditioning values of time
passed in the drug compartment. Values are means ± SD (n= 8). Significant
differences by Tukey's test: *p < 0.01 from respective water treated animals;
+p < 0.01 from respective preconditioning values following two-way ANOVA
repeated measure design.
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While the effects of repeated measure (day) were not significant
(F= 1.947, df= 1,14). Post-hoc analysis showed that latency time to
reach the escape platform was not different in MPD than water treated
animals during learning acquisition phase. The latency time during
memory retention phase was significantly (p < 0.01) smaller in MPD
than water treated animals. Results suggest that repeated administra-
tion of MPD continues to improve memory retention but tolerance oc-
curs in the effects of MPD on learning acquisition.

Fig. 5 shows effect of repeated administration of MPD on 5-HT-1A
receptor expression in the prefrontal cortex and nucleus accumbens.
Mann-Whitney U test revealed significant decrease (p < 0.01) in 5-HT-
1A receptor expression in the nucleus accumbens of MPD than water
treated animals. Similar decreases of 5-HT-1A receptor expression in
the prefrontal cortex were not significant (p > 0.05).

Fig. 6 shows effect of repeated administration of MPD on changes in
body weight and food intake. Data analyzed by Mann-Whitney U test
showed that the effects on body weight changes and food intake were
not significant (p > 0.05).

4. Discussion

The aim of the present study was twofold. Firstly, we wanted to
know whether doses of MPD equivalent or greater than clinically re-
commended doses improve memory in normal rats. Another aim was to

monitor memory retention in animals exhibiting reinforcement to drug
and determine its association with 5-HT-1A receptor expression. We
found that higher doses of MPD (5mg/kg) impaired memory, but lower
doses (0.5 and 2.5mg/kg), improved memory. Because memory en-
hancing effects were greater in rats treated with 2.5mg/kg than
0.5 mg/kg MPD, the dose producing a greater effect on memory en-
hancement was selected for repeated administration and monitor tol-
erance, if any, in these effects on repeated administration.

Our finding that higher doses of MPD impair water-maze perfor-
mance suggests that doses of MPD for the treatment of ADHD should be
carefully evaluated. The finding that a lower doses of MPD which im-
prove memory is also reinforcing and this effect of MPD is associated
with a downregulation of 5-HT-1A receptors in the nucleus accumbens
supports the notion that together with other psychostimulatnts [14]
and morphine [19,20], 5-HT-1A receptor dependent mechanism is also
important in MPD addiction. Moreover, we show that the down-
regulation of 5-HT-1A receptors selectively occurs in the nucleus ac-
cumbens and a similar downregulation does not occur in the prefrontal
cortex, a region of the brain associated with learning and memory. Our
results that the effects of MPD on improving memory retention persist
in animals exhibiting reinforcement for drug suggest that MPD abuse is
not related with tolerance in its effects on memory retention.

Fig. 3. Effects of MPD (2.5 mg/kg) on motor behavior monitored on water treatment days (Day 1, 3, 5, 7, 9, 11) and drug treatment days (Day 2, 4, 6, 8, 10, 12).
Values are means ± SD (n= 8). Significant differences by Tukey's post hoc test: *p < 0.05 from respective water treated animals; +p < 0.01 from respective first
administration (i.e. from day 1 in nondrug day activity and day 2 in drug day activity), following two-way ANOVA repeated measure design.

Fig. 4. Effect of repeated administration of MPD (2.5mg/kg) on learning ac-
quisition and memory retention in water-maze test. Values are means ± SD
(n=8); Significant differences by Tukey's post hoc test: *p < 0.01 from re-
spective water treated animals (memory retention) following two-way ANOVA
repeated measure design.

Fig. 5. Effect of MPD (2.5mg/kg) on 5-HT-1A receptor expression in the pre-
frontal cortex and nucleus accumbens by qRT-PCR. Values are means ± S.D.
(n= 8). Significant differences by Mann-Whitney U test: *p < 0.01 from water
treated animals.
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4.1. Dose related memory enhancing and impairing effects of MPD

Previously, it has been shown that oral administration of MPD in
doses of 3.0mg/kg improves radial maze learning and performance in
preadolescent rats [38]. It has been also shown that low doses of MPD
improve learning acquisition, memory retention and reconsolidation in
Morris water-maze test [29]. Reports on the effects of higher doses of
MPD on learning and memory are not very consistent as an enhance-
ment as well as reported to occur depending upon the model used
[39,40].

The memory enhancing effects of MPD are thought to occur because
of its ability to inhibit high affinity reuptake of catecholamines and
facilitate dopamine and nor-adrenaline neurotransmission [17,41]. On
the other hand, memory impairment in high dose MPD treated animals
is often linked with the excessive increase in the synaptic concentration
of dopamine and noradrenaline [32,40,42,43]. In addition, MPD has
agonist activity for 5-HT-1A receptors [23]. Activation of postsynaptic
5-HT-1A receptors also facilitates dopamine and noradrenaline neuro-
transmission and the release of these catecholamines in the nucleus
accumbens and prefrontal cortex is enhanced [19,44]. Evidence sug-
gests that optimal increases in synaptic dopamine and noradrenaline
preferentially activate D1 and alpha-2 receptors, resulting in an en-
hancement of information flow and strengthening of memory [67]. On
the other hand, excessive increase in synaptic dopamine and nora-
drenaline at higher doses of MPD activates dopamine D2 like receptors
and noradrenergic alpha-1 and beta receptors resulting in the weak-
ening of information flow and memory retention [45,67]. The present
results on memory enhancing effects of low doses MPD are therefore
explainable in terms of optimal increases in catecholamine neuro-
transmission due to inhibition of high affinity reuptake and activation
of postsynaptic 5-HT-1A receptors. Excessive increase in catecholamine
neurotransmission can, however, impair learning acquisition and
memory retention observed in high dose MPD treated rats.

4.2. Reinforcing effects of MPD

4.2.1. Relationship with 5-HT-1A receptor expression in the nucleus
accumbens

The CPP method is widely used to monitor the reinforcing proper-
ties of drugs of abuse [20,21,46,68]. Drugs of abuse are rewarding and
reinforcing and elicit preference for drug associated compartment in
CPP-test [14,20,47,48,69]. Repeated administration of these drugs also
produces sensitization. In a study comparing the reinforcing effects of
low and high dose of MPD, it has been reported that high (10mg/kg)
but not low (3mg/kg) doses of MPD, paired 4 times with an end
compartment in CPP paradigm are reinforcing [49]. We report that
slightly smaller doses (2.5 mg/kg) of MPD, paired 6 times with an end
compartment in CPP paradigm are also reinforcing, but produce only
transient sensitization like effect. The results tend to suggest that doses

of MPD which improve memory are reinforcing and strategies to alle-
viate the reinforcing effects are needed for improving therapeutic use of
MPD.

Rewarding and reinforcing effects of drugs of abuse are processed
through an increase in dopamine neurotransmission in the mesolimbic
pathway [14,50]. The release of dopamine in the nucleus accumbens, a
terminal region of mesolimbic pathway, elicits reward perception
which predisposes to addiction [14,19,51]. Conversely, a decrease in
dopamine neurotransmission via the nucleus accumbens, particularly
during drug withdrawal, produces reinforcement for drug use. In view
of role serotonin 1A receptors in inhibiting the reinforcing effects of
drugs of abuse [20,52], it is important to note that activation of post-
synaptic 5-HT-1A receptors in the nucleus accumbens is expected to
increase neurotransmission via mesolimbic pathway [14,19]. Pre-
viously we have shown that a decrease in serotonin levels in the nucleus
accumbens resulting in reduced dopamine neurotransmission via me-
solimbic pathway is involved in the reinforcing effects of apomorphine
[21]. A downregulation of 5-HT-1A receptors, as observed in the pre-
sent study, in the nucleus accumbens is also expected to decrease do-
pamine neurotransmission via reward pathway. Together, the present
and our previous studies [14,21] tend to suggest that activation of
postsynaptic 5-HT-1A receptors in the nucleus accumbens produces an
excitatory influence on dopamine neurotransmission via reward
pathway. Long term exposure to drugs of abuse weakens this effect of 5-
HT on dopamine neurotransmission to lead to reinforcement and drug
abuse.

4.3. Memory enhancing effects of MPD following repeated drug exposure:
relationship with 5-HT-1A receptor expression in the prefrontal cortex

Although repeated administration of MPD improves memory re-
consolidation [29], tolerance in its cognitive effects [53,54] has been
also reported. The present study shows that repeated exposure to
nootropic doses of MPD produces tolerance in learning acquisition but
not memory retention. The prefrontal cortex plays an important role in
cognitive behaviors such as spatial memory, and decision making
[55,56]. It is interesting to see that, unlike nucleus accumbens, a
downregulation of 5-HT-1A receptors is not produced in the prefrontal
cortex of repeated MPD treated rats. Because memory retention is also
not impaired in these rats, the findings tend to support a role of 5-HT-
1A receptor mediated control of information flow via the prefrontal
cortex in memory retention [57].

The 5-HT-1A receptors are highly expressed in the prefrontal cortex
[27]. Activation of 5-HT-1A receptors in this brain region facilitates
dopamine neurotransmission via mesolimbic reward pathway [19] and
interferes with memory retrieval [28]. Therefore, to explore the me-
chanism underlying cognitive effects of repeated MPD treatment in rats
exhibiting reinforcement for drug, we focused on 5-HT-1A expression in
the prefrontal cortex. In this context, an upregulation of these receptors

Fig. 6. Effect of MPD (2.5mg/kg) on body weight and food intake. Values are means ± S.D. Differences by Mann-Whitney U test were not significant.
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would be expected to enhance dopamine neurotransmission [19] and
weaken memory circuit [28]. Our results that no effect occurs on 5-HT-
1A expression in the prefrontal cortex are relevant that effects of MPD
on memory retention continue even after the expression of drug re-
inforcement.

Together with the prefrontal cortex, 5-HT-1A receptors are also
highly expressed in the hippocampus, and activation hippocampal 5-
HT-1A receptors are also known to play important role in learning and
memory [26,58]. Studies on the 5-HT-1A receptor expression in the
hippocampus of repeated MPD treated rats could help to further expand
our knowledge of the relationship of 5-HT-1A receptors with addiction
and cognition.

4.4. Effects of MPD on food intake and body weight

Chronic use of particularly high doses MPD has been seen to be
associated with appetite suppression [59–61]. Conversely, dis-
continuation of MPD after chronic use is reported to produce a sig-
nificant increase in body weight as well as food consumption [62]. On
the other hand, studies linking addiction with obesity provides evidence
that low brain dopamine activity predisposes to addiction as well as
obesity [63]. Moreover, the appetite suppressant effects of MPD are not
produced in obese and overweight adults who met the diagnostic cri-
teria of food addiction [64]. In general, low doses of MPD if used for a
smaller period of time have been shown to produce no effect on ap-
petite [65]. Only few preclinical studies have addressed the effects of
MPD on food intake. These studies show a dose dependent reduction in
body weight [66] or both an enhancement and suppression depending
on the duration of drug administration [53]. We show that adminis-
tration of low dose of MPD on alternate days for short period produces
no effect on food intake. It is however possible that the same dose if
administered daily for a longer time can alter food intake and body
weight.

5. Conclusion

In conclusion, the present study shows that therapeutic doses of
MPD should be carefully evaluated as higher doses can impair cognitive
performance. We show that a dose of MPD which improves memory
produces no effect on appetite and body weight, and little tolerance is
produced in the cognition enhancing effects of this dose of MPD. The
present results suggest that doses of MPD which improve learning and
memory are reinforcing and can predispose to addiction. A region se-
lective decrease of 5-HT-1A receptor expression in the nucleus ac-
cumbens associated with the reinforcing effects of MPD supports the
notion that 5-HT-1A receptor dependent control of the dopamine re-
ward pathway is dysregulated. In the present study only one dose of
MPD, which produced an enhancement of memory, was used for re-
peated administration. Future studies on the long term use of other
memory enhancing as well as memory impairing doses of MPD may
well show any difference in the expression of 5-HT-1A receptor asso-
ciated with the reinforcing effects of MPD. Together with previous
studies from our laboratory the present findings tend to suggest that
targeting 5-HT-1A receptors can prevent addiction associated with the
use of nootropic doses of MPD.
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