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Abstract
Our previous study showed enhanced declarative memory consolidation after acute methyl-
phenidate (MPH) administration. The primary aim of the current study was to investigate the
duration of this effect. Secondary, the dopaminergic contribution of MPH effects, the
electrophysiological correlates of declarative memory, and the specificity of memory enhancing
effects of MPH to declarative memory were assessed. Effects of 40 mg of MPH on memory
performance were compared to 100 mg of levodopa (LEV) in a placebo-controlled crossover
study with 30 healthy volunteers. Memory performance testing included a word learning test,
the Sternberg memory scanning task, a paired associates learning task, and a spatial working
memory task. During the word learning test, event-related brain potentials (ERPs) were
measured. MPH failed to enhance retention of words at a 30 min delay, but it improved 24 h
delayed memory recall relative to PLA and LEV. Furthermore, during encoding, the P3b and
P600 ERP latencies were prolonged and the P600 amplitude was larger after LEV compared to
PLA and MPH. MPH speeded response times on the Sternberg Memory Scanning task and
improved performance on the Paired Associates Learning task, relative to LEV, but not PLA.
Performance on the Spatial working memory task was not affected by the treatments. These
findings suggest that MPH and LEV might have opposite effects on memory
& 2014 Elsevier B.V. and ECNP. All rights reserved.
1. Introduction

Methylphenidate (MPH) has been shown to not only reduce
behavioral symptoms of children with ADHD, but also improve
cognitive function in this group (Pietrzak et al., 2006). Some
cognition enhancing effects have also been demonstrated in
Elsevier B.V. and ECNP. All rights
o.2013.09.009
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healthy volunteers (Repantis et al., 2010; Smith and Farah,
2011). MPH enhances performance in normal controls most
notably on tasks measuring speed of processing or working
memory (Agay et al., 2010; Elliott et al., 1997; Kollins et al.,
1998; Linssen et al., 2011; Mehta et al., 2000). However,
a recent study showed that MPH also improves declarative
memory consolidation in healthy individuals (Linssen et al.,
2012). It showed enhanced memory recall for words, 30 min
after word list learning if the lists were studied under
the influence of MPH. So far, it is still unknown how long
this effect lasts. The memory consolidation effect of the
pharmacologically similar drug amphetamine has been shown
reserved.
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to still be present after a 24 h delay (Zeeuws and Soetens,
2007), indicating a role in late consolidation processes. In the
present study, our primary aim was therefore to investigate if
the effect of MPH on memory consolidation is also still present
a day after word learning.

MPH blocks the reuptake of the catecholamines dopamine
and noradrenaline by binding to the transporters, thereby
increasing catecholamine availability (Hannestad et al.,
2010; Kuczenski and Segal, 1997; Volkow et al., 1998). It is
suggested that MPH's potency may be higher for the nora-
drenaline- than the dopamine transporter (Kuczenski and
Segal, 1997), but as dopamine is also transported by the
noradrenaline transporter, it is not clear which neurotrans-
mitter system is more affected by MPH (Hannestad et al.,
2010; Pacholczyk et al., 1991). Both modulation of noradre-
naline- and dopamine alters cognitive function (Chamberlain
et al., 2006; Nieoullon, 2002) and hence, MPH's effect on
memory consolidation may be mediated through either
dopamine, noradrenaline or both. It is difficult to study
dopamine and noradrenaline in isolation as catecholamine-
transporter blockers, even if specifically blocking only one
transporter type, will affect both neurotransmitters and
dopamine is a precursor of noradrenaline. However, by
comparing MPH to levodopa (LEV), the precursor of dopamine
and a predominantly dopaminergic drug, dopaminergic
effects could be largely disentangled from noradrenergic
effects (Breitenstein et al., 2006).

A secondary aim of the present study was to study the
dopaminergic contribution to MPH's effects on memory by
comparing effects of LEV to those of MPH on memory in healthy
volunteers. Furthermore, we investigated if behavioral results
are also reflected by electrophysiological changes in the brain.
The present study therefore included electro-encephalography
(EEG) measurements, from which event-related potentials
(ERPs) were extracted. A previous study showed that a visual
word learning task as used in the present study elicits a specific
waveform showing several relevant ERP components, including
for example P3a and P3b (Linssen et al., 2011). However,
because little is known about the effects of dopaminergic
manipulation on ERP components measured during a word
learning task we chose an exploratory approach. The ERPs
were extracted and inspected for the presence of different ERP
components, without making specific a priori hypotheses about
changes in amplitude and latency of the various components.
Finally, to study the specificity of MPH for declarative memory,
several other memory tasks, including spatial and verbal
(working) memory tasks, were administered.

To address these aims, the effects of a 40 mg dose of MPH
on behavioral and electrophysiological measures of a visual
word learning task and several other memory tasks were
compared to the effect of 100 mg of LEV in a placebo
controlled crossover designed study with 30 healthy volun-
teers. Heart rate, blood pressure and subjective measures
were included as control measures.
2. Experimental procedures

2.1. Participants

Thirty-two healthy volunteers were included, thirty of which com-
pleted the study (20 male, 10 female, mean age=20.7, SD=2.3,
range=18–28). The two participants who dropped out canceled their
participation because of other obligations. Participants were recruited
by means of local advertisements and were paid to participate.
Prescreening occurred using a medical history questionnaire and was
followed by medical examination.

The main inclusion criteria were: between 18 and 45 years of
age, body mass index between 18 and 30 kg/m2, normal binocular
activity (corrected or uncorrected). The main exclusion criteria
were history or presence of mental or physical disorders, consump-
tion of more than 21 alcohol units per week or more than five
caffeine-containing drinks per day, pregnancy or lactation, use of
medication other than oral contraceptives, use of recreational
drugs from 2 weeks before until the end of the experiment.

All subjects gave written informed consent. The study was
carried out in accordance with the Declaration of Helsinki (WMO,
2008) and approved by the medical ethical committee of Maastricht
University.

2.2. Design

The study was conducted according to a double-blind, placebo-
controlled, three-way crossover design. Between the testing days,
a period of at least 48 h elapsed, but generally, testing days were
scheduled approximately one week apart. Each participant
received one of three single treatments including placebo (PLA),
40 mg of MPH and 125 mg of levodopa/carbidopa (LEV) on each
testing day (see Supplementary material). LEV was given in
combination with 10 mg of domperidone (a peripheral dopamine
antagonist) to prevent nausea.

2.3. Dependent measures

See Supplementary material.

2.3.1. Visual verbal learning test
The visual verbal learning test (VVLT) was used to measure declara-
tive memory (Klaassen et al., 2002). This task is an adapted version
of Rey's Auditory Verbal Learning Test (Lezak, 1995) using lists of 30
monosyllabic words in Dutch, validated by Klaassen et al. (2002) and
used in multiple published experiments since (e.g. (Linssen et al.,
2012; Sambeth et al., 2007; van Ruitenbeek et al., 2008)). The
presentation of the same 30-word list was repeated three times in
total using the same sequence of words, each time followed by
immediate free verbal recall of all remembered words, which is
recorded by the experiment leader. Thirty minutes after immediate
free recall of the final series, participants were subjected to a
delayed verbal recall test and a forced-choice recognition test.
Twenty-four hours later participants were again subjected to a
delayed verbal recall and recognition test (using a different set of
new words). Three parallel lists were used, using a different list for
each of the three testing days. Sequence of the lists was balanced
across testing days (see Supplementary material).

During the visual verbal learning task, EEG was recorded using
3 electrodes attached to a cap according to the international 10–20
system (Jasper, 1958) at the Fz, Cz and Pz electrode positions (see
Supplementary material).

In the ERPs extracted from the electroencephalogram during
encoding several peaks could be discerned. P3a and P3b are two
subcomponents of the P300, which is interpreted as reflecting brain
activity related to updating the mental representation of incoming
stimuli (Polich, 2007; Polich and Criado, 2006). P3a is induced by
novel or unexpected stimuli, while P3b is associated with context
updating and subsequent memory storage (Coull, 1998; Polich,
2007). P600, sometimes referred to as late positive component or
positive slow wave has been associated with several higher-level
functions, including syntactic processing, item recognition and working
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memory capacity (Chan et al., 2012; Friedman and Johnson, 2000;
Lefebvre et al., 2005; Mecklinger 2010; Swaab et al., 2012). We chose
to analyze P3a, P3b, and P600 components. since these are associated
with memory processing; P300 amplitude during encoding is larger for
words subsequently remembered (Friedman and Johnson, 2000; Otten
and Donchin, 2000); these components were prominently present in our
data; the possible drug effects were mainly visible for these specific
components.

2.3.2. Sternberg memory scanning task
Sternberg's memory scanning test assesses the speed of scanning
items maintained in working memory (Sternberg, 1966). In our test,
participants were briefly shown a set of 1, 2 or 4 unrelated
consonants on a computer screen and asked to memorize them
(Linssen et al., 2011). Maintenance in working memory was tested
by having participants judge whether presented letters appeared in
the memory sequence. For a more detailed prescription of task
procedures and dependent measures see (Linssen et al., 2011).

2.3.3. Paired associates learning
The visual paired associates learning test requires participants to
learn the association between an object and it’s location (Owen
et al., 2010). Partcipants have to select the box that previously
contained the presented item. See Supplementary material for
more information.

2.3.4. Spatial working memory task
The ‘Object relocation’ program was used as a spatial working
memory task (Kessels et al., 1999; Kessels et al., 2000). In this task,
participants were required to relocate ten visual stimuli to their
original location. For a more detailed prescription of task proce-
dures and dependent measures see (Linssen et al., 2012).

2.3.5. Subjective measures
Participants completed two rating scales of subjective effects, the
Profile of Mood States (POMS; (McNair et al., 1992)) and the Bond
and Lader (B&L) visual analog scales (Bond and Lader, 1974). See
Supplementary material.

2.3.6. Physiological measures
Physiological measures included systolic and diastolic blood pres-
sure and heart rate and were taken at four time points (T0, T50,
T130 and T180) on each testing day.

2.4. Procedure

On testing days, participants were either collected at their home or
came by public transport. They arrived at the lab in fasted
condition at either 8.30 am or 9:00 am (T=0). Drug administration
occurred according to the schedule presented in Table 1. Partici-
pants were given a standardized meal for breakfast. Then, the EEG
electrode cap was placed and participants could relax until actual
testing started at T=120 (see Supplementary material).
Table 1 Drug administration schedule

Treatment condition T=0 T=30 T=60

Placebo PLA PLA PLA
Methylphenidate MPH PLA PLA
Levodopa PLA doma LEV

adom=domperidone.
2.5. Data analysis

First, the effect of MPH on declarative memory relative to placebo
was analyzed. In order to test whether previous results were
replicated, a one-sided paired t-tests between MPH and PLA was
conducted.

Next, the LEV results were entered in the analysis. Data were
analyzed using a repeated measures analysis of variance (ANOVA),
with the within subjects factor treatment (3 levels: PLA, MPH and
LEV), running separate analyses for each task. For the EEG data
additional within subjects factors were Electrode (3 levels: Fz, Cz,
Pz) and Trial (3 levels for the three presentations of the word list,
only main effects and contrasts related to treatment effects are
reported). A priori planned comparisons between each treatment
condition (PLA vs. MPH, PLA vs. LEV and MPH vs. LEV) were tested
for significance at alpha o.05 using LSD correction. These compar-
isons were made regardless of the outcome of the corresponding
overall F test. This is a legitimate procedure if the comparisons are
suggested by the theoretical basis of the experiment (Winer, 1971).

Because of the different nature of the subjective and physiolo-
gical measures, effects on these measures were assessed by paired
t-tests between either drug vs. PLA on difference scores (relative to
morning baseline).
3. Results

3.1. Visual verbal learning test

3.1.1. Task performance
Mean values of dependent measures of the VVLT and F and
p-values for the ANOVA results including planned contrasts
are presented in Table 2.

MPH did not affect immediate or 30 min delayed recall.
However, when participants learned the words when under the
influence of MPH, they remembered significantly more words at
24 h delayed recall, compared to PLA (t29=�2.033, po.05,
one-sided). No other effects of MPH on recognition were noted.

Next, effects of PLA, MPH and LEV were tested in a
repeated measures ANOVA with planned comparisons
between the two drug conditions and PLA (see Table 2).
There was no main effect of treatment in the VVLT.
However, planned contrasts showed a near significant
difference between PLA and MPH (po.051) in line with
the previously mentioned t-test showing better memory
recall at the 24 h delay after MPH. Furthermore, perfor-
mance on the 24 h delayed recall was significantly better
after MPH compared to LEV (p=.049). Again, performance
on the recognition test was not affected by either MPH
or LEV.
3.1.2. ERP measures
Grand average ERPs, averaged over the three learning trials
after PLA, MPH and LEV are shown in Figure 1. A repeated
measures ANOVA with treatment, electrode and trial as within
subjects factors was run on these data. This analysis showed
that there was a main effect of treatment on latency for P3b
(F1.665,48.278=4.110, po.03), while the main effect of treat-
ment was not significant for any of the other variables
(Fso1.980, ps4.155). Planned contrasts showed that P3b
latency was delayed after LEV relative to PLA (PLA: mean
(SEM)=340.8 ms (3.4); LEV: mean (SEM)=351.3 ms (3.5); PLA
vs. LEV: po.002). P600 amplitude was larger after LEV



Table 2 Mean scores (SEM) on the Visual verbal learning test

Mean (SEM) scores on the VVLT F df p Contrasts
PLA MPH LEV PLA vs.

MPH
PLA vs.
LEV

MPH vs.
LEV

Recall
Immediate recall 43.7 (2.0) 43.0 (2.0) 42.6 (2.3) .172 1.996,53.879 .842 .726 .567 .823
Delayed recall 30 min 17.0 (1.1) 17.2 (1.1) 16.6 (1.1) .256 1.834,51.357 .756 .855 .566 .504
Delayed recall 24 h 13.0 (1.2) 14.7 (1.2) 13.1 (1.1) 3.000 1.947,56.463 .059 .051 .927 .049n

Recognition
Reaction time (ms)

30 min
660 (1.5) 664 (16) 677 (18) .583 1.970,57.127 .559 .803 .320 .413

Sensitivity (A′) 30 min 2.7 (.1) 2.7 (.1) 2.6 (.1) .601 1.954,56.677 .548 .863 .305 .431
Reaction time (ms) 24 h 693 (23) 669 (19) 685 (22) .716 1.900,53.204 .487 .194 .736 .447
Sensitivity (A′) 24 h 2.5 (.1) 2.5 (.1) 2.4 (.1) 2.350 1.988,53.670 .105 .777 .064 .095

npo.05.

Figure 1 Grand average ERPs showing the P3a, P3b and P600
during the encoding phase (averaged across three learning
trials) of the visual verbal learning test. The ERPs depicted
were recorded at Cz.

Figure 2 Grand average ERPs showing the P3a, P3b and P600
during the recognition phase of the visual verbal learning test
for old (a) and new (b) items. The ERPs depicted were
recorded at Cz.
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compared to PLA (PLA: mean (SEM)=4.47 μV (.37); LEV:
mean (SEM)=5.09 μV (.31); PLA vs. LEV: po.018).

Figure 2 depicts grand average ERPs measured during
recognition testing after PLA, MPH and LEV. The analysis did
not reveal significant main effects of treatment (Fso1.229,
ps4.297) nor differences between any of the treatments for
P3a amplitude (all contrasts, p4. 218) and latency (all
contrasts, p4. 505); P3b amplitude (all contrasts, p4. 391)
and latency (all contrasts, p4. 272); and P600 amplitude (all
contrasts, p4. 080) and latency (all contrasts, p4. 160).

See Supplementary material for an additional analysis
only including the EEG of words that were recalled at the
24 h delayed recall.
3.2. Other cognitive tasks

Mean values of dependent measures of the Sternberg
memory scanning task, Paired Associates learning and the
spatial working memory task and F and p-values for the
ANOVA results including planned contrasts are presented in
Table 3.
MPH and LEV influences on the Sternberg Memory Scan-
ning task variables did not differ significantly from PLA.
However, inspection of the averages again suggested a
difference between the two drug conditions. There was a
significant main effect of treatment on reaction time. The
contrast MPH vs. LEV revealed that responses were signifi-
cantly faster after MPH relative to LEV (see Table 2).



Table 3 Mean scores (SEM) on Sternberg Memory Scanning (SMS), Paired Associates Learning (PAL) and Spatial working
memory (SWM) tests.

SMS Mean (SEM) scores per treatment F df p Contrasts
PLA MPH LEV PLA PLA MPH

vs. MPH vs. LEV vs. LEV

Slope 40 (3) 37 (3) 40 (3) 1.178 1.988,55.659 .315 .163 .923 .224
Intercept 359 (8) 352 (10) 361 (8) .727 1.413,39.570 .444 .450 .758 .296
Accuracy .97 (.00) .97 (.00) .97 (.00) 1.275 1.623,47.062 .284 .252 .488 .191
Reaction time (ms) 471 (11) 456 (11) 476 (10) 3.590 1.526,44.263 .047n .097 .380 .029n

PAL
Maximum 5.7 (.1) 6.0 (.2) 5.6 (.2) 2.518 1.769,51.307 .097 .222 .344 .037n

Mean 4.0 (.1) 4.2 (.1) 3.9 (.1) 2.970 1.742,50.520 .067 .165 .379 .024n

SWM
OTP % correct 80.5 (2.5) 83.5 (2.6) 80.8 (2.7) .498 1.914,112.913 .601 .359 .912 .462
COM % correct 80.7 (2.2) 78.5 (2.6) 80.8 (2.4) .392 1.891,111.542 .665 .473 .949 .469
COM abs err 154.9 (8.4) 166.7 (13.1) 156.4 (10.6) .525 1.612,95.125 .555 .372 .865 .487
COM pos fit 124.6 (4.9) 125.0 (5.2) 117.2 (4.3) 1.282 1.795,105.915 .280 .946 .117 .156

npo.05.
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On the Paired Associates Learning task there was again no
difference between either drug condition and PLA, while
the two drug conditions did differ significantly from each
other. Both max and mean values were higher for MPH
compared to LEV.

Performance on the spatial working memory task was not
significantly different between the different treatment
conditions.

3.3. Subjective measures

Analysis of POMS factor scores indicated that after MPH,
participants experienced less fatigue at 1 and 3 h after drug
intake (po.015 and po.020 respectively). MPH also caused
an increase in reported tension at 1 h and 2 h after
administration (po.041 and po.016 respectively). Factor
scores indicated less vigor at 1 and 3 h after MPH intake
(po.004 and po.006 respectively). The Bond & Lader
factor scores indicated that participants felt more alert
3 h post MPH intake (po.038). LEV did not affect subjective
feelings as reported by participants.

3.4. Physiological measures

Mean values of the physiological measures at morning base-
line and respective mean differences from morning baseline
are presented in Table 1 in the Supplementary material.

MPH significantly increased heart rate compared to PLA at
all time points (T50: po.001; T130: po.001; T180: po.001).
Furthermore, compared to PLA, MPH also significantly
increased systolic blood pressure (T50: po.001; T130:
po.001; T180: po.001) and diastolic blood pressure (T50:
po.001; T130: po.003; T180: po.003). LEV did not affect
heart rate and systolic blood pressure at T130, but signifi-
cantly decreased diastolic blood pressure relative to PLA
(po.048). In both PLA and LEV, heart rate decreased from T0
to T180, but this decrease was significantly smaller after LEV
(po.036). At T180, there were no effects of LEV on blood
pressure. Please note that changes in physiological measure
reported here are relatively small and all values are still
within a normal clinical range for healthy individuals.

4. Discussion

In contrast with a previous study (Linssen et al., 2012), MPH
failed to enhance retention of words at a 30 min delay in
the present study. However, at the 24 h delay, participants
remembered more words during the 24 h delayed recall
when words were learned under the influence of MPH
compared to PLA and LEV. The lack of effects on immediate
and 30 min delayed recall suggests that the treatments
affected a later phase of consolidation. Furthermore these
findings suggest that while MPH had a positive effect on long
term retention, LEV had a small negative effect. This is
supported by the present findings across several perfor-
mance and EEG measures (including Sternberg Memory
Scanning and Paired Associate Learning tasks) all suggesting
opposite effects of MPH and LEV on memory.

In the exploratory analysis of EEG activity during memory
encoding the P3a, P3b and P600 ERP components were
identified. Latencies of two ERP components, P3b and P600
were delayed after LEV relative to PLA and MPH. As P300
latency is associated with mental speed (Polich, 2012), and
P300 and P600 are closely related (Swaab et al., 2012),
these effects suggest that LEV slows down memory proces-
sing. P600 amplitude was larger after LEV compared to PLA
and MPH. Although P600 is usually related to syntactic
processing (Swaab et al., 2012), its similarity to the P300
with respect to sensitivity to stimulus salience, probability
and task relevance suggest that an increase in amplitude
may reflect increased effort to memorize items.

Performance on the Paired associates learning, Sternberg
memory scanning and spatial working memory tasks was not
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different under the influence of MPH relative to PLA. However,
MPH and LEV conditions differed from each other on several
measures of the Paired associates learning and Sternberg
memory scanning tasks, suggesting that MPH slightly improved
working memory while LEV may have had minor deleterious
effects on working memory performance.

The LEV dose chosen in this study was rather low and may
have failed to enhance dopamine availability. This may
explain, why in contrast with previous findings, LEV did not
enhance memory performance (Breitenstein et al., 2006;
Knecht et al., 2004). Rather, relative to MPH, LEV appeared
to have disadvantageous effects on cognitive performance,
reflected by general slowing after LEV. This may be explained
by a biphasic effect of LEV. A low LEV dose may reduce phasic
dopamine release while high doses induce widespread stimu-
lation of postsynaptic receptors, prevailing over presynaptic
inhibition (Seeman and Madras, 2002). Consequently, it is
possible that LEV decreased dopamine availability relative to
MPH, explaining the opposing effects of MPH and LEV.

On the other hand, if the LEV dose was high enough to
increase dopamine activity, and it is assumed that healthy
volunteers' dopamine levels are optimal, the participants'
dopamine level may have risen to a point beyond the
optimal level after LEV but not MPH. This may have lead
to suboptimal performance, according to the idea that the
relationship between dopamine activity and cognitive per-
formance is described by an inverted U curve (Levy, 2009;
Schellekens et al., 2009).

Both of these suggestions imply a dopamine mediated
effect of both drugs on cognition. On the other hand, it is
also possible that the effect of MPH is mediated by nora-
drenaline or that the combined dopamine and noradrenaline
reuptake inhibition is essential in inducing the observed
effects, perhaps through noradrenergically mediated effects
on attention and/or alertness (Breitenstein et al., 2006;
Coull et al., 1997). Indeed, subjects reported to experience
less fatigue after MPH and felt more alert after MPH.

The discrepancy between the current and previous findings
regarding a potential memory enhancing effect of MPH may be
explained by differences in the study procedures. Although
timing of task performance relative to dosing was the same in
both studies, the hours before administration of the word
learning task were spent rather differently. While participants
in the previous study had already been subjected to 3.5 h of
cognitive testing, the participants in the present study were
well rested before word learning task performance. As MPH is
known to reverse the performance disrupting effects of sleep
deprivation (Bishop et al., 1997), MPH may have similarly
reduced the impact of fatigue, induced by 3.5 h of computer-
ized (cognitive) testing, in the previous study. Hence, the MPH
effect on early consolidation (i.e. within 30 min) may depend
on the extent to which memory performance may be com-
promised by fatigue.

In sum, the current study's results suggest MPH and LEV
might have opposite effects on memory. Future studies
should investigate the mechanism (i.e. relation to dopa-
mine) of these effects.
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