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QIGINAL INVESTIGATION

" R. Elliott + B.J. Sahakian - K. Matthews
" A. Bannerjea - J. Rimmer - T.W. Robbins

in healthy young adults
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Abstract Previous studies of the effects of the psycho-
motor stimulant, methylphenidate, have concentrated
n vigilance and reaction time tasks. In this study, the
effects of methylphenidate on more complex aspects of
cognition‘were studied using tasks from the CANTAB
“battery and related tests which have been shown to be
‘sensitive -to frontal lobe " dysfunction. Twenty-eight
. young healthy men participated in a counterbalanced,
" “double-blind; placebo-controlled study of the effects of
methylphenidate, ‘Cognitive assessment included tests
of “spatial working memory, planning, verbal fluency,
“attentional - set-shifting - and sustained = attention.
“Methylphenidate had significant effects on performance
. of the tests of spatial working memory and planning
... but not on the attentional and fluency tests. When the
" drug was taken on’the first test session, performance

~ on the spatial ‘tests was enhanced by the. drug com-
" pared to placebo. However, when the drug was taken
B _sec_ond,;performance"~accuracy was impaired whereas
- response latencies were decreased. These results are
. “-consistent- with a_hypothesis that methylphenidate

“influences. performance” in . tWo conflicting  ~ways;
©“ ' -enhancing executive aspects of spatial function on novel

- tasks' ‘but ‘impairing. previously - éstablished . perfor-
- mance. This pattern.of effects is discussed within the

framework of dual, interacting arousal mechanisms.
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" Effects of methylphenidate on spatial working memory and planning

Introduction

A growing body of evidence has implicated dopamin-
ergic systems in cognitive performance. Studies both of
experimental animals (e.g. Goldman-Rakic 1992) and
human patients and volunteers (Clark et al. 1986;
Lange et al. 1992) have converged to suggest a crucial
role for dopamine (DA) in “executive” function; that
is those control processes which coordinate and opti-
mise cognitive performance (Shallice 1982; Baddeley
1986; Robbins 1996). Spatial delayed response, a test
sensitive to frontal lobe damage and widely used to
assess working memory in experimental animals, has
been found to be impaired following 6-hydroxy-
dopamine (6-OHDA) lesions of the dorsolateral pre-
frontal cortex (Brozoski et al. 1979). These deficits were
reversed by administration of dopamine agonists such
as L-dopa and apomorphine. Roberts et al. (1994)
confirmed that DA depletions from the prefrontal
cortex impaired delayed response performance in mar-
mosets, but found a different pattern of effects in an
attentional set-shifting task which appeared to depend
on distinct and interacting effects on performance of
striatal and cortical mechanisms.

Evidence from ncurological patients also suggests

“that DA systems play an important role in cognition.

Patients with Parkinson’s disease, a disorder charac-
terised by striatal DA depletion, show pronounced pex-
formance impairments on neuropsychological tests
(e.g. Brown and Marsden 1988; Owen et al. 1992,
1995a), particularly on tests of executive function.
Further, Lange et al. (1992) studied the effects of L-

" dopa withdrawal on the performance of patients with

Parkinson’s diseasc and found that this withdrawal .
selectively impaired performance on tests from the
CANTARB battery that are sensitive to frontal lobe dys-
function with prominent executive components, includ-
ing spatial working memory and planning.

These performance impairments following L-dopa
withdrawal are compatible with the subtle enhancement




of working memory function following administration
of a DA agonist in human volunteers which has recently
been described by Luciana et al. (1992). The D; recep-

tor agonist, bromocriptine, facilitated working
memory performance and this facilitation was not
secondary to non-specific activating or arousing effects
of the drug. Nonetheless, it is clear that such activat-
ing and arousing effects of dopaminergic drugs may be
vital to a full description of their cognitive effects.
Perhaps the most widely studied indirect DA agonist,
in humans and animals, is amphetamine, although
this drug also affects noradrenergic mechanisms. The
main behavioural effects of amphetamine and related
psychomotor stimulants are that they enhance response
output, leading to hyperactivity and stereotyped
responding in experimental animals (Lyon and Robbins
1975; Ridley et al. 1988) and comparable effects in
human subjects (Randrup and Munkvad 1967; Robbins
and Sahakian 1979; Naylor et al. 1985; Clark et al.
1986).

In this study we tested the effects of methylphenidate,
a psychostimulant related to amphetamine (Scheel-
Kruger 1971), on several aspects of cognitive function,
with particular emphasis on spatial working memory
and planning. In a study of the subjective effects of the
two drugs, Heishman and Henningfield (1991) found
that amphetamine and methylphenidate produced a
very similar pattern of effects. However, methyl-
phenidate is not a drug of abuse and carries a lower
risk of side effects than amphetamine (BMA 1992).
Acute effects of a single dose include agitation,
increased heart rate and headache, all of which reverse
as the drug is metabolised. Methylphenidate {Ritalin)
has been used clinically for many years as a treatment
for attention deficit disorder and hyperactivity in chil-
dren (e.g. Conners and Eisenberg 1963; Knights 1974).

Despite its clinical use, studies of methylphenidate
in normal volunteers have to date largely focused on
its effects on vigilance and reaction time tasks (Koelega,
1993), rather than other aspects of cognitive perfor-
mance. The present study used the CANTAB neuro-
psychological battery and related tests to provide a
comprehensive assessment of the effects of methyl-
phenidate. This battery included a number of tests
examining spatial memory and its executive control,
including a self-ordered search test of spatial working
memory, a test of spatial span and a test of spatial
sequence generation. In addition, we included two
specific tests of planning based on the Tower of London
task (Shallice 1982), which differed in their demands
on spatial imagery and movement sequencing. All of
‘these tests have been used previously in the neuropsy-
chological assessment of patients with frontal lobe
excisions (Owen et al. 1990, 1995b), and Parkinson’s
disease (Morris et al. 1988; Owen et al. 1992, 1995a).
Moreover, tecent functional activation studies: have
revealed that these tests engage specific neural net-
" works, including overlapping foci within the prefrontal
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cortex (Baker et al. 1996; Owen et al. 1996). Several

of them have also been used in earlier studies of the. S

effects of psychoactive drugs such as diazépam and "

clonidine in normal volunteers (e.g. Coull et al
19952, b). Finally we also included several non-spatial
tests of executive function, including verbal fluency,: -

attentional set shifting and a test of "sustained . :
attention. AT

Materials and methods

Subjects

Twenty-eight healthy male volunteers were recruited by advertise-
ment in the local community. A full medical history was taken-prior:.
to testing by a consultant psychiatrist {X.M.) and subjects with any
history of psychiatric or biochemical illness were excluded. Subjects”.
were asked to abstain from excessive alcohol intake on'the Venngs:
before test sessions or excessive caffeing intake on the mornings:of -,
test sessions. Subjects were assessed by the ‘psychiatrist prior:to. *.
going home. Informed consent.was given by all subjects and-the.
study was approved by the University Research Ethics Committee.:: -
The mean age of the subjects was 21.23 years (SD: 1.84) and the . : .
mean NART-IQ was 1190 SD40). = 77 -

Procedure

Fach subject was tested on two - occasions:’ “half  received
methylphenidate'on the first and placebo (odouiless, gatlic-tablet
chosen because they almost exactly. resembled the methylphenidate
tablets in appearance) on the second, the other half received placebo.
first and drug second. 'The first ‘eight “sabjécts - took 20 mg- "
methylphenidate (2x 10 mg ‘tablets)- and the  othérs took 40 mg. "

(4% 10-mg). These two-different doses were used iti-order to allow:.
dose-dependent effects to be assessed: In fact; preliminary apalysis .~

of the results indicated no d’iﬁcrencesfb'etweeﬁi the - effects-of these SR i
-two doses and so, in the interests: of clarity,:subsequent analyses T
were performed irrespective of dosé: Peak plasia concentratiomof ...

methylphenidate is reached approximately 2 1 after ingestion and
the half life of the drug in plasma is 1-2b (Gilman et'al, 1980).
Cognitive testing was therefore started 90min after ingestion of the
drug to maximise drug levels during the test session. Pulse rate and
blood pressure were monitored-at 30-min intervals throughout. All

test. sessions wers in the: morning, with ingestion of the drug at -

approximately 1¢ am. The two test sessions fot edch subject were
separated by between'1 and 2 weeks. I LTI R

Visual éuiélogue scales

Before ingesting the drug or placebo, subjects were asked to rate
themselves for feelings of “alertness”,
“restlessness”. These ratings were repeated just prior to the testing,
90 min after ingestion. Subjects were asked to place a cross on'a,
100 inm line marked “VERY” at one end and “NOT AT ALL™ at

the other for each of the categories.

Cognitive tests

On both sessions, subjects were given the same tests' in the ;same
order (the order in which they are-described below): Subjects were

given the verba! fluency test (Benton' 1968) which is traditionat - "* E

anxiety”, “tiredness” and:
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.- neuropsychological test sensitive to frontal lobe dysfunction. This
« ; Aést requires:subjects firstly: to generate as many words as they can
starting with the Jetter “F” iri 1 min. This is repeated for the letters
“A” then “S” and’then subjects are asked to generate as many
.+ exemplars as they can from the semantic category “ANIMALS™ in
- 90's. The other tests were taken from the CANTAB battery and its
derivatives and ‘have been described in detail elsewhere (e.g.
Sahakian et al. 1988; Lange et al. 1992; Robbins et al. 1994; Owen
. et al. 1995a). Only brief details are given here.

The spatial span task is a test of spatial short term memory capac-
ity based on Corsi’s block tapping task (Milner 1971). Subjects
watch a series of white boxes in a spatial array change colour before
being asked to reproduce this sequence. The length of the sequences
‘presented increases steadily up to a maximum of ning. In this study,
-all subjects had a spatial span of seven or more and therefore all
sibjects attempted at least up to three eigth-box sequences. Thus
it'was possible to derive a sensitive measure of performance as the

* total errors made up to and including the eight box stage.
“The spatial Working memory test is a self-ordered search task
" which requires subjects to search through a spatial array of coloured
“boxes for “fokens”. In this test, both between- and within-search
' grrors can bé defined (see Owen et al. 1990) but for the purposes
\is: investigation; these were combined as a total errors score.
A theasure of strategy can also be derived (Owen et al. 1990), the
“lower this “strategy score”, the more efficiently the subject was per-

2 The ondon task is an explicit test of planning, adapted
* from- a ‘task-devéloped by Shallice. and McCarthy (Shallice 1982)
~and:-desctibed in detail by Owen et.al. (1990) and Robbins et al.
:{1992); Two sets of three coloured balls are presented, arranged in
. three hanging ‘pockets. Subjects have to move the balls in one of
.. these afrangements according to speified rules, to match the other,
~“goal; arrangenmient. Problems can be solved in a certain minimum

yiiiber of moves:(two;: three, four or five moves) and subjects are
" told to work out'the sofution-prior to moving any balls. Each prob-
Jér hiag ‘a’ corresponding yoked motor control task to allow inde-

- penident-measurement of thinking and movement time.
- ""Subjects also performed a more: recent version of the Tower of
“..""London task which reduces the-motor demands placed on subjects
- (Owerret al. 19954 for details). Again two patterns of coloured balls
o are presented: but subjects are-asked to 'work out, using. the same
- rules @s in the previots test but without. actually moving the balls,

“tacy (percentage correct) and the latency to-correct solutions.

"+ 'The attentional set shifting task, also knowi as the ID/ED par-
adigm; consists of a series of stages. which have been extensively

described elsewhere (see Owen et al. 1993 and Elliott et al. 1995).
“Subjects perform under two sets of conditions. In both conditions

“ subjects: are firstly trained on-a series of visual discriminations and

. reversals with stimuli which-varied along two dimensions, one rel:
evarit and one irrelevant. The critical stage of the test is the extra-

termed ““perseveration”, stimuli vary along the previously relevant
dimension and a novel dimension and subjects have to switch atten-
tioni to the novel dimension, in the ‘other, termed “learned irrele-
vance” stimuli vary along the previously irrelevant dimension and
4 novel dimension and subjects have to switch attention to the pre-

. viously irrelevant dimension. L s :
Stbjects also performed a test of sequence generation devised by
“Owen et al. (1995a) in which subjects are presented with four red
S$quares:on-the screen. Subjects are told that there are 24 different
" “sequences in’ which each box is touched once and only once and are
asked to produice as many of these sequences as possible in 24
attemipts.- After 24 attempts (regardless of the number of novel
sequences), the first part of the test ends. In the next stage, subjects
 are.presented with the same.array of boxes, with one box high-
© " Kghted by a white surround. They are askegi to generate six sequences
 beginning with the highlighted box. This is repeated for each of the
.- four:boxes. Afier this stage, which teaches the subjects a strategy

~"the minimum number of moves.it: would-take to achieve the goal
_arrangement.. The two main measures of performance are of accu- ..

* . dimensional shift stage, where the two conditions diverge; in-one, -

to help perform the task, they are presented with four un-hi ghlighted
boxes as in the first stage, and asked to generate all 24 sequences.

Finally, the Rapid Visual Information Processing test (RVIP),
adapted by Sabakian et al. (1989) from that of Wesnes and
Warburton (1984) was used to assess sustained attention capacity.
In this test, which is sensitive to frontal lobe damage (Coull 1994),
subjects are presented with a white box in the centre of the screen
in which digits between two and nine flash one at a time in a pseudo-
random order at-the rate of 100 digits per minute. Subjects are
asked to monitor the digits for three specified sequences of three
digits and te press a response button when any of these scquences
is detected. After a 1-min practice period, the test period runs for
6 min continuously.

Experimental design and data analysis

This study followed a within-subjects placebo-controlled counter-
balanced crossover design as used previously (e.g. Coull et al
1995a). Such a crossover design is advocated in drug studies where
the number of subjects is small (Cochran and Cox 1957). The within-
subjects placebo-controlled design, where performance of each sub-
ject is measured twice, once following administration of drug, the
other following placebo, has been widely used in pharmacological
studies (Hills and Armitage 1979). The data were analyscd using
the Statistical Package for Social Scientists (SPSS: Nie et al. 1970).
The groups that had taken drug first or placebo first were matched
in terms of age, NART-IQ or initial ratings on visual analogue
scales. Repeated measures MANOVAs were performed with drug
condition (drug or placebo) and, if applicable, level of difficulty as
within-subject factors and session order (which had two levels; drug
first, placebo second or placebo first, drug second; D/P or P/D) as
the between-subjects variable. When significant interactions were
found, thesc were investigated further using analysis of simple main
effects (Winer 1971, p. 545). :

In cross-over designs, the index of variation commonly used is
not the standard error of the means but the standard error of the
difference of the means (SED), which is used when one is interested
in the relationship between variables rather than the variables
themselves. The SED will therefore be used in the figures. The SED
is calculated using the formula provided in Cochran and Cox
(1957, p. 131):

SED = V{(2 x MSe)/n}
MSe = mean square for the error, or residual, term
n = number of observations made

Crossover designs have the potential problem that practice may

- confound the interpretation of drug effects, However, between-sub-

ject effects on only the first session allow the assessient of drug

~effects unconfounded by practice and thus these effects were also

separately analysed with ANOVA. For these analyses, the standard
errof of the mean was used as the most suitable index of between-
subject variability.

Restilts
Effects of drug dose -

There were no significant differences in the effects of
20 mg and 40 mg methylphenidate on the main mea-

sures used, including the subjective and physiological

measures. For examples, see Table 1. There were only
eight subjects in the 20 mg group of this between-sub-
jects comparison, but the finding does suggest that clear
dose-dependent effects were not observed.

Since there were no effects of drug dose, subsequent
analyses are presented collapsed over drug -dose.



Table 1 Mean values of performance variables for subjects taking
20 mg and 40 mg methylphenidate. No differences were significant
at 0.05 level

20 mg 20 mg 40 mg 40 mg
session 1 session 2 session 1 session 2
Pulse 8.8 12.0 9.3 12.3
Tiredness ~-1.9 -1.9 - 1.6 -2.1
Spatial working 4.3 5.7 4.7 5.0
MEMOLY: errors
Tower of London:  85.9 88.0 85.6 88.6
% correct
New Tower of 93.2 88.2 95.1 87.1
London: % correct
RVIP: latency/ms 436 419 433 412

Separate analyses are presented for between subject
comparisons on session 1 and for the full within-sub-
jects crossover design.

Effects on the first test session only

Between-subject comparisons of methylphenidate and
placebo on session 1 only enabled the effects of the
drug on performance unconfounded by practice to be
determined (2 = 14 for both groups). The only signi-
ficant effect seen in this analysis was on the new Tower
of London test, where there was a significant drug X
difficulty level interaction [F(3,78) =4.34, P <0.01]
due to a significant facilitatory effect of drug on four
move problems. Subjects on methylphenidate solved
more of the four move problems correctly than those
on placebo (92.9% compared to 73.2%).

Within-subjects crossover design

Physiological measures

The three measures were systolic blood pressure, dias-
tolic blood pressure and pulse rate and Table 2 shows
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the mean maximum change in these variables (ie. the
difference between the maximum or minimum value
reached and the initial value). For both blood pressure

measures, there was a significant main effect of drug .

[F(1,26) = 53.0, £ <0.001 for systolic and F(1,26)=

20.2, P<0.000 for diastolic]. Methylphenidate in= -

creased blood pressure equivalently whether the drug .
was taken on the first or the second session. For pulse
rate, there was again a significant main effect of drug
[F(1,26) = 39.4, P < 0.01] due to an increase in pulse
when the subjects had taken methylphenidate.

Visual analogue scales

Subjects rated their feelings of anxiety, restlessness, .-
altertness and tiredness before taking the drug or . -
placebo and just before neuropsychological testing:

Only the latter two measures showed any significant - .
changes as shown in Table 2. For subjective alertness, -
there was a significant main effect of drug [F(1,26)=

6.5, P < 0.05] dueto subjects becoming more alert-after .. 8

taking methylphenidate than after taking placebo. For

the tiredness rating, there was also a significant main . . - ™
effect of drug [F(1,26) = 13.4, P < 0.001} with thgf drug g

acting to reduce subjective tiredness. -~ o

Cognitive tests g

Verbal ﬂuencyb

The mean numbers. of words ‘generated in the letter. ..

fluency subtest are shown in Table 2. Repeated' mea-' -

sures MANOVA showed a significant session order x: =
drug interaction [F(1,26) = 12.8, P <.0.01] but thiswas. . &
simply due to a practice effect;-both-groups: of subjects =

generated more items in the second session, regardless -

of drug condition. The mean number of items gener- -~ "

ated on the category subtest are shown :in.Table 3.

Repeated measures MANOVA showed a significant ses- . . "

sion order x drug interaction [F(1,26) =.6.1, P <0.01] -
but again this reflected simply a practice effect with -
performance improving across sessions. - - R

Table 2 Physiological measures and subjective variables taken from visual analogue scales. The values given are for the maxifnum change
during test sessions. SEDs for the within-subjects analysis are given in the penultimate column :

Drug v Drug Placebo Placebo ~ SED

session 1 session 2 session 1 session 2 .
Puise rate 91 . 12.2 -14 ' .14 12 ok
Systolic BP 7.4 o - 6.7 -2.0 -3 1.3 *E
Diastolic BP 67 6.3 ~06 14 L3 s
Anxiety ~-1.2 C 04 0.t —0.7 05 4
Alertness 0.9 ) 1.3 S04 . 202 - S04 *
Restlessness 0.9 0.9 - © 01 : ~0:1 . oo 08 e
Tiredness - -7 -2.0 0.1 - 0.0 : 0.8 L .

*Main effect of drug significant at 0.05 level
**Main effect of drug signiﬁcant_at 0.001 level
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Table 3 Mean values of performance variables for subjects tak

ing methylphenidate or placebo on the first or second test sessions. The
1 the penultimate right-hand column

: ‘.‘. '-ai)p;qp ria;e SED for comparisons between the means is given 1

Drug Drug Placebo Placebo SED
» session |1 session 2 session 1 session 2
_ Letter, fluency 64.4 67.9 62.6 69.3 1.5
Category fluency 36.0 384 350 37.5 12
Strategy 248 25.7 26.4 24.1 0.8
Tower of London: 1163 1137 1177 1195 32
movement time/ms
New Tower: 14331 11753 13703 11442 780
-latency correct/ms
. Attentional set 1.6 2.2 1.5 2.0 0.1
-+, :shifting; mean
-, "perseverative errors
- -RVIP: % correct 433 54.4 44.0 53.1 3.2
' “RVIP: latency/ms 434 415 476 460 154
**Mﬁxj_;éﬁeciof drug significant at 0.001 level
Spatial'span - 27 a
P 7 Drug
73 Placebo

Mean eérrors. on’ the-spatial span task are shown in
Fig. la. Repeated  measures MANOVA showed a
significant main effect of session order [F (1,26) = 4.9,
P:<0.05] with the P/ D ‘subjects making more errors
than the D/P subjects. There was also a significant ses-
sion’order X drug interaction [F(1,26)=4.87, P < 0.05].
“This ‘was due ‘to: subjects on placebo making fewer

trors if placebo: was taken on the second session than

if it was taken on the-first [F(1,50) = 9.7, P < 0.01] and
~Urrto PYD subjects making more errors on placebo than
' on drug [F(1,26)=5.0,-P < 0.05]. As Fig. 14 shows,

i _ this may correspond to’a relative enhancement of per-
- formance by methylphenidate in the first session. An

* alternative explanation is that the D/P-and P/D groups
' show: ‘overall performance. differences with the P/D
. group performing 'WOTSE; ~and ‘that the drug enhances
- .+ their performance on the second session. However,
" there is tio reason to suppose that there may be sys-
" tematic performance differences - between the two

. Spatial working memory -
r the more difficult six and eight box
- “problems are shown in Fig. 1b. Repeated measures
" MANOVA showed a significant main effect of session
- order [F(126) =44, P < 0.05] due to P/D subjects
‘making more errors than I?/P subjects. There was also
‘'3 session order x drug interaction [F(1,26) = 7.45,
- P<0.01]. This was due to subjects on placebo mak-
-+ ing fewer errors if placebo was taken on the second ses-
' on than if it was, taken on the first [F(1,45) = 8.4,
p'<0.01] and to pP/D subjects making more errors on

placebo than on drug [F(1,26) =50, P <0.05]. As

Total errors fo

" groups and therefore: this explanation seems unlikely.

Mean Errors

Mean Total Errors
N

Session

Drug
71 Placebo

S,

ivacherimrmmlys

..v“____..m
LRSI

Session

Fig. 1a, b Performance of subjects having taken drug or ‘placebo

in session 1 or ses

sion 2 on the spatial span task (a) and the most

difficult six and eight box problems of the spatial working mem-

ory task (b}
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Fig. 2a, b Performance of subjects having taken drug or placebo
in session 1 or session 2 on the Tower of London task. a Accuracy
of performance in terms of percentage correct on the more difficult
four and five move problems. b Time taken to think about the
problems prior to the first move

Fig. 1b shows, this corresponds to a relative enhance-
ment of performance by methylphenidate in the first
session, as for the spatial span task above: There were
no significant effects on the strategy scores (see Table 3).

Tower of London test (old version)
Performance accuracy. The accuracy measure used

here was the percentage of perfect solutions at the most
difficult four and five move levels as shown in Fig. 2a.

MANOVA showed no significant main effects but a

significant session order X drug interaction [F(1,26) =
4.89, P <0.05]. This was due to a significant effect of
drug for the D/P group [F(1,46) = 6.83, P <0.01] and
a significant effect of session order in the placebo con-
- dition [F(1,26) = 4.24, P <0.05]. This corresponds to

“centages solved correctly are shown in Fig. 3. Repeated
. measures MANOVA showed a significant main effect
_ of session order [F(1,26) = 5.4, P < 0.05]. Subjects who
‘took drug first and placebo second were more accurate-

first session only was seen, with ‘subjects on ‘drug

& Drog I
O Placebo - -0

95 1

5

»

E

=4

&

g 907

g

]

]

£

I

-
85
80 -

Session” TR
Fig. 3 Accuracy of performance of subjects having taken-drug.or
placebo in session 1 or session 2 on thefour and-five move prob-. -
lems of the one-touch version of the Tower of London task .2 =

methylphenidate causing a ‘relative impairment of .
performance on the second session.”. .0 oo e o

Planning/ thinking times. There were no effects of methyl- - -
phenidate on the times taken t6 move the balls:in'the '~
yoked control condition (data not: show).- However, -
for the corrected thinking latencies (prior to-the first:
move), there were significant effects as shown'in Fig. «
2b: Repeated measures MANOVA showed a significant. -
session ‘order X “drug interaction- [F(1,14) '=-14.18, -
P <0.01]. This was due to subjects who took the drug . -
second spending less time thinking than those who took -
it first [F(1,46) = 11.4, P < 0:01] and also to subjects -
who took ~ placebo. = first” ' and drug - second ~ "7
spending less -time thinking on_ drug than placebo '~
[F(1,26) = 6.8, P < 0.05]. Thus methylphenidate reduc-. -

ed planning latencies in. the second session.” -

Tower of London (new version)

For the most 'diﬁicult four and five move problems, per-

than those who took placebo first and drug second. As
Fig. 3 shows, this effect is mainly due to enhancement .-
of performance by the drug when taken in the first
session, in contrast to the impairment on the'sécond =
session shown in the alternate version of "the task i -
(Fig. 2a). As discussed above, this was the only analy- =
sis where a significant between subjects effect on the '
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[*fxg. Performance of Subjects on the spatial sequencing task, ex-
pressed as .thi;’fm_,l_n_ibpr}of sequerices generated out of a possible 24

showing enhanced i)grforrﬁancé» compared to subjects
on'placebo;

: ”~'_,P1'a‘.f1niﬁg'f1atenéie's ‘areu shown in Table 3. Repeated

measures  MANOVA showed a significant session

order X drug . interaction [F(1,14)=89, P <0.01}
However, simple effects analysis showed this to be sim-
ply a practice effect; with both groups performing more
quickly on-the second session. o

'At_tén'tianizl Set-shifting task - L

Etrors at the extra-dimensional shift stage under the
two conditions are shown in Table 3. A three-way analy-
sis of the errors at_the extra-dimensional shift stage
‘showed that there was a significant main effect of con-

dition, with more errors begin made on the persevera-
tion condition. Methylphenidate had no effect on this

set-shifting task.

Sequence.generation task

” T‘h‘e"méan ni_lmbér of sequences generated at the pre-

training and post-training attempts out-of a possible -

24 are shown in Fig. 4. Three-way repeated measures
MANOVA showed a significant main effect of training
[E(1,26) = 3.2, P.<0.01}, due to both:more sequences
“being generated in the post-training block, and also a
- significant main effect of drug [F(1,26)=12.2, P<0.01],
* with ‘subjects generating more sequences on drug than
“ placebo. There was also a significant session order X

drug interaction [F(1,26)=6.9, P < 0.03]. Simple effects
analysis showed that this was due to subjects who took
drug second generating more sequences on the drug
than those who took it first [F(1,52) = 5.3, P <0.05]
and to subjects who took placebo first and drug sec-
ond generating more sequences on drug than on
placebo [F(1,26) = 14.6, P <0.01]. Thus, methyl-
phenidate facilitated sequence generation and, as Fig. 4
clearly shows, particularly on the second session and
in the pre-training block.

RVIP task

The percentages of sequences detected are shown in
Table 3. The number of false positive responses made
was minimal and did not differ between groups.
Therefore, since response bias was not a significant fac-
tor, it was possible to study sequences detected directly.
MANOVA showed a session order X drug interaction
[F(1,26) = 25.7, P < 0.001]. However, this was due to
a significant effect of drug in both groups, the D/P sub-
jects detecting more sequences on placebo and the P/D
subjects detecting more on drug, which is simply a prac-
tice effect. Latencies to detect the sequences were also
measured and are shown in Table 2. MANOVA showed
a significant main effect of drug [F(1,26)=14.9,
P < 0.001] with subjects responding more quickly on
drug than on placebo.

Discussion

This study revealed a number of novel effects of
methylphenidate on different aspects of cognitive per-
formance particularly on tasks with a spatial compo-
nent. These effects included both impairment and
facilitation, depending on the familiarity and precise
requirements of the task. We also observed the expected
speeding of responding in the RVIP test of sustained
attention and physiological and subjective effects con-
sistent with previously reported effects of psychomo-
tor stimulants (Koelega 1993; Camp-Bruno and
Herting 1994).

Methylphenidate produced relative improvements in
accuracy of performance on several of the spatial tasks

_(spatial span, spatial working memory, new Tower of

London), though on the first session of the crossover

design. On the new Tower of London task, this facili-
tation was also evident using the simpler but less
powerful between-subject analysis of first session per-
formance. By contrast, there were no significant effects
on non-spatial tests also sensitive to frontal lobe dys-
function such as verbal fluency and attentional set-
shifting. For the RVIP test of sustained attention, there
were no effects on performance accuracy. The facilita-
tion on the spatial tasks thus seems unlikely to have




resulted simply from global effects on arousal. This is
further confirmed by the lack of variation of the phys-
iological and subjective measures under the drug across
the two sessions. For similar reasons, the relative
impairment of performance on the second session in
the old Tower of London task cannot be attributed
solely to detrimental effects of elevated arousal. A full
explanation of the cognitive effects of methylphenidate
must account for this very different pattern of perfor-
mance on the two planning tests.

One hypothesis that explains this pattern of results
is that methylphenidate has dual, potentially conflict-
ing, effects on performance. Firstly, it facilitates cogni-
tive performance in relatively novel situations and
secondly, it increases the speed of performance such
that subjects respond before they have fully processed
the information. This detrimental effect of impulsivity
can be seen from the effects on planning latencies in
the old Tower task, subjects taking drug second being
significantly quicker on drug than placebo. We postu-
late that the facilitation effect predominates when the
task is unfamiliar, hence the enhancement of perfor-
mance in the first session. However, when the task is
familiar, the impulsivity is predominant, hence the per-
formance decrement in the second session. This expla-
nation alone, though, does not account for the
differences between the different versions of the Tower
of London task. A further factor which must also be
taken into consideration when formulating a theoreti-
cal account of these effects is the exact requirements of
individual tasks. The old Tower of London task, where
performance impairment was found, is particularly sen-
sitive to premature (impulsive) responding as subjects
can begin to move the balls in the array before having
fully planned the solution, in contrast to the new Tower
where subjects have to arrive at solutions to the prob-
lems with a single response (Owen et al. 1995a). In both
tasks, subjects are explicitly encouraged to work out
the answer before making any response and in both,
the solution involves a series of stages of the form
“move ball A to position X”. In the old version of the
planning task, each of these stages corresponds to a
move of the final solution and there is therefore a
response appropriate to each stage; in the new version,
on the other hand, there is not a response corre-
sponding to each stage but a single final response. Thus
a subject performing the old Tower has to inhibit the
stage by stage responses until the entire solution has
been generated and an impulsive subject may fail to
inhibit this responding. :

This hypothesis is compatible with the rejection by

Robbins (1984) and Clark et al. (1986) of a unitary
concept of arousal. Robbins and Everitt (1987)-sug-
gested an alternative account which considers roles for
' putative “upper” and “lower” arousal mechanisms, as
originally proposed by Broadbent (1971) to account for
effects of drugs and other stressors on cognitive func-
tion. The upper mechanism monitors performance

. executive function following administration of a DA

. ory performance. .
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under circumstances where activation. of the lower -
mechanism is sub- or supra-optimal and seives.to
inhibit the detrimental effects of under- or over-arousal: .
Robbins and Everitt (1987) postulate that. the lower
mechanism may be modulated by striatal DA trans- .
mission while the upper mechanisms may depend on -
the dorsal noradrenergic bundle (DNAB). The present. ...
results can readily be accommodated by this hypothe- " - -
sis, taking into account the possible -effects “of -
methylphenidate on cortical noradrenergic as well .as.
cortical and subcortical dopaminergic mechanisms..
By increasing striatal DA levels, methylphenidate
would activate the lower mechanism, increasing réspon- -
sivity and distractibility and thereby potentially dis- -
rupting the performance of complex tasks, The upper -
mechanism must inhibit these disruptive effects. for -
accurate performance and the results'of this study sug-
gest that this mechanism operates effectively in the first, .
but not the second, session. This is compatible with.the
postulated role of the DNAB which projects from:the. .
locus coeruleus, a structure which has shown to-be acti-
vated by novel situations (Aston-Jones et al. 1 991)..In -
the first session, the locus coeruleus ‘fires .in' response ..
to the novel stimuli, activating the DNAB such that -
the upper arousal mechanism inhibits.the disruptive
effects of methylphenidate on the lower mechanism:. On
the second session, the stimuli are 1o longer novel and
consequently the upper arousal mechanism:is Jess . -
effective and the supra-optimal -activity -induced by
methylphenidate in .the ‘lower .mechanism therefore
becomes disruptive; -response’ latencies ‘decrease and
performance accuracy is impaired. Thus the concept

of dual arousal mechanisms: can. ‘explain why .-

methylphenidate’ may impair performance in-the sec< -~
ond session but not the first..... SR T e
However, this account does not clearly address the. -

reasons why methylphenidate may actually enfiance per-. - S
formance accuracy in the first session o spatial tasks:. ©./:
with executive components. sensitive to- frontal lobe

dysfunction. ‘There is. incredasing evidenice that the
dopaminergic system may be involved in-spatial work-

ing memory processes dependent on an “intact pre=. -

frontal cortex. Sawaguchi and Goldman-Rakic (1994)
found that local injections of Dy antagonists into the
primate prefrontal cortex impaired performance on a
spatial delayed response task. Subtle enhancement of

agonist in human volunteers has also been described
by Luciana et al. (1992), who found that the D3 recep- ..
tor agonist, bromocriptine, facilitated working mem- -

“Thus the enhancement of performance may be due

to an effect of increased DA transmission to the pre- . i :
frontal cortex. However, methylphenidate also releases .

noradrenaline, which is known to be important in the -
function of the prefrontal cortex (Thomas et al. 1992), ~
a region where high densities of noradrenegic «y recep- . .+
tors have been reported (Goldman-Rakic et al. 1990). - :
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Clonidine is an ap-agonist which acts presynaptically
at low doses, reducing coeruleo-cortical activity and
-+ .postsynaptically at higher doses, enhancing postsyn-
- patic noradrenergic function (Arnsten and Goldman-
Rakic 1985; Arnsten et al. 1988; Arnsten and Cai 1994).
At low doses it impairs performance on tasks sensitive
to frontal dysfunction in non-human primates (Arnsten
‘and Goldman-Rakic 1985). At higher doscs in man,
Coull et al. (1995a) found some significant improve-
ments in performance of CANTAB tests sensitive to
frontal lobe dysfunction. Improvements in aspects of
executive performance have also been found following
administration of the ay-antagonist, idazoxan, which
elevates functional noradrenaline levels (Smith et al.
'1992). Thus, there is evidence to suggest that nora-
drenaline-also. plays a role in frontal lobe function.
- The ‘enhancement  of executive performance by
Iphenidate may  therefore . depend on either
ergic or noradrenergic influences within the
ntal cortex of, indeed, a combination of the two.
first ‘session, this enhancement combines with
: elty to inhibit adequately the dis-
mpulsivity associated with supra-opti-
the striatal DA systems, but when the
familiar on the second session, the enhance-
ment of prefrontal function is-insufficient to compen-
for the hyperactivity in' the striatal systems.
< FHis v therefore extends the existing literature
on the effects 6f methylphenidate by establishing a con-
sistenit pattern-of effects on spatial working memory
nning function: A different pattern of perfor-
ver, seen in the spatial sequence gener-
Subjects in’ both sessions under both drug
“co showed near  perfect. performance in the
~post-training state. In the pre-training stage, however,
" methylphenidate enhanced. performance in the second
- “session only, with subjects who took the drug second
. performing at post-training levels in the pre-training
" “stage. This is a very different pattern to that seen in the
- other tasks. One possible explanation is that hyper-acti-
" vation “of the lower arousal - system on . the second
" session, as discussed above. facilitates performance of
"'this task. It is certainly possible that rapid disinhibited
performance’ may be beneficial, since the longer
- subjects take over the task the more time they have to
~forget the sequences already generated.  However, an
 alternative ~ explanation, involving a qualitatively
. different performance effect from. those described
- above, may be more plausible. This task has several
" components; at. the initial pre-training stage, it is a
 ‘strategic ‘task which presumably relies on executive
. function. The training stage then explicitly teaches
~“.subjects an appropriate strategy so the post-training
_“stage can be seen.asa test of ability to acquire and use
" a strategy ot of procedural learning. If the whole task
. .is presented again after a time interval, subjects may
“be -able - to retrieve and use ‘the strategy learned
“otiginally on session: 1. The results presented in this

y and

'iAmst’en AFT, Cai IX,

study suggest that methylphenidate administered just
prior to the second session enhanced the retrieval of
the strategy implicitly and explicitly learned in the first.
Subjects who took placebo second did not retrieve this
strategy and responded as though the test were unfa-
miliar. This is in accord with the finding of Evans
et al. (1986) that methylphenidate enhanced retrieval
but not acquisition processes in learning in hyperactive
children.

In conclusion, this study demonstrated a consistent
pattern of effects of methylphenidate on performance
of tests of spatial working memory and planning. The
drug enhanced cognitive performance but also
increased response output (i.e. speeded response laten-
cies), as predicted by previous studies. These dual effects
tended to exert opposing influences on performance,
their interactions with the novelty and precise require-
ments of individual tasks determining whether
enhancement or impairment was observed. These
findings suggest that the modulatory influence of cat-
echolaminergic transmission on cognitive performance
is complex, probably involving a delicate balance
between mutually inhibitory prefrontal cortical and
striatal systems. '
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