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Abstract: Studies of human subjects performing cognitive tasks on and off dopaminergic drugs have
suggested a specific role of dopamine in cognitive processes, particularly in working memory and
prefrontal “executive” functions. However, the cortical effects of these drugs have been poorly under-
stood. We used functional magnetic resonance imaging (fMRI) to examine both task-specific and general
changes in cortical activity associated with bromocriptine, a selective agonist for D-2 dopamine receptors.
Bromocriptine resulted in task-specific modulations of task-related activity in three cognitive tasks. Across
tasks, the overall effect of the drug was to reduce task-related activity. We also observed drug effects on
behavior that correlated with individual differences in memory span. We argue that bromocriptine may
show both task-specifc modulation and task-general inhibition of neural activity due to dopaminergic
neurotransmission. Hum. Brain Mapping 12:246–257, 2001. © 2001 Wiley-Liss, Inc.
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INTRODUCTION

Dopamine plays an important role in working
memory and in higher cognitive functions that de-
pend on the prefrontal cortex. The role of dopamine in
prefrontal-dependent working memory processes is
suggested by findings that pharmacological blockade
of prefrontal dopamine receptors can lead to working
memory impairments in monkeys [Brozoski et al.,
1979; Sawaguchi and Goldman-Rakic, 1991, 1994;
Sawaguchi, Matsumura, and Kubota, 1990]. Pharma-
cological studies of the role of dopamine in normal

human cognition logically follow from the monkey
literature, the most direct available method being
drug challenge combined with behavioral testing.

Studies of dopaminergic agents in human subjects
performing working memory tasks have yielded sug-
gestive but inconsistent results. Luciana et al. [1992]
tested 8 subjects on and off bromocriptine, a D-2 do-
pamine receptor agonist, and found that the drug
facilitated performance at a visuospatial working
memory task. In a subsequent study, Luciana and
Collins [1997] found that working memory for spatial
but not object information was improved by a 1.25-mg
dose of bromocriptine (but not a 2.5-mg dose). Corre-
spondingly, they found that haloperidol, a nonspecific
dopamine antagonist, had opposite effects on only the
spatial working memory task.

In a subsequent study [Kimberg, D’Esposito, and
Farah, 1997], we found that normal subjects show a
response to bromocriptine that depends on their base-
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line working memory capacity, or reading span (as
indexed by the reading span test) [Daneman and Car-
penter, 1980]. On a composite measure of five tests
supposed to be sensitive to prefrontal function, low-
span subjects showed a benefit from the drug, while
high-span subjects showed a decrement in perfor-
mance. No such pattern was observed in nonprefron-
tal-dependent tasks, and no main effect of bromocrip-
tine on spatial working memory was observed. This
result is consistent with dose-dependent effects dem-
onstrated by Arnsten [1995, 1997] and by Williams and
Goldman-Rakic [1995] in monkeys, in which small
doses of a D-2 agonist improve performance, while
larger doses impair performance. Mehta et al. [2000]
have shown a similar relationship between WM span
scores and the effects of methylphenidate on spatial
working memory.

In a more recent study, Müller et al. [1998] com-
pared the effects of pergolide, a D-1/D-2 agonist, with
the effects of bromocriptine, as a pharmacological sub-
traction to identify D-1-specific effects in a group of 32
normal subjects. In a visuospatial working memory
task, they found that pergolide, but not bromocriptine,
improved working memory performance at long (16-
sec) delays. This was interpreted by Müller et al. as
consistent with a more prominent role for D-1 recep-
tors in working memory.

While these studies have been helpful in under-
standing the behavioral effects of selective dopaminer-
gic drugs, our knowledge of the cortical bases of these
effects is derived only indirectly from our understand-
ing of the dopaminergic system, or from studies with
rats [Pizzolato, Soncrant, and Rapoport, 1985] and
monkeys [Murphy et al., 1996; Williams and Gold-
man-Rakic, 1995]. Functional neuroimaging methods
can be used to examine more directly the changes in
cortical activity associated with pharmacological chal-
lenges. While these techniques do not identify loci of
direct drug effects, they can be used to identify
changes in cortical activity (as indexed by blood flow)
due to drug administration.

Previous imaging studies have used drugs that
broadly affect catecholamine receptors [Fletcher et al.,
1996; Mattay et al., 1996]. Using selective dopamine
agonists, we can potentially examine the roles of par-
ticular receptor subtypes in cognitive function. As this
technique is relatively new, we can also learn to what
extent it is possible to observe changes in cortical
activity due to these subtler drug effects.

Because of our previous results showing an interac-
tion between the effects of bromocriptine and verbal
working memory capacity, we are here interested in
both main effects of the drug as well as interactions

with reading span scores. It is possible that these
behavioral interactions correspond to both main drug
effects (i.e., consistent cortical effects that are ex-
pressed differently in different subjects) and interac-
tions (i.e., cortical effects that depend on WM capaci-
ty). In the study described here, we used fMRI to
examine the cortical effects of bromocriptine. This
study provides a first step toward understanding the
relationship between cortical and behavioral effects of
this drug.

METHODS

Subjects

Eleven young healthy volunteers participated in re-
turn for monetary compensation. Volunteers were
screened for history of neurological abnormality,
blood pressure, and for anything that would preclude
completing the study (e.g., metallic implants or diffi-
culty with manual responses). Two additional subjects
had to discontinue partway through the study due to
adverse reactions to the drug (nausea, dizziness), and
were excluded. Of the 11 included subjects, the first
two were not given reading span measures or the
motor task, and were therefore excluded from analy-
ses depending on these measures. Note that because
the primary goal of this study was to examine main
drug effects (not span-dependent effects, as observed
in our previous study), subjects were recruited with-
out consideration of reading span. By chance, of the
nine subjects from whom we recorded reading span
scores, five were high-span and four low-span, by the
same criteria used in our larger earlier study, making
it possible to look for these interactions.

Cognitive tasks

Subjects were tested on and off bromocriptine in a
double-blind design. Each subject was tested on three
occasions. The first session was for practice, to mini-
mize the effects of learning between the subsequent
two sessions.

During the practice session, subjects were also given
the Daneman and Carpenter [1980] reading span test.
In our version of this task, subjects were shown sen-
tences on a computer screen, one at a time, and asked
to recall the last word of each sentence. Subjects were
told to begin recalling words when the screen blanked.
Initially, five sets of two sentences were presented,
considered practice. Then, five sets of three sentences,
five sets of four, and five sets of five sentences were
presented. Subjects were warned not to pause between
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sentences, to read ahead to the last word, or to report
the final last word first.

During the second and third sessions, subjects were
given either 2.5 mg bromocriptine or a placebo (order
randomized) orally, followed by a 90-min delay. Fol-
lowing the delay, subjects underwent BOLD fMRI
while performing three cognitive tasks. Each of these
tasks was performed in a blocked design in which
40-sec blocks of task performance alternated with 40-
sec blocks of a control task. Each run, defined as an
uninterrupted sequence of data acquisition, consisted
of eight blocks—four control alternating with four
task blocks.

The first task was a “two-back” test of working
memory in which subjects saw a series of letters ap-
pear on the screen and were required to indicate with
a right-hand button press any time the letter matched
the one two earlier. Each letter appeared on the screen
for 500 ms, followed by 900 ms of blank screen. In the
control condition for this task (presumably imposing
little or no working memory demand), subjects were
to respond any time the letter X appeared on the
screen. Each subject performed four runs of this task
in each scanning session. This task was included be-
cause it has elicited reliable patterns of prefrontal ac-
tivation in a variety of paradigms [D’Esposito et al.,
1998], although there are no data suggesting sensitiv-
ity to bromocriptine.

The second task was a speeded version of the Wis-
consin Card Sorting Test (WCST) [Grant and Berg,
1948]. In this task, subjects have to match a card pre-
sented at the bottom of the screen to one of four
constant reference cards at the top of the screen. Each
card consisted of an arrangement of triangles, circles,
stars, or crosses, numbering from one to four, in one of
four colors. Subjects were given feedback according to
a changing criterion—the cards could be matched ac-
cording to color, shape, or number. Subjects were not
told the criterion in advance, but were given visual
right/wrong feedback after each trial. The criterion
was changed without indication after eight consecu-
tive correct sorts (it was decided that the typical clin-
ical criterion of 10 would have resulted in too few
shifts per block). Subjects were given 2 sec to sort each
card, after which a timeout was recorded and the next
card presented. This pacing served to control the num-
ber of trials per block and to induce subjects to re-
spond quickly. As well, the speeded administration
served to increase the number of trials per block,
presumably reducing the amount of time spent off
task. A control version of this task included only cards
identical to one of the four reference cards and there-
fore did not require subjects to learn or maintain any

criterion. Four runs were performed in each scanning
session. This task was included because we previously
observed a substantial interaction between reading
span and drug effect [Kimberg et al., 1997].

Finally, subjects performed a simple bimanual mo-
tor response task, in which a central fixation point (X)
changed to the letter O every 2 sec. Subjects were to
respond as quickly as possible to each “O” by depress-
ing buttons with both thumbs. As with the other tasks,
this task alternated in 40-sec blocks of a control task,
during which the letter O did not appear. Only one
run of this task was included per session. Because this
task is not considered cognitively demanding, and
might be expected to engage different neural mecha-
nisms from the two more complex tasks, it was in-
cluded to help discriminate between general effects of
the drug and effects that are specific to tasks that
engage higher cognitive functions.

fMRI scanning and apparatus

All scanning was done with a GE Signa 1.5 Tesla GE
SIGNA Scanner (GE Medical Systems), using gradi-
ent-echo echoplanar imaging (EPI). A standard RF
head coil was used. Head movement was restricted
using a form-fitting vacuum cushion. Stimuli were
rear-projected onto a screen near the subject’s feet, and
viewed through a mirror.

Functional data were acquired in 21 5-mm axial
slices, with a TR of 2,000 ms and a TE of 50 ms.
Resolution was 64 3 64 pixels in a 24-cm field of view
(3.75 mm in-plane resolution). High-resolution (.9375
mm in-plane) T1-weighted structural images were
also acquired in both axial and sagittal planes. Twenty
seconds of “dummy” gradient and RF pulses pre-
ceded data acquisition to approach steady state tissue
magnetization.

Data preprocessing

Off-line processing of all data was performed using
software written in Interactive Data Language (Re-
search Systems, Boulder, CO). All functional images
were first converted from frequency space to cartesian
space, using a distortion correction technique to cor-
rect for field inhomogeneities.

Sinc interpolation in time was used to correct for the
order of acquisition of the slices [Zarahn, Aguirre, and
D’Esposito, 1997a]. A motion correction algorithm
[Friston et al., 1995] was applied to realign all func-
tional images to an EPI scout image acquired imme-
diately after the T1-weighted structural images. A
slice-wise motion compensation method was used to

r Kimberg et al. r

r 248 r



remove spatially coherent signal changes [Zarahn et
al., 1997b].

Data analysis

Data were analyzed using the modified general lin-
ear model [Worsley and Friston, 1995], incorporating a
1/f model of temporal autocorrelation [Zarahn et al.,
1997b]. A notch filter was used to remove high and
low frequencies from the data. The reference function
used to model task activity was convolved with a
standard hemodynamic response function.

Maps of t-statistics were calculated for each task
effect (e.g., the two-back vs. the control task) in each
subject, separately for the drug and placebo sessions,
using an estimate of effective degrees of freedom de-
rived using the method described by Worsley [1994]
(185 for the two-back and card-sorting tasks, 48 for the
motor task). The resulting statistical maps (22, or two
for each of 11 subjects, for the two-back and card
sorting tasks; 18, or two for each of 9 subjects, for the
motor task) were normalized to a standard template
[Friston et al., 1995] and smoothed using a 15-mm
FWHM Gaussian kernel. The large smoothing kernel
was chosen to maximize sensitivity to larger effects.
Given that there is no prior comparable imaging data,
we felt that it would be most appropriate to look for
larger effects first. Voxels for which data were not
available from all subjects were excluded. These data
(consisting of t-values) were then entered into a sep-
arate linear model, which included covariates coding
for subject data and for the drug treatment. The gen-
eral analysis path is depicted in Figure 1.

Maps of the main effect of each task were calculated
using the sum of all the individual subject covariates,
effectively comparing the mean task effect to zero.
These task effect maps were thresholded at t(10) .
8.65 (one-tailed) for the two-back and card-sorting
tasks, and t(8) . 10.5 for the motor task, thresholds
corrected to a 5 0.05 using a method that has been
empirically validated to control the map-wise false
positive rate to the desired value [Aguirre, Zarahn,
and D’Esposito, 1997; Zarahn et al., 1997b]. Discrete
regions of interest (ROIs) were defined as regions of
contiguous suprathreshold voxels within these thresh-
olded maps. Only areas of greater activity during the
experimental task (compared to the control task) were
considered—regions showing less activity (i.e., deac-
tivations) were discarded for the present analyses, as
potentially reflecting cognitive components specific to
the control task. Within each ROI, the effect of drug on
the size of the task effect was tested using a t-test

contrasting drug and placebo sessions, averaged
across all of the voxels in each region.

RESULTS

Cognitive behavioral results

The effect of bromocriptine on performance was
assessed separately for each task, using repeated mea-
sures ANOVA to assess the effect of drug treatment on
error rates and reaction times. Note that speed was not
emphasized in the instructions for the card-sorting
test, although subjects perform the task more quickly
with practice. Order of drug administration was in-
cluded in all analyses to factor out residual learning/
practice effects that were not eliminated by practice.
Two subjects were omitted from behavioral analyses
because the reading span test (used to categorize sub-

Figure 1.
Analysis path.
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jects) had not been administered. Note that no addi-
tional behavioral main effects (which did not depend
on reading span scores) were present with these two
subjects included.

The reading span test was scored by summing the
number of words correctly recalled from the five
sets each of three, four, and five sentences, for a
maximum of 60. By chance, the subjects divided
well (5 and 4) along the same median used in our
previous study, of 42.

No main effects of bromocriptine were observed in
any of the tasks (P . .2 in all cases; see Table II),
consistent with our previous results. A significant in-
teraction of drug treatment and reading span was
present in the card-sorting error score (F(1,5) 5 18.9;
P , .01), such that the drug was harmful (behavioral-
ly) for low-span subjects and beneficial for high-span
subjects. This interaction is opposite in direction to the
one found in our earlier study [Kimberg et al., 1997].
To break down this effect further, we examined spe-
cific submeasures of the WCST. Similar interactions
were found in categories (F(1,5) 5 17.9; P , .01) and
loss of set (F(1,5) 5 6.5; P 5 .051). A similar trend was
observed in mean reaction times (F(1,5) 5 4.6; P 5
.085), arguing against a speed/accuracy trade-off. Per-
severative errors showed the opposite pattern numer-
ically, although non-significantly (F(1,5) 5 .69, P . .4).

No such interactions were observed in the two-back
or motor response measures (P . .05 in all cases).

Neuroimaging results

In order to examine the effect of the drug on task-
specific patterns of cortical activity, we first identified
ROIs (as described above) for each task that showed
greater activity during the task than during the corre-
sponding control, and then tested the interaction of
task and drug effects—i.e., the effect of the drug on the
effect of the task—within each such region. Because
these ROIs are treated here as prior hypotheses, the
ROI analyses are not corrected for multiple compari-
sons.

Figure 2 shows these ROIs for each of the three
tasks, and the directions of the significant drug effects.
Table I shows the local maxima of each ROI.

In the two-back task, nine ROIs were identified. This
pattern is fairly consistent with previous studies using
this task, in our lab and others [D’Esposito et al., 1998].
Of these nine regions, one showed a significant inter-
action of drug and task. This was a posterior parietal
region on the left side, including 261 voxels and ex-
tending from the middle occipital gyrus (area 19) to
the superior parietal lobule (area 7) (t(10) 5 -2.40, P 5

.037). The difference between task and control activa-
tion in this region was smaller on bromocriptine than
on placebo. Examination of this same ROI in the other
two tasks yielded no significant drug interaction or
trend.

In the card-sorting test, nine ROIs were identified.
Again, this pattern is broadly consistent with previous
studies using this task [Berman et al., 1995; Goldberg
et al., 1998; Nagahama et al., 1996]. Of these nine
regions, again one showed a significant interaction of
drug and task, in the same direction as in the two-back
task—task vs. control differences were reduced on the
drug. This region included 5 voxels in the left insular
region (t(10) 5 -3.17, P 5 .01). Again, this same area
did not show a significant drug by task interaction in
the other two tasks.

In the motor response task, 11 ROIs were identified.
Of these 11 regions, two showed significant interac-
tions of drug and task. A region of 10 voxels in Brod-
mann’s area 19 on the left showed a drug-related
decrease in task-related activity (t(8) 5 -3.54, P 5 .008).
A single voxel in right premotor cortex showed a
significant increase in task-related activation on bro-
mocriptine (t(8) 5 2.35, P 5 .047). This voxel was the
only region to show a significant effect in this direc-
tion in any task. As with the previous tasks, these two
ROIs did not yield significant drug effects in the other
tasks.

Because of the significant behavioral interaction ob-
served in the card-sorting test, we performed a corre-
sponding analysis with the neuroimaging data. ROIs
were identified for the areas of main task effect in this
subset of nine subjects, and the interaction between
reading span and drug effects was assessed in each
identified region. Of 12 such regions tested, none
yielded a significant interaction (P . .2 in all cases).

Because of the high concentration of D-2 receptors
in the caudate nucleus [Lidow et al., 1989], we per-
formed an additional ROI analysis of the caudate
across subjects. Voxels in the caudate were identified
by visual inspection of anatomical scans for each sub-
ject, and by comparison to a standard atlas [Talairach
and Tournaux, 1988]. T-values were derived for each
subject, and these t-values were entered into a group
paired t-test. This analysis was repeated using the data
from each of the three behavioral measures. In all
three cases, there was no significant effect of drug on
activity in the caudate (P . .2).

Finally, to test the hypothesis that bromocriptine
had a consistent effect across task-relevant brain re-
gions, we entered the t-values for each ROI into a sign
test. Of 29 such regions, 25 showed less activity on
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Figure 2.
Task and drug effects. In each panel, all regions displayed showed
significant task-related activity (compared to the control task).
Colored regions indicate main effects of task in the two-back task
(a), card-sorting test (b), and motor task (c). The directions of
drug effects (interaction of drug and task effects) are indicated by
color. Regions in red showed a decrease in task-related activity on

the drug. Regions in green (a single voxel in the motor task)
showed an increase in task-related activity on the drug. Regions in
white showed no significant drug-related modulation of task-
related activity. Yellow circles are used to highlight smaller, less
visible regions.
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TABLE I. Coordinates of regions of interest (ROIs) for each of the three tasks*

Two-back

Voxels Drug effect (t) Maximum Brain region

6 20.65 226 23 0 R anterior insula
22 0.66 41 19 0 L anterior insula
12 0.53 211 215 20 R caudate
56 20.92 234 23 30 R 9/44 - inferior/middle frontal gyrus
75 21.23 223 28 50 R 6/8 - superior frontal sulcus

327 20.40 43 0 37 L 6 - precentral sulcus
11 24 60 L 6 - medial frontal gyrus
26 211 60 L 6 - medial frontal gyrus
60 0 20 L 6 - precentral gyrus

51 20.74 53 268 210 L 19 - middle occipital gyrus
176 20.95 229 261 47 R7 - superior parietal lobule

226 260 40 R40 - inferior parietal lobule
241 249 45 R7/40 - superior/inferior parietal lobule

261 22.40(a) 37 264 47 L 7 - superior parietal lobule
34 275 40 L 19 - middle occipital gyrus
41 260 55 L 7 - superior parietal lobule

WCST

Voxels Drug effect (t) Maximum Brain region

5 23.17(a) 43 16 23 L anterior insula
45 11 25 L insula
41 19 25 L anterior insula

27 20.38 234 15 0 R anterior insula
174 21.40 234 27 27 R 9/46 - middle frontal gyrus

245 4 30 R 44 - inferior frontal gyrus
234 26 25 R 9/46 - middle frontal gyrus

26 20.86 226 24 60 R 6 - precentral gyrus
18 21.53 48 11 26 L 44 - inferior frontal gyrus

49 8 30 L 44 - inferior frontal gyrus
45 15 20 L 44/45 - inferior frontal gyrus

1 21.82 49 38 25 L 44/46 - inferior frontal sulcus
34 20.37 4 8 45 L 24 - anterior cingulate

565 21.19 215 283 18 R 18/19 - middle occipital gyrus
234 294 25 R 18 - inferior occipital gyrus
19 290 0 L 18 - inferior occipital gyrus
28 298 5 R 18 - inferior occipital gyrus
234 290 15 R 19 - middle occipital gyrus

194 21.38 30 274 45 L 7 - superior parietal lobule
34 271 50 L 7 - superior parietal lobule
39 290 17 L 19 - middle occipital gyrus
49 253 50 L 40 - inferior parietal lobule

Motor

Voxels Drug effect (t) Maximum Brain region

93 21.85 219 249 225 cerebellum
10 23.54(a) 48 273 27 L 19 - medial occipital gyrus

r Kimberg et al. r

r 252 r



bromocriptine than on placebo, a difference significant
at P , .01.

DISCUSSION

While previous studies have suggested cortical ef-
fects of bromocriptine in human subjects, the present
study offers more direct evidence of changes in corti-
cal activity that follow bromocriptine administration.
The changes may be task specific—regions of apparent
drug effects from one task did not generalize to the
other two tasks tested. However, because the ROI
interaction effects were not corrected for multiple
comparisons, the probability of at least one false pos-
itive error may be greater than .05.

These results suggest that the selective dopamine
agonist bromocriptine can cause systematic changes in
cortical activity and that these changes are detectable
with BOLD fMRI. Behaviorally, the drug’s effect ap-
peared (in one task) to interact with working memory
capacity. However, this effect was opposite to the
behavioral effect we observed earlier [Kimberg et al.,
1997]. The significance of this is discussed below.

The most straightforward explanation for task-spe-
cific effects is that areas less active in the service of a
given task are less sensitive to the level of dopaminer-
gic neurotransmission. If bromocriptine’s general ef-
fect were to reduce activity along dopaminergic path-
ways, we would expect to see little effect of the drug
in areas that are not involved in a particular task. This
is especially clear if the drug’s net effects are inhibito-
ry—regions with little task-related neural activity will
be only weakly affected by inhibitory influences. In
principle, this would seem to predict that regions ac-
tive in the service of multiple tasks should show sim-
ilar drug effects in all tasks. However, in practice the
sensitivity of this comparison may differ between
tasks. The magnitude of a drug effect, under this ac-
count, would likely be related to the magnitude and
extent of task-related neural activity. Thus, even
though there were inferior parietal ROIs in both the
two-back task and the card-sorting task, the fact that
we observed a drug effect only in the two-back dis-
putes this account only weakly. However, it is also
possible that the observed effects are due to more
complex interactions, e.g., involving a convergence of

TABLE I. (continued)

Motor (continued)

Voxels Drug effect (t) Maximum Brain region

21 20.32 26 237 12 L 39 - middle temporal gyrus
19 226 10 L thalamus
30 245 15 L 39 - middle temporal gyrus
41 245 10 L 39 - middle temporal gyrus

12 22.04 28 11 35 R 24 anterior cingulate
1 2.35(a) 241 4 25 R 6 precentral gyrus
2 1.52 15 211 30 L 6 precentral gyrus

29 20.52 241 215 50 R 4/6 precentral sulcus
8 20.37 230 234 45 R 4 precentral gyrus

102 20.23 8 211 65 L 6 medial frontal gyrus
51 20.14 34 234 70 L 4 precentral gyrus

9 20.64 235 232 63 R 4 precentral sulcus

* For regions with multiple local maxima, the center of mass (weighted by t value) is first listed, followed by the local maxima on the
following lines. Structural localization was obtained by plotting coordinates on the standard template and visual comparison to standard-
ized atlases [Talairach and Tournaux, 1988].
a Regions of significant drug effects, as described in the text. Positive t-values correspond to increased activity in the drug condition,
negative t-values reflect reduced activity.

TABLE II. Behavioral results (means
and standard errors)*

Errors (SEM) RT (ms)

WCST:
Placebo 61.6 (3.2) 807.1 (33.3)
Drug 63.4 (2.9) 800.9 (24.9)

Two-back:
Placebo 13.6 (1.8) 646.9 (16.8)
Drug 15.6 (2.1) 635.7 (20.1)

Motor:
Placebo 0.3 (0.24) 303.0 (26.2)
Drug 0.9 (0.59) 300.1 (22.0)

* Errors are in absolute error count for WCST and motor tasks,
percentages for two-back.
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projections from dopamine-rich areas and task-rele-
vant areas that do not have significant dopaminergic
activity.

Although it is difficult to argue for task-general
effects based on a study of only three tasks, a sugges-
tive pattern emerges from the present study. Across
the three tasks used, we looked for drug effects in a
total of 29 regions of interest. The numerical direction
of the drug effects was negative in 25 of these regions
(reflected in negative t-values in Table I). That is, a
significant majority of regions showed numerically
less task-related activity on bromocriptine than on the
placebo. This suggests that bromocriptine served more
generally to reduce task-specific cortical activity and is
consistent with predominantly presynaptic inhibitory
effects of the drug that are observed early in the drug’s
time course [Pizzolato et al., 1985]. In this respect, the
results are consistent with the results of Fletcher et al.
[1996], in which a net antagonistic effect of low-dose
apomorphine was attributed to presynaptic effects.
However, such an interaction could also arise from the
reduction in blood pressure commonly associated
with bromocriptine [Mehta and Tolis, 1979] or via
direct effects on cortical microcirculation [Iadecola,
1998; Krimer et al., 1998].

In light of this observation, it may be important to
ask whether selecting ROIs on the basis of both the
drug and the placebo sessions may have reduced our
ability to detect task-related activity. Areas of signal
attenuation would be less likely to show up as ROIs.
However, selection on the basis of placebo data alone
would have biased our target comparison of drug
minus placebo—the two contrasts are not orthogonal.
An alternative method would have been to select ROIs
on the basis of previous results with these tasks. How-
ever, the regions of interest we identified were exten-
sive and not grossly discrepant with previous find-
ings. So although we acknowledge the possibility that
additional (or larger) regions may have shown task-
related activity, we feel the present method is reason-
ably sensitive.

The functional significance of the four task-specific
regions identified suggests only that regions sensitive
to bromocriptine are likely to be a subset of regions
involved in task performance. Although the present
results do not constrain our understanding of the
functional role of these regions, in each case the re-
gions identified are those that have been associated
with their respective tasks in previous studies. This
raises the issue of blood flow effects more directly.
This kind of result might be expected simply from
scaling of neural effects with globally reduced blood
flow. Although we believe a priori that bromocriptine

may have selective cortical effects due to its agonist
properties, it is likely that circulatory effects underlie
the present results to some extent.

Behavioral effects

As in our previous study [Kimberg et al., 1997], the
present behavioral results suggest that the effects of
bromocriptine may be sensitive to the working mem-
ory capacity of the subject. As with our previous
study, we observed no main effects of bromocriptine
on behavioral measures. We suggest that, as in our
previous study, averaging across subjects with differ-
ent capacities may have the effect of masking distinct
but opposing effects.

However, the interaction observed in the present
study contrasts strikingly with our previous results.
Where previously we observed a more beneficial ef-
fect of the drug for low-span than high-span subjects,
in the present study high-span subjects benefited from
the drug, while low-span subjects were harmed (be-
haviorally). This result was unexpected, although
there are several differences between the studies that
may explain the differences. First, it is important to
note that the task differed somewhat between the two
studies. The deadline was somewhat shorter in the
present study (2 sec vs. 3.5 sec), and the short block
length necessitated by the fMRI procedure may have
made the present version somewhat more difficult.
While difficulty was not directly addressed in either
study, it likely interacts with other factors that mod-
ulate the effects of bromocriptine.

Second, it may be important to note that in our
previous study, the behavioral interaction in the
WCST was reflected in both perseverative and non-
perseverative errors. In the present study, the Drug 3
Span interaction was reflected in a variety of mea-
sures, including loss of set errors, but was notably
absent in perseverative errors. Numerically, the effect
on perseverative errors was consistent with the previ-
ous study (though note the present study, with a third
the number of subjects, has much less power). The
increased difficulty of loss-of-set errors in the present
study may reflect the greater difficulty in avoiding this
type of error given that the task is performed in 19-
trial blocks rather than continuously.

Finally, differences in the timing of the two studies
may also be important. In the present study the card-
sorting test was the first test administered, at approx-
imately 90 min following drug administration. In the
previous study, the card-sorting test was administered
substantially later in the protocol. If the time course of
bromocriptine is indeed biphasic in the way described
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by Pizzolato [1985], then we might expect more of an
inhibitory effect in the present study and more of an
excitatory effect in the earlier study. (Although the
two-back task was administered at a time more com-
parable to the testing time of the previous study, we
have no direct evidence from either study that two-
back performance is sensitive to bromocriptine.) As
described above, the neuroimaging evidence offers
some tentative support for part of this observation. If
this is the case, these mirror image results may be due
solely to differences in the effects of the drug on
cortical activity—an inhibitory effect might be more
beneficial to high-span subjects while an excitatory
effect might be more beneficial to low-span subjects.
However, more detailed examination of the time
course of both the neural and the cognitive effects of
bromocriptine will be required to evaluate this ac-
count.

The absence of a behavioral drug effect in the two-
back task may hint that the drug’s effect is via some
process required by the card-sorting test but not
present in the two-back paradigm. Because the card
sorting test is intuitively much more complex, this
would not be surprising. However, it is worth consid-
ering the power limitations of the present design. Al-
though we have no basis for predicting the size of
bromocriptine’s hypothesized effects on two-back per-
formance, from previous studies we know that the
drug’s effects on performance at typically tuned cog-
nitive paradigms are relatively subtle. Unless the two-
back task were substantially more sensitive to bro-
mocriptine than the tasks used in previous studies, we
would suggest that the power to detect behavioral
effects in the present study should be regarded as low.

Because we observed no behavioral main effect of
bromocriptine, we cannot tell whether any observed
cortical effects are consistently related to performance.
It is possible that this is a result of our small sample
size or a selection of tasks that are too insensitive to
bromocriptine. It is also possible that the two-back and
motor tasks did not tax dopamine-dependent systems
as much as the card-sorting test and were therefore
less sensitive in general to our manipulation. How-
ever, in the case of the card-sorting test, we observed
a span-dependent drug effect (albeit one inconsistent
with our previous study). In combining subjects span-
ning a broad range of verbal working memory capac-
ity, we may have effectively averaged across subpopu-
lations with opposing drug effects. Because this was
the first study to examine the effects of bromocriptine
with neuroimaging, the design was more appropriate

to examining general (not span-dependent) effects of
the drug.

Finally, the present results do not exclude the pos-
sibility that there are cortical effects of the drug that
may be related directly to task performance. However,
tests for such relationships were inconclusive in this
small sample.

The weakness of the present results may stem
from several related causes. First, the total number
of subjects included is probably inadequate to detect
any but the strongest and most consistent effects.
More subtle effects of bromocriptine, both behav-
ioral and neural, would be unlikely to reach statis-
tical threshold in a study of 11 subjects. The cogni-
tive effects of bromocriptine on young healthy
subjects have indeed so far proved elusive—as re-
viewed earlier, results from three independent
groups [Kimberg et al., 1997; Luciana and Collins,
1997; Luciana et al., 1992; Muller et al., 1998] have
suggested that such effects are at best difficult to
detect. These previous findings also suggest that the
behavioral effects of dopamine agonists may be sen-
sitive to a variety of factors, including dosage, tim-
ing of administration, the difficulty of the task, and
the baseline ability of the subject. The present study
included no attempt to explore this large design
space. It therefore remains possible that the tasks
used here were either poorly suited or poorly cali-
brated to be sensitive to bromocriptine. In light of
the present weak findings, we would suggest that
future attempts to examine the effects of selective
dopamine agonists with fMRI should include more
subjects, be more incisive with respect to the cogni-
tive processes involved, and focus on parametric
manipulation of factors of interest (e.g., dosage or
timing).

The results presented here may be situated within
an overall picture of the functional neuroanatomy of
the dopaminergic system. This picture may include
both areas rich in dopamine receptors, that are af-
fected directly by dopminergic drugs, and areas with
few dopamine receptors, but that are situated down-
stream from areas rich in dopamine receptors, and
that may be affected indirectly. The scarcity of D-2
receptors in the neocortex argues against direct effects
in the case of bromocriptine. However, cortical D-2
receptors in the prefrontal cortex may be most highly
concentrated in layer V [Goldman-Rakic, Lidow, and
Gallager, 1990], which may position them well to in-
fluence behavior in delayed response paradigms [Lu-
ciana et al., 1992]. Downstream effects of bromocrip-
tine—i.e., those due to projections from areas rich in
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D-2 receptors—may dominate the cortical effects of
bromocriptine, as D-2 receptors are not as concen-
trated in the neocortex as they are in the striatum. In
the context of studies examining behavioral effects of
such drugs, these indirect effects may be more signif-
icant than effects due to direct modulation of neural
activity, as the entire pattern of change in cortical
activity is potentially relevant to behavior. However,
both direct and indirect drug effects may be highly
task-specific.

To the best of our knowledge, the present work is
the first study to examine the effects of a selective
dopamine agonist on cognitively evoked patterns of
cortical activity using fMRI. Previous researchers
[Mattay et al., 1996] have demonstrated that cortical
effects of less-selective catecholaminergic agents can
be detected using functional neuroimaging tech-
niques. The present results suggest that effects of more
selective dopaminergic drugs such as bromocriptine
can be observed as well. The weakness of the present
results, combined with the general weakness of behav-
ioral findings with bromocriptine in young healthy
subjects, suggests that these effects may be relatively
subtle, and that future studies should be directed to-
ward parametric exploration of factors that interact
with drug effects.
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