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all restored. Our results indicate that mGluRl in 
PCs is essential for these three events and sug- 
gest that mGluRl in PC is a key molecule 
needed for normal development and function of 
the cerebellum. A rescue experiment with tis- 
sue-specific promoter is a most productive ap- 
proach to specify the brain region or cell type 
responsible for the phenotype observed in con- 
ventional knockout mice. 
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Dissociating the Role of the 

Dorsolateral Prefrontal and 


Anterior Cingulate Cortex in 

Cognitive Control 
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Theories of the regulation of cognition suggest a system with two necessary 
components: one to implement control and another to monitor performance 
and signal when adjustments in control are needed. Event-related functional 
magnetic resonance imaging and a task-switching version of the Stroop task 
were used to examine whether these components of cognitive control have 
distinct neural bases in the human brain. A double dissociation was found. 
During task preparation, the left dorsolateral prefrontal cortex (Brodmann's 
area 9) was more active for color naming than for word reading, consistent with 
a role in the implementation of control. In contrast, the anterior cingulate 
cortex (Brodmann's areas 24 and 32) was more active when responding to 
incongruent stimuli, consistent with a role in performance monitoring. 

Cognitive control has long attracted the control generally refers to a resource-lim- 

attention of philosophers and psychologists ited system that guides voluntary, complex 

interested in how the human brain carries actions. Solving difficult, novel, or com- 

out the higher functions of awareness, plex tasks, overcoming habitual responses, 

memory, and language. The concept of and correcting errors all require a high 
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degree of cognitive control. Cognitive con-
trol has frequently been operationalized as 
the provision of top-down support for task-
relevant processes; for example, a represen-
tation of the attentional demands of the task 
can be used to bias processing in favor of 
task-relevant stimuli and responses and 
thereby establish the appropriate stimulus-
response mapping (1-3). Other work sug-
gests that a second component is required 
to provide ongoing feedback indicating 
whether control is being allocated effec-
tively (4, 5). 

Studies using functional neuroimaging 
techniques have related cognitive control to 
activity in the dorsolateral prefiontal cortex 
(DLPFC) [Brodrnann's area (BA) 9 and BA 
461 and the anterior cingulate cortex (ACC) 
(BA 24 and BA 32). For example, both the 
DLPFC and ACC activate when participants 
are required to hold increasingly long se-
quences of items in working memory or when 
two tasks are performed at once, compared to 
when they are performed one at a time (6). 
From these data, it is impossible to dissociate 
the respective roles of the DLPFC and ACC 
because, as the tasks become more difficult, 
there are increased demands both for strategic 
processes, such as top-down support, and for 
evaluating the output of the system. 

A number of neuroimaging studies have 
reported relative dissociations for these regions. 
DLPFC activity in the absence of ACC activity 
has been found for tasks that require mainte-
nance and manipulation of information in 
working memory (7). For example,the DLPFC 
is active when a simple cue has to be main-
tained over a delay (8). ACC activity has been 
more consistently observed than DLPFC activ-
ity when tasks require divided attention, novel 
or open-ended responses, or the overcoming of 
a prepotent response (9). For example, the tra-
ditional Stroop task involves naming the ink 
color of colored words. Sometimes the word 
and ink color are congruent ("RED"printed in 
red ink), and sometimes they are incongruent 
("RED"printed in blue ink). Because partici-
pants automatically read the word, they are 
slower to name the color in the incongruent 
condition, which is also when greater ACC 
activation is observed (10). 

These relative dissociations led us to hy-
pothesize that the DLPFC may be involved in 
representing and maintainingthe attentional de-
mands of the task. In contrast, the ACC may be 
involved in evaluative processes, such as mon-
itoring the occurrence of errors or the presence 
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of response conflict, which occurs when two 
incompatible responses are both compelling. 
Monitoring such occurrences is necessary to 
provide feedback as to when strategicprocesses 
must be more strongly engaged to adapt ongo-
ing behavior. However, because these studies 
report single dissociations, this interpretation is 
tenuous; that is, both the DLPFC and ACC may 
be engaged for many of these tasks, but either 
because of the demands of the subtractive con-
dition or a lack of power, activity in only one 
region crosses a statistical threshold. As a re-
sult,uncertainty remains about how these two 
frontal regions contribute to cognitive control 
processes. 

To test for a hypothesized double dissoci-
ation between the functions of the DLPFC 
and ACC, we used a modified version of the 
Stroop paradigm (Fig. I), in which subjects 
were given an instruction before each trial 
indicating whether to read the word (a more 
automatic response) or name the color (re-
quiring greater control). Following a delay, 
the stimulus was presented. Thus, the task 
temporally separated instruction-related stra-
tegic processes, including those responsible 
for representing and maintaining the atten-
tional demands of the task (color naming 
versus word reading) fiom response-related, 
including evaluative, processes. 

Twelve participants completed the switch-
ing Stroop task (11) during a functional mag-
netic resonance imaging scanning session (12). 
Instruction-related activity was examined for 
the firstfive scans of each trial.As illustrated in 

- ACC 

Fig. 1,activitywas observedwithin the DLPFC 
in responseto instructions to name the colorbut 
not read the word. This pattern was only ob-
served within the DLPFC and is consistentwith 
the increased requirement for top-down control 
in the color-naming task and the role of the 
DLPFC in representing and maintaining task 
demands needed for such control. No instruc-
tion-related activity was observed in the ACC. 
We hypothesized that if the DLPFC imple-
ments a top-down control function, more activ-
ity in this region should lead to less conflict 
(i.e., smaller reaction time interference effects) 
when respondingto incongruent colored words. 
Consistentwith this prediction, individualswho 
showed the most activation in the left DLPFC 
after the color-naming instruction showed the 
smallest Stroop interference e&t (correlation 
coefficient r = -0.63, P = 0.02, one-tailed). 

Response-related activity was examined 
for the last four scans of each trial. As illus-
trated in Fig. 1, within the right ACC, greater 
activity was observed for incongruent, com-
pared to congruent, color-naming trials, con-
sistent with a role in conflict monitoring (13). 
Although the DLPFC was active during the 
response, it was no more active during incon-
gruent than during congruent color-naming 
trials. If the ACC monitors conflict, then high 
conflict (i.e., larger reaction time interference 
effects) should be associatedwith more ACC 
activation. Consistent with this prediction, 
individuals who showed the largest Stroop 
interference effect tended to have more ACC 
activation, although this effect was not sig-

Calor+I- S E Y V  Congruent 4-SE 
,....-* Word +ISE ---1C Incongruent+/-SE 

0kz2PFC 
&fZ8Y&f's"+ 2500 mslsoan 

Paradigm Instruction (1500 "6): -red word (1500 rns): 
'Word' or 'Cobf 'Red" 'Peen' 'Blue' etc. 

25 secondsItrial 

Fig. 1. Functionalmagnetic resonanceimaging (fMRI) activity across the course of a trial in the left 
DLPFC (L. DLPFC (BA 9; Talairach coordinates x = -41, y = 18, z = 28; maximum F = 7.14; 36 
pixels) and ACC 1BA 24 and BA 32; Talairach coordinatesx = 4,y = 1, z = 43; maximumF = 7.98; 
10 voxels). At  the beginningof each 25-s trial, subjects were given an instruction to either read the 
word or name the color of the following stimulus. A colored word was presented 12.5 s after the 
beginningof each trial. Significant differences between conditions were detected in the left DLPFC 
acrossscans 1 to 5 (lower left quadrant) and in the ACC across scans 7 to 10 (upper right quadrant). 
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nificant for the number of subjects tested (u = 

0.38, P = 0.12, one-tailed). 
These findings suggest a dissociation be- 

tween the left DLPFC and the ACC. The left 
DLPFC was selectively engaged during the 
preparatory period, more for color naming 
than for word reading. This is consistent with 
a role in the implementation of control, by 
representing and actively maintaining the at- 
tentional demands of the task. In contrast, the 
ACC was selectively activated during the 
response period, more for incongruent than 
for congruent color-naming trials. This is 
consistent with a role in conflict monitoring. 
Thus, these regions appear to have distinct, 
complementary roles in a neural network 
serving cognitive control. 

The association between the left DLPFC 
and strategic control processes is consistent 
with fmdings from neuropsychological, neuro- 
physiological, and lesion studies, as well as 
from computational analyses of the function of 
the prefrontal cortex. For example, patients 
with injuries to this region have shown a great 
deal of difficulty on the Stroop task, as well as 
with other tasks that require the representation 
and maintenance of the attentional demands of 
the task (14). Sustained neural activity during a 
delayed response task in a homologous region 
of the primate frontal cortex has been interpret- 
ed as strategic processing related to control, and 
lesions to this region result in an inability to use 
complex information stored in working memo- 
ry (15). Computational modeling of the Stroop 
and related paradigms suggested that the 
DLPFC may be responsible for maintaining 
and representing context information, including 
the attentional demands of the task (16). 

ACC activation during responses to incon- 
gruent colored words on the Stroop task has 
been found in previous studies using blocked 
paradigms and is frequently interpreted as evi- 
dence that the ACC is involved in implement- 
ing control [e.g., (10, 17)]. The current disso- 
ciation is not consistent with the interpretation 
that the ACC is implementing control by rep- 
resenting and maintaining the attentional de- 
mands of the task. Another possibility is that the 
ACC performs a more transient form of control, 
preferentially engaged by attentionally demand- 
ing (e.g., incongruent) stimuli. However, a 
number of considerations weigh against this 
interpretation of the observed ACC activity. 
Regions implementing control should be nega- 
tively correlated with the amount of conflict 
(i.e., more control, less conflict). This pattern 
was observed in the DLPFC, but the correlation 
between ACC activity and conflict was in a 
positive direction. This fmding is consistent 
with significant, positive correlations found in 
two previous studies of ACC activity and con- 
flict (18). This previous work has also shown 
that ACC activity increases when top-down 
control is low, whether control is reduced from 
trial to trial or across a number of trials (18). 

Further, computational modeling work suggests 
that many behavioral effects related to Stroop 
interference can be explained by representing 
and maintaining the attentional demands of the 
task, without the need for stimulus-dependent 
transient control (12). Therefore, it seems un- 
likely that the ACC activity observed in the 
current study reflects a transient form of top- 
down control, although if it does, the mecha- 
nism of this control must be quite different from 
attentional activity associated with the DLPFC. 

One parsimonious interpretation of these re- 
sults is that control and evaluative processes are 
linked in a negative feedback loop as part of a 
network to maintain optimal performance. The 
controversial role of the ACC in control high- 
lights the problem of parsing the components of 
such a network; if evaluative components sig- 
nal when more control is required, activity in 
regions serving these two functions will be 
correlated. In the past, the limited temporal 
resolution of functional neuroimaging relative 
to the underlying neural events made it difficult 
to discern whether increases in ACC activity 
were coincident with or produced increases in 
DLPFC activity. In a previous study that took 
advantage of the faster time scale of the event- 
related potential, increased error-related nega- 
tivity magnitude (thought to index ACC activ- 
ity) was followed by reduced error commission 
and an increased latency for the next correct 
response (19), suggesting that control is in- 
creased in response to the ACC signal. In recent 
modeling work (1 5), it was demonstrated that a 
simple feedback loop, incorporating a conflict- 
monitoring mechanism that regulates the 
strength of task-demand representations, can 
account for a variety of strategic adjustments in 
control that have been observed in simple re- 
sponse choice and selective attentional tasks, 
including the Stroop [e.g., (20)l. 

Taken together, these data suggest that 
cognitive control is a dynamic process imple- 
mented in the brain by a distributed network 
that involves closely interacting, but never- 
theless anatomically dissociable, compo-
nents. Within this system, the DLPFC pro- 
vides top-down support of task-appropriate 
behaviors, whereas other components, such 
as the ACC, are likely to be involved in 
evaluative processes indicating when control 
needs to be more strongly engaged. We look 
forward to future studies that further detail 
these complementary functions and the role 
that the DLPFC and ACC play in the regula- 
tion of cognition and behavior. 

References and Notes 
1. T. Shallice, From Neuropsychology to Mental Struc- 

ture (Cambridge Univ. Press, Cambridge, 1988). 
2. 	J. D. Cohen, K. Dunbar, J. L. McClelland. Psychol. Rev. 

97, 332 (1990). 
3. C. M. McLeod. Psychol. Bull. 	109, 163 (1991); R. 

Desimone and j. Duncan, Annu. Rev. Neurosci. 18, 
193 (1995); A. D. Baddeley. Q. J. Exp. Psychol. A 49, 
5 (1996). 

4. N. Weiner, Cybernetics (Wiley, New York, 1948): 
W. T. Powers, Science 179, 351 (1973). 

5. 	J. D. Cohen, M. Botvinick, C. S. Carter, Nature Neu- 
rosci. 3, 421 (2000). 

6, 	J. D. Cohen et al., Nature 386, 604 (1997); S. M. 
Courtney, L. Petit, J. Ma. Maisog, L. G. Ungerleider, 
J. V. Haxby, Science 279, 1347 (1997): M. D'Esposito, 
j. A. Detra, D. C. Alsop, R. K. Shin, Nature 378, 279 
(1995). 

7. S. C. Baker, C. D. Frith, R. S. Frackowiak, Cereb. Cortex 
6, 612 (1996); P. C. Fletcher, T. Shallice, R. J. Dolan, 
Brain 121, 1239 (1998). 

8. D. M. Barch et al., Neuropsychologia 35, 1373 (1997). 
9. S. Dehaene, M. I. Posner, D. M. Tucker, Psychol. Sci. 5, 

303 (1994); 0. Devinsky, M. j. Morrell, B. A. Vogt, 
Brain 118,279 (1995); C. S. Carter et al., Science 280, 
747 (1998). 

10, j. V. Pardo, P. J. Pardo, K. W. Janer, Proc. Natl. Acad. 
Sci. U.S.A. 87, 256 (1990). 

11. Informed consent was obtained from right-handed 
participants recruited from the community (seven 
males and five females, with an age range of 18 to 30 
years). Ninety-six trials were obtained for each sub- 
ject (see Fig. 1 for paradigm). Each trial began with a 
1500-ms instruction: "word," indicating that the 
stimulus should be read aloud, or "color," indicating 
that the color of the stimulus should be named (50% 
of trials for each instruction). After an 11-s delay, a 
colored word stimulus was presented for 1500 ms, to 
which subjects verbally responded. Half of the trials 
were congruent (the word was printed in the same 
color), and half were incongruent (the word was 
printed in a different color). Four colors were used: 
green, blue, red, and purple. There were 24 trials in 
each combination of instruction and congruency, 
equally represented and randomized within each 
block. Verbal responses were recorded and subse- 
quently coded for accuracy and reaction time. For 
equipment-related reasons, one subject could not be 
scored for reaction time. There were <3% errors in 
all conditions, and there was no overall difference in 
accuracy between color-naming and word-reading 
trials [F(l, 11) = 0.10, not significant]. Trimmed 
reaction time (1 50 ms < RT < 1500 ms) was exam- 
ined for correct trials only for 11 subjects. Mean RT 
was 821 ms (SD = 100) in the congruent and 937 ms 
(SD = 91) in the incongruent color-naming condi- 
tion, leading to an overall Stroop effect of 116 ms 
[the RT difference between incongruent and congru- 
ent color naming was F(1, 10) = 8.18, P < 0.011. In 
the word-reading condition, the mean RT was 810 ms 
(SD = 121) in the congruent and 904 ms (SD = 140) 
in the incongruent word-reading condition. 

12. A 1.5-T scanner (General Electric Company) with 	a 
standard head coil acquired all images. Three functional 
longitudinal relaxation time (T1)-weighted scouts (in 
the axial, coronal, and sagittal planes) were used to 
localize common anatomical landmark. for all subjects 
(the anterior commissure and the posterior commis- 
sure). Transverse relaxation time (T2*)-weighted two-
shot spiral scans (3.75-mm3 voxels, repetition time = 
1.25 s, echo time = 35 ms, flip angle = 60") allowed full 
image acquisition every 2.5 s (10 images every 25-s 
trial, as illustrated in Fig. 1) [D. Noll, J. D. Cohen, C. H. 
Meyer, W. Schneider, J. Magn. Reson. Imaging 5, 49 
(1995)l. Incremental (scan to scan) and total movement 
were corrected using automated image registration 
(AIR) [R. P. Woods, S. T. Grafton, C. J. Holmes, 5. R. 
Cheny, J. C. Mauiotta, J. Comput. Assisted Tomogr. 22. 
139 (1998)l. Structural images were cross-registered to 
a reference brain by minimizing signal intensity differ- 
ences with 12-parameter AIR, after which images were 
set to a standard mean intensity, smoothed (8-177177 full 
width at half maximum kernel), and pooled across 
subjects to improve the signal-to-noise ratio. Spatial F 
maps were generated using analysis of variance (two 
instructions by five scans for instruction-related activity 
and two congruencies by four scans for response-relat- 
ed activity) with subject as a random factor. Scan 6 was 
not included because of potential noise associated with 
verbal responding. Within specified anatomical areas 
(BA 9 and 4 6  and BA 24 and32), regions were identified 
by thresholding spatial F maps with the requirement of 
eight adjacent pixels, P < 0.005, to control for type 1 
error. Individuals' activations were based on an aver- 

.sciencernag.org SCIENCE VOL 2 8 8  9 JUNE 



aged change from the baseline of all pixels in the 15. P. S. Goldman-Rakic, in Psychopathology and the Brain, 20. P. M. A. Rabbitt, 1. Exp. Psychol. 71, 264 (1966); G. 
regions identified in the group analysis. These data were B. j. Carrol and J. E. Barrett, Eds. (Raven, New York, Gratton. M. G. H. Cles, E. Donchin. 1. Exp. Psychol. 
pooled for planned contrasts and evaluated for correla- 1991), pp. 1-23; M. Petrides, 1. Neurosci. 15, 359 Cen. 4, 480 (1992); J. Tzelgov, A. Henik, J. Berger, 
tions with behavioral data. (1993). Mem. Cognit. 20. 727 (1992). 

13. Other regions with a similar response pattern (incon- 	 16. J. D. Cohen and D. Servan-Schreiber, Psychol. Rev. 99. 21. This work was supported by a KO8 Award from the 
gruent > congruent) include two in the right precen- 45 (1992). National Institute of Mental Health and a National 
tral (BA 6; Talairach coordinates x = 51, y = -3, z = 17. C. j. Bench et al., Neuropsychologia 31, 907 (1993); Alliance for Research on Schizophrenia and Depres- 
43; 10voxels andx = 59,y = -10,z = 13; 11 voxels), M. S. George et al.. Hum. Brain Mapp. 1, 194 (1994); sion Young Investigator Award t o  C.S.C. We are es- 
the medial extrastriate (BA 31; x = 2, y = -65, z = C. 5. Carter, M. Mintun, J. D. Cohen, Neuroimage 2, pecially indebted t o  L. Ross and j. Larson, as well as t o  
16; 8 voxels), and the thalamus (x = -2.y = -16, z = 264 (1995). other members of the Clinical Cognitive Neuro-
14; 21 voxels). 18. M. Botvinick, L. E. Nystrom. K. Fissell, C. S. Carter, j. D. science Laboratory, and t o  the staff of the Depart- 

14. E. Perret, Neuropsychologia 	 12, 323 (1974). Other Cohen, Nature 402. 179 (1999); C. 5. Carter et al.. ment of Radiology at the University of Pittsburgh 

reports also suggest that the ACC is involved in poor Proc. Natl. Acad. Sci. U.S.A. 97, 1944 (2000). Medical Center for their assistance. 

Stroop performance [P. Vendrell et al., Neuropsycho- 19. W. J. Gehring, B. Gross, M. G. H. Coles, D. E. Meyer. E. 
logia 33. 341 (1995)l. Donchin, Psychol. Sci. 4, 385 (1993). 24 January 2000; accepted 6 April 2000 

Tired of 

waiting for Godot.3 


NEW! ScienceOnline'sContent Alert Service 
Now you can get instant summaries of science news and 
research findings with Science's Content Alert Service. This 
free enhancement to your Science Online subscription 
delivers e-mail summaries of the latest news and research 
articles published weekly in Science- instantly.To sign up 
for the Content Alert service, go to Science Online and end 
the wait. 

Science 
www,sciencemag.org 

For more information about Content Alerts go to www.sciencemag.org. 
Click on the Subscription button, then click on the Content Alert button. 

1838 	 9 JUNE 2 0 0 0  VOL 2 8 8  SCIENCE www.sciencernag.org 

http:www.sciencemag.org

