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Complementary Neural 
and differentiate the cortical regions associ-
ated with responsesto targets, distracters, and 
repeated distracters (4).  

Mechanisms for Tracking Items We first examined the cortical responses 
to correctly recognized target faces. Relative 
to nonrepeated distracters, detection of target

in Human Working Memory faces was associated with increased activity 
in bilateral inferiorlmid-frontal (mean vol-

Yang Jiang,'sZ* JamesV. Haxby,' Alex arti in,' ume = 2.6 cm3, N = 4), left insular (vol-
Leslie G. Ungerleider,' Raja parasuramanZ ume = 0.74 cm3, N = 5), bilateral superior 

temporal (volume = 0.45 cm3, N = 6), and 
Recognition of a specific visual target among equally familiar distracters re- bilateral ventral temporallfusiform cortices 
quires neural mechanisms for tracking items in working memory. Event-related (volume = 0.79 cm3, N = 3) (5). This in-
functional magnetic resonance imaging revealed evidence for two such mech- crease in neural response may signal recog-
anisms: (i)Enhanced neural responses, primarily in the frontal cortex, were nition of the target among equally familiar 
associated with the target and were maintainedacross repetitions of the target. faces. In addition,stronglyenhanced respons-
(ii) Reduced responses, primarily in the extrastriate visual cortex, were asso- es were also observed in left primary motor 
ciated with stimulus repetition, regardlessof whether the stimulus was a target (volume = 4.1 cm3,N = 6) and supplemen-
or a distracter. These complementary neural mechanisms track the status of tary motor areas (volume = 2.2 cm3,N = 6) 
familiar items in working memory, allowing for the efficient recognition of a (see Fig. 2A), presumably reflecting the mo-
currently relevant object and rejection of irrelevant distracters. tor response to target faces (6). 

We next examined cortical responses to 
Many everydaytasks require recognition of a a target face to be remembered, presented for distracters. Magnetic resonance (MR) re-
specific object among equally familiar alter- 4 s, followed by 13 faces presented in rapid sponses to repeated distracters were com-
natives. Examples include looking for a well- succession at a rate of 2 s per face (Fig. 1). pared with the same baseline that we used for 
known book among many on a bookshelf or The target and one of the distracters were the analysis of the target enhancement effect, 
searching for a family member's face at a repeated up to five times in a given trial, namely responses to nonrepeated distracter 
reunion. Neuroimaging studies in humans separated by 4 to 20 s. fMRI scans were faces. This analysis revealed reduced neural 
have shown that neural responses are altered obtained from six right-handed normal par- activity bilaterally in the inferior temporal 
as stimuli become more familiar or new as- ticipants while they performed the task. Mul- cortex/fusiform gyms (volume = 2.3 cm3, 
sociations are learned (1).However, alter- tiple regression analysis was used to identify N = 5), occipital cortex (volume = 1.0 cm3, 
ations of neural responses that reflect famil-
iarity or learned associationsare of no use in 2nd (T2) 3rd (T3) 
distinguishing a specific object that is cur- Target 

rently the focus of attention from equally 
familiar distracters that should be ignored. 
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We used event-related functional magnetic 
resonance imaging (fMRI) to investigate 
what neural mechanisms mediate the recog-
nition of a visual target stimulus among 
equally familiar distracter stimuli (2). 

We designed a face working memory task 
in which the recognitionof a target face could 
not be based on the familiarityof that face or 
on how recently that face was seen previously 
(3). Additionally, every face was used as a 
target to be recognized in some trials and as a 
distracter to be ignored in other trials. Under 
these conditions, we found that enhanced 
neural responses, primarily in the prefrontal 
cortex, signaled the identification and main-
tenance in working memory of a currently 
attended target item. At the same time, re-
duced neural responses, primarily in the ven-
tral temporal and parietal cortices, were as-
sociated with repetition of stimuli, whether 
they were targets or distracters. 

Each trial of the memory task consisted of 
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Fig. 1.The working memory task and the fMRl time series. For each memory trial, participantswere 
first presented with a sample face to remember; then they viewed faces presented rapidly in 
succession. Their task was to press a button with their right hand when they saw a face that 
matched the sample face (target). Targets (red), as well as some distracter faces (blue), were 
presented in an unpredictablesequence from one to five times on agiventrial and were intermixed 
with distracter faces (yellow). Working memory trials were separated by 18 s, during which 
participantspassively viewed a series of nine nonmeaningful control stimuli. The MR signals were 
analyzed with multiple regression (represented by square-wave functions) to reveal regional 
activation patterns associated with repetition of target faces and repeated distracter faces. 
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N = 4), superior occipitallintraparietal cortex 
(volume = 3.5 cm3, N = 5), precuneus (vol- 
ume = 0.094 cm3, N = 3), and a posterior1 
mid-frontal region (volume = 0.23 cm3, N = 
3) (7) (Fig. 2B). In contrast to the enhanced 
activity associated with detecting target fat- 
es, correct rejection of repeated distracter 
faces was associated primarily with reduced 
neural responses (8). 

We determined the regional cortical dis- 
tribution of the enhanced responses to targets 
and reduced responses to repeated distracters 
by counting the associated significant voxels 
across all six participants and across both 
hemispheres. As Fig. 2C indicates, enhanced 
responses to targets outweighed reduced re- 
sponses to repeated distracter faces in pre- 
frontal and insular areas. In contrast, reduced 
responses to repeated distracter faces pre- 
dominated in the posterior visual cortices. 

Taken together, these results point to two 
working memory mechanisms that contribute 
to the recognition of an object among highly 
familiar stimuli: One signals the object to be 
attended; the other indicates that a stimulus 

has been seen a moment ago. Each mecha- 
nism is reflected in distinct neural responses 
with different regional cortical distributions. 

To better understand the characteristics of 
enhanced and reduced responses to targets 
and repeated distracters, respectively, we fur- 
ther examined the mean MR responses to 
repeated items within each trial of the task. 
We examined within-trial MR responses to 
repeated targets and distracters in the ventral 
temporal areas that are face-selective and 
were associated with reduced responses to 
repeated distracters (Fig. 2B, 3 in blue). The 
response to a distracter decreased steadily 
from its first presentation to its fourth and 
fifth appearance within a trial (P < 0.001) 
(Fig. 3A). Despite an overall enhanced re- 
sponse to targets in this region, the response 
to targets also steadily declined with repeti- 
tion within a trial (P < 0.001). These results 
suggest that reduced neural responses in pos- 
terior cortical areas reflect a neural mecha- 
nism that signals the repetition of a stimulus 
(9), even if the stimulus is a target. Because 
the enhanced response to targets in these 
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Fig. 2. (A) Activation patterns showing enhanced neural responses t o  targets (red) relative t o  
nonrepeated distracters in one participant. (B) Activation patterns for the same participant showing 
reduced neural responses t o  repeated distracters (blue) as compared with nonrepeated distracters. 
Cortical regions: 1, occipital cortices; 2, parietal cortices; 3, temporal cortices; 4, frontallinsular 
areas; 5, supplemental motor areas or cingulum; and 6, left motor region. (C) Regional distribution 
of the mean number of voxels associated with target enhancement and repetition reduction in each 
cortical region. 5 and 6 indicate motor response-related activation areas. 

posterior extrastriate areas is eliminated by 
the fourth or fifth presentation because of 
repetition reduction, response enhancement 
in these areas cannot be a reliable neural 
signal for identifying targets. 

To determine whether response enhance- 
ment in anterior areas may be a more reliable 
signal for identifying targets, we conducted a 
similar analysis of within-trial changes in 
response in those areas (Fig. 2A, 4 in red). In 
contrast to the reduction in response found in 
ventral temporal areas, the response to targets 
remained constant with repetition in frontal1 
insular areas (P > 0.05) (Fig. 3B). Activity 
associated with repeated distracters in these 
areas also remained at a constant but low 
level throughout the trial. Thus, the enhanced 
neural responses in frontallinsular areas may 
signal the active maintenance of the target 
object in working memory. 

As a further test of the dissociation of the 
two memory mechanisms, we compared the 
MR responses to the sample face presented at 
the beginning of each trial and to the first 
target within a trial (Fig. 4A). The response to 
the first target exceeded that to the sample in 
the same frontallinsular areas previously 
shown to exhibit enhanced responses to tar- 
gets. In contrast, a slight decrease in activa- 
tion was observed for the ventral temporal 

Ventral Temporal 

Frontal l lnsula 

4 . 4  J 
Irt 2nd 3rd 4thlSth 

Number of Presentation Within a Trial 

Fig. 3. Mean percentage of increase, relative t o  
nonrepeated distracters, of within-trial MR re- 
sponses t o  repeated targets and distracters in 
ventral temporal (A) and frontavinsular (B) cor- 
tices. (A) In the ventral temporal region, repe- 
t i t ion reduction was observed for responses t o  
both targets and distracters within a trial. (B) In 
contrast, the target enhancement observed in 
the frontavinsular areas was maintained for 
repeated presentation. Error bars indicate stan- 
dard errors after removing the main effect of 
participant differences in mean response. 
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areas. The interaction between stimulus type 
(sampleltarget) and cortical region (frontal/ 
ventral temporal) was significant (P  < 0.05). 
This interaction corroborates the results of 
our previous analyses that suggest that the 
enhanced response in frontallinsular areas 
signals the target status of a stimulus whereas 
the response to a stimulus in posterior extra- 
striate areas diminishes with repetition 
whether that stimulus is a target or not. 

It is possible that the repetition reduction we 
observed reflects a long-term process of in- 
creasing familiarity of the stimuli over the 
course of the experiment. If that is the case, 
neural responses to the same repeated face 
should continue to decline in later trials. Alter- 
natively, the neural response to a particular face 
could "reset" to its initial level for each new 
trial. We tested these alternative hypotheses by 
comparing MR responses to a face when used 
as a repeated distracter for the first time (first 
trials) with the responses to the same face when 
used for the second or third time (later trials). In 
ventral temporal areas, MR signals to repeated 
distracters decreased within a trial but reset to 
the initial level for later trials (Fig. 4B). There 
was no significant difference between the MR 
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First Trials Later Trials 
Fig. 4. (A) Comparison of mean MR responses 
t o  sample and match-to-sample target faces, 
relative t o  nonrepeated distracters. (B) MR re- 
sponses t o  repeated distracters between trials. 
Mean percentage of increase of MR responses 
t o  repeated distracters between trials in ventral 
temporal area. The results show that repetition 
reduction, found within both the first and later 
trials, "reset" between trials during the working 
memory task (arrows). Error bars indicate stan- 
dard errors after removing the main effect of 
participant differences in mean response. 

responses to the first presentation of the dis- 
tracter to be repeated in the first and later trials 
(P > 0.6) (10). This restoration of response 
between trials strongly suggests that our obser- 
vation of a reduction in response with repetition 
of a familiar item represents a phenomenon 
distinct from the response reduction associated 
with long-term familiarization of initially novel 
stimuli (11). Rather, within-trial repetition re- 
duction in the extrastriate cortex may reflect a 
process that temporarily tags a familiar stimulus 
so that it can be processed more efficiently 
when encountered again within the context of 
the currently active working memory search. 

If repetition reduction reflects more effi- 
cient processing, reaction times (RTs) to re- 
peated distracters should be faster than for 
nonrepeated distracters. This prediction was 
confirmed in a separate behavioral study in 
which participants responded overtly to both 
targets and distracters (12). 

Our results are consistent with studies of 
single-unit recordings from inferior temporal 
and prefrontal cortices in monkeys perform- 
ing delayed match-to-sample tasks with re- 
peated stimuli (13). Enhanced neural re- 
sponses were found when the stimulus was 
behaviorally relevant (a target). Neurons with 
enhanced neural responses to targets predom- 
inated over repetition suppression neurons in 
monkey prefrontal cortex, whereas inferior 
temporal neurons showed the opposite trend. 
The neural responses to repeated stimuli also 
"reset" between trials (14). 

Our results support a role for the active 
maintenance component of working memory 
in the selection of targets among distracters. 
Effective selective attention requires that the 
neural response to a target stimulus is en- 
hanced and maintained during the period of 
time the target remains behaviorally relevant 
(15). The sustained enhancement of frontal 
responses across target repetitions reported 
here might reflect such top-down control of 
attention (1 6). 

In conclusion, these results demonstrate that 
equally familiar objects can evoke enhanced or 
reduced neural responses depending on their 
working memory status. Enhanced responses 
were associated with the target, the stimulus 
that was maintained in working memory. Only 
the enhanced response in the frontal cortex was 
sustained across repetitions of the target, sug- 
gesting that response enhancement there may 
signal the target status of a stimulus. Enhanced 
responses in posterior areas showed increasing 
reduction of response enhancement with repe- 
tition, so that the response magnitude to later 
presentations did not differ from the responses 
to nonrepeated distracters. Reductions of neural 
responses associated with stimulus repetition 
were found primarily in extrastriate cortices and 
were found regardless of whether the stimulus 
was a target or a distracter. This repetition 
reduction may reflect a process that enables 

more efficient processing of stimuli when they 
are encountered repeatedly during an active 
working memory search. Thus, these comple- 
mentary neural mechanisms track the status of 
familiar items in working memory, allowing for 
the efficient recognition of a currently relevant 
object and rejection of irrelevant distracters. 
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lntegrase is essential for human immunodeficiency virus-type 1 (HIV-1) rep- 
lication; however, potent inhibition of the isolated enzyme in  biochemical 
assays has not readily translated into antiviral activity in a manner consistent 
with inhibition of integration. In this report, we describe diketo acid inhibitors 
of HIV-1 integrase that manifest antiviral activity as a consequence of their 
effect on integration. The antiviral activity of these compounds is due exclu- 
sively t o  inhibition of one of the two  catalytic functions of integrase, strand 
transfer. 

The development of chemotherapeutic agents 
for the treatment of HIV-1 infection has fo- 
cused primarily on two viral enzymes: re-
verse transcriptase and protease. Although 
regimens including agents directed at each of 
these blochemica1 targets are effective in re- 
ducing viral load and morbidity and mortali- 
ty, the long-lived nature of the infection and 
the genetic plasticity of the virus have made it 
apparent that new antiretroviral agents are 
required to deal with the appearance and 
spread of resistance (I). HIV-1 integrase cat- 
alyzes the insertion of the viral DNA into the 
genome of the host cell. Integration is essen- 
tial for viral replication and is thus an attrac- 
tive target for novel chemotherapy (2, 3). 
Many inhibitors of HIV-1 integrase have 
been identified; however, their in vitro activ- 
ity has not translated into antiviral activity in 
cells (4). 

lntegration is a multistep process that oc- 
curs in discrete biochemical stages: (i) assem- 
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bly of a stable complex with specific DNA 
sequences at the end of the HIV-1 long ter- 
minal repeat (LTR) regions, (ii) endonucleo- 
lytic processing of the viral DNA to remove 
the terminal dinucleotide from each 3' end, 
and (iii) strand transfer in which the viral 
DNA 3' ends are covalently linked to the 
cellular (target) DNA (Fig. 1) (4). Each of the 
catalytic reactions (3' processing and strand 
transfer) requires integrase to be appropriate- 
ly assembled on a specific viral DNA (or 
donor) substrate (5). In general, compounds 
identified in assays with purified, recombi- 
nant integrase interfere with assembly in vitro 
(6, 7). Because assembly is a prerequisite for 
catalysis, such compounds may appear to 
inhibit 3' processing and strand transfer, but 
they have no effect on either reaction when 
assayed subsequent to assembly on HIV-I- 
specific oligonucleotides ( 6 ) .  These com-
pounds are also ineffective in assays wherein 
viral preintegration complexes isolated from 
HIV-1-infected cells are used (8) .  

To identify inhibitors of catalysis, we biased 
the strand transfer reaction by means of preas- 
sembling recombinant integrase on immobi-
lized oligon~~cleotides as a surrogate for prein- 
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tegration complexes (6) (Fig. 1). In a random 
screen of more than 250,000 samples, a variety 
of inhibitors was identified; however, the most 
potent and specific compounds each contained 
a distinct diketo acid moiety, and thus these 
inhibitors segregate into a single structural class 
(Fig. 1). The diketo acid functionality is an 
intrinsic feature of these inhibitors but is not 
sufficient for activity, as structural analogs ex- 
hibit a range of inhibitory potency. For most 
analogs, the activity observed in strand transfer 
assays with recombinant integrase correlated 
with their relative activity in assays using 
HIV-1 preintegration complexes (9). Analogs 
that were more potent in these biochemical 
assays also inhibited HIV-1 replication in cell 
culture. 

L-731,988 and L-708,906 were two of the 
most active diketo acids in strand transfer as- 
says with recombinant integrase. With 50% 
inhibitory concentrations (IC,,)'s) of 80 and 150 
nM, respectively, L-73 1,988 and L-708,906 are 
also the most potent inhibitors of preintegration 
complexes described to date. In a single-cycle 
assay for acute infection (IO), L-731,988 and 
L-708,906 inhibited HIV-1 replication with 
IC,,'s of 1 to 2 FM; higher concentrations 
prevented the spread of HIV-I in cell culture 
for several weeks (Fig. 2). L-73 1,988 and 
L-708,906 were comparably active against both 
macrophage- and T cell line-tropic strains of 
HIV-I, clinical isolates, and variants resistant to 
reverse transcriptase and protease inhibitors 
(11). Consistent with the effect of an early stage 
inhibitor, the compounds did not affect virus 
production from persistently infected cells (up 
to 50 FM) (11). 

To validate integrase as the molecular target 
responsible for the antiviral effect, we selected 
HIV-1 variants resistant to L-708,906 and 
L-73 1,988. At concentrations of inhibitor suffi- 
cient to block replication of the wild-type virus 
(20 pM), the resistant variants replicated nearly 
as well as the wild-type (or resistant) virus in 
the absence of inhibitor (Fig. 2). Sequencing of 
the cDNA derived from four resistant popula- 
tions consistently identified specific mutations 
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