
Two Modulatory Effects of Attention That modulation could occur in a second way, by 
an increase in the "tonic" neural acti.vity in 

Mediate Object Categorization in Human Cortex a cortical area even in the absence of stim- 
ulus-related neural signals ("tonic" modula- 

Geraint Rees,* Richard Frackowiak, Chris Frith tion). This type of modulatio~l takes the 
form of a "bias" signal that is task-depen- 

Attentional modulation of cortical activity was examined by varying the rate of visual dent, but stimulus-independent, and is sug- 
stimuli in object categorization tasks according to single and conjoined features. Acti- gested by the biased competition model. 
vation of dorsolateral frontal cortex was independent of the stimulus presentation rate Functional imaging techniques can be used 
and elicited by the participant's attention to conjoined compared with single features. to detect the difference between these two 
Several cortical regions showed attentionally modulated activity. In inferior temporal types of modulatio~l if the rate of presenta- 
cortex, modulation was dueto an additional biassignal underlying normal rate-correlated tion of the stimulus is varied across scans. 
activity. In two other regions (premotor cortex and cerebellum), attention modified the Several studies with positron emission to- 
correlation of activity and the stimulus presentation rate. Attentional effects in the human mography (PET) have shown that the 
cortex are expressed by at least two physiologically distinct mechanisms acting on blood flow in the relevant brain areas is 
spatially distributed areas. strongly correlated with the rate of stimulus 

prese~ltatio~l or response production (1 2).  
This finding leads us to suggest that the 
slope relating neural activity to presenta- 

Selection is the essence of attention, impleme~ltatio~l of selective attention (top- tion rate is an index of the amount of 
whether of a train of thought, a particular down influences on  sensory processing) im- transient activity associated with the pre- 
location, or a specific object (1).  A general plies a modulation of that transient acti.vity. sentation of a single stimulus. Phasic and 
account of selectivity must deal with both This modulatory influence could take two tonic ~ n o d u l a t i o ~ ~  by attention can now be 
spatial and ~lo~lspat ial  selection. The biased distinct forms. First, the transient acti.vity distinguished by their different effects on  
competition model (2,  3) suggests that se- associated with processing the .visual stim- the relation between acti.vity and presenta- 
lectivity arises from competition among rel- ulus may be enhanced (or suppressed) di- tion rate (Fig. 1, A and B). Phasic modula- 
evant and nonrelevant stimuli according to rectly ("phasic" modulation). It has been tion directly affects the processing of each 
both bottom-up and top-down factors. Bot- suggested that this sort of modulation is stimulus, analogous to an amplifier gain 
tom-up factors are those concerning stimu- acti.ve in prestriate cortex during selecti.ve control or the contrast control on  a televi- 
lus saliency, whereas top-down factors are a attention to visual motion (1 1) .  However, sion set. However tonic modulation repre- 
means of biasing bottom-up competition in 
favor of signals currently rele.vant to behav- 
ior. The  neuroanatomical basis for such a 
model is not clearly established. Objects in 
the visual field compete for processing in 
several cortical areas (3, 4) .  Some signals 
pass from primary visual cortex into inferior 
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temporal cortex and are important for ob- 0 

ject recognition, whereas other signals pass 
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to posterior parietal cortex and are impor- 
tant for spatial perception (5). A great deal 
of work has implicated the parietal lobe in 
the context of a larger functional network, 
which includes dorsolateral frontal cortex 
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and prestriate cortex, in spatial selection 76 

through shifts of attention (6, 7). Object 
recognition i~lvolves selectivity among fac- 
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tors other than spatial location, and we 
would expect to find a basis for it in inferior Fig. 1. On the left IS a theoretcal illustration of how integrated stmulus or response-related phasc 

temporal structures. several lines of evi- actvity produces a correlation between regional cerebral blood flow (rCBF) and stmulus presentation 

dence suggest the involvement of inferior rate. A modulatory nfuence on the processing of each stimulus or response can have a tonc effect that 
results In no change of the slope describing rate dependency, but a shft due to the task at hand that can 

tempora1 cortex it has been sL1g- be quantified by a change in the intercept (A), This impes that there may be activty even In the absence 
gested that biases to inferior of stimulus-related signals and represents an offset or bias signal. Alternatively, a modulatory influence 
temporal cortex arise 111 dorsolateral frontal can have an effect on the phasic activity, increasing the slope of the line (B): that IS to say, the rate 
cortex (9, 10). We sought evidence for dependency is determined by the task at hand. This illustration shows a positive relation between 
functional interactions between dorsolater- response and stimulus presentation rate, but concepts apply equally to situations where there IS a 
a1 frontal and inferior temporal cortex dur- negative relation, or where the modulatory influence is negative. On the right is actual rCBFdatafrom our 
ing selective attention to objects. experiment, The graphs relate rCBF to stimulus presentation rate in left inferior temporal cortex (C) and 

l-he presentation of a visual stimulus left premotor cortex (D). Squares represent average adjusted rCBF values over all participants for the 

e.vokes transiellt lleural activity, The lleural conjunction task: circles represent similar values from the feature tasks. Error bars represent one 
standard error. The plots illustrate a modulation of activity by the conjunction task relative to the feature 
tasks that is tonic in inferior temporal cortex (A and C) and phasic in premotor cortex (B and D), Analysis 
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sents a change in activity in a rate-respon- 
sive area that does not alter the correlation 
between activity and presentation rate. 
Tonic modulation might be thought of as a 
modification of stimulus processing by the 
addition of an offset or bias signal. This 
mode of action is directly analogous to the 
brightness control on a television set (13). 
We applied this technique, varying the rate 
of presentation of items in a nonspatial 
visual attention task. to characterize the 
anatomy and neural dynamics of selective 
visual attention. 

Participants categorized serially present- 
ed single visual targets by individual fea- 
tures (color or orientation) or the conjunc- 
tion of color and orientation. Each of these 
three tasks was ~erformed at four different 
rates of stimulus presentation (14) during a 
series of 12 PET regional cerebral blood 
flow (rCBF) scans with H2150 as the tracer 
(15). Reaction times were recorded during 
the scanning (1 6). We compared appropri- 
ately weighted scans to identify cortical ar- 
eas with three distinct types of response 
characteristic. First, we identified areas that 
were activated by the conjunction task rel- 
ative to the feature tasks but that showed 
no rate-related effects. Second. we identi- 
fied those areas in which activity covaried 
with  resenta at ion rate to delineate a distrib- 
uted network responsible for stimulus iden- 
tification and response production irrespec- 
tive of task. Finally, we identified those 
areas in which there was both stimulus- 
related activity and modulation of activity 
in the conjunction task. These areas repre- 
sent the sites of attentional modulation. and 
we specifically characterized the modulatory 

Table 1. Areas showing activity varying with stim- 
ulus presentation rate. All data shown reaches the 
P < 0.05 level of significance corrected for multi- 
ple comparisons, except in inferior temporal cor- 
tex, for which P < 0.001, uncorrected because of 
prior hypotheses about these regions. L., left; R., 
right 

Area Coordinates sc:re 

Increases 
L. inferior occipital -42 -88 -10 4.60 

gyrus 
R. fusiform 48 -60 -18 4.68 
L. cerebellum -32 -66 -22 4.87 
R. cerebellum 2 -54 -8 4.75 
L. precentral gyrus -56 -2 50 4.14 
L. premotor cortex -1 2 - 10 64 4.36 

Decreases 
Anterior cingulate -2 36 -6 5.13 
R. inferior frontal 22 48 16 4.46 

gyrus 
R. inferior temporal 62 -20 -24 4.08 

gyms 
L. inferior temporal -62 -16 -18 4.20 

gyrus 

influence of attention in these areas as ei- 
ther showing tonic or phasic effects (1 7). 

We identified a distributed network of 
areas in which activity covaried with the 
stimulus presentation rate (Table 1) that 
included striate and extrastriate cortex, mo- 
tor and premotor cortex, and cerebellum. 
Large relative deactivations with increasing 
 resenta at ion rate were found in medial Dre- 
frontal structures and inferotemporal cortex 
[probably Brodmann area 20 (BA 20)] bi- 
laterally. The only brain area that showed 
greater activity in the conjunction task rel- 
ative to the feature tasks was located in the 
right dorsolateral frontal cortex (Fig. 2) 
(1 8). The Talairach coordinates and surface 
anatomy derived from an averaged magnet- 
ic resonance image (MRI) of the six partic- 
ipants suggested that the activation was 
located in BA 8. Significant modulatory 
effects due to attention to conjunctions 
were seen in five areas (Table 2). In three 
areas, left premotor cortex, left cerebellum, 
and left Drecuneus. the modulation took the 
form of a change in slope of the relation 
between rCBF and stimulus presentation 
rate, that is, a phasic effect of attention 
(Fig. 1B). In two areas, left inferior tempo- 
ral cortex and right cerebellum, the modu- 
lation took the form of a change in the 
intercept, that is, a tonic effect of attention 
(Fig. 1A). In inferior temporal cortex this 
tonic modulation took the form of a de- 
crease in the intercept in the context of a 
negative relation between rCBF and stimu- 
lus presentation rate (Fig. 1, A and C). 

Lateralized activity in BA 8 is uniquely 
seen with performance of the conjunction 
task (Fig. 2). Inspection of the statistical 
parametric map failed to identify any stim- 
ulus rate-related activity, even at low sta- 
tistical thresholds. Because this activitv is 
stimulus- and response-independent, we 
suggest that this area is the source of top- 

Fig. 2. The area activated by the conjunction task 
relative to the feature tasks shows no effect of 
stimulus presentation rate and is located in right 
BA 8 ralairach coordinates are (42 22 40), and 
theZ score is 4.221. 

down attentional influences on compo- 
nents of the distributed network performing 
the task. BA 8 is well placed to be a source 
of modulatory influence. It receives inputs 
from dorsal and ventral prestriate cortices 
(1 9). Neuronal responses in this area are 
task-related in go-no go and match-to-sam- 
ple tasks (20). Moreover, the excision of 
frontal cortex around the posterior arcuate 
sulcus (BA 8) in the macaque selectively 
impairs performance on a cross-modal con- 
junction task compared with the cone- 
sponding feature responses (21 ). The acti- 
vation we observed was lateralized to right 
BA 8, and we have no clear explanation of 
this result (22). Right frontal cortex is se- 
lectively implicated in tasks requiring sus- 
tained attention (23), but there is no reason 
to suggest that the conjunction task re- 
quires sustained attention whereas the fea- 
ture tasks do not. One previous functional 
imaging study examined the difference be- 
tween conjunction and feature categoriza- 
tion (6), but in the context of a spatial task, 
with analysis restricted to parietal cortex. 
Our task contained no spatial component, 
and no parietal activation was apparent. 

There are five areas that show a modu- 
latory influence due to attention in addi- 
tion to rate effects (Table 2). The presence 
of activity related to both the stimulus pre- 
sentation rate and to the task in these areas 
suggests that they are the site at which 
top-down attentional effects act to influ- 
ence behavior. The findings in inferior tem- 
poral cortex are of particular interest to our 
experimental hypothesis of frontotemporal 
interaction as the basis of object selectivity. 

Increases in the stimulus presentation 
rate results in progressive decrements in 
activity in. inferior temporal cortex. De- 
creases in activity of inferior temporal cor- 
tex and cingulate cortex have also been 
seen in a study where the activity associated 
with identification of familiar stimuli was 
compared with that associated with passive 
observation (24). Transient suppression of 

Table 2. Areas that show both stimulus-depen- 
dent and task-dependent activity. All data shown 
reaches the P < 0.05 level of significance correct- 
ed for multiple comparisons. 

Type 
Area Coordinates score Z modu- of 

lation 

L. inferior -62 -16 -18 4.77 Tonic 
temporal 
gyms 

R. precuneus 12 -58 44 4.96 Phasic 
L. premotor -16 -12 62 5.69 Phasic 

cortex 
L. cerebellum -32 -62 -20 5.47 Phasic 
R. cerebellum 28 -54 -26 4.95 Tonic 
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activity in visually responsive single neu- 
rons is seen in monkey inferior temporal 
cortex during match-to-sample tasks (25). 
W e  therefore interpret the changes we ob- 
served as representing neural activity asso- 
ciated with the identification of familiar 
stimuli. The modulation of rate-related ac- 
tivity by attention to conjunctions in infe- 
rior temporal cortex results in a further 
tonic decrement of activity (a constant dec- 
rement across all nresentation rates). Our 
results therefore demonstrate two indepen- 
dent neural mechanisms operating in paral- 
lel in inferior temporal cortex (26). One 
appears to be involved in object identifica- 
tion and shows stimulus rate-related activ- 
ity. The second mechanism appears to be 
related to the task and is independent of the 
stimulus presentation rate, perhaps biasing 
inferior temporal neurons during the con- 
junction task (27). We speculate that the 
modulation we observed in left inferior tern- 
 oral cortex is therefore a neural correlate of 
the "attentional template" suggested by the 
biased competition model; it is a bias signal 
altering the processing of object-related sig- 
nals in inferior t em~ora l  cortex. The bias 
signal may arise in right BA 8; a functional 
interaction between   re frontal and inferior 
temporal cortex is consistent with both the 
neuroanato~nical connectivity of the frontal 
cortex and the present data (28, 29). Cool- 
ing of prefrontal cortex, including BA 8, in 
monkevs results in both increases and de- 
creases of stimulus-evoked and spontaneous 
neural activity in inferior temporal cortex 
(10). 

In contrast to the tonic modulatorv ef- 
fect of attention observed in inferior ;em- 
poral cortex, phasic modulation by atten- 
tion of rate-related activity occurs in left 
premotor cortex (Fig. ID) and left cerebel- 
lum. The correlation coefficient between 
the h resent at ion rate and local neural ac- 
tivity changed significantly in the conjunc- 
tion task. This demonstrates that attention 
can act in two physiologically distinct ways 
to influence neural activitv in the human 
cortex. Phasic modulation implies that sig- 
nals s~ecificallv associated with stimulus 
identification akd response production are 
directly enhanced or suppressed. This con- 
trasts with the tonic modulation seen in 
inferior temporal cortex, which represents 
activity that is in addition to, and indepen- 
dent of, stilnulus rate-related activity. One 
  re diction from our characterization of ton- 
ic attentional modulatory influences is that 
attention-related activity may be present 
within a cortical area even in the absence of 
stimulus uresentation. 

The modulation of multiple areas in the 
temporal cortex, premotor cortex, and cer- 
ebellum is broadly compatible with theoret- 
ical approaches to attention that consider 

the predolnillant role of attention as sllap. was Inserted in the left antecubita fossa vein. About 

illg behavior through lnotor 350 megabecquerels of Hz1" In 3 m of normal 
sal~ne was loaded ~ n t o  ntravenous tub~ng and 

output (30). Nonspatial selective attention flushed Into ndividuals over 20 s at a rate of 10 
cortical activity in two physio- ml!mn by an automat c pump. After a delay of -35 

logically ways. our results support a S, a rise in counts could be detected In the head that 
peaked 30 to 40 s later (dependng on ind~vidual 

model of visual attention in which prefron- clrculatlon time), The ntenja between successive 
tal cortex modulates activitv in a distribut- H,'Q adm~n~strat~ons was 8 m n .  The data were 

ed lletwork of cortical and derehellar strut- acqured n one 90-s frame, begnnng 5 s before the 
rlsng phase of the head cuwe. Correcton for atten- 

Cures that are relevant botl: to the process- uat~on was made w~ th  a transm~ssion scan coiected 
ing of sensory signals and to appropriate at the beginnng of each study, Images were recon- 

motor output. structed by filtered back projecton (Hanning f~iter, 
cut off frequency of 0.5 cycles per pixel) n to  63 
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Dopaminergic Neurons Protected from 
Degeneration by GDNF Gene Therapy 

Derek L. Choi-Lundberg, Qing Lin, Yung-Nien Chang, 
Yawen L. Chiang, Carl M. Hay, Hasan Mohajeri, 

Beverly L. Davidson, Martha C. Bohn* 

Glial cell line-derived neurotrophic factor (GDNF) supports growth and survival of do- 
paminergic (DA) neurons. A replication-defective adenoviral (Ad) vector encoding human 
GDNF injected near the rat substantia nigra was found to protect DA neurons from the 
progressive degeneration induced by the neurotoxin 6-hydroxydopamine (6-OHDA) 
injected into the striatum. Ad GDNF gene therapy reduced loss of DA neurons approx- 
imately threefold 6 weeks after 6-OHDA lesion, as compared with no treatment or 
injection of Ad lacZ or Ad mGDNF (encoding a biologically inactive deletion mutant 
GDNF). These results suggest that Ad vector-mediated GDNF gene therapy may slow 
the DA neuronal cell loss in humans with Parkinson's disease. 

Parkinson's disease is characterized by the 
progressive loss of DA neurons in the sub- 
stantia nigra (SN) that project to the stri- 
atum. Current therapies do not prevent the 
continuing degeneration of DA neurons. 
GDNF, a neurotrophic factor for DA neu- 
rons ( I  ), protects DA neurons in several 
rodent and primate models of Parkinson's 
disease when administered to the adult ni- 
grostriatal system (2). Although these stud- 
ies elucidated GDNF as a therapeutic mol- 
ecule for limiting the neuronal damage 
caused by Parkinson's disease, single, re- 
peated, or continuous infusions of recombi- 
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nant GDNF protein in microgram quanti- 
ties directly into brain parenchyma or cere- 
bros~inal  fluid were used. Continuous tar- 
geted delivery of neurotrophic factors to 
specific neurons in the central nervous sys- 
tem (CNS) in amounts that are therapeu- 
tic, but not deleterious to other cells, is a 
challenge that remains to be met. In vivo " 
gene therapy has the potential to meet this 
challenge by delivering neurotrophic fac- 
tors continuously to a focal brain area. In 
this studv we delivered GDNF via an  ad- 
enoviral ' ( ~ d )  vector in a progressive de- 
generation rat model of Parkinson's disease. - 

Ad vectors were constructed for human 
GDNF, for a mutant form of GDNF 
(mGDNF) with 12 amino acids deleted, and 
for nuclear-localizing lacZ encoding p-galac- 
tosidase (@-Gal) (3). The GDNF vectors 
were tested in vitro for bioactivity. PC12 
cells (4) were infected with 300 to 1000 
plaque-forming units (PFU) of Ad GDNF or 
Ad mGDNF Der cell or were mock-infected. 
Five days later, 24-hour conditioned medium 

Such an effect would lead to a change in the slope 
relating rCBF to presentation rate in conjunction and 
feature tasks. We found no such evidence; the mod- 
ulatory effect is tonic and so is task-dependent and 
stimulus-independent. 
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(CM) was analyzed by enzyme-linked immu- 
nosorbent assay (ELISA) (5); 0.5 to 3.2 ng of 
human GDNF was secreted per lo4 infected 
cells per day, as compared to 0 to 0.2 ng from 
Ad mGDNF- or mock-infected cells. DA 
bioactivity conferred by the vectors was as- 
sessed with embryonic day 14 (E14) ventral 
mesencephalon cultures, as described previ- 
ously (6). Cultures were either maintained 
on 50% CM from PC12 cells infected with 
Ad vectors or were directly infected with 10 
PFU per cell for 2 hours. Seven days later, 
cultures were stained for tyrosine hydrox- 
ylase immunoreactivity (TH-IR) to identify 
DA neurons. Ad GDNF led to a 65 to 84% 
increase in TH-IR neuron number, whereas 
Ad mGDNF did not improve survival (Fig. 
1). These results confirmed that bioactive 

I Ad GDNF 
~d mGDNF 
No virus * 

PC12 CM Direct infection 

Fig. 1. Bioactive GDNF is produced after infection 
with Ad GDNF. The number of TH-IR (DA) neurons 
was counted in El4 ventral mesencephalon cul- 
tures maintained on 50% PC12 CM or directly 
infected with Ad GDNF or Ad rnGDNF or mock- 
infected (mean ? SEM, n = 6). Ad GDNF in- 
creased survival versus Ad mGDNF and no virus in 
both groups [analysis of variance (ANOVA), F = 

10.49, P < 0.001 ; asterisk indicates Tukey's post 
hoc pairwise comparisons at a family error rate of 
0.021. 
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