four experiments, is
consistent with pro-
duction of a Standard
Model Higgs boson at
a mass of 115 £ 1
GeV and incompatible
with backgrounds at
2.9 standard devia-
tions (15). This result
excludes masses less
than 113 GeV (see the
second figure).

These intriguing in-
dications of the direct
production of a Higgs
boson near 115 GeV
are thus in agreement
with recent indirect ev-
idence that such a par-
ticle should have a
mass less than about
twice that of the Z par-
ticle. This range of masses is accessible at
Fermilab’s Tevatron (which resumes opera-
tion in March 2001) provided that it gener-
ates enough proton-antiproton collisions. Be-
cause of the rarity of Higgs boson events ex-
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Exclusion plot for the mass of a Stan-
dard Model Higgs boson. The shaded
region indicates that a mass of less than
113 GeV is excluded by the direct search
experiments at LEP. Precision elec-
troweak data indicate that its mass
should be less than 170 GeV (at 95%
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pected at Tevatron ener-
gies, however, it will take
at least a few years before
solid evidence for its exis-
tence can emerge. If ex-
periments on this collider
do not discover the Higgs
boson, the Large Hadron
Collider—a proton-pro-
ton collider now under
construction at CERN
that is scheduled to be-
gin experiments in 2006
with up to seven times
the Tevatron’s energy—
should be able to re-
solve this crucial ques-
tion. In addition, the ad-
vanced linear electron-
positron colliders now
being designed in Ger-
many, Japan, and the
United States are ideally suited for detailed
studies of such a relatively light Higgs boson.

170 GeV

00
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Seeking Categories in the Brain

Simon J. Thorpe and Michéle Fabre-Thorpe

ing cognitive operation in which the

mammalian brain groups together ob-
jects that share common properties, re-
gardless of their physical differences. For
example, we naturally group together cats,
fish, birds, insects, and snakes into the cat-
egory “animal,” even though visually they
are very diverse. Understanding catego-
rization is a major challenge facing cogni-
tive neuroscientists, a challenge that
Freedman and co-workers (/) take on in
their study on page 312 of this issue.

These authors examined the responses
of neurons in the prefrontal cortex (PFC)
of monkeys trained to categorize animal
forms (generated by computer) as either
“doglike” or “catlike.” By continuously
“morphing” the basic form of one animal
into the other, the authors were able to test
(with single-cell recording electrodes) how
monkey PFC neurons responded to forms
that could be either cat or dog (that is,
shapes that were somewhere between the
two animals). They report that many PFC
neurons responded selectively to the dif-

Perceptual categorization is a fascinat-
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ferent types of visual stimuli belonging to
either the cat or the dog category and with
the same strength, regardless of how mor-
phologically close the images were to the
other category. The firing of impulses by
PFC neurons thus reflects category mem-
bership rather than simple processing of
the physical characteristics of the images.
The neurons that Freedman et al.
recorded from almost certainly receive
their visual inputs from the inferior tempo-
ral cortex (ITC), a part of the brain that lies
at the end of the chain of visual processing
stages of the so-called ventral visual path-
way (see the figure). It has been known for
many years that some ITC cells can be
highly selective to particular visual stimuli
such as faces (2, 3) and can even respond
to a range of two-dimensional views of the
same object (4). More recently, Vogels ex-
amined the responses of ITC cells in mon-
keys trained to categorize pictures of trees
and fish. He reported a number of cells that
were only activated by certain stimuli be-
longing to a given category (), although
none of them responded to all exemplars of
the category. In a particularly impressive
recent study, Sheinberg and Logothetis
recorded the activity of ITC neurons in
monkeys trained to search a large color
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photograph for small hidden figures—very
much like the “Where’s Waldo” game fa-
miliar to children (6). A wide range of dif-
ferent objects was artificially divided into
two sets. To get a reward, the monkey had
to pull a lever on the left for one set and on
the right for the other set. The monkeys
were extremely good at the task, and many
ITC neurons showed a strong burst of fir-
ing when the monkey’s eyes landed on (or
close to) particular targets, remaining silent
while the monkey was exploring the rest of
the natural scene. However, there was no
obvious relation between the set of targets
to which the neuron responded and the arti-
ficial object categories as defined by the
two response sets. It thus appears that the
cognitive task of the ITC cells may be dif-
ferent from that of the PFC neurons de-
scribed by Freedman et al.—activity pat-
terns in the Freedman monkey neurons
changed when the same set of images
needed to be categorized in a different way.
Clearly we need experiments that directly
compare ITC and PFC responses using the
same behavioral tests. Nevertheless, it
looks like ITC and PFC may have different
parts to play in these higher order visual
tasks: ITC may provide highly processed
visual information concerning the visual
objects that are present, but PFC may be
required to decide how these objects should
be categorized.

In a way, this distinction between the
visual representations seen in ITC and the
more behaviorally relevant activity in PFC
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is reminiscent of some much earlier work
on visual responses to food. These studies
showed that neurons in the lateral hypothal-
amus (an area in the limbic system in-
volved in the control of feeding) can re-
spond to all stimuli that the monkey treats
as food (7). In contrast, neurons in ITC,
which probably provide the input for these
food-selective neurons, fail to show such
category-relatedness (&) despite their con-
siderable stimulus specificity.

One of the most impressive features of
visual responses seen in both PFC and ITC
is their speed. In ITC, neurons start to re-
spond about 100 ms after stimulus onset,
and in PFC typical onset latencies are only
slightly longer. Although 100 ms may seem
like a fair amount of time, it is not very
long when one takes into account the num-
ber of processing stages involved (see the
figure). Information from the retina reach-
es the primary visual cortex, area V1, via
the thalamus, and is subject to further pro-
cessing in areas V2 and V4 before reaching
the various parts of ITC and then PFC. Re-
sponse properties become more and more
complex as one moves along this ventral
cortical stream, and onset latency increases
in a fairly systematic way, with an increase
of roughly 10 ms per stage. This does not
allow much time for complex iterative pro-
cessing and suggests that the initial acti-
vation of cells in ITC and PFC could
depend largely on a feedforward pass
through the visual system. Oram and
Perrett provided support for such a
view by showing that even the earliest
part of the response of ITC neurons
could be highly selective (9). But even
stronger evidence for a feedforward mech-
anism comes from another recent study
that examined the response of ITC neurons
to strings of images presented in rapid suc-
cession (a technique borrowed from exper-
imental psychology known as RSVP, rapid
serial visual presentation) (/0). Even when
the images were changing at 72 Hz (a new
image every 14 ms), ITC neurons were still
able to follow the input through a statisti-
cally significant modulation of their dis-
charge each time their preferred stimulus
was shown. This kind of data has strong
implications for our understanding of visu-
al processing because it implies that the vi-
sual pathway must be acting as a sort of
pipeline processor, with different images
being processed simultaneously at different
levels of the system.

On the other hand, other recent find-
ings suggest that not all visual information
can be analyzed on the basis of this first
wave of information processing. Although
the initial response of ITC neurons is ca-
pable of signaling whether a face is pre-
sent, other types of information, such as
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facial expression or identity, are only
available later on (/7). However, in some
categorization tasks, the behavioral reac-
tion times can be so short that the decision
is presumably taken without waiting for
this later process to conclude. Freedman er
al. report a mean reaction time of 264 ms,
which matches the values seen with a
go/mo-go animal categorization task using
briefly flashed photographs (12, 13). But,
when the mean reaction time is 250 to 260
ms, some responses can be reliably pro-

Categorical judgments,
decision making

100-130

-260 ms

times of human volunteers to be reduced
even further, to around 230 to 250 ms
(15), this value is still roughly 50 ms
longer than monkey reaction times.

A number of electrophysiological stud-
ies have shown category-specific activity
in humans, but activity onset appears to be
somewhat later than in monkey ITC and
PFC neurons. Differential brain activity
between target and nontarget trials has
been reported in human volunteers about
150 ms after stimulus presentation in a va-

mand

Simple visual forms,
edges, corners

To spinal cord

rmuscle - —160-220 ms

From input to output. Monkeys can categorize complex visual stimuli very quickly, with reaction
times that average 250 to 260 ms but that can be as short as 180 ms. Depicted is a plausible
route between the retina and the muscles of the hand during a categorization task. Information
from the retina is relayed by the lateral geniculate nucleus of the thalamus (LGN) before reaching
V1, the primary visual cortex. From there, processing continues in areas V2 and V4 of the ventral
visual pathway before reaching visual areas in the posterior and anterior inferior temporal cortex
(PIT and AIT), which contain neurons that respond specifically to certain objects. The inferior tem-
poral cortex projects to a variety of areas, including the prefrontal cortex (PFC), which contains
the visually responsive neurons that categorize objects (7). To reach the muscles in the hand, sig-
nals probably need to pass via the premotor cortex (PMC) and primary motor cortex (MC) before
reaching the motor neurons of the spinal cord. For each processing stage, two numbers (in mil-
liseconds) are given: The first is an estimate of the latency of the earliest neuronal responses to a
flashed stimulus, whereas the second provides a more typical average latency.

duced with reaction times as short as 180
ms. This is particularly impressive given
that it is only 80 ms longer than the onset
latency of typical ITC neurons. The go/no-
go categorization task is essentially the
same task that we have used to determine
the speed of visual processing in humans
(14). Interestingly, monkeys appear to be
able to produce behavioral responses that
are substantially faster than those of even
the fastest humans. Although recent repli-
cations of the basic scene categorization
task have allowed the shortest reaction
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riety of categorization tasks (/6). These in-
clude animal versus nonanimal (/4, 17,
18) face versus nonface (19, 20), and even
means of transport (/5). Here again, there
are strong grounds for believing that such
category-related activity results from feed-
forward processing. One such argument
comes from the fact that neither the onset
latency of animal-specific differential ac-
tivity nor the latency of the shortest reac-
tion times are any faster for very familiar
images versus images that have never been
seen before (21). Thus, it appears that even
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extensive contextual information is unable
to increase processing speed—perhaps be-
cause neuronal processing is already so
optimized that there is no room for further
improvement.

Could the category-specific activation
reported in monkey ITC and PFC at
around 100 ms correspond to the 150-ms
activation seen in humans? Similarities be-
tween the monkey and human brain are
difficult to establish, but those between
monkey ITC and the more ventrally locat-
ed human fusiform gyrus (where much of
the category-related activation seems to be
generated) are striking. Why is it, then,
that the onset latencies differ between the
two species? One possible reason is simply
that the monkey brain is smaller than ours.
There is not a great deal of detailed infor-
mation available, but the conduction ve-
locity of intracortical axons used to send
information from V1 to V2 to V4 to ITC
could be relatively slow, perhaps only 1 to
2 m/s (22). This means that quite a lot of
time may be taken up by simply getting in-
formation from A to B—a problem that is
less serious when your brain is smaller.

But the question still remains whether the
category-specific activity seen in humans
corresponds to categorization of the type de-
scribed by Freedman et al. in monkeys, in
which the boundaries between categories are
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specifically coded by single cells. The alter-
native is that the strong responses recorded
from structures such as the fusiform gyrus in
humans reflect the activity of large overlap-
ping populations of neurons tuned to particu-
lar sets of objects, as appears to be the case
in monkey ITC. The most direct test requires
single-cell recording from individual neu-
rons. Although normally this is not possible
in humans, intracerebral recording in pa-
tients with severe epilepsy recently allowed
progress to be made. For example, recording
of individual neurons in the human medial
temporal lobe revealed neuronal responses
that were selective not only for faces, but al-
so for natural scenes, houses, famous people,
and animals (23).

These new data—regardless of whether
they represent the rapid selective visual re-
sponses of ITC and PFC neurons in mon-
keys, the rapid category-specific signals
seen in humans, or the fast behavioral reac-
tion times seen in both species—pose a
major problem for current models of visual
processing. In particular, they imply that a
great deal of processing can be done on the
basis of a largely automatic feedforward
pass through the visual system. In a sense,
the fact that visual categorization is fast
and robust is perhaps not so surprising. We
all have the impression that as we zap from
channel to channel, the moment when we

categorize what the image contains is vir-
tually instantaneous. The problem now is to
understand how the brain can perform this
task so quickly and efficiently with neu-
rons that fire electrical impulses 10 million
times less rapidly than the transistors in to-
day’s desktop computers.
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Staying Neutral for a Change

Patrick Cassoux

ten resemble those of the isolated

molecule, but some properties, such
as conducting behavior, may be quite dis-
tinct. This type of behavior may some-
times appear counterintuitive because
molecular concepts and methods are quite
different from those commonly used in
solid state chemistry. Nevertheless, predic-
tions of conducting molecular compounds
were made as early as 1911 (/). The first
observation of high conductivity for a
molecular compound, a perylene bromide
salt, was reported by Akamatu et al. (2).
The first “organic metal” down to low
temperatures was characterized in 1973 (3,
4) and the first molecular superconductor
in 1980 (5). Today, several thousand
molecular metals and over 100 molecular
superconductors are known (6, 7).

The properties of molecular solids of-
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the conduction band (a key condition for
metallicity). A neutral molecular metal
thus seemed impossible.
But never say never. On page 285 of
this issue, Tanaka et al. (8) describe the
synthesis and characterization of
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[Ni(tmdt),] (see structure 1 in the
first figure), the first fully char-
acterized single-component neu-
tral compound exhibiting metal-
like conductivity behavior down
to 0.6 K. The material is particu-
larly interesting because it ques-
tions the above-mentioned no-
tions about the requirements for
molecular conductors.

How to make neutral molecular metals. These four lig-
ands have been used to make neutral molecular metals.
1, tmdt?; 2, ptdt?; 3, (CqoH10Ss)%~ and 4, a-tpdt?-. The

most successful attempt used 1 (8).

Several structural and electronic crite-
ria have been proposed for the design of
molecular metals (and possibly supercon-
ductors). In particular, the presence of for-
mal nonintegral oxidation states either
through partial charge transfer between a
donor molecule and an acceptor molecule
(3, 4) or through partial oxidation of a
donor molecule (5) was believed to be a
prerequisite for achieving partial filling of

The first hint for a possible
metal-like behavior in a single-
component neutral compound
was found for [Ni(C;oH,(Ss),]
(structure 3) (9). This was fol-
lowed by a seminal paper by Kobayashi
et al. (10), who reported the semicon-
ducting properties of the single-compo-
nent neutral [Ni(ptdt),] compound (struc-
ture 2). On the basis of a thorough analy-
sis of band structure calculations, the au-
thors daringly proposed a set of require-
ments for designing single-component
neutral molecular metals. The proposed
requirements were a small HOMO-LU-
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