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Discrete Cortical Regions Associated with
Knowledge of Color and Knowledge of Action

Alex Martin,* James V. Haxby, Fran9ois M. Lalonde,
Cheri L. Wiggs, Leslie G. Ungerleider

The areas of the brain that mediate knowledge about objects were investigated by
measuring changes in regional cerebral blood flow (rCBF) using positron emission to-
mography (PET). Subjects generated words denoting colors and actions associated with
static, achromatic line drawings of objects in one experiment, and with the written names
of objects in a second experiment. In both studies, generation of color words selectively
activated a region in the ventral temporal lobe just anterior to the area involved in the
perception of color, whereas generation of action words activated a region in the middle
temporal gyrus just anterior to the area involved in the perception of motion. These data
suggest that object knowledge is organized as a distributed system in which the attributes
of an object are stored close to the regions of the cortex that mediate perception of those
attributes.

During our lifetimes we acquire knowledge
about a tremendous number of concrete
objects. This knowledge includes not just
the name, but also the physical features
(form and color) and functional properties
(uses) that define each object. When an
object is seen or its name read, knowledge
of these attributes is activated automatically
and without conscious awareness (1). In
addition, the ability to retrieve information
about a specific attribute of an object can be
selectively disrupted by a focal brain lesion
(2, 3). These findings suggest that object
knowledge is stored in the brain as a dis-
tributed network of discrete cortical areas
(4). However, direct evidence for the exis-
tence of such a network in the normal
human brain has not been reported, nor
have the component areas of the network
been identified. We show, using positron
emission tomography (PET), that the at-
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tributes that define an object are represent-
ed close to the cortical regions that mediate
perception of those attributes.
We chose to study knowledge of color

A B

and action because evidence from monkeys
(5) and humans (6-8) suggests that the
perception of these attributes is mediated,
in part, by discrete regions of the posterior
cortex. In humans the syndrome of acquired
color blindness, or achromatopsia, has been
found after damage to the fusiform and
lingual gyri on the ventral surface of the
occipital lobes (6, 7), whereas acquired mo-
tion blindness, or akinetopsia, follows a
more dorsally located lesion at the junction
of the occipital, parietal, and temporal lobes
(7, 8). Converging evidence that these re-
gions are specialized for the perception of
color and motion, respectively, has been
provided by functional brain imaging stud-
ies of normal individuals (9, 10). Moreover,
reports of patients with selective difficulty
retrieving information about object-associ-
ated color (2) or action (3), without corre-
sponding deficits in perception, suggest that
knowledge of these attributes also may be
mediated by distinct brain areas (11).

In the first study (12), achromatic line
drawings of common objects were present-

C

a Left middle
U temporal gyrus
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Fig. 1. (A) Lateral view of the left hemisphere showing regions of increased rCBF when subjects generated
color words (greenr and action words (gray) in comparison to object naming. Dark blue regions show areas
of overlap. (B) Coronal section 50 mm posterior to the anterior commissure showing locations of bilateral
fusiform and left parietal lobe activation during color word generation, and left temporal and parietal
activations during action word generation. Shown are all pixels that exceeded a threshold ofZ = 2.58 (P
< 0.005, one-tailed). (C) Percent change in rCBF, relative to object naming, at the site of peak activity in the
left middle temporal gyrus (open bar) (-50, -50, 0) and left fusiform gyrus (closed bar) (-46, -46, -12)
shown in (B). Bars represent mean percent change in rCBF ± SEM. Analysis of variance indicated that
rCBF at these sites was modulated by the type of word that subjects generated [site X task interaction
F(1 ,1 1) = 21.66; P < 0.001].
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ed. During separate PET scans, subjects
were required to name each object, to gen-
erate the name of a color associated with
each object (for example, a subject might
say "yellow" when shown a picture of a
pencil), and to generate the name of an
action associated with each object (for ex-
ample, "write" when shown a picture of a
pencil) (13). Verbal response times record-
ed during the scans confirmed that the col-
or and action word generation tasks were
equally difficult (14), thus assuring that dif-
ferences in the brain regions activated by
generating color and action words would
not reflect differences in the amount of
effort required to perform these tasks.

Our strategy for analyzing the rCBF data
(15) was first to compare each attribute
word generation task to the same baseline
condition (object naming). These compar-
isons revealed areas of activation common
to both attribute word generation tasks as
well as the areas specifically activated by
each task, over and above the amount of
activation produced by object naming. The
areas specifically activated by each attribute
word generation task were confirmed by a
second analysis in which the color and ac-
tion word tasks were directly contrasted
with each other.

In comparison to object naming, gener-
ation of color and action words activated
left prefrontal cortex, especially the dorso-
lateral region, and left posterior parietal
cortex (Fig. 1 and Table 1). These regions
participate in distributed neural networks
(16) that mediate specific language process-
es, especially word retrieval (17), and atten-
tional functions (18) and that would be
expected to be engaged by both attribute
generation tasks.

In contrast, activation of other areas was
dependent on the type of word generated.
Within the temporal lobes, generation of
color words, but not action words, produced
bilateral activation ventrally on the fusi-
form gyrus that was stronger in the left than
in the right hemisphere, whereas generation
of action words activated the left posterior
middle and superior temporal gyri. Action
word generation also produced increased
rCBF in the left inferior frontal lobe (Bro-
ca's area) and in the right lateral cerebellum
(Table 1). These word-specific patterns of
activation were confirmed by comparison of
the color and action word generation con-
ditions to each other (Fig. 2).

To replicate and extend these findings,
we performed a second study that was iden-
tical to the first, except that the written
names of the objects, rather than line draw-
ings, were presented. During different scans
subjects read aloud, generated a color word,
and generated an action word associated
with the written name of each object. As in
the first study, generating words denoting

either colors or actions was equally difficult vations found in the first study. Relative to
(19). Despite the change in stimulus from the action word generation condition, in-
line drawings of objects to their written creased rCBF during color word generation
names, the areas of increased activation was seen in the ventral portion of the right
specifically associated with the word gener- temporal lobe (Fig. 2A). In contrast, rela-
ation tasks were highly similar to the acti- tive to the color word generation condition,

Table 1. Brain regions with significantly increased rCBF during generation of color and action words
compared to object naming. Numbers in parentheses refer to the corresponding Brodmann's areas.
Locations of peak activations are expressed in millimeters as coordinates in the Talairach and Tournoux
brain atlas (28). x, medial-lateral axis (negative, left); y, anterior-posterior axis (negative, posterior); and z,
dorsal-ventral axis (negative, ventral).

Brain region x y z Z score

Color word generation minus object naming
Frontal lobe

Left middle frontal gyrus (8/9) -42 18 28 5.35
Left middle frontal gyrus (45/46) -38 30 20 4.90
Left orbital frontal gyrus (11) -24 32 -8 3.48

Parietal lobe
Left inferior parietal gyrus (40) -34 -62 40 4.59

Temporal lobe
Left fusiform gyrus (37) -46 -46 -12 5.20
Left parahippocampal gyrus (35) -18 -42 4 2.99
Right fusiform gyrus (37) 44 -48 -12 2.97

Thalamus
Right pulvinar 6 -28 8 3.64

Action word generation minus object naming
Frontal lobe

Left inferior frontal gyrus (44/45) -42 12 20 4.87
Left middle frontal gyrus (6) -36 4 44 4.71
Left Broca's area (44) -43 18 6 3.98
Left middle frontal gyrus (9/10) -34 48 16 3.67
Left inferior frontal gyrus (45/47) -32 34 0 3.30

Parietal lobe
Left inferior parietal gyrus (40) -38 -64 36 3.49

Temporal lobe
Left middle temporal gyrus (21/37) -52 -50 0 4.77
Left middle temporal gyrus (37) -46 -60 16 3.47
Left superior temporal gyrus (39) -50 -62 28 3.57

Cerebellum
Right lateral cerebellum 26 -68 -28 4.48

Fig. 2. (A) Ventral view of A B
the brain showing re-
gions of increased rCBF
when subjects generat-
ed color words in com- 1
parison to generating
action words. (B) Lateral
view of the left cerebral L
hemisphere showing re-
gions of increased rCBF
when subjects generat- . . . . . . . . . . .

ed action words in com- Objects: Study 1
parison to generating Wods Std2
color words. Red indi- L Both studies
cates activations in re- R
sponse to line drawings
of objects; yellow indicates activations in response to the written names of the objects; and blue indicates
regions activated in both studies. Also shown are black (9) and green (10) circles centered on previously
reported locations of maximum activity during the perception of color (A) and of motion (B). Maximum
peaks of activity during color word generation (A) were in the fusiform gyri of the left (-42, -46, -12) and
right (+42, -42, -20) temporal lobes for the object study, and the fusiform (+50, -38, -12) and
parahippocampal gyri (+28, -30, -16) of the right temporal lobe, and orbital frontal cortex (+ 12, +26,
-12) for the word study (29). For action word generation (B) peak activations were in the left inferior
frontal lobe (Broca's area) (-44, +6, +4; and -42, +18, +4), and in the middle (-50, -50, +4; and
-54, -62, +8) and superior (-50, -52, +24; and -54, -38, +20) left temporal gyri during the
object and word studies, respectively (30). Shown are all pixels that exceeded a threshold ofZ = 2.58
(P <0.005, one-tailed).
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generation of action words produced in-
creased activity of the same regions of the
left temporal lobe (posterior middle and
superior temporal gyri) and left inferior
frontal lobe (Broca's area) found for gener-
ating action words to drawings of objects
(Fig. 2B).

These results provide strong evidence
that knowledge of colors and of actions is
represented in discrete cortical areas (20).
A distinctive feature of both studies is that
responses to stimuli that were achromatic
and static were nevertheless associated with
activations proximal to color and motion
perceptual-processing areas.

Studies of nonhuman primates (21) and
PET studies of humans (22) have shown that
object vision is mediated by a hierarchically
organized ventral occipitotemporal pathway
that includes distinct regions for processing
visual features of objects, such as form and
color. In the present study the areas of the
temporal lobe specifically activated by re-
trieving knowledge about object color were
in this object-processing stream. The peaks
of these activations were 2 to 3 cm anterior
to the site of maximum activity in the fusi-
form gyrus reported in previous PET studies
of color perception in normal subjects (9,
10) (Fig. 2A). That the action and color
word generation conditions required percep-
tion and identification of the same objects
suggests that the activation in the fusiform
region in the present study reflects its role in
the representation of knowledge of object
color, rather than of object form. Thus, dam-
age to this area may be necessary for produc-
ing color anomia or color agnosia (2).

Studies of nonhuman primates (21) and
PET studies of humans (9, 10) have also
shown that the perception of motion is
dependent, in part, on a region of the pos-
terior cortex that is dorsal to the color
vision area. The peaks of the activations in
the middle temporal gyrus when subjects
generated action words were 1 to 2 cm
anterior to the site of maximum activation
reported in previous PET studies of motion
perception in normal subjects (9, 10) (Fig.
2B). This middle temporal gyrus region may
be, therefore, a critical site for stored
knowledge about the visual patterns of mo-
tion associated with the use of objects. In
addition, relative to color word generation,
generation of action words produced in-
creased rCBF in Broca's area and the right
cerebellum, as reported previously in PET
studies of verb generation to presentation of
printed words (23). Damage to Broca's area
often produces a general disruption of
speech characterized by a severe restriction
of small function words, such as preposi-
tions, and an impoverishment of grammat-
ical forms, suggesting that this region plays
an important role in speech production and
grammar (24). Production and comprehen-

104

sion of verbs relative to nouns are often
disproportionally affected in these patients
(3). Our data indicate that generation of
action verbs increases activity in this region
over and above the level produced by sim-
ple naming, whereas color word generation
does not. This additional activation of Bro-
ca's area may be related to the special role
that verbs play in grammatical sentence
constructions. Action word generation ap-
pears to activate a complex neural network
that may be related to both the semantic
aspects associated with knowledge of mo-
tion (middle temporal gyrus) and grammat-
ical functions of verbs (Broca's area).

Whereas PET studies of visual percep-
tion have shown that activity in different
regions of the brain can be modulated by
attention to different visual features of an
object (10), the present results indicate that
activity in different regions can be modu-
lated by attention to knowledge about dif-
ferent features (25). Our findings suggest
that object knowledge is stored as a distrib-
uted network of cortical regions and that
the organization of these regions may close-
ly parallel the organization of sensory, and
perhaps also motor, systems in the human
brain (26). We further suggest that the
perception of objects and their written
names automatically activates a widely dis-
tributed network that includes the areas
active during color and action word gener-
ation, as well as sites that mediate knowl-
edge of other object attributes. Activation
of this network occurs without conscious
effort and lasts for only a brief period of
time (1). It remains to be determined
whether this automatic activation can be
detected by PET during object naming and
word reading. However, different compo-
nents of this network can be observed by
requiring subjects to selectively attend to
and retrieve knowledge about a single fea-
ture or attribute of an object.
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Dependence of Peptide Binding by MHC Class I
Molecules on Their Interaction with TAP

Andres G. Grandea III, Matthew J. Androlewicz,
Raghbir S. Athwal, Daniel E. Geraghty, Thomas Spies*

Major histocompatibility complex (MHC) class I molecules bind peptides that are delivered
from the cytosol into the endoplasmic reticulum by the MHC-encoded transporter as-
sociated with antigen processing (TAP). Peptide capture by immature heterodimers of
class heavy chains and 32-microglobulin may be facilitated by their physical association
with TAP. A genetic defect in a human mutant cell line causes the complete failure of
diverse class heterodimers to associate with TAP. This deficiency impairs the ability of
the class heterodimers to efficiently capture peptides and results from loss of function
of an unidentified gene or genes linked to the MHC.

MHC class I molecules export peptides
derived from cytosolic protein degradation
to the cell surface and thus enable cytotoxic
T cells to detect intracellular antigen (1).
They consist of a membrane-anchored poly-
morphic class I heavy chain, soluble 12-
microglobulin (fP2M), and a peptide ligand
of 8 to 10 amino acids with an allele-
specific sequence motif (2). The complete
subunit assembly of class I molecules is usu-
ally required for their conformational sta-
bility, maturation, and normal surface ex-
pression and involves accessory molecules
(2). Upon entering the endoplasmic retic-
ulum (ER), newly synthesized human class I
heavy chains are retained by calnexin until
they combine with r2M (3). The immature
class I heavy chain-P2M heterodimers then
associate with TAP transporters (4), which
consist of the MHC-encoded TAPI and
TAP2 subunits and deliver the peptides
that are mainly bound by class I het-
erodimers from the cytosol into the lumen
of the ER (5-7). This physical interaction
may be coupled to peptide binding by class
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I heterodimers, because dissociation from
TAP correlates with their conversion into
stably conformed class I molecules. Thus, by
interacting with TAP, class I heterodimers
may gain access to peptides before these
may be diluted and possibly degraded in the
lumen of the ER. However, it is unknown
whether this proposed mechanism promotes
peptide binding by class I heterodimers in
living cells.

In defining the assembly of class I mol-
ecules, mutant cell lines with specific de-
fects have been instrumental. In the human
mutant lymphoblastoid cell line (LCL)
721.220, an unknown defect impairs the
surface expression of class I molecules.
These cells express functional P2M and
TAP, as indicated by transcomplementa-
tion of Daudi (12M-) and mutant LCL
721.174 (TAP- ) cells after fusion (8).
These cells have been isolated after repeat-
ed mutagenesis and selection against the
surface class I molecules encoded in a hem-
izygous MHC, resulting in deletion of
HLA-A and -B and in reduced surface levels
of HLA-C (9). However, as with HLA-C,
220 cells are also unable to express normal
surface amounts of several HLA-A and -B
alleles after gene transfer-mediated recon-
stitution of biosynthesis of various class I
heavy chains (8).

To investigate this mutant phenotype,
we transfected HLA-A1 and -B8 comple-
mentary DNA (cDNA) constructs into 220
and control ClR cells, which also lack
functional HLA-A and -B genes but are
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