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1. Topographic Organization

The functional division of labor among the large number of visual
areas in the cerebral cortex in primates constitutes one of the great
scientific riddles in biology. The topographic organization of many
of these areas was [irst mapped in the owl monkey (2-7. 39). The
cortical visual areas of the owl monkey are illustrated in an un-
folded schema in Fig. 7.1 and as they are located in the brain in Fig.
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Fic. 7.1. Aschematic unfolding of the visual cortex of the left hemi-
sphere of the owl monkey. The visual cortex corresponds to approximately
the posterior third of the entire neocortex. The unfolded visual cortex is
approximately a hemispherical surface, which is viewed from above in this
diagram. The perimeter chart on the left shows the contralateral (right)
half of the visual field. The symbols in this chart are superimposed on the
surface of the visual cortex. Pluses indicate upper quadrant representa-
tions; minuses, lower quadrants: dashed lines. borders of areas that cor-
respond to the representation of the relatively peripheral parts of the vis-
ual field. but not to the extreme periphery. The row of Vs indicates the
approximate anterior border of visually responsive cortex. The dotted
lines broken by question marks indicate uncertain borders. DI. Dorsoin-
termediate Visual Area: DL. Dorsolateral Crescent Visual Area: DM.
Dorsomedial Visual Area: IT. inferotemporal Cortex: M. Medial Visual
Area: MT, Middle Temporal Visual Area. PP. Posterior Parietal Cortex: VA,
Ventral Anterior Visual Area: VP, Ventral Posterior Visual Area.

7.2. Areas VI and V Il share a common border, along which the ver-
tical meridian or midline of the visual field is represented in each
area. In each hemisphere V | contains a topological, [irst-order
transformation. of the contralateral half of the visual field, in which
the more central portions are greatly expanded (3). In V1. the repre-
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FiGg. 7.2. The representation of the sensory domains in the cerebral
cortex of the owl monkey. Above is a ventromedial view of the right hemi-
sphere: below is a dorsolateral view. First Auditory Area: AL, Anterolateral
Auditory Area: CC, Corpus Callosum: ON. Optic Nerve, OT, Optic Tectum:
PL. Posterolateral Auditory Areas: R, Rostral Auditory Area. The cortical
visual areas were mapped by Allman and Kaas (2—7) and Newsome and
Allman (39): the somatosensory areas were mapped by Merzenich et al.
(36): the auditory areas were mapped by Imig et al. (27). Other conven-
tions and abbreviations are as in Fig. 7. 1. Reproduced from reference 10
by permission of the American Physiological Society
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sentation of the horizontal meridian is split except near the center
of gaze (4). Since adjacent parts of the contralateral hemifield are
not necessarily mapped onto adjacent parts of V II, the representa-
tion of the hemifield is not topological and has been termed a sec-
ond order transformation (4). The Middle Temporal Area (MT) and
the Dorsolateral Area (DL) form a miniature mirror-image of VIand
V 11 (5). DL, together with the Medial (M), the Dorsointermediate
(DI), the Dorsomedial (DM) and the Ventroposterior (VP) Areas,
constitute a third tier of cortical visual areas that adjoin the ante-
rior border of V11 (5, 6, 7. 39) (V 1 is the first tier: V Il the second).
Two visuotopically organized fourth tier areas are known: MT and
the recently discovered Ventral Anterior Area (VA) (2. 39). Each of
these shares a border corresponding to a vertical meridian repre-
sentation with a third tier area. The possibility exists that addi-
tional fourth tier areas will be discovered in the visually responsive
posterior parietal (PP) or temporal parietal (TP) cortex that will be
the mates to adjacent third tier areas. Finally, there is a large region -
of visually responsive cortex in the inferior temporal gyrus (IT) ante-
rior to VA and DL. Only the posterior third of this region has been
explored in the owl monkey and this zone contains neurons with re-
ceptive fields predominantly in the central visual field and with no
apparent visuotopic organization (1). These results are similar to
those obtained by Desimone and Gross (15) over a much broader re-
gion of the inferior temporal gyrus in macaque monkeys.

Several principles emerge from the topographic organization of
the cortical visual areas.

1. A surprisingly large number of visuotopically organized
areas exists—at least nine.

2. Since each of these exists as an anatomical entity, it is prob-
able that each is a functional entity as well.

3. The areas group themselves into a number of larger (and not
mutually exclusive) sets. These include the dyads that have adjoin-
ing vertical meridian representations: VI-V II, MT-DL and VP-VA.
Other groupings include: the first-order transformations (VI and
MT): the second order transformations (V 1. DL, DM, M): the third
tier (M. DM, DI. DL and VP): and the fourth tier (MT and VA). The
areas in these sets may have important functional or developmental
attributes in common.

4. The areas are juxtaposed so that their common borders cor-
respond nearly always to portions of either the horizontal or the ver-
tical meridian and the adjacent points on opposite sides of each
border nearly always have similarly positioned receptive fields.
Thus, there is very little disruption of visuotopic order at the inter-
faces between areas.
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5. The relative representation of different portions of the visual
field varies greatly among areas. Area V I has been widely assumed
to contain a representation proportional to retinal ganglion cell
density: however, recent analysis has shown that the representa-
tion of the central visual field in V | is very much greater relative to
the periphery than could be accounted for on the basis of a propor-
tional relationship (38). Each area has its own unique way of map-
ping the visual field and this mapping is likely to reflect the func-
tions performed by that area (see Fig. 7.3). The representation of
the central 10° of the visual field occupies 31 % of the surface area of
V I as compared to 75% of DL, which contains proportionally the
largest expansion of the central visual field of all the areas (5). Only
4% is devoted to the central 10° of M. where the more peripheral
parts of the visual field are relatively much better represented than
in any other area (7).

6. Finally. there exists an important principle of topographic
organization that cannot be deduced from these figures. Cortical
visual areas differ in their visuotopic orderliness. Although we have
not developed a direct quantitative measure of topographic orderli-
ness. our experiences suggest that V1 is the most orderly. followed
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Fic. 7.3. Functional specificity in visual areas DL. MT. DM and M in
the owl monkey. The strength of the functional attribute is indicated by
the size of the black squares.
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by VII. then by VP and VA, then by MT, DM and M. DL appears to be
the least orderly of the mapped areas. One measure of the topo-
graphic order in these areas is the distribution of callosal terminals
following section of the corpus callosum, which contains fibers that
unify the two halves of the visual field along the vertical meridian
(midline). The callosal terminals are largely restricted to a narrow
zone on each side of the common border between V1and VI, along
which the vertical meridian (midline) is represented (39). Along the
border between VP and VA, callosal terminals are confined to a
band that is nearly as discrete as that found at the V I-V Il border
and also corresponds to the representation of the vertical meridian
(39). Callosal terminals form more diffuse zones of degeneration
near the vertical meridian representations in MT. DM and M (39).
Callosal terminals are distributed throughout most of DL. which
contains large receptive fields that often overlap the vertical merid-
ian (39, 42). Posterior Parietal (PP) and Temporal Parietal (TP) cor-
tex may contain visutotopically organized areas, although it is diffi-
cult to discern a pattern. since receptive fields tend to be large and
callosal connections diffuse in these regions. Finally. receptive
fields in inferotemporal cortex (IT) tend to be located in the central
visual field but do not appear to have a visuotopic organization (1).
What organizing principle does prevail in this large expanse of vis-
ual cortex in the inferior temporal gyrus remains a tantalizing
question. The topographic organization of IT may be related to its
projections to perirhinal cortex and the amygdala and the related
functions of visual memory and visual perception of emotionally
significant stimuli (52).

2. Functional Correlates

Our guiding hypothesis has been that each cortical representation
of the visual field performs its own set of neural functions. some of
which are distinctive to that particular area. Our approach to
determining the functions of cortical visual areas has been to ana-
lyze quantitatively the response properties of single neurons in
each area in order to discover how information is processed in that
area.

The procedures employed for recording from single neurons in
the cortical visual areas of owl monkeys are described in detail else-
where (10. 42). Briefly. in order to make more efficient use of our
owl monkeys, we have developed a chronic technique for recording
repeatedly from the visual cortex in monkeys that have been tran-
quilized with light doses of triflupromazine and ketamine and their
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locally anesthetized eyes held stable by rings machined to fit the
contour of the eyes. The visuotopic organization of the region of ex-
posed cortex beneath the chronically implanted recording chamber
was mapped in order to identify the location and boundaries of vis-
ual areas. so that recorded single neurons could be assigned to a
particular area. Small electrolytic lesions were made at the end of
selected microelectrode penetrations, identified in histogical sec-
tions and compared with the known cyto- and myeloarchitecture of
the cortical visual area (2—-6). Visual stimuli were light and dark
bars. spots and textures focused on a tangent screen by a rear pro-
jection optic stimulator. After receptive field mapping and initial
qualitative examination, the response properties were studied
quantitatively using the optic stimulator in conjunction with a
Nova 2 computer. For each stimulus parameter (orientation. direc-
tion of movement, etc.), the stimuli were presented in
pseudorandom order so as to average out any periodic waxing and
waning in a cell’'s responsiveness and to avoid possible habituating
effects that may occur when the same stimulus is presented repeat-
edly (24). The computer recorded the neuron'’s spontaneous firing
during an interval preceding the stimulus presentation and calcu-
lated its response relative to the level of spontaneous activity. From
these data, the computer calculated a series of indices that enabled
us to compare objectively the response profiles of the populations of
neurons obtained from MT, DL, DM and M for orientation tuning
and selectivity for direction of movement and stimulus dimen-
sions. The following is a summary of these results (10, 42).

1. Neurons in DL, MT, DM and M are orientation selective. As in
V1(36). neurons in these four extrastriate areas tend to be orienta-
tion selective. when tested with stationary flashed or moving bars:
however. there are statistically significant differences among the
areas in sharpness of tuning for orientation with DM neurons
being the most selective, MT and M neurons intermediate and DL
neurons least tuned (10).

2. In DL. about 70% of the neurons are selective for the spatial
dimensions of visual stimuli within excitatory receptive fields that
are generally much larger than the preferred stimulus dimensions.
The dimensional selectivity of DL cells is independent of the sign of
contrast in the receptive field (equal to light-on-dark and dark-on-
light stimuli), the amount of contrast (similar response over a 1.5
log unit change in intensity) and the position of the stimulus
within the receptive field. DL neurons have a wide range of
preferred sizes, from 1 to 30° in length and from 0.25 to 7° in width,
and these preferences appeared to be independent of each other,
when both dimensions were tested on the same cell (42). The di-
mensional selectivity of DL neurons suggests that DL contributes
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to form perception. This hypothesis is consistent with the observa-
tion that DL has the most expanded representation of the central
visual field (5). where the most acute recognition of form takes
place, and the recent discovery that DL is the main source of input
to the inferotemporal cortex (58). Inferotemporal cortex has been
strongly implicated in the analysis of complex visual stimuli and
the learning of visual form discriminations (20, 21). DL is thus an
intermediate stage in a major ascending system from layers II and
Il in V 1, to V II, to DL, to IT, and thence to the amygdala and
perirhinal cortex (52. 57).

3. Neurons in MT discriminate strongly between stimuli mov-
ing in the preferred direction and stimuli moving in the direction
180° opposite. DL neurons generally make this discrimination less
well: DM and M neurons generally discriminate this difference in
direction of movement very poorly. Most MT neurons resemble the
classic directionally selective cells recorded by Barlow et al. (11) in
the rabbit retina and observed by many investigators in other spe-
cies and at other levels in the visual system (23. 50. 56. 60).

4. Neurons in MT respond well to moving texture patterns (ar-
rays of random dots); M neurons respond moderately well; DL and
DM neurons respond poorly. All MT cells responded to the moving
random dot array and the majority responded better to the array
than to the optimally oriented bar moving in its optimal direction
and at its optimal velocity. Some neurons in the deeper layers of MT
respond well to random dot arrays. but are unresponsive to bar
stimuli. All cells tested in M also were responsive to the moving
array and one third responded better to the array than to the best
bar stimulus. About half the neurons in DL and DM were unrespon-
sive to the moving array and most of the remainder responded
poorly to this stimulus. These differences in responsiveness to ran-
dom dot arrays parallel the discovery, by Hammond and McKay (22)
in VI of the cat. that complex cells are responsive to random arrays
whereas simple cells are not. It is not known whether there exists a
similar dichotomy in responsiveness to textured arrays among
neurons in VI in the owl monkey. The striate neurons projecting to
MT are the giant cells of Meynert (32, 47, 57). located in the lower
parts of layer V, and the neurons located in or near the stria of
Gennari. Both these populations of striate neurons are capable of
sampling neural activity over relatively large regions. The Meynert
cells are by far the largest in striate cortex and their basal dendrites
extend for hundreds of micra (13): the layer IVb neurons are located
in a dense fiber plexus that was once thought to be the termina-
tions of the geniculate fibers, but has now been shown to be made
up to many elements (32). Thus, the striate neurons projecting to
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MT could sample over the relatively large regions necessary for the
detection of texture arrays. In addition, Montero (37) has demon-
strated that there is a relatively large overlap in the projection to MT
of different sites in V I by using double-label emulsion autoradio-
graphy. MT projects to M (57). MT and M project to the visual
pontine nuclei (17, 18), which contain a large proportion of neu-
rons that are especially responsive to moving random dot arrays (9).
The pontine nuclei. in turn. project to the cerebellum. where the
relayed information presumably contributes to the accomplish-
ment of visuomotor coordination.

5. Neurons in DL, MT., DM and M differ in their distributions of
preferred velocities of stimulus movement. The neurons were
tested with stimulus velocities ranging from 5%s to 500%s. The
most common preferred velocity was 10%s in DL and MT, 50%s in
DM and 100%s in M. The high preferred stimulus velocities in M
may be related to the proportionally large representation of the pe-
ripheral visual field in this area (7).

3. Homologous Cortical Visual Areas
in Other Species

Beyond VI and VI, the clearest homology is that of MT and similar
visual areas in other primate species. The evidence for homology is
based on similar location, myeloarchitecture, topography, distinc-
tive anatomical connectivity and visual response properties (1. 2, 8,

10. 12, 21, 46. 49, 53, 54. 57). Owl monkey MT is striate-receptive
region of dense myelination coextensive with an orderly map of the
visual hemifield (2). A corresponding striate-receptive region of
dense myelination coextensive with a similar map of the visual field
has been reported in galago (8. 51), marmost (48, 49) and macaque
(16, 35. 55. 56). A major source of input to MT in the owl monkey is
from V I cells in or near the stria of Gennari and from the giant cells
of Meynert located in the lower part of layer V (57). A similar projec-
tion occurs in marmoset (47) and macaque (32) from striate cortex
cells in the stria of Gennari and the giant Meynert cells. MT is the
only known extrastriate cortical target of the Meynert cells (33). Di-
rectional selectivity is the principal characteristic of owl monkey
MT cell responses, and this has been shown to be true for the
ecorresponding region of the macaque (60). The presence of these
extensive and detailed similarities in three superfamilies of prima-
tes. including primates from both infraorders. indicates that MT
probably existed in the early primates ancestral to all living prima-
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tes. Zeki (61) recently has suggested that MT in the owl monkey is
not homologous with the striate-receptive. densely myelinated,
directionally selective zone in the posterior bank of the superior
temporal sulcus in macaque monkeys: his suggestion is considered
in detail in ref. 10.

In our present state of knowledge., it is more difficult to estab-
lish clear-cut homologies for the other visual areas found beyond V
II in the owl monkey. However, evidence for the homology of several
areas is emerging. The principal input to infero-temporal visual
cortex in the owl monkey is DL (58). In macaques, a region adjacent
to MT is a main input to inferotemporal cortex (14). This region,
like DL in the owl monkey. emphasizes the representation of the
central visual field (15). MT in both owl monkeys and macaques
does not appear to project to inferotemporal cortex. The position of
DL between MT and V Il in owl monkey is topographically similar to
VIV (V 4) in macaques. Neurons in V IV (V 4) have been reported to
be specialized for the analysis of color but the percentage of neu-
rons showing color selectivity in VIV (V 4) has ranged from 100% in
the original report (59) to less than one third in more recent studies
(45, 55). Another recent report suggests that color processing in V
IV (V 4) is substantially similar to the color selectivity found in
foveal V 1 and V II (30).

Another potential homology is that of the Ventral Posterior (VP)
areas of the owl monkey and the macaque (39, 40). These areas are
similar in that they both are long narrow strips that lie immediately
anterior to V Il on the ventral surface. with this common border cor-
responding to a representation of the horizontal meridian. In both
monkeys, the anterior border of VP corresponds to a discrete band
of degeneration following section of the corpus callosum. In both
monkeys, the visual field representation in VP appears to be limited
to the upper quadrant with the more central portions represented
laterally and the more peripheral portions medially. The establish-
ment of potential homolgies for DM and M awaits further investiga-
tion.

Outside of primates. it is much more difficult to establish ho-
mologies. The last common ancestor of the different mammalian
orders lived no more recently than the late Cretaceous period more
than 60 million years ago (43). This ancestral mammal had only a
very limited development of its neocortex (29). In addition. the
adaptive radiation of mammals into different ecological niches with
widely divergent behavioral specializations serves to make very dif-
ficult the discovery of diagnostic similarities among potentially ho-
mologous cortical areas in different mammalian orders. These
nonprimate candidates for homology are discussed in reference 10.
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4. Significance of Multiple Cortical Areas

Why does the cerebral cortex contain a series of separate represen-
tations rather than a single map? In attempting to develop com-
puter analogues of visual perception, Marr elaborated the principle
of modular design. Marr (34) stated that any large computation
should be broken into a collection of smaller modules as independ-
ent as possible from one another. Otherwise. “the process as a
whole becomes extremely difficult to debug or improve, whether by
a human designer or in the course of natural evolution. because a
small change to improve one part has to be accompanied by many
simultaneous changes elsewhere.” This modular principle has
many counterparts in other biological systems. The paleontologist
Gregory (19) noted that a common mechanism of evolution is the
replication of body parts due to genetic mutation in a single genera-
tion, which is followed in subsequent generations by the gradual
divergence of structure and functions of the duplicated parts. An
analogous idea has been advanced by a number of geneticists. They
have theorized that replicated genes escape the pressures of natu-
ral selection operating on the original gene and thereby can accu-
mulate mutations. which enable the new gene. through changes in
its DNA sequence. to encode for a novel protein capable of assuming
new functions (31, 41). Many clearcut examples of gene replication
have been discovered (28). and DNA sequence homolgies in repli-
cated genes recently have been established (44). Using this analogy.
Allman and Kaas (2, 5) have proposed that the replication of cortical
sensory representations has provided the structures upon which
new information processing capabilities have developed in the
course of evolution. Specifically. it has been argued that existing
cortical areas. like genes. can undergo only limited changes and
still perform the functions necessary for the animal’s survival. but
if a mutation occurs that results in the 1 eplication of a cortical area.
then in subsequent generations the new area can eventually as-
sume new functions through the mechanisms of natural selection.
while the original area continues to perform its function.
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