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Abstract. There exist significant va ri a ti ons in the organization of the cortical 
visual a reas in different primate species that may be re lated to behavio ra l 
specia lizatio ns fo r nocturn ality, diurn ality, visual scanning, the pe rception of 
co lor and texture , and visual guid ance of o bject ma nipul ation . 

PRIMATE EVOLUTION 

The fossil rem ains of the ea rliest primates bearing a close resemblance to 
li ving primates have been recove red from ea rl y Eocene deposits 55 millio n 
yea rs o ld (Simo ns 1972). These ea rly primates possessed large bo ny orbits 
tha t comple tel y encircled the eyes a nd a cranium conta ining a la rge bra in 
compa red to its similarly-sized conte mporaries . The la rge size and position 
of the o rbits in the ea rl y primates close ly rese mble living nocturnal 
pros imia ns. The cra nia l e ndocasts o f Te tonius and othe r Eocene primates 
reveal tha t their bra ins possessed a co nspicuous e nlargeme nt of the neocortex 
of the occipita l and te mpo ral lo bes (Radinsky 1970) . Studies in living 
primates indica te tha t a ll o f the occipital lo be and much of the tempo ral 
lobe a re devoted to the processing o f visual informatio n . 

The la rge bo ny o rbits and expanded occipita l and te mpora l lo bes in the 
early prim ates we re probably pa rts o f an adaptive co mplex that included : 
(a) fro nta ll y directed eyes ; (b) an a rea of high acuity in the centra l re tina ; 
(c ) a la rge fi e ld of binocula r ove rl ap ; (d) a la rge ipsila te ra l projection from 
the retina to the late ra l geniculate nucle us and the o ptic tectum ; (e) the 
ex pansio n of the represe ntatio n o f the ce ntra l visual fi e ld in thala mic , tecta l 
and corti ca l vi sual structures; (f) a lamina ted la te ra l ge niculate nucleus in 
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which the inputs from the two eyes are segregated in several sets of layers ; 
(g) a representation in the optic tectum restricted to the contralateral half 
of the visual field; (h) the expansion and functional differentiation of primary 
visual cortex; (i) the expansion of extrastriate cortical visual areas and the 
probable elaboration of new visual areas; (j) the shift of the foramen 
magnum from a posterior to a more ventral position in the skull; (k) 
prehensile hands; (I) eye-hand coordination; (m) binocular convergence and 
accommodative focusing; and (n) fine-grained stereopsis (Allman 1977) . 
Since most of these features are characteristic of all living primates , it is 
likely that they were present in the most recent common ancestors of the 
living primates. 

The early primates were nocturnal or crepuscular and thus lived in a 
dimly illuminated environment (Allman 1977). At later stages in evolution 
primates began to fill diurnal niches and developed the capacity for color 
vision. Diurnal primates also tend to have much more complex systems of 
social organization than do nocturnal species . In diurnal primates , the visual 
system is particularly involved in the detection of the complex social signals 
imbedded in facial expressions, gestures, and postures that serve as the basis 
for much of primate social communication . 

OCULAR DOMINANCE SYSTEMS AND VISUAL BEHAVIOR 

One of the most striking variations in the organization of visual cortex in 
primates is the different patterns of input to layer IV of primary visual 
cortex. In galagos, spider monkeys, macaques, guenons, patas monkeys , 
baboons, chimpanzees, and humans , the inputs from the contralaterally and 
ipsilaterally receptive geniculate laminae are horizontally segregated in layer 
IV, which is the anatomical basis of Hubel and Wiesel's ocular dominance 
columns (Florence et al. 1986, Kaas et al. 1978). The horizontal segregation 
of ocular inputs to layer IV of striate cortex is poorly developed or absent 
in owl monkeys, marmosets, squirrel monkeys, saki monkeys , and capuchins , 
all of which are New World monkeys (Florence et al. 1986) . The ocular 
segregation in input has been found in all Old World primates tested thus 
far: in galagos, various monkeys , chimpanzees and humans, plus one New 
World primate, the spider monkey (Florence et al. 1986). This distribution 
is strongly negatively correlated with a distinctive visual behavior , "head
cocking", which has been studied in 40 primate species by Menzel (1980). 
When most New World monkeys look at an object they cock their heads 
from side to side. Head-cocking is particularly notable in young animals and 
follows a definite ontogenetic course. By contrast, galagos, spider monkeys , 
all Old World monkeys (except talapoins) , apes , and humans rarely head
cock when regarding an object. Talapoins , the smallest Old World monkey, 
and various lemuroids head-cock, but the input to layer IV of striate cortex 
is unknown in these primates. 
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Did the ocular dominance system evolve independently at least three 
times : in ga lagos, in spider monkeys, and in Old World monkeys, apes, and 
humans? Or was this system present in the earliest true primates and lost 
in most New World monkeys as has bee n suggested by Florence e t al. 
(1986)? It is an intriguing possibility that head-cocking represents a specialized 
form of visual scanning that is somehow incompatible with the ocular 
dominance system of primary visual cortex. While ocular dominance systems 
tend to occur in large r primates and head-cocking in smaller ones, it should 
no t be concluded that it is necessa rily related to interocular distance for 
binocular parallax for stereopsis , since the ocular dominance system is 
present in sma ll galagos and head-cocking is not. Furthermore, it has 
sometimes been suggested that the ocular dominance system is required for 
ste reopsis. This appears not to be true since owl monkeys readily discriminate 
random dot ste reograms with no monocular depth cues and thus possess 
stereoscopic perception (Miezin and Allman unpublished observations). 

CORTICOGENICULATE FEEDBACK: A POSSIBLE 
SPECIALIZATION IN NIGHT-ACTIVE PRIMATES 

Layer VI of striate cortex projects back upon the lateral geniculate nucleus. 
In galagos, which are nocturnal , a component of this corticogeniculate 
feedback projection that terminates in the parvocellular laminae is rich in 
acety lcholinesterase. Fitzpatrick and Diamond (1980) found in galagos that 
the parvocellular laminae are much richer in acetylcholinesterase than are 
the koniocellular or magnocellula r laminae . In an elegant series of 
experiments, they demonstrated that the dense acetylcholinesterase staining 
in the parvocellular laminae in galagos was not reduced by eliminating the 
retinal input. Similarly , they found that kainic acid injections into the lateral 
geniculate nucleus, which produced severe cellular destruction , did not 
reduce acety lcholinesterase staining in the parvocellular laminae. However, 
they fo1,1nd that striate cortex lesions greatly reduced the staining in the 
visuotopically corresponding parts of the parvocellular laminae . In addition, 
they found acetylcholinesterase positive neurons in layer VI of striate cortex 
in galagos. Fitzpatrick and Diamond (1980) also found that the parvocellular 
laminae were more densely stained than the magnocellular laminae in owl 
monkeys, which also are nocturnal. The parvocellular laminae are also more 
densely stai ned than the magnocellular laminae in the nocturnal tarsiers 
(McGuinness and Allman 1985). 

In contrast , Hess and Rockland (1983) discovered that acetylcholinesterase 
staining was denser in the magnocellular laminae than in the parvocellular 
laminae in squirrel monkeys , and suggested that the difference in laminar 
distribution was related to the diurnal activity pattern of this species as 
compared to the nocturnality of galagos and owl monkeys . In other diurnal 
primates as well, including macaques (Graybiel and Ragsdale 1982), 



32 J. Allman 

marmosets , and humans (McGuinness, McDonald and Allman, unpublished 
observations), the magnocellular laminae are more densely stained for 
acetylcholinesterase than are the parvocellular laminae . The present evidence 
strongly suggests that the parvocellular laminae are rich in acetylcholinesterase 
in primates active at night and thus adapted to function in a dimly illuminated 
environment. 

In contrast to the findings in galagos , Hess and Rockland (1983) found 
in macaques and squirrel monkeys that striate cortex lesions did not effect 
the pattern of acetylcholinesterase staining in the lateral geniculate nucleus , 
and thus the acetylcholinesterase-rich striate feedback pathway appea rs to 
be absent in diurnal primates. There are likely to be additional sources of 
acetylcholinesterase input to the lateral geniculate nucleus, which account 
for the background staining throughout the nucleus and pe rhaps dense r 
staining in the magnocellular laminae in diurnal primates. These may arise 
from the brain stem reticular formation and mediate a general enhancement 
of geniculate responses (Sherman and Koch 1985) . 

These findings suggest that in night-active primates there is an acetylcholin
esterase-rich projection feeding back from the striate cortex to the 
parvocellula r laminae which is not present in diurnal primates. A possible 
functional role for thi s system is suggested by findings in the rabb it retina 
where acetylcholine enhances responses to slowly moving stimuli (Masland 
et al. 1984). A lternatively, acetylcholinesterase may regulate or amplify the 
effects of other neurotransmitter systems (Brzin et al. 1982). In diurnal 
primates , the parvocellular laminae are insensitive to low contrast stimuli 
(Kaplan and Shapley 1982). In primates active in a dimly illuminated 
environment, the acetylcholinesterase-rich feedback projection may serve to 
enhance the neural responses to low contrast or slowly moving stimuli in 
the parvocellular laminae . 

VARIATIONS IN THE PATTERNS OF CYTOCHROME OXIDASE 
ACTIVITY IN THE FIRST AND SECOND VISUAL AREAS 

The distribution of the mitochondrial enzyme, cytochrome oxidase , has 
provided an important guide to the functional architecture of visual 
cortex in primates . Staining for cy tochrome oxidase activity reveals dense 
concentrations in Brodmann's layers IVa, lYe and VI in striate cortex, and 
a horizontally repeating pattern in layers II , III , V and VI (Horton 1984). 
This repeating pattern is most easily seen in tangential sections through the 
cortex that has been dissected away from the underlying white matter and 
flattened. The pattern in striate cortex is a relatively regular array of spots 
of high cytochrome oxidase activity , separated by a lattice of lower activity . 
In primates possessing ocular dominance stripes in striate cortex , such as 
macaque monkeys, the spots are centered on the stripes for each eye 
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(Horton 1984). The pattern in the second visual area (V-II) in tangential 
sections of flattened cortex is a series of thick stripes and thin stripes of 
high cytochrome oxidase activity , separated by pale stripes of lower activity 
that extend across the width of this belt-like area (Tootell et al. 1983). The 
thin stripes appear to be more prominent in diurnal squirrel monkeys than 
in nocturnal owl monkeys (Tootell et al. 1983, 1985). 

In experiments conducted in macaque monkeys, the cytochrome oxidase 
pattern has been linked to functional architecture . In studies using 14C-2-
deoxyglucose (2DG) as a functional marker , Tootell (1985) found that 
stimulation with low spatial frequencies resulted in high 2DG uptake in the 
spots , while stimulation with high spatial frequencies resulted in high uptake 
in the surrounding lattice in striate cortex. This result has recently been 
confirmed and extended with optical recording techniques (Tootell and 
Blasdel 1987). Livingstone and Hubel (1984) found that the neurons in the 
cytochrome oxidase rich spots, which they term "blobs", lack orientation 
selectivity and project to the thin stripes of high cytochrome oxidase activity 
in V-II. By contrast , they found that the neurons in the " interblob" lattice 
are orientation selective and project to the pale stripes in area V-11 . Both 
the electrophysiological recordings of Livingstone and Hubel and the 2DG 
studies of Tootell have found that the cytochrome oxidase rich spots are 
preferentially involved in color processing. Recently, Ts'o, Gilbert and 
Wiesel (1986) have found that individual cytochrome oxidase rich spots are 
dominated by cells of one particular opponent color class, either red-green 
or blue-yellow. 

The spot-lattice pattern of cytochrome oxidase activity has also been 
found in the striate cortex of baboons and humans (Horton 1984) . It appears 
to be absent in many prosimian primates including tarsiers, hapalemurs and 
dwarf lemurs (McGuinness et al. 1986) , but is present in prosimian galagos 
(Horton 1984; McGuinness et al. 1986). It has thus far not been identified 
in any nonprimate tested including , rats, mice, ground squirrels, cats , tree 
shrews , rabbits , and mink (Horton 1984) . Livingstone and Hubel (1984) 
and Tootell (1985) have found evidence that the spots of high cytochrome 
oxidase activity in striate cortex are involved in the analysis of color in 
macaque monkeys, but the presence of well-defined spot-lattice systems in 
nocturnal primates such as galagos and owl monkeys indicates that the spots 
must be linked to functions other than color vision in these animals. 

It is likely that the earliest primates lacked a differentiated spot-lattice 
system in striate cortex, since the system appears to be absent in a number 
of living prosimians and in all nonprimates tested thus far. The differentiated 
system probably developed in primitive members of the anthropoidea 
(ancestors of monkeys , apes and humans) in the early Oligocene period (ca. 
40,000,000 years ago), since the system is present in all members of the 
anthropoidea tested thus far. It also appears to have developed independently 
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in one group of prosimia ns : the galagos. The presence of the spot-lattice 
system in nocturnal species suggests that the basic functional differentation 
is not between streams of neural processing devoted to color and noncolor 
respectively , but rather between low and high spatial frequency or more 
simply between coarse and fine grained vision. The physiological ev idence 
suggests that the spot system is devoted to perception of the coarse outlines 
of objects and shading, like a " rough sketch" of the re tinal image done in 
charcoal. The lattice system is devoted to the perception of the fine grained 
detail , like that present in textured surfaces . Most of the time the syste m 
probably operates mainly in the coarse mode , emphasizing the info rmation 
passing through the spots, but can shift to the fine grained detail of the 
lattice system ; thus , the spots are metabolically more active and more 
densely stained for cytochrome oxidase activity. In diurnal prim ates, functions 
related to the perception of color are grafted onto a preexisting system 
devoted to shading that resides in the spots. 

VARIATIONS IN THE ORGANIZATION OF HIGHER CORTICAL 
AREAS 

The visual cortex anterior to the second area contains a large array of visual 
areas defined on the bases of visuotopic organization, connectio ns, and 
function al specializations. Two of these areas, the middle temporal (MT) 
and the medial (M), are present in all primates tested thus far a nd appear 
to be rel atively conservative in evolution. The neural responses in both of 
these areas are very transient and may represent higher le ve ls in the system 
that involves the magnocellular laminae of the lateral geniculate nucleus, 
which is characterized by sensitivity to low contrast and fast conducting 
transient responses, and also appears to be relative ly conservative in 
evolution. By contrast, the organization of higher cortical areas, apparentl y 
related to the stream of information re layed through the parvocellular 
laminae of the lateral geniculate nucle us, are much more va ri able . 
The parvocellular laminae are characterized by requiring higher contrast 
stimulation, and by slower and more sustained responses, which is also 
characteristic of area DL in New World monkeys and V4 in Old World 
monkeys. The variability in the organization of the parvocellula r-dominated 
cortical areas such as DL and V4 pa rallels the conside rab le variability in 
the organization of the parvocellula r laminae , which are re lated to the more 
phyloge netically advanced systems of color and fine deta il (Hass le r 1967; 
Kaas e t al. 1978). 

Middle temporal visual area. Area MT is a highly di stincti ve , densely 
myelinated region characterized by fast conducting, transie nt responses , 
se nsitivity to low contrast stimuli , and a high proportion of directionally 



Variations in Visual Cortex Organization in Primates 35 

se lecti ve ne urons (Allma n and Kaas 1971 ; Ba ke r e t a l. 1981; Miezin e t al. 
1987; Tootell 1985; Ze ki 1974). The magnoce llula r laminae of the la teral 
geniculate nucle us proj ect to laye r lYe-alpha of stri ate cortex, which in turn 
projects to the adj ace nt laye r !Yb , which in turn projects to MT. A n 
interest ing diffe rence in the o rganization of MT is revealed when visuotopic 
o rganization of this structu re is projected back upon the visual fi eld (Maunse ll 
1987). In ga lagos and owl monkeys this back projection is unre markable; 
however, in macaque mo nkeys the hack projection reveals a strikingly 
enlarged re presentation of the po rtion of the vi sual fi e ld exte nding from the 
cente r of gaze along 45° axes in the lower visual fi eld , which corresponds 
to the posi tion of the arms in the visual fi e ld when the ha nds are manipulating 
an obj ect. Macaque monkeys manipulate obj ects with a precision grip 
utilizing the thumb and fo refinge r ; galagos and owl monkeys lack the 
precision grip a nd grasp obj ects with the entire ha nd . Thus it is possible 
that thi s specia lization in the visuotopic o rganization of MT in macaque 
monkeys is re lated to the visual guidance of the precision grip in obj ect 
ma nipulation . 

Medial visual area. The medial visual area (M) is unique among the cortica l 
visua l areas in owl monkeys in that it has a proportionall y large representation 
of the pe riphe ral visua l fi e ld (Allman and Kaas 1976). Only 4% of area M 
is devoted to the representation of the central 10° of the visual fi e ld . In 
macaques the re is an a rea in the same location with a similar visuotopic 
organizat ion and e mphasis of the pe riphe ra l visual fi e ld re prese ntation that 
has bee n te rmed the pari e tooccipital area (PO) (Covey et a l. 1982) . A rea 
M is probably homologous with the "dorsa l" area in galagos , which is 
loca ted anterio r to the lower fi eld periphe ral representation in V-11 , and 
possesses a simila r visuo topic o rganizatio n a nd emphasis on pe riphe ry 
(Allma n et al. 1979). Media l area ne urons have ve ry transient responses, 
which suggests that thi s a rea may be re lated to the magnocellular syste m 
(Miezin e t al. 1987). A rea M is unusual among corti cal areas tested in owl 
mo nkeys in that most of its ne urons respond prefe rentia lly to rapidly moving 
stimuli (> 50° per second) (Bake r e t al. 1981) . Finall y, area M is unique in 
that a ll of its outgoing projections te rminate in co rti ca l laye rs I , V and VI 
(G ra ham et a l. 1980), which are usuall y fee dback connectio ns. Thus it 
appears that the main fun ction of a rea M may be to modulate the activity 
of othe r areas, such as DM and poste rio r pari e tal cortex (PP) . We 
hypo thesize that area M may detect sudde n moveme nts in the pe riphe ry of 
the visua l fi e ld and fac ilita te the corresponding parts of the visual fi e ld 
representation in othe r cortical areas, resulting in a shift of attention to the 
nove l stimulus. Ne urons in poste rio r pa ri eta l co rtex in macaques are 
specifica ll y facilita ted whe n visual stimuli a re presented in a pos ition in the 
visual fie ld upon which the monkeys's atte ntion has been directed (Robinson 
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et al. 1978) . In other posterior parietal neurons , responses in the periphery 
of the visual field are facilitated when the monkey fix ates straight ahead 
(Andersen and Mountcastle 1983) . Lesions in this locality in humans produce 
visual neglect and the inaccurate localization of visual stimuli (Holmes and 
Horrax 1919). 

Dorsomedial visual area and VJ. The dorsomedial visual area (OM), like 
area MT, is a highly distinctive, densely myelinated zone, in Aotus (Allman 
and Kaas 1976). OM receives input from striate cortex , area MT , and area 
M, and projects to posterior parietal cortex (Lin et al. 1982; Wagor et al. 
1975). The responses of OM neurons are more sustained than neurons in 
areas MT and M but more transient than in OL (Miezin et al. 1987). OM 
neurons are more sharply tuned for stimulus orientations tha n neurons in 
area MT, M or OL (Baker et al. 1981). Our mapping of OM revealed an 
interesting case of variability in the organization of a cortical area within a 
species. In a series of ten owl monkeys, area OM had the same organization 
in nine , but in one owl monkey, area OM possessed two represe ntations of 
the upper visual field, one in the normal location and a second in the place 
normally occupied by the lower field representation (Allman and Kaas 
1976). The position of the receptive fields in the abnormal upper quadrant 
representation in this owl monkey were mirror symmetrical about the 
horizontal meridian with the normal lowe r quadrant represe ntation . It was 
as though distance from the horizontal and vertical meridi ans was correctly 
represented , but in the upper as opposed to the normal lowe r half of the 
visual field. In macaques , the third visual area (Y3) is located in a similar 
position, is densely myelinated, and receives input from striate cortex 
(Felleman and Van Essen 1984) . Area Y3 differs from OM in that its visual 
field map is restricted to the lower visual field and its shape is more stretched 
out along its common border with the second visual areas. In galagos. there 
appears to be no area corresponding to OM or Y3 (Allman et a l. 1979). 

Ventra l visual areas (VP and VA). Following corpus callosum section in 
owl monkeys , there is a clear- cut band of degeneration ex te nding across 
the ventral surface of the anterior occipital lobe that corresponds to the 
vertical meridian representation separating the ventral posterio r (V P) from 
the ventral anterior (Y A) visual areas (Newsome and Allman 1980). 
Following corpus callosum section in macaques, there is also a clear- cut 
line of degeneration extending across the ventral surface of the anterior 
occipital lobe with a simi larly organized ventral poste rior area. It is not 
clear at present whether area VA is a separate representatio n o r a ve ntral 
extension of the V4 complex. Area YP . which has bee n considered to be 
a detached ventral part of V3 by some authors ( Gattass e t al. 1984; 
Ungerleider et al. 1983) , diffe rs from V3 in a number of significant respec ts 
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(Van Esse n 1985). First , V3 receives an input from stri ate co rtex; VP does 
not. Second , V3 is dense ly mye linated ; VP is not. Third , corpus ca llosum 
connections cri sply defin e the ante rior bo rde r of VP , but no t V3. Fourth , 
in quantitati ve studies of response prope rties, the incide nce of color se lecti ve 
ne urons is th ree times as high in VP (60% ) as in V3 (21% ) ; conve rse ly , 
the incidence of directiona ll y se lective ce lls is three times as high in V3 
(40%) as in VP (13% ). The di scove ry of a high incidence of colo r se lective 
neurons in VP is pa rticula rl y inte resting in view of colo r visio n de fi cits 
resulting fro m ventra l occipital lesions in humans. Damasio et a l. ( 1980) 
descri bed a ve ry ca refull y docume nted case of hemiachromaropsia resulting 
from such a lesion . The ir patie nt "was unable to recognize or name any 
colo r in a ny portion of the left fi e ld of e ither eye, including bright reds, 
b lues, greens, and ye llows. As soon as any portion of the colored obj ect 
crossed the ve rtica l me ridia n, he was able to recognize a nd accurate ly name 
its co lo r. When an obj ect such as a large red flashlight was held so that it 
was bisected by the ve rtical meridian , he re po rted that the hue of the ri ght 
half appeared normal while the left half was gray. Except fo r the 
achromatopsia, he noted no o the r di sturbance in the appearance of obj ects 
(i.e., objects d id no t cha nge in size o r shc.pe, did no t move abnormally, 
a nd appea red in correct pe rspecti ve ) . De pth perception in the colorless fi e ld 
was no rmal. The visua l acuit y was 20/20 in each eye." The patie nt had a 
small left uppe r visua l fi e ld scotoma, but no furthe r ne uro logica l abnormality. 
A CAT scan revealed a we ll-de fined lesion due to a st ro ke in the ve ntral 
pa rt of the ri ght occipita l lobe, prima ril y in extrastri ate cortex. Verrey (1888) 
repo rted a simil ar case of he miachro matopsia that resulted from a 
contrala te ral ve ntra l occipital lesion confirmed by autopsy . D amasio e t a!. 
( 1980) concluded , "judging fro m case I a nd in Veney's case, one single 
a rea in each he misphere cont ro ls colo r processing fo r the e ntire hemifie ld . 
T his is so rega rd less of the fac t that such an a rea is eccent ricall y loca ted , 
in the lowe r visual associa tion co rtex, classica ll y rel ated to upper quadrant 
process ing onl y. The remark able findin g furth er supports the view that 
visua l processing is o rganized in parall el, proceeding thro ugh specific and 
preassigned structures. T he cl assic concept of a concentricall y o rganized 
visua l assoc iation cortex no longe r appears te nable." Since a ve ntral lesion 
is unlike ly to have damaged the lowe r fie ld representa tion in V-11 , it is 
p robable that it affected a n a rea containing both an uppe r a nd lower fi e ld 
represe nta tio n ante rior to V-II. These results suggest that one or mo re of 
the ventral areas contains a complete map of the visual fi e ld and is invo lved 
in the pe rceptio n of co lo r in humans. 
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