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Shadows Cast by Retinal Blood 

Vessels Mapped in Primary 
Visual Cortex 

Daniel L. Adams* and Jonathan C. Horton 

The mammalian eye is a remarkable optical device, but its design is not 
perfect. The blood vessels that supply the inner retina are located in front 
of the photoreceptor layer, blocking access to light. Their shadows create 
a pattern of blindness in the field of vision that corresponds precisely to the 
location of the largest vessels in the eye. We show here that in squirrel 
monkeys, focal deprivation by blood vessels leads to rewiring of the eye's 
geniculocortical projections, imprinting an image of the retinal vascular tree 
onto the primary visual cortex. This process illustrates vividly that local 
imbalances in neuronal activity can influence column formation during 
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monkeys, focal deprivation by blood vessels leads to rewiring of the eye's 
geniculocortical projections, imprinting an image of the retinal vascular tree 
onto the primary visual cortex. This process illustrates vividly that local 
imbalances in neuronal activity can influence column formation during 
normal development. 

In many higher species, the geniculate affer- 
ents serving right and left eyes are segregated 
in the brain in layer 4 of primary (striate, V1) 
visual cortex into a mosaic of interdigitated 
inputs called ocular dominance columns (1). 
The formation of these columns has been 
scrutinized in the hope of elucidating the 
processes that guide the development of the 
cerebral cortex (2). Some experiments show 
an essential role for neuronal activity, be- 
cause infusion of tetrodotoxin into both eyes 
seems to prevent the emergence of ocular 
dominance columns (3). According to this 
idea, the correlated discharge of neighboring 
ganglion cells, perhaps generated by sponta- 
neous waves of retinal activity (4, 5), induces 
local cortical imbalances in the density of 
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geniculate afferents driven by each eye. 
These small imbalances may be amplified by 
competitive synaptic interactions between 
geniculocortical afferents to generate a ma- 
ture system of ocular dominance columns 
(6-9). 

Doubt has been cast on this explanation 
for column development by recent experi- 
ments showing that ocular dominance 
columns appear in ferrets despite early bi- 
lateral enucleation (10). This finding sug- 
gests that column formation is ordained by 
intrinsic molecular cues, and not by pat- 
terns of neuronal activity. Although neuro- 
nal activity has a disputed role in column 
induction, it certainly can influence column 
morphology at a later stage in development. 
Raising a newborn animal with monocular 
eyelid suture, to mimic congenital cataract, 
causes shrinkage of the deprived eye's 
columns and expansion of the normal eye's 
columns (11-14). Here, an imbalance in 
neuronal activity has a profound influence 
on the shape and size of the ocular domi- 

geniculate afferents driven by each eye. 
These small imbalances may be amplified by 
competitive synaptic interactions between 
geniculocortical afferents to generate a ma- 
ture system of ocular dominance columns 
(6-9). 

Doubt has been cast on this explanation 
for column development by recent experi- 
ments showing that ocular dominance 
columns appear in ferrets despite early bi- 
lateral enucleation (10). This finding sug- 
gests that column formation is ordained by 
intrinsic molecular cues, and not by pat- 
terns of neuronal activity. Although neuro- 
nal activity has a disputed role in column 
induction, it certainly can influence column 
morphology at a later stage in development. 
Raising a newborn animal with monocular 
eyelid suture, to mimic congenital cataract, 
causes shrinkage of the deprived eye's 
columns and expansion of the normal eye's 
columns (11-14). Here, an imbalance in 
neuronal activity has a profound influence 
on the shape and size of the ocular domi- 

nance columns. The relevance of these 
experiments, however, can be questioned 
on the grounds that suture of the eyelids is 
an artificial manipulation, creating an ex- 
treme imbalance in the stimulation of each 
retina. It has not been shown that under 
natural circumstances, competition be- 
tween the two eyes has an important influ- 
ence on the appearance of the ocular dom- 
inance columns. 

Cortical representation of retinal ves- 
sels. We now show that visual deprivation 
occurs routinely in normal primates, affecting 
ocular dominance patterns. Helmholtz dis- 
covered while plotting his blind spot that he 
could discern the proximal stumps of large 
blood vessels emerging from the optic disc 
(15). With refinement of perimetric tech- 
niques, subsequent investigators have plotted 
these so-called angioscotomas over wide por- 
tions of the visual field (16, 17). The hemo- 
globin in red blood cells absorbs light, cast- 
ing a shadow from blood vessels in the inner 
retina onto photoreceptors located under- 
neath. We have found a representation of 
angioscotomas in striate cortex of the squirrel 
monkey (Saimiri sciureus). 

The squirrel monkey was reported original- 
ly to lack ocular dominance columns (18, 19). 
They are present, in fact, but often appear poor- 
ly developed and irregular (20). To examine 
their pattern more closely, we enucleated one 
eye and stained striate cortex for the mitochon- 
drial enzyme cytochrome oxidase (CO) (21- 
23). The ocular dominance columns are re- 
vealed by this approach because metabolic ac- 
tivity is reduced in the missing eye's columns. 
After perfusion, striate cortex was stripped from 
the white matter, flattened in a single piece, and 
sectioned tangentially to the surface. Flatmount 
preparations enhance the likelihood of detecting 
subtle metabolic patterns, such as the optic disc 
representation, which lies buried in the calcar- 
ine sulcus (24). 
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Ocular dominance is expressed most strong- 
ly in layer 4C of striate cortex. CO montage of 
this layer revealed a fuzzy pattern of fine ocular 
dominance columns (Fig. 1). The left eye's 
optic disc representation appeared as a large, 
homogeneous zone of CO activity in the right 
cortex. It stained darkly, because the left eye 
was enucleated in this animal. In the periphery, 
a large pale zone corresponded to the represen- 
tation of the far nasal retina of the left eye 
(monocular crescent). 

Radiating from the optic disc representa- 
tion were more than a dozen, thin, dark pro- 
files. They represented the blood vessels em- 
anating from the optic disc of the left eye. 
This was confirmed by matching each ele- 
ment in the cortical pattern to its correspond- 
ing retinal blood vessel (Fig. 1, C and D). 

How do angioscotoma representa- 
tions form? Angioscotoma representations 
cannot form before birth, because the uterine 
environment is dark. We propose that after 
birth (Fig. 2A), the right cortex, for instance, 
receives binocular input organized into nas- 
cent columns, except at the representation of 
the left optic disc, where input comes exclu- 

A Right cortex 

sively from the right eye. Once the baby 
monkey opens its eyes (Fig. 2B), light enters 
through the pupil and shadows are cast by 
retinal blood vessels. Ganglion cells in the 
left eye that receive input from photorecep- 
tors beneath blood vessels are not driven 
effectively by visual stimulation. In turn, 
these ganglion cells fail to activate lateral 
geniculate neurons. Consequently, the axon 
terminals of these geniculate fibers retract in 
striate cortex, and the territory they relinquish 
is taken over by afferents serving the right 
eye. After the critical period, geniculocortical 
afferents become frozen in place. When one 
eye is enucleated (Fig. 2C), CO reveals the 
ocular dominance columns, which have been 
rearranged to correspond to the cortical rep- 
resentation of retinal blood vessels. 

To confirm this hypothesis, we double-la- 
beled the ocular dominance columns in this 
animal (and two others) by injecting an anatom- 
ical tracer, [3H]proline, into the remaining right 
eye (25, 26). The proline and CO patterns were 
identical (compare Figs. 1A and 3). As expect- 
ed, the angioscotoma representations in striate 
cortex were solidly labeled, as intensely as the 

blind spot representation (Fig. 2C). This exper- 
iment proved that cortical angioscotoma repre- 
sentations are generated by anatomical rear- 
rangement of geniculocortical inputs. It should 
be emphasized that in three control animals, 
with intact vision in both eyes, no CO pattern 
was visible in layer 4C. Removal of one eye is 
required to reveal the cortical angioscotoma 
representations with CO. 

Angioscotomas were represented in stri- 
ate cortex of 9 of 12 squirrel monkeys. 
Shadows generated in the contralateral eye 
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Fig. 1. Representation of angioscotomas in striate cortex. (A) Flatmount montage stain 
CO after removal of the left eye to reveal the ocular dominance columns. The dark 
emerging from the central dark oval correspond to the blood vessels of the left eye. (B) F 
photograph showing optic disc and retinal blood vessels. (C) Drawing of vessel representa 
color-coded to match the retinal drawing. Dashed line denotes circumference of r 
photograph in (B), projected onto the cortex. MC, monocular crescent; BS, blind spo 
Drawing of retina, with represented portions of vessels coded by color. Star denotes the 

/ Fig. 2. CO staining of angioscotoma repre- 
sentations. (A) At birth, CO staining is uni- 

/ form. Angioscotomas are absent, but the 
/ right eye already monopolizes the left eye's 

blind spot representation. (B) After light ex- 
posure, vessels begin to cast shadows, gen- 
erating angioscotoma representations. Their 
pattern becomes immutable at the end of the 
critical period. (C) Removal of one eye induc- 

ed for es an undulating pattern of CO activity, cor- 
c lines responding to the ocular dominance columns. 
undus The angioscotomas appear silhouetted 
3tions, against this textured background, because 
retinal they stain solidly. Note the tendency for the 
t. (D) other eye to "frost" the vessel and blind spot 
fovea. representations. 
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predominated, because blood vessels are 
generally larger in nasal retina, especially 
near the optic disc. A few vessel represen- 
tations, however, could be traced across the 
vertical meridian (V1/V2 border) and into 
the opposite cortex (Figs. 3 and 4). Their 
contrast was reversed, compared with other 

Fig. 3. Autoradiograph pre- 
pared after tracer injection into 
the remaining right eye, show- 
ing label (bright regions) dis- 
tributed in a pattern identical 
to that in Fig. 1A. The congru- 
ence of the patterns confirms 
that CO staining after monoc- 
ular enucleation precisely re- 
flects the distribution of 
geniculocortical inputs. The an- 
gioscotomas and the blind spot 
are solidly labeled, as predicted 
in Fig. 2C. Arrow denotes an e 
unlabeled angioscotoma, aris- 
ing from a temporal vessel in v 
the right eye. 

angioscotomas in the same cortex, because 
they originated from the temporal retina of 
the ipsilateral eye. 

Each angioscotoma representation was 
fringed by cortex that exhibited opposite CO 
contrast (Fig. 5). This "frosting" enhanced 
the visibility of the angioscotoma pattern by 

highlighting each vessel representation. Ap- 
parently, when retraction of geniculate affer- 
ents occurs during the critical period, the 
displaced afferents form a solid phalanx 
along the edges of the representation of each 
angioscotoma. The displaced afferents dom- 
inate in these flanking zones, expelling those 
from the other eye. This is noteworthy, be- 
cause neither eye enjoys any obvious com- 
petitive advantage in visual stimulation right 
next to an angioscotoma. 

Precision of the visual field represen- 
tation. The biggest vessels represented in 
the cortex were retinal veins near the optic 
disc. They attained a diameter of nearly 100 
,um (0.62?). The smallest were vessels ap- 
proaching the fovea, less than 30 ,xm wide 
(0.17?). To calculate shadow widths, we mea- 
sured exit pupil diameter, distance from exit 
pupil to retinal vessel, retinal vessel diameter, 
and distance from retinal vessel to photore- 
ceptors (27, 28). Many smaller vessels failed 
to eclipse the pupil completely and therefore 
produced no umbra. For example, a 28-1xm- 
diameter vessel 7.5? from the fovea cast only 
penumbra, measuring 83 pxm in width (Fig. 
6). From an expression for cortical magnifi- 
cation factor along an isoeccentricity ring 
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(derived below), we calculated that an 83-pm 
shadow should produce a cortical representa- 
tion 737 iLm wide. In fact, the vessel's corti- 
cal profile measured only 350 ixm (see vessel 
11, Fig. 4D), indicating that just the central 
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-0.45 

-0.44 
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-50% of the shadow was sufficiently dense 
to induce remodeling of geniculocortical af- 
ferents. This portion of the shadow was only 
three to four cones wide. 

Generation of a retinotopic map. The 
angioscotoma representations provided a 
simple means for construction of a visual 
field map in striate cortex (Fig. 7). First, 
dozens of prominent landmarks, such as ves- 
sel crossings or bifurcations, were identified 
in the retina and projected onto a tangent 
screen to determine their eccentricity. These 
data were used to calibrate a system of rings 
and rays, which was superimposed on an 
image of the nasal retina. This image was 
transformed by computer to match retinal 
features precisely to their cortical representa- 
tion (29), thereby generating a retinotopic 
map. This map is truly retinotopic, as op- 

72- - 

50 - 

2'"--. Right nasal 

?S/ , retina 
0 

I 

posed to visuotopic, and therefore immune to 
errors introduced by eye movements or inac- 
curate plotting of receptive fields (30). 

Areal cortical magnification factor, Ma, 
was derived by measuring the area (mm2) of 
each compartment in the map and dividing by 
the area (degrees squared) of its correspond- 
ing visual field zone. The data were plotted as 
a function of eccentricity (Fig. 7D) for four 
hemispheres from two monkeys. Cortical 
magnification factor in the squirrel monkey 
was similar to the value reported in the ma- 
caque (31), showing that these evolutionarily 
divergent primate species emphasize macular 
vision to the same extent. 

Discussion. Retinal blood vessels give 
rise to angioscotomas in the visual field, just 
as the optic disc creates a blind spot. How- 
ever, the mechanism is quite different. The 

Left cortex 

Fig. 5. Vessel representations are flanked by 
CO activity of opposite contrast. A vertically 
oriented dark angioscotoma representation 
(Fig. 4D) is surrounded by pale staining. Mean 
optical density of each column of pixels is 
plotted below. 

Fig. 6. Optics of shadow formation. Toluidine 
blue-stained retinal cross section (Fig. 4C), 
showing the shadow cast by a blood vessel in 

the gangion ceayer with a 28 m lumen 

diameter, when fully inflated. Pairs of lines, 
projected from opposite margins of a 1.9-mm 

pupil ocated 8.4 mm in front of the retina, 

this example, because the vessel is too small. 

Gradient indicates penumbra, which reached 

a maximum optical density of 0.45. Open 
arrow shows the light- boundariesy be- 
tween cone inner and outer segments. 
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Fig. 7. Generation of a retinotopic map. Ring and ray pattern is superimposed on the right retina, 
using landmarks plotted in vivo. Correspondence points (yellow squares) are placed on matching 
features of the retina and cortex. Blue lines are placed on segments between correspondence 
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four cortices is graphed versus eccentricity. 
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optic disc produces a hole, devoid of gangli- 
on cells, in the fabric of the retina. The other 
eye fills in the cortical gap, visible as a solid 
oval amid a sea of ocular dominance col- 
umns. This occurs in utero, before visual 
experience has any influence (32). 

Angioscotomas, on the other hand, arise 
because a few photoreceptors are condemned 
to a life of idleness owing to their location 
beneath blood vessels. The retina is otherwise 
normal. Deprivation by vascular shadows 
induces local remodeling of geniculate affer- 
ents, in a cortical distribution that corre- 
sponds to the trajectory of blood vessels with- 
in the retina. The process is analogous to 
amblyopia induced by a congenital cataract. 
A lens opacity, however, provokes global 
shrinkage of geniculate afferents in the cortex 
(33). Our results show that amblyopia can be 
exquisitely focal within an eye. It probably 
occurs underneath retinal blood vessels in 
primates other than squirrel monkeys, includ- 
ing humans. 

Angioscotoma representations in the cor- 
tex provide a natural example of how visual 
activity can influence the pattern formed by 
ocular dominance columns. They are essen- 
tially nothing more than long, threadlike oc- 
ular dominance columns, generated because 
deprivation in one eye tips the local compe- 
tition for cortical territory in favor of the 
other eye. The deprived eye is compensated 
by preferential assignment of the closest ad- 
jacent territory-as reflected by the "frost- 
ing" lining the angioscotoma representations 
(Fig. 5). This phenomenon presumably re- 
flects an innate tendency to allot cortical 
territory in a reciprocal manner (6-8, 34, 35). 
The global periodicity of the columns result- 
ing from this process is probably under ge- 
netic control (36). However, our data show 
that local imbalances in neuronal activity can 
determine the precise layout of the columns 
in any given region of cortex. 

We have searched in vain for angioscotoma 
representations in striate cortex of the macaque 
and human. In general, these species have larg- 
er ocular dominance columns than squirrel 
monkeys. In the macaque, we have projected 
the retinal vasculature onto striate cortex, to 
compare the predicted size of individual vessel 
representations with the width of ocular domi- 
nance columns. The ocular dominance columns 
are much larger. We speculate that because the 
columns are larger, their pattern is resistant to 
the influence of angioscotomas during develop- 
ment. In the macaque, the amount of cortex 
deprived by angioscotomas is simply too small 
to compel the rearrangement of ocular domi- 
nance columns. Nonetheless, shouldn't an an- 
gioscotoma carve a narrow swath through any 
column, no matter how big? Apparently, this is 
prevented by the higher degree of segregation 
of geniculocortical afferents in macaques, com- 
pared with squirrel monkeys. In squirrel mon- 

keys, the fine grain and weak segregation of the 
ocular dominance columns create perfect 
conditions for the formation of angioscotoma 
representations. 

Amblyogenic shadows just a few cones 
wide were represented in the cortex, reflecting 
the remarkable precision of the visual field map 
in layer 4C (37). In other layers, angioscotomas 
were not visible, because of the coarser resolu- 
tion of the visual field map and the intermin- 
gling of ocular channels. The representation of 
angioscotomas was most extensive at eccentric- 
ities from 4? to 30?. Within this range, an ideal 
balance exists between cortical magnification 
factor and blood vessel size. Beyond 30?, vessel 
size and magnification factor both decrease, so 
most angioscotoma representations disappear. 
Toward the fovea, blood vessels rapidly taper. 
Their reduction is offset by a steep rise in 
cortical magnification factor, but nevertheless, 
angioscotoma representations abruptly peter out 
at 3? to 4?. This occurs because vessels near the 
fovea contain too little blood to cast a suffi- 
ciently dense shadow. 

Angioscotomas are rarely noticed in 
our vision because they are filled in perceptual- 
ly, just like the blind spot. Remarkably, an- 
gioscotomas amount collectively to a greater 
portion of the visual field than the blind spot. 
Nature has struck a compromise in the design of 
the eye, by allowing blood vessels to obscure 
some photoreceptors. At least the largest vessels 
in the retina are prohibited from approaching the 
fovea, so that we are scarcely aware of their 
presence. 
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