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Neural-Vascular Relationships in Central Retina of Macaque
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The relativnship of the vasculature to the neuronal layers
was studied in whole-mounts and in sections of macaque
retinas. Like other central nervous structures, primate reti-
nas have local variations in vascularity that reflect local vari-
ations in metabolism, rather than simply tissue thickness or
volume. A special feature of the retina is a dense vascular
plexus in the nerve fiber layer, which is unmyelinated and
hence must generate a substantial metabolic demand for
ion pumping.

Much of the retinal vasculature is laminated and located
at specific layer boundaries. Throughout the central retina,
two planes of capillaries bracket the inner nuclear layer to
form a sclerad capillary network. In some regions, especially
near the fovea, a second, more vitread network brackets the
ganglion cell layer with another pair of capillary planes.
Wherever the nerve fiber layer is thick, the vitread network
becomes less planar and is multilayered. When surrounded
by nerve fibers, capillaries tend to orient parallel to the fibers;
when adjacent to ganglion cell bodies, the capillaries are
less systematically oriented. At the border between the nerve
fiber layer and the ganglion cell layer, rows of ganglion cells
often interdigitate with nerve fiber bundles, resulting in local
perturbations of capillary orientation.

The volume of the sclerad capillary network is relatively
constant at different locations, but the volume of the vitread
network increases dramatically where the nerve fiber layer
is thick. As a result, the vascularity of the retina is greatest
in the peripapillary region near the optic disk, even though
the total thickness of the peripapillary retina is comparable
to the retinal thickness near the foveal crest. As many as
60-70% of the photons passing through the retina in the
peripapillary region will encounter one or more capillaries
before reaching a photoreceptor.

Median capillary diameter increases with retinal depth from
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4.5-4.7 um in the nerve fiber layer to 5.0 um at the sclerad
border of the inner nuclear layer. Capillary diameter in the
nerve fiber layer also increases near the optic disk.

Within the central retina of diurnal primates, the topographic
variations in the neuronal layers create large differences in the
proportions of the cellular elements at different retinal loci. In
the center of the fovea, the retina is thin and only photoreceptors
are present. At the foveal crest, the ganglion cell layer reaches
its greatest thickness, but the optic nerve fiber layer is very thin.
In the vicinity of the optic disk, the ganglion cell layer is thin,
but the nerve fiber layer is thick. The total thickness of the retina
is a combined function of these widely varying component lay-
ers.

It has long been appreciated that the thickness of the retina
is one determinant of its vascularity (Michaelson, 1954; Chase,
1982; Buttery et al., 1991). If the retina is thin (as in the foveal
center), the oxygen demand can be met by diffusion from the
choroidal circulation, but in more eccentric loci where the retina
is thicker, an intraretinal blood supply with multiple layers be-
comes prominent (Michaelson, 1954; Shimizu and Ujiie, 1978;
Snodderly and Weinhaus, 1990).

The spatial distribution of the vascular network of primate
retinas, including humans, has been the subject of surprizingly
little quantitative study. This is partly due to conflicting con-
clusions from earlier work (Michaelson, 1954; Toussaint et al.,
1961; Wise et al., 1971; Shimizu and Ujiie, 1978) about the
relationships between the retinal capillary networks and the
neuronal layers. Without a clear understanding of the neural~
vascular relationships, it is difficult to account for the large
regional variations in the vasculature.

More recent work has shown an intricate and precise rela-
tionship between the retinal capillary networks and the neuronal
layers in the foveal region. In human retinas the capillaries of
the ganglion cell layer are located at a border or in the middle
of the layer, depending on the retinal eccentricity and the thick-
ness of the layer (Iwasaki and Inomata, 1986). Within the foveal
depression of squirrel monkeys, we have identified four distinct
capillary planes that are located near the borders of the inner
nuclear layer and the ganglion cell layer (Snodderly and Wein-
haus, 1990). With increasing eccentricity, the most superficial
(i.e., most vitread) capillary plane moves into the nerve fiber
layer. As a result of this arrangement, the capillary planes are
appropriately located near regions of high metabolic demand as
indicated by the cytochrome oxidase distribution (Kageyama
and Wong-Riley, 1984).

In the present article, we extend our analysis of neural-vas-
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cular relationships to additional loci within the central retina,
including the peripapillary region around the optic disk. We
have chosen macaque retinas for this study because of the sim-
ilarity of their vasculature to that of human retinas (Henkind,
1967; Anderson, 1971; D. M. Snodderly and R. S. Weinhaus,
unpublished observations). Our results show that the nerve fiber
layer contributes more to retinal vascularity than would be pre-
dicted from its contribution to total retinal thickness. This find-
ing suggests that retinal vascularity, like the vascularity of other
central nervous structures, is more strongly related to local met-
abolic activity than to tissue volume (Borowsky and Collins,
1989; Zheng et al., 1991).

Materials and Methods

Cynomolgous monkeys (Macaca fascicularis), imported primarily from
the Phillipines, were used. Retinas were coded by species (F for fascicula-
ris), a two-digit identification number, and right (R) or left (L) eye. Four
retinas from three monkeys were studied intensively in whole-mounts,
and measurements of the vascular network and the thickness of the
neuronal layers were made. The sex and weight at the time of death of
these three animals were as follows: F22: female, 2.9 kg; F46: male, 2.8
kg; F54: male, 2.9 kg. In addition, retinal whole-mounts from three
other animals (FO4, F48, and F53) and serial sections from retinas of
five animals (FO1, FO4, F10, F22, and F48) were studied to confirm the
generality of the patterns observed.

Preparation of rétinal tissue

The methods for preparation of retinal tissue have been published
(Snodderly and Weinhaus, 1990) and will only be described briefly here
along with subsequent modifications. Monkeys were killed by injection
of an overdose of sodium pentobarbital. The intensively studied retinas
were from animals whose retinas were then immediately fixed by trans-
cardial perfusion of the animal with 0.9% sodium chloride containing
0.5% sodium nitrite followed by half-strength Karnovsky’s fixative (2%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer,
pH 7.2-7.4). Less intensively studied retinas were fixed with slight vari-
ations in the saline prewash and the fixative composition.

The eyes were enucleated, opened at the pars plana, and postfixed in
half-strength Karnovsky’s fixative for an additional 2-24 hr. After re-
moval of the vitreous, an 8 x 10 mm posterior segment was cut from
the globe that extended superiorly, inferiorly, and temporally for at least
3.5 mm from the foveal center and for at least 0.5 mm beyond the nasal
margin of the disk. This central segment of the globe was placed in 0.1
M phosphate buffer. To separate the retina from the choroid and sclera,
the optic nerve fibers were gently severed at the level of the lamina
choroidalis with a microsurgical spatula. The retina was then freeze-
protected by transfer to increasing concentrations of glycerol (12.5%,
25%, and 50%) in buffer.

At this stage, the pigment epithelium was still adherent to the retina.
Total retinal thickness of two retinas (F46R and F54R) was measured
as described below, before dissecting off the pigment epithelium. All
other retinas were immediately dissected further to optimize visualiza-
tion of intraretinal features. The pigment epithelium was removed by
freezing the retina and scraping off the melanin-containing tissue (Snod-
derly and Weinhaus, 1990).

For microscopic study, the tissue was placed vitread side up in a
shallow well 275-375 um deep and coverslipped (Snodderly and Wein-
haus, 1990). The well was filled with 50% glycerol in buffer, with sodium
azide (0.04% or 0.08%) added as a preservative. Even with the added
azide, small particles, presumably microorganisms, could be observed
moving in the liquid phase after several months. When this occurred,
the tissue was dismounted, soaked in fixative for several hours to dis-
infect it, rinsed in buffer, and remounted.

Whole-mounts were stored at —80°C to —90°C except when being
studied. Despite repeated cycles of freezing and thawing, the capillary
network and the neuronal layers were clearly visible for periods greater
than 18 months. Slow evaporation of the fluid in the well caused gradual
deterioration in the visibility of retinal features. When the retina was
remounted in a fresh solution, however, the initial clarity was restored.

To confirm that the microscopic images of the retinal whole-mount
permitted accurate localization of the retinal capillary planes in relation
to the neuronal layers, portions of selected whole-mounted retinas were

dismounted and serial sections 40 um thick were prepared (Snodderly
and Weinhaus, 1990).

Drawings

The vasculature in whole-mounts was drawn by using drawing tubes
mounted on an Olympus BHS microscope with a viewing magnification
of 330 x or a Zeiss UEM microscope at 256 x magnification with stan-
dard bright-field optics. Four centimeters in the drawing plane corre-
sponded to 100 um on the retina. A continuity diagram of the vessels
was traced by changing the focus, and the vessel segments were assigned
to their respective depth planes. Ambiguous relationships were clarified
at higher magnification with Nomarski differential interference contrast
(DIC) optics using the Zeiss system. The DIC optics provided increased
contrast and decreased depth of field.

Anatomical features visible in retinal sections were drawn with DIC
optics at a magnification of 200x. In these relatively thick sections,
only a single focal plane close to the coverslip was drawn so that the
layer borders could be represented as single lines in a thin optical plane.
When the borders were irregular, a visual average was sketched as a
smooth line.

Quantitative measures of the capillary network

Quantitative measures of the capillary network were made in the retinal
whole-mounts in 100 x 100 um sampling areas. The §7 sampling regions
were approximately midway between arteries and veins, at least 60 um
from major vessels, to minimize local perturbations of the capillary
network.

Selection and repeated evaluation of the sampling regions were fa-
cilitated by fitting the Zeiss UEM microscope with a stage with motor
control of the x- and y-axes (New England Affiliated Technologies,
Lawrence, MA), and a linear encoder (Dynamics Research, Wilmington,
MA) on the z-axis, so that a continuous digital display of the x, y, and
z coordinates was available. The digital output of the display was re-
corded by a microcomputer for further analysis.

Capillary screening areas. The percentage of the retinal area covered
by capillaries was estimated after enlarging the drawing of each 100 x
100 pgm sampling area to a square 10 x 10 cm. The area devoid of
vessel profiles was measured with a Zeiss Videoplan digitizing system
and subtracted from the total area to derive the retinal area optically
screened by one or more capillaries.

Capillary lengths, diameters, and volumes. Lengths of capillary seg-
ments in the x~y plane were measured from drawings using the Video-
plan digitizing system. Diameters of capillary lumens were directly mea-
sured at the microscope with DIC imaging at 800 x magnification by
superimposing the image of the capillary in the whole-mount on a scale
imaged through the drawing tube. For each segment, the mean of di-
ameters measured at three locations distributed along the segment was
recorded.

Volume estimates were calculated as the product of the capillary
segment length and its cross-sectional area, assuming a cylindrical shape
with a circular cross section of uniform diameter. To verify that treat-
ment as a uniform cylinder was realistic, the diameters of more than
70 capillary segments of F46R and F54R were measured at locations
all the way from the arterial to the venous end of the segment. No
consistent trends in diameter along the segments were found. Individual
segment volumes were summed to obtain estimates of total capillary
volume in each capillary grouping. Our complete sample included 1628
capillary segments.

Because our measurements of capillary segment lengths were made
from two-dimensional maps in the x-y plane, and do not incorporate
any vertical component, the derived volumes are underestimates. To
assess the error involved, we measured at the microscope the vertical
(z) component of length for each capillary segment in a subset of the
sampling areas. The hypotenuse of the length in the x-y plane and the
orthogonal component in the z-axis were then calculated to obtain an
improved estimate of capillary segment length and volume. The results
showed that we underestimated capillary volume by an average of 7%
in the peripapillary region and 3% in other sampling areas. No correc-
tions have been made for these small errors.

Measurement of retinal thickness and neuronal layer
thicknesses

For two retinas (F46R and F54R), total retinal thickness and the thick-
ness of the outer retina were measured in whole-mounts before removal



of the pigment epithelium. Thickness measurements were made by
focusing through the tissue with a 40 x water-immersion objective. The
total thickness was estimated as the distance between the planes of best
focus of the inner limiting membrane and of the vitread border of the
retinal pigment epithelium. Here the epithelial cell mosaic was visible
and melanin granules first came into sharp focus. For macaque retinas,
the uppermost pigment granules are about 8 um from Bruch’s mem-
brane, the boundary at which the retina usually separates from the
choroid in our dissections. Control measurements were done on one
retina whose thickness was first measured in whole-mount and then
remeasured in a side view of a slice cut from the retina with a razor
blade. Thickness values obtained from the whole-mount were about
12% less than those measured from the side view. This discrepancy is
too small to affect our conclusions, and no correction has been applied
to the data.

The thickness of the outer retina was measured as the distance from
the capillary plane at the deep (sclerad) border of the inner nuclear layer
to the vitread border of the pigment epithelium.

For the other two whole-mounts from which quantitative data were
obtained (F22R and F22L), most of the pigment epithelium was dis-
sected off immediately so that only small extrafoveal patches remained.
In these retinas, when a sampling area was near a patch of pigment
epithelium, a measurement of outer retinal thickness from the region
of the patch was used. For sampling areas in the foveal region, where
all pigment epithelium was removed, an estimate of outer retinal thick-
ness was used by taking an average of measurements at comparable loci
from F46R and F54R. Values for total retinal thickness of F22R
and F22L were derived by adding the thickness of the outer retina
estimated in this way to the measured thickness of the inner retina.

With the pigment epithelium removed, the thickness of each layer of
the inner retina was measured for each 100 x 100 um sampling area
for all retinas. In sampling areas where the ganglion cell/nerve fiber
boundary was irregular (a common occurrence), an average of the values
at several locations was used.

Results
Laminar distribution of the vasculature

For each retinal whole-mount, a photographic montage or a
drawing was prepared to construct a map of the large vessels,

the foveal avascular zone, and the optic disk for use as land- -

marks (Fig. 1). Subsequent figures refer to these maps to illus-
trate topographic relationships.

In this article, we have concentrated on the central retina,
which we define as the approximately circular region centered
on the fovea and extending along the vertical meridian to include
the superior and inferior temporal retinal arteries (Fine and
Yanoff, 1979). On the horizontal meridian, we have studied the
retina as far nasally from the fovea as the optic disk and for an
equal distance temporally.

The organization of the vascular network of the macaque
fovea is similar to that already described for the squirrel monkey
(Snodderly and Weinhaus, 1990). In the whole-mounts, the ves-
sel lumens appear as interconnecting tubes differing in contrast
from the surrounding retinal tissue (Snodderly and Weinhaus,
1990). Radially oriented arteries and veins in the ganglion cell
layer are connected by capillaries that are located at preferred
tissue planes. Four planes of capillaries can be recognized at
many locations. Because of their different characteristics, we
will divide these four planes into two groups, a sclerad network
that brackets the inner nuclear layer, and a vitread network that
brackets the ganglion cell layer or lies within the ganglion cell
and nerve fiber layers (Fig. 2).

In our illustrations and our terminology, we have adopted the
convention that the retina is oriented vitreous surface up, pho-
toreceptors down. Thus, the terms ““shallow,” “superficial,” and
“vitread”” mean a common direction in space, opposite to “deep”
and “sclerad.” This convention facilitates in vivo/in vitro com-
parisons, since the retina is usually viewed in vivo with the
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vitreous surface toward the observer, so that objects deeper in
the retina are more sclerad.

Sclerad network

Throughout the central retina, capillaries at both borders of the
inner nuclear layer are visible as planar arrays in whole-mount
images (Fig. 2) and in retinal sections (see below). These cap-
illary planes, called the deep inner nuclear plane and the shallow
inner nuclear plane (Snodderly and Weinhaus, 1990), form the
sclerad network. Few capillaries are seen in the interior of the
inner nuclear layer; in regions of the whole-mounts where cloud-
iness made visualization of cell bodies difficult, the boundaries
of the inner nuclear layer could readily be determined by fo-
cusing on its bordering capillary planes. The only exception to
this rule occurs in an annulus approximately 50-75 um wide
surrounding the foveal avascular zone; here the inner nuclear
layer is relatively thin and capillaries sometimes lie within it.

Vitread network

The vitread network is also planar in some local regions (Figs.
2, 3). In the foveal region especially, the two planes of capillaries
forming the vitread network tightly bracket the ganglion cell
layer. Here, the retina has four strict planes of capillaries, one
pair bracketing the ganglion cell layer and the other pair brack-
eting the inner nuclear layer [Fig. 4, 4 Planes (second photo in
row 1)]. However, at greater eccentricities, the vitread network
becomes less planar and it is strongly affected by retinal topog-
raphy. This is illustrated in rows 2 and 3 of Figure 4, which
depict a section that extends from the center of the fovea to 4
mm eccentricity. The key factors influencing the vitread network
appear to be variations in the thickness of the ganglion cell and
nerve fiber layers and the orientation of the nerve fiber bundles.

The border between the ganglion cell layer and the nerve fiber
layer. The border between the ganglion cell layer and the nerve
fiber layer is consistently nonplanar in many retinal regions
where both layers are well developed. At the interface between
these two layers, the ganglion cells are often arranged in irregular
rows one to three cells wide that interdigitate with nerve fiber
bundles (Fig. 3, upper right). This gives the border an undulating
character, with small hills of ganglion cells creating valleys in
which the nerve fibers run. We are not aware of a previous
description of this striking retinal feature.

Vascularization of the ganglion cell layer. Within the foveal
depression, a capillary plane lies at or near the deep border of
the ganglion cell layer, along with the major vessels, as previ-
ously described for the squirrel monkey (Snodderly and Wein-
haus, 1990). The close association of this plane of capillaries
with the large vessels prompted us to use the locations of the
large vessels as an aid to identify the ganglion cell capillary plane
in the extrafoveal retina.

It was helpful to recognize that major vessel trunks in the
vitread network lie mainly in the ganglion cell layer. To establish
this fact, we studied whole-mounts of four retinas (F22L, F46R,
F53R, and F54R) and confirmed the laminar relationships in
sections of a fifth retina (F48R).

Medium-sized vessel trunks could be readily assigned to the
appropriate neural layer. The more difficult cases were vessels
sufficiently large to protrude into more than one layer and those
with an asymmetric cross section. The large veins in particular
often have obviously noncircular or asymmetric cross sections.
In the whole-mounts, asymmetry was evident when the focal
planes for the bottom and the top surfaces of the vessels were
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SUPERIOR

Figure 1. Retinal regions where the vasculature was illustrated or quantitatively measured. Selected large vessels, the foveal avascular zone
surrounded by the terminal capillaries, the outlines of the optic disks, and the animals’ identification numbers are shown. The retinas are oriented
according to standard fundus photographic convention, with the optic disk on the nasal side. The complete vascular networks within the dotted
regions of F22R and F22L are displayed in Figure 5. Sampling areas. Small squares indicate the 100 x 100 pm sampling areas within which



not equidistant from the focal plane where the trunk was widest.
For the example shown in Figure 3 (left column), the widest
part of the trunk of the large vein was about three times as far
from the bottom surface of the vein as it was from the top
surface. Departures from roundness of the large vessels are also
implied by the oblong profiles visible in sections orthogonal to
the vessel axes (Fig. 4). Other examples can be seen in Wise et
al. (1971), their Figures 2-6 and 3-2, and Shimizu and Ujiie
(1978), their Figures 17, 36, 98, and 103.

To be consistent, we assigned all major vessels to the lamina
where their trunk was widest. The pattern derived with this
criterion is relatively simple: when the optic nerve fiber layer
was thick, near the optic disk, the major vessels were in the
nerve fiber layer [see Fig. 4, Thick NF (row 4)]. As the major
vessels moved away from the edge of the disk, they descended
into the ganglion cell layer within 0.5 mm, with one exception,
an artery that traveled for 0.8 mm before descending to the
ganglion cell layer. The only other cases where major vessels
were displaced from the ganglion cell layer occurred where veins
and arteries crossed each other. For example, such displace-
ments occurred routinely where venous tributaries crossed the
superior and inferior temporal retinal arteries. Even there, the
vessel trunks returned to the ganglion cell layer within 0.2 mm
of the crossings.

Where the large vessels are in the ganglion cell layer, the most
prominent capillary plane in the ganglion cell layer is at about
the same retinal depth as the large vessels. This capillary plane
is distinct from the nerve fiber capillary grouping above it in
three ways: (1) it is present throughout the entire central retina
including the fovea, except for the foveal avascular zone and a
surrounding annulus 50-70 um wide; (2) its capillaries are often
not parallel to the nerve fiber bundles; and (3) it is present in
extrafoveal regions where the nerve fiber layer is thin or indis-
tinguishable [Fig. 4, Temporal section, TS (row 4)].

With increasing retinal eccentricity outside the fovea, the gan-
glion cell capillary plane gradually migrates vitread relative to
the ganglion cell layer boundaries. This change of position occurs
as the cell layer becomes thinner and the overlying nerve fiber
layer thickens. Out to an eccentricity of about 1.3 mm, the
capillaries lie near the deep border of the ganglion cell layer.
Along the foveal plateau from about 1.3 to 1.7 mm eccentricity,
they are often in the interior of the cell layer. At greater eccen-
tricities, from about 1.7 to 2.5 mm, they are more frequently
located near the shallow (vitread) border of the cell layer. At
eccentricities greater than about 2.5 mm, the ganglion cell layer
thins to two cells or less in thickness, and the capillaries can
intermittently touch either the deep or shallow border of the
cell layer. They tend to lie closer to the shallow border wherever
the overlying nerve fiber layer is thicker than about 5 um.

All capillaries having the characteristics described above were
assigned to the ganglion cell plane (Fig. 2) and were coded in
the same color in our continuity maps of the vasculature (Fig.
5). Where this principal plane was superficial (vitread) to the

—
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deep border of the ganglion cell layer, there were sometimes a
few additional capillaries at the deep border of the cell layer.
They were also assigned to the same ganglion cell network.

The capillary plexus of the nerve fiber layer. Capillaries near
the border between the ganglion cell and nerve fiber layers can
be sandwiched between cell bodies and nerve fiber bundles,
surrounded by cell bodies, or surrounded by fiber bundles. If
they are surrounded by fiber bundles, the long capillary segments
orient mainly parallel to the bundles (Figs. 2, top; 3, lower right).
Slightly deeper capillary segments sandwiched between fiber
bundles and cell bodies at the bottoms of the border valleys are
often not parallel to the fibers. Shorter interconnecting segments
between neighboring capillaries or between capillaries and ma-
jor vessels can be oriented diagonal or orthogonal to the fiber
bundles.

In terms of their physiological function, the capillaries in this
border region must supply nutrients to both the ganglion cell
and nerve fiber layers since the diffusion distances are short.
Furthermore, because nerve fibers initially travel through the
ganglion cell layer before entering the nerve fiber layer proper,
they too are served by capillaries in the superficial part of the
ganglion cell layer.

Without implying that they supply the nerve fibers exclusively,
we have assigned capillaries to the nerve fiber capillary plexus
on the basis of the following anatomical characteristics: (1) they
are located superficial to the principal capillary plane of the
ganglion cell layer, either within the nerve fiber layer or near
the ganglion cell/nerve fiber layer boundary; (2) long segments
are parallel to the nerve fibers except when connecting to major
vessels or when adjacent to ganglion cells; and (3) these capil-
laries are infrequent or absent where the nerve fiber layer is thin,
especially temporal to the fovea near the horizontal raphe (Fig.
4, Temporal section, TS). One consequence of using these cri-
teria is that occasional capillaries within the superficial portion
of the ganglion cell layer are assigned to the nerve fiber plexus—
primarily within an annulus from about 0.7 mm to 1 mm retinal
eccentricity where the ganglion cell layer is very thick. This has
little effect on our measurements of capillary volumes because
the contribution of these few capillaries is quantitatively minor
compared to the dense network that is unambiguously within
the nerve fiber layer (see below).

The capillaries in the nerve fiber layer are not organized in
planes like those of the sclerad network bracketing the inner
nuclear layer. As the nerve fiber layer builds up toward the disk,
we have observed as many as eight overlying “layers” of nerve
fiber capillaries. The progressive addition of capillaries as the
nerve fiber layer thickens is illustrated in photographs and draw-
ings of retinal sections in Figure 4. The nerve fiber capillaries
form a three-dimensional plexus, with long, horizontal capillary
segments connected by short vertical or oblique segments, as
previously described by Shimizu and Ujiie (1978).

As the three-dimensional plexus becomes more and more
elaborate, some of the complex features that can be observed

capillary parameters were quantitatively measured. Data from adjacent sampling areas with bars alongside them were averaged together. Locations
of the sampling regions are coded by the abbreviations /, inferior; N, nasal; S, superior; SN, superonasal; ST, superotemporal; 7, temporal; and
P, peripapillary. Photographic locations. For Figures 2 and 3, photographs of F22R were taken at sampling locations SN/ and SN2; additional
photos, but no measurements, were taken at locations PH in retinas F22R and F46R. Section locations. The locations and the orientation of retinal
sections illustrated in Figure 4 are indicated by narrow vertical rectangles, a temporal one (T'S) from the upper right corner of F22L, and foveal
(FS) and peripapillary ones (PS! and PS2) from F48R. Arrowheads point to major vessels that are similarly identified in the drawings in Figure
4. The open triangle just above the label FS demarcates where the drawing of the foveal section in Figure 4 was divided to fit the page.
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in the horizontal (tangential) plane can also be found oriented
in the orthogonal plane (vertically). For example, compare the
horizontally oriented loop in the whole-mount view in the top
right corner of the top panel of Figure 2 with the vertically
oriented loop in the third photo of Figure 4.

Vascular connections and topography

By successively focusing through the whole-mounts, one can
visualize the relationships among the planes of capillaries and
the neuronal layers. Only a fragmentary picture of the relation-
ships can be obtained photographically, however, because the
capillaries interconnect by vertical segments and because the
tissue planes are parallel to the focal plane of the microscope
only over short distances. This can be appreciated by comparing
the photographs in Figure 2 with the continuity diagram of the
same region (SN2) in the upper right corner of Figure 5. Con-
sequently, the continuity diagrams form the basis for our anal-
yses.

The central portion of Figure 5 is a continuity diagram of the
complete vascular network of a fovea and its surround. It il-
lustrates the dramatic changes in the capillary network that
occur as the inner retina thickens in the foveal region. At the
corners of the figure are continuity diagrams of complete vas-
cular networks of three extrafoveal regions with different thick-
nesses of the nerve fiber layer (P4 > SN2 > T). These diagrams
give a visual impression of the influence of the nerve fiber layer
on retinal vascularity.

At the bottom of the foveal map near V4, and in the supe-
ronasal region SN2, two layers of nerve fiber capillaries are
present. This type of layering is illustrated in retinal sections in
Figure 4 (upper left corner, under the inverted open triangle).
For visual clarity, we coded these two vessel layers in different
colors in Figure 5. We continued to use only two colors to code
the more elaborate capillary plexus in the nerve fiber layer of
the peripapillary region (P4). The layer of nerve fiber capillaries
(NF) closest to the ganglion cell capillaries is coded in yellow,
and a/l more superficial capillaries are coded in red (NFs). This
is intended to illustrate the great proliferation of the more su-
perficial capillaries in retinal regions with a thicker nerve fiber
layer.

With a magnifying glass, more details of the interconnections
of the vascular networks can be seen. For readers wishing to
study the geometry of the possible blood flow paths, we can
provide a larger color print of this figure at a reasonable cost.

The foveal region

The foveal vascular network of the macaque retina is similar in
many respects to that of the squirrel monkey described previ-
ously (Snodderly and Weinhaus, 1990). Figure 5 covers a greater
retinal expanse than our earlier drawing of a squirrel monkey
fovea, so more of the foveal crest and the surrounding plateau
is included.

—

Figure 2. Photographs with DIC optics of the principal capillary planes
in the whole-mount of retina F22R at location SN2 (2 mm eccentricity)
indicated in Figure 1. Capillary networks in the nerve fiber layer (NF),
in the ganglion cell layer (GC), at the shallow border of the inner nuclear
layer (SIN), and the deep border of the inner nuclear layer (DIN) are
shown. No well-focused plane exists within the inner nuclear layer (IN).
A white dot near the top, left, or bottom border of four of the frames
indicates a feature that is identified in Figure 5 (inset SN2) by a similar
black dot on a color-coded continuity diagram of this region.



The Journal of Neuroscience, April 1992, 12(4) 1175

Figure 3. Neural-vascular relationships in the ganglion cell and nerve
fiber layers photographed in whole-mount (DIC optics) at locations
indicated in Figure 1. Left column. A large vein in F46R about 2.5 mm
superonasal to the foveal center at location PH in Figure 1. Four focal
planes at successively deeper locations show the following retinal fea-
tures: (/) fiber bundles (F), a glial septum (arrowhead), and the nerve
fiber plane of capillaries just above the ganglion cell layer; (2) the top
(vitread) surface of the vein, 11 um lower, where some fiber bundles
are still visible, interspersed with rows of ganglion cells; (3) the widest
part of the vein, another 12 um lower, with the vessel wall in best focus
surrounded by cell bodies; and (4) the bottom (sclerad) surface of the
vein, another 35 um lower, receiving a tributary vessel from the sclerad
capillary network (arrowhead). Right column: Top, Interdigitating rows
of cell bodies and fiber bundles in F22R at the boundary between the
ganglion cell layer and the nerve fiber layer at inferotemporal location
PH in Figure 1. Bottom, Capillaries in the nerve fiber/ganglion cell
boundary region of F22R at location SN1 in Figure 1.
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An avascular zone at the center of the fovea is surrounded
by capillary networks interconnecting an approximately radial
array of alternating arteries and veins. We have only seen one
example of a macaque retina lacking a clear foveal avascular
zone; it will be described in a subsequent publication.

As expected, a zone of reduced capillary density is apparent
around the arteries. An experienced observer can detect this
immediately because it results in few capillaries crossing above
the arteries. Since the arteries are in the ganglion cell layer, they
are far enough above the sclerad capillary network to have less
impact on it, and many capillaries can be seen to cross under-
neath the arteries.

The side branches of the arteries often exit abruptly, nearly
orthogonal to the main trunk (Wise et al., 1971). The horizontal
side branches send secondary vertical branches up and down to
feed the vitread and sclerad capillary networks as previously
illustrated (Snodderly and Weinhaus, 1990). However, among
the terminal arterial branches, this pattern is modified and the
angles assumed by the branches become less abrupt and more
dichotomous. This is particularly apparent in Figure 5 for A6
and for the long inferior branch of A2.

The venous tributaries have a quite different distribution and
geometry. On the venous side of the circulation, vessels in each
of the capillary planes usually converge onto tributaries that
then drain into the main venous trunk. A particularly large
tributary in the deep inner nuclear plane drains into the main
trunk in the ganglion cell layer, often near the foveal crest, at
around 750-850 um eccentricity (V1, V3, V4, V6). Near the
horizontal meridian, this convergence point can be closer to the
center of the fovea (V5) or farther away (V2).

At the convergence between the tributary in the deep inner
nuclear plane and the main trunk in the ganglion cell plane, the
shallow inner nuclear plane usually drains into the main venous
trunk as well. This is a departure from the pattern in the squirrel
monkey, where the shallow inner nuclear plane usually drains
into smaller vessels in the ganglion cell plane instead of directly
into the main trunk (Snodderly and Weinhaus, 1990).

The nerve fiber capillary plane can drain into the main venous
trunk at about the same point as the other capillary planes,
creating a quadriconvergence of all capillary planes (V1, V6),
or more commonly, it can drain into the main trunk more
eccentrically. When this occurs, there can be a triconvergence
of the deep inner nuclear, shallow inner nuclear, and ganglion

—
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cell planes onto the main trunk at one eccentricity followed by
drainage of the nerve fiber capillary plane into the main trunk
at a slightly greater eccentricity (V2, V3, V4),

As previously noted (Shimizu and Ujiie, 1978), there are also
many instances of individual capillaries draining directly into
the main venous trunk from the different capillary planes. This
contrasts with the situation on the arterial side of the circulation,
where a junction between the main vessel trunk and an indi-
vidual capillary is rare.

Extrafoveal regions

For the three extrafoveal regions, the drawings in Figure 5 are
too small to include the major vessels so that the connections
to them are not shown. Region T is from the temporal retina
near the raphe (Fig. 1) where the nerve fiber layer was only 9
um thick; the nerve fiber capillaries were absent except for one
capillary segment in the lower right. Region SN2, from the
superonasal retina where the nerve fiber layer was 57 um thick,
had two layers of nerve fiber capillaries. Region P4, from the
peripapillary retina where the nerve fiber layer was 110 um thick,
had a dense nerve fiber capillary plexus that was multilayered.

Note that in the drawings of all retinal regions the capillary
segments have a relatively uniform diameter. This contrasts
with the situation in skeletal muscle, where the capillaries are
tapered; their diameter increases as they pass from the arterial
to the venous side of the circulation (Caro et al., 1978; Wiede-
man, 1984). The taper may be related to the greater length of
capillary segments in muscle (500-1000 um) compared to those
in retina.

Orientation of nerve fiber capillaries

In all regions of the retina, the long segments of the nerve fiber
capillary plexus were predominantly oriented parallel to the
nerve fibers coursing toward the optic disk. This is evident in
all the drawings of Figure 5. Because of our criteria for assign-
ment to this capillary grouping, however, there are exceptions
to this rule when the capillaries are not immediately surrounded
by nerve fiber bundles.

To illustrate the nerve fiber capillary grouping of the foveal
region more clearly, it has been abstracted in Figure 6. The
trajectories of the nerve fiber bundles were drawn separately
and then superimposed on the vascular network as a series of

Figure 4. Neural-vascular relationships seen in vertically oriented sections perpendicular to the retinal surface. See Figure 1 for section locations
in F48R and F22L. Superior is to the right for all sections. Photographs of local regions (DIC optics), The top row shows photos of selected regions
of the sections drawn in the lower rows, in addition to one section not drawn. The depth of field of the photographs is greater and the focal planes
are slightly different from those of the drawings, so some details in the photos are not present in the drawings. Drawings, The outermost boundaries
drawn for the sections are the vitreous surface and the inner segment/outer segment junction of the photoreceptors. The inner retinal layers are
indicated as follows: NF, nerve fiber layer; GC, ganglion cell layer; IP, inner plexiform layer; /N, inner nuclear layer. The foveal section (FS) from
F48R requires two rows because of its length. Row 2 is its central segment and row 3 is its more eccentric continuation. Retinal eccentricity is
marked above the drawing at 1 mm intervals. Just beyond 2 mm eccentricity in row 2, the drawing is interrupted at the inverted open triangle;
after a small region of overlap indicated by the repeat of the triangle, the section continues in row 3. Arrowheads point to major vessel intersections
similarly indicated in Figure 1. Row 4 illustrates a temporal section (7'S) from F22L (bottom left) and a peripapillary section (PST) from F48R
(bottom right). Relationships between photos and drawings, The leftmost two photographic frames in row I are from the foveal section (FS) in rows
2 and 3. To illustrate the laminar relationships clearly, the photographs are at twice the magnification of the other panels of the figure. The first
frame (NFs), taken at the location indicated by the large inverted open triangle just beyond 2 mm eccentricity, illustrates the region where the nerve
fiber capillary network increases to more than a single layer (see Fig. 5 for illustrations of this from the whole-mount view). The second frame (4
PLANES) illustrates the region just before 1 mm eccentricity where the capillary planes tightly bracket the nuclear layers. Small open triangles on
the photo point to capillaries cut in cross section. Solid triangles in the drawing immediately beneath the photo in row 2 point to the leftmost and
rightmost capillary in each plane. The third and fourth photos are from peripapillary regions PS2 and PS/ in F48R (Fig. 1). The third photo (PS2)
illustrates a vertical loop (large white arrow) in the nerve fiber layer (region not drawn). The fourth frame (THICK NF) illustrates a multilayered
capillary network within the nerve fiber layer. It is drawn in the lower right corner of the page (F48R PERIPAPILLARY SECTION, PS1). The
arrowhead at the upper right corner of the photo corresponds to the rightmost arrowhead above the drawing.
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Figure 5. Depth-coded continuity diagrams of the entire retinal vasculature of four retinal regions: the fovea (center), a temporal region (T), and
a superonasal region (SN2) of F22R, and a peripapillary region (P4) of F22L, all drawn to the same scale and correctly oriented. A black dot marks
the center of the fovea, and arteries 4/-46 and veins VI-V6 are individually identified for reference. The retinal areas of which the drawings were
done are enclosed in dotted lines in Figure 1. Photos at different depth planes from region SN2 are shown in Figure 2. Each white dot on the photos
of Figure 2 identifies a distinctive feature of each capillary plane that is marked by a corresponding black dot in the drawing of SN2. The two
squares formed by the dashed lines in SN2 (visible with a magnifier) are the sampling areas used for quantitative measures of the capillary network.
Abbreviations for the capillary groupings in the color key are the same as in Figure 2 except for the addition of NFs, the more superficial capillaries
in the nerve fiber layer. Where an overlying vessel occludes parts of the network, the paths of the vessels crossing underneath are outlined by
broken dark lines. Vertical interconnections are indicated by open circles drawn inside the tubular vessels. The original drawing of the foveal
network is 1 m x 1 m and is a composite derived from more than 80 microscope fields.



dotted lines. This comparison confirms that in most of the foveal
region the long segments of capillaries assigned to the nerve
fiber grouping are parallel to the path of the nerve fibers. A
region exhibiting exceptions to this rule is evident between V1
and A2, however. Less extensive exceptions can also be seen
between V6 and Al and V5 and AS. The capillaries not parallel
to the nerve fibers are generally either in the ganglion cell layer
above (superficial to) the main ganglion cell plane, or at the
border between the ganglion cell layer and the nerve fiber layer,
as illustrated in Figure 3.

Quantitative measures of the capillary network

Although it is generally expected that the capillary volume of
the retina should increase with retinal thickness (Michaelson,
1954; Chase, 1982), the diagrams of Figure 5 imply that vari-
ations in the thickness of the nerve fiber layer could play an
unexpectedly large role. To investigate this, we calculated for
each sampling area the capillary volume in each of the capillary
groupings, as well as the total capillary volume of the retina.
The results for four retinal sectors are plotted in Figures 7-10.
Although the sampling locations depart from strict linear ge-
ometry, for simplicity of presentation we have plotted the data
along a single eccentricity axis as a schematic profile.

Data from the fovea, a peripapillary region, and a temporal
region near the horizontal raphe have been juxtaposed to facil-
itate comparisons among retinal loci with widely differing char-
acteristics. The peripapillary regions were chosen to match their
total retinal thickness as closely as possible to the total retinal
thickness near the foveal crest. In this way we compared vas-
cularity of retinal regions with the same total thickness but very
different thicknesses of individual layers.

The Journal of Neuroscience, April 1992, 12(4) 1179

Figure 6. Capillaries in the nerve fiber
layer (NF and NFs) and major arteries
and veins of F22R abstracted from the
complete continuity diagram of Figure
5. Dotted lines show the orientation of
the nerve fiber bundles coursing toward
the disk.

Total capillary volume of the retina

Figure 7 summarizes the effects of retinal location on total cap-
illary volume of the retina. For F22, R and L (top row), we
compare samples from the superonasal sector of the retina (right),
where the thickness of the nerve fiber layer increases steeply
with eccentricity, with samples from the superotemporal sector
(left) where the nerve fiber layer is less prominent. For F46R
and F54R (bottom row), the majority of the samples were dis-
tributed vertically.

In all cases, the capillary volume increases steadily with ec-
centricity from the terminal capillary ring surrounding the foveal
avascular zone to the foveal crest, near | mm eccentricity. In
retinal sectors where the nerve fiber layer does not reach its
maximum thickness (superotemporal, superior, and inferior),
the capillary volume changes relatively little from about 1 to 3
mm eccentricity (Fig. 7, upper left, lower left, lower right). Where
the nerve fiber layer is thickest, in the superonasal sector (upper
right) and in the peripapillary regions (all panels), the capillary
volume is greatest. This is true in spite of the fact that the total
retinal thickness of the peripapillary regions is comparable to
the total thickness of the retina at the foveal crest. The capillary
volume is least in the temporal loci where both the nerve fiber
layer and the total retina are relatively thin.

These data show that in the extrafoveal retina, the volume of
capillaries is not a simple function of eccentricity. The samples
in the superior, peripapillary, and temporal regions of F46R and
those from the inferior, peripapillary, and temporal regions of
F54R were all within 10% of the same eccentricity. The key
factors appear to be the thickness and composition of individual
layers of the inner retina.
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Volumes of the separate capillary groupings

The volumes of the four capillary groupings associated with
individual retinal layers are illustrated in Figure 8. These data
are drawn from the same sampling regions as Figure 7 and are
plotted in the same format to facilitate comparisons with neu-
ronal layer thicknesses.

The volume of the nerve fiber capillary plexus closely follows
variations in thickness of the nerve fiber layer. It is low in the
temporal retina where the nerve fiber layer is thin, and it in-
creases in the nasal retina, being greatest in the peripapillary
region where the nerve fiber layer is thickest. Within the fovea,
the nerve fiber grouping is less voluminous than the other cap-
illary planes and it increases more slowly in volume with retinal
eccentricity. It does not become more voluminous than the
neighboring ganglion cell plane until well outside the foveal
depression. Sampling variability precludes any precise compar-
isons of the two components of the vitread network in the para-
foveal regions.

In the sclerad capillary network, the deep inner nuclear plane
is usually more voluminous than the neighboring shallow inner
nuclear plane. The volume of the deep inner nuclear capillary
plane increases rapidly with eccentricity in the fovea and then
remains at a relatively constant level throughout the central
retina. It is interesting to note that the cone pedicles, which are
just sclerad to these capillaries, reach their maximum density
at about the same eccentricity where the volume of this capillary
plane has climbed to its plateau (Schein, 1988).

The shallow inner nuclear plane shows individual variation
from one animal to another. It is less voluminous than the deep
inner nuclear plane in all retinal sectors of F22, including the
nasal and inferior sectors not illustrated. For F46, many sam-
pling regions have comparable values for the two planes. F54
shows a mixed picture, with the shallow inner nuclear plane less
voluminous in most samples but about equal to the deep plane
in others.

Volumes of the vitread and sclerad capillary networks

To reduce the variability shown by the individual capillary
groupings, we pooled the data as a sclerad network bracketing
the inner nuclear layer and a vitread network associated with
the ganglion cell and nerve fiber layers (Fig. 9). We felt that
merging the ganglion cell and nerve fiber capillaries was func-
tionally justified because of the frequent intermingling of gan-
glion cells and nerve fibers, as discussed earlier. Furthermore,
combining the two planes bracketing the inner nuclear layer did
not obscure any of the points we wished to emphasize. In fact,
the sampling variability diminished, the differences among an-
imals were minor, and we were able to analyze the effects of the

—
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thickness of retinal subdivisions. The patterns that emerged are
as follows.

Within the fovea, the sclerad network is more voluminous;
the volumes of both networks increase rapidly with eccentricity.
Qutside the fovea, the volume of the sclerad network is similar
from one animal to another and varies little with retinal location.
In contrast, the vitread network varies drastically with retinal
location, increasing where the retina and the nerve fiber layer
are thick, and decreasing where they are thin. As a result, the
sclerad network is the more voluminous one in the temporal
retina and the vitread network dominates in the peripapillary
region and the superonasal region. The two networks have sim-
ilar volumes near the vertical meridian where nerve fiber layer
and total retinal thickness are intermediate (represented by the
samples from F46 and F54).

Percentage of the tissue volume occupied by capillary lumens

The question that arose from this analysis was what caused the
topographic variations in the volume of the vitread network.
We considered two main possibilities. First, differences in the
thickness of the outer retina create variations in the path length
for diffusion of oxygen (and perhaps other nutrients) from the
choroid. However, the pattern of topographic variations is not
consistent with this view (see below). The more likely possibility
is that the topographic variations in capillary volume are linked
to local variations in demand for oxygen and other metabolites.

We particularly wanted to know whether there might be a
higher density of capillaries in the vitread network, which would
cause variations in nerve fiber and ganglion cell layer thickness
to contribute disproportionately to the topographic variations
in the vasculature. To evaluate this possibility, we calculated
for each sampling area the percentage of the tissue volume oc-
cupied by capillary lumens (called percent capillary volume) for
two retinal subdivisions and for the total retina. The percent
capillary volume of the tissue supplied by the vitread network
was calculated using the volume of the retina between the vit-
reous surface and the deep border of the ganglion cell layer. The
percent capillary volume of the inner retina was calculated using
the volume of the retina between the vitreous surface and the
deep border of the inner nuclear layer. For comparison, the
percent capillary volume of the total retina was calculated using
the volume of the retina between the vitreous surface and the
vitread border of the retinal pigment epithelium. The results
are summarized in Figure 10, using the same format as Figures
7 and 9.

The percent capillary volume of the total retina is lowest in
the fovea and highest in the peripapillary region. The values for
region P2 of F22L are not as high as the other peripapillary

Figure 7. Total retinal thickness (RT), neuronal layer boundaries, and total capillary volume as a function of retinal location. In each panel,
schematic drawings (not to scale) abstracted from Figure 1 identify the sampling areas from which the data were derived. The center of the fovea
is indicated by an asterisk in a circle that represents the foveal avascular zone. For each panel, the lef vertical axis gives the scale for the thickness
of the retina and the distance of the layer boundaries from the retinal pigment epithelium, indicated by curves formed by solid lines. The outer
retina (OR), comprised of the photoreceptors and the outer plexiform layer, and the individual layers of the inner retina are labeled (see Fig. 4 for
abbrevations). The right vertical axis is the scale for total capillary volume of the retina, indicated by the solid circles. The horizontal axis indicates
eccentricity from the foveal center; the axis is segmented by double vertical lines after 3.2 mm so that peripapillary and temporal loci can be
juxtaposed to the other regions. For F22 the retinal thickness of a peripapillary region was matched within 5% with the retinal thickness at the
foveal crest, by pairing peripapillary regions from the left eye with foveal regions from the right eye. For the other two animals, the worst mismatch
occurred for F54R, where the retinal thickness in the peripapillary region was about 10% greater than at the foveal crest. Because of lack of space
in the representations of the peripapillary regions P2 and P4 in the upper panels, labels are omitted for RT and OR in the upper left panel, and for
OR in the upper right panel. The nerve fiber layer was not visible in the temporal region represented in the lower right panel.
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Figure 8. Volumes of the individual capillary planes or groupings in the same retinal regions used for Figure 7. There are two panels for each
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Figure 9. Capillary volumes of the vitread and sclerad networks in the same retinal regions used for Figures 7 and 8. Inverted open triangles,

sclerad network; solid triangles, vitread network.

points because it was farther from the disk and the nerve fiber
layer was relatively thin. Percent capillary volumes of the total
retina in the peripapillary sampling areas not plotted (P of F22R;
P1 and P3 of F22L) were 1.6~1.7%. This shows that the peri-
papillary region is the most densely vascularized part of the
retina, whether measured as total volume of capillaries or as
the percentage of tissue volume occupied by capillaries. It im-
plies that the nerve fiber layer, which is maximally thick in the
peripapillary region, has an especially strong influence on retinal
vascularity.

The converse situation, namely, what happens in retinal regions
where the nerve fiber layer is thin, is illustrated by comparing
the percent capillary volume for the vitread network with that
of the whole inner retina. For reference, we note that in the
nasal perifovea and the peripapillary regions where the nerve
fiber layer is thick, the vitread network and the whole inner
retina have similar capillary densities. However, within the fo-
vea and in the temporal retina where the nerve fiber layer is
thin, the vitread network has a lower capillary density than the
inner retina as a whole. Thus, where the nerve fiber layer is thin,
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Figure 10. Percentage of tissue volume occupied by the capillary lumens of the vitread network, the inner retina, and the total retina for the same
retinal regions used for Figures 7-9. The inner retina extends from the vitreous surface to the deep border of the inner nuclear layer. The total
retina extends from the vitreous surface to the vitread border of the retinal pigment epithelium. Circles, inner retina; solid triangles, vitread network;

diamonds, total retina.

the capillary density of the vitread network (Fig. 10), as well as
its volume (Fig. 9), is reduced. We interpret this as additional
evidence that the nerve fiber layer profoundly influences retinal
vascularity.

Relationships between the thickness of retinal subdivisions and
their vascularity

The capillary volume of the retina increases monotonically as
the thickness of the retina increases in the fovea (Fig. 7), but

the relationships between vascularity and the thickness of the
retina and its subdivisions are more complicated in the extra-
foveal regions. To examine these relationships, we combined
the data into two sets, one from F22 and the other from F46
and F54.

First, we asked whether the thickness of the avascular outer
retina interposed between the choroid and the retinal capillary
network has a systematic influence. A positive answer to this
question would imply that diffusion of oxygen or other metab-



olites from the choroid, with its high blood flow rate and high
oxygen tension (Bill, 1984), could be a factor shaping the retinal
capillary network.

If diffusion distance from the choroid were a major influence,
we should expect to see retinal vascularity increase along with
increasing retinal thickness. This does happen, but when the
relationship is plotted (Fig. 11, top row), locations in the fovea
form a separate group from locations outside it. Furthermore,
the data are widely dispersed. These features of the graphs sug-
gest that the maximum diffusion distance from the choroid is
not uniformly effective in determining retinal vascularity.

The importance of diffusion distance from the choroid was
examined further by plotting the total capillary volume as a
function of the minimum diffusion path from the choroid (Fig.
11, middle row). Since the outer retina from the deep border of
the inner nuclear layer to the retinal pigment epithelium has no
vessels, its thickness is the minimum path from the choroid to
the vascularized retina. A negative relationship between the
retinal capillary volume and the thickness of the outer retina
was evident in the fovea, and no clear pattern could be discerned
for the extrafoveal retina. This is the opposite of what would
be predicted if diffusion distance from the choroid were a strong
determinant of retinal vascularity.

The more attractive interpretation is that the capillary volume
is primarily determined by the volumes of the retinal subdivi-
sions with which the capillary networks are associated. This
would imply that local metabolic activity is the dominant force
determining the development and maintenance of the capillary
network. This view is partially supported by the strong positive
association between the volume of the retinal capillary network
and the thickness of the inner retina, which is the vascularized
portion (Fig. 11, bottom row). For F22, the correlation as de-
termined by Spearman’s rank correlation coefficient, rs, is 0.88.

The association between capillary volume and tissue thickness
was examined in more detail by plotting separately the volumes
of the vitread and sclerad networks as a function of the thickness
of the retinal subdivisions with which they are associated (Fig.
12). For F22, the volume of the vitread network was tightly
linked to the combined thicknesses of the nerve fiber and gan-
glion cell layers (top row; rs = 0.91). Also, in this instance the
data from the foveal and extrafoveal regions intermix so that a
uniformly applicable relationship seems to hold. The relation-
ship is not linear. There is a threshold thickness near 20 um
below which only an occasional vessel is found, with no well-
developed network. As the thickness increases, the capillary
volume increases in a curvilinear fashion with the highest values
in the peripapillary region. A similar pattern can be seen in the
data from F46 and F54, but it is less clear because of individual
differences between animals and the smaller number of data
points. One aberrantly low point for F54 at thickness 60 um is
apparently due to sampling variability associated with the place-
ment of our sampling area at 700 um eccentricity.

The contrast between the vitread and the sclerad capillary
network is dramatically shown by the graphs in the second row
of Figure 12. The data from the extrafoveal regions show no
relationship between the volume of the sclerad network asso-
ciated with the inner nuclear layer and the thickness of the inner
nuclear layer. This could be due to the fact that most of the
capillaries in this network lie at the borders of the layer rather
than in the interior. In this case, local factors influencing the
establishment of the capillary network probably include influ-
ences from the adjacent plexiform layers that are not strictly
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linked to the thickness of the inner nuclear layer.

Finally, to clinch the lack of a relationship between the retinal
circulation and the diffusion distance from the choroid, we show
in the bottom row of Figure 12 the volume of the sclerad network
as a function of the thickness of the outer retina. We reasoned
that the sclerad network, being closest to the choroid, should
be the network most affected by variations in the length of the
diffusion path. Clearly the data do not support the importance
of diffusion from the choroid. In the extrafoveal retina, there is
no relationship between the thickness of the outer retina and
the volume of the sclerad network, and in the fovea there is a
negative relationship.

We conclude that the increase in capillary volume with in-
creased thickness of the extrafoveal retina, particularly in the
peripapillary region, mainly reflects increases in the vitread cap-
illary network linked to thickening of the nerve fiber layer. With-
in the fovea, additional factors may be operating. In either case,
increased retinal vascularity appears not to be caused by in-
creases in diffusion distance from the oxygen-rich choroid.

The retinal area covered by capillaries: visual screening

Since light must traverse the retina before reaching the photo-
receptors, we see the world through the screen of the retinal
vascular network (Snodderly and Weinhaus, 1990). The per-
centage of the retinal area occupied by the capillary network is
summarized in Figure 13 (top). These data show the probability
that a photon will encounter one or more capillaries before
reaching a photoreceptor.

As we have shown previously for the squirrel monkey (Snod-
derly and Weinhaus, 1990), the percent retinal area occupied
by capillaries in the fovea rises sharply with eccentricity to a
plateau around 40%. In the perifovea along the vertical meridian
the values are mostly above 45% for two of the animals, with
F22 slightly lower. The highest values, in the range of 60-70%,
are in the peripapillary region. Photoreceptors in the temporal
retina are screened less by capillaries.

In general, the profile of visual screening by the capillary
network follows the profile of capillary volume (cf. Fig. 7). To
assess the precision of this relationship, we plotted the percent
retinal area covered by capillaries as a function of the total
capillary volume at the same location (Fig. 13, bottom). The
percent retinal area covered is proportional to the capillary
volume except in the peripapillary region. There the network
becomes so dense that the overlaps among capillaries cause
deviation from the linear relationship. The proportional rela-
tionship between capillary volume and capillary screening in
other parts of the retina may imply a developmental spacing
mechanism such that capillaries growing in adjacent planes avoid
each other and minimize overlap.

Capillary diameters

For predicting the flow of blood through the different neuronal
layers, it is important to know the capillary diameters as well
as their total volume. Histograms for all the capillary segments
measured in our study are shown in Figure 14. Data from F46
and F54 were pooled, since the median capillary diameter of
our total sample from F46 (5.0 um) was not significantly dif-
ferent (Wilcoxon signed rank test) from the median diameter of
the sample from F54 (4.9 um).

The distributions of capillary diameters are not normal (Pear-
son x? test of normality), but are skewed to the left with a
relatively abrupt cutoff. Only two capillaries out of 1628 were
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Figure 12. Top row, Relationship between the volume of the vitread capillary network and the combined thickness of the neural layers with which
it is associated, the nerve fiber (NF) and ganglion cell (GC) layers. Middle row, Relationship between the volume of the sclerad capillary network
and the thickness of the inner nuclear layer with which it is associated. Bottom row, Relationship between the volume of the sclerad capillary
network and the thickness of the outer retina. Solid symbols indicate data from eccentricities greater than 1 mm.

—

Figure 11. Relationships between the total capillary volume of the retina and the thickness of the retina (fop row) or the thickness of its two major
subdivisions, the outer retina extending from the deep border of the inner nuclear layer to the vitread border of the retinal pigment epithelium
(middle row) and the inner retina extending from the vitreous surface to the deep border of the inner nuclear layer (bottom row). Data from F22
are illustrated in the /eft column, and data from F46 and F54 are shown together in the right column. Solid symbols indicate data from eccentricities
greater than 1 mm.
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Table 1. Capillary diameters (um)

F22 F46 and F54 combined
Inter- Inter-
Segments quartile Segments quartile
Network (N) Mean Median Variance  range (N) Mecan Median Variance  range
NF 338 4.6 4.5 0.97 1.06 196 4.8 4.7 0.88 1.35
GC 256 5.0 4.8 1.08 1.25 145 4.9 4.8 1.00 1.20
SIN 200 4.9 49 0.44 0.91 113 5.0 5.0 0.50 0.80
DIN 237 5.2 5.0 0.65 1.00 143 5.0 5.0 0.55 1.10
Total 1031 49 4.8 0.87 1.12 597 4.9 4.9 0.76 1.20

NF, nerve fiber capillary network; GC, ganglion cell network; SIN, shallow inner nuclear network; DIN, deep inner nuclear network.

less than 3 um luminal diameter; 3 um is the smallest opening
through which a human red blood cell can pass undamaged
(Caro et al., 1978). Other parameters of the distributions are
listed in Table 1. Because some distributions might be trans-
formable to normal, both standard normal parameters and sta-
tistics for nonparametric analyses are provided.

The most obvious trend in the data is an increase in capillary
diameter as one moves from the vitreous surface to deeper layers
of the retina. The median diameter of capillaries in the nerve
fiber network is significantly less than the median diameter of
capillaries in the deep inner nuclear layer for both F22 (p <
10-%) and F46 + F54 (p < 102, Wilcoxon signed ranks test).
Furthermore, when the data from F22 were separated into fo-
veal, perifoveal, and peripapillary regions (not shown), the trend
was maintained within each separate region.

The capillaries of the shallow inner nuclear plane are the most
uniform population. The dispersion of diameters in the shallow
inner nuclear plane is significantly smaller than the dispersion
of diameters in both the ganglion cell plane and the nerve fiber
plexus (Ansari-Bradley test) for both F22 (p < 10-%) and F46
+ F54 (p < 10-2?). This matches the visual impression one
acquires during microscopy of the retina.

In the case of the nerve fiber plexus, the greater dispersion of
capillary diameters is related to the large regional variations in
thickness of the nerve fiber layer. The mean diameter of nerve
fiber capillaries is positively correlated with both the thickness
of the nerve fiber layer and with the total capillary length in the
sampling area (r; = 0.52-0.54, p < 0.01 for F22; ry = 0.44-
0.45, p < 0.05 for F46 + F54). As part of this picture, the nerve
fiber capillaries in the peripapillary region tend to have larger
diameters than the nerve fiber capillaries in many other retinal
regions.

We thought at first that the increase in capillary diameter with
increased total capillary length in the nerve fiber layer might
also occur in other retinal layers as a way to increase blood flow
to tissue regions that are heavily vascularized. Such a relation-
ship could result in an underestimate of regional differences in
blood flow if microvessel length were the only parameter mea-
sured (e.g., Zheng et al., 1991). However, the retinal capillary
diameters, the total capillary length, and the layer thickness do
not reliably increase together except in the nerve fiber layer. For
example, capillary diameters in the deep inner nuclear plane are
uncorrelated or negatively correlated with the total capillary
lengths in the sampling areas (r; = —0.09 for F22; ry = —0.39,
p < 0.05 for F46 + F54). To understand fully the functional
implications of the regional differences in capillary networks, it

seems likely that vascular geometry will have to be studied in
conjunction with physiological measurements such as blood flow
and metabolite diffusion and utilization.

Discussion

The laminar distribution of retinal capillaries

The laminar distribution of capillaries in the fovea of macaque
monkeys is similar to that described previously for squirrel
monkeys; comparisons with other species have been summa-
rized in our earlier report (Snodderly and Weinhaus, 1990). The
present article extends our studies to extrafoveal loci in the
central retina. Qutside the fovea, the topographic variations in
the thickness of the nerve fiber layer become a dominant factor
in the vascularity of the retina. Wherever the nerve fiber layer
is thick, it contains a dense, multilayered capillary plexus.

Earlier measurements of optic disk tissue, where the ncural
constituents are only optic nerve fibers, showed a higher density
of capillaries than the heterogeneous inner retina (Quigley et al.,
1982; Wilson et al., 1988). The values obtained for the per-
cent capillary volume of the disk (2.2-2.6%) and those we
found for the vitread capillary network where the nerve fiber
layer is thick (1.8-2.6%) are similar to data from gray matter
of the visual cortex of the rat (2.1%; Bar, 1980) and large areas
of the cerebral cortex of the cat (2.8%, Wiederhold et al., 1976;
1.8-2.5%, Pawlik et al., 1981).

The dense vascular network of the retinal nerve fiber layer
implies a substantial metabolic demand. A high metabolic rate
is presumably required for ion pumping because the optic nerve
fibers within the eye are unmyelinated. This suggestion is con-
sistent with the cytochrome oxidase staining patterns of the
retina, which show that oxidative enzyme levels drop abruptly
when the nerve fibers become myelinated behind the lamina
cribrosa (Kageyama and Wong-Riley, 1984). The importance
of myelination has been further corroborated by studies of the
metabolism of the retrobulbar optic nerve. As the optic nerve
leaves the eye and runs to the optic chiasm, its myelination first
increases and then decreases. Those loci with less myelin have
higher blood flow and higher glucose uptake (Sperber and Bill,
1985).

Retinal thickness and vascularity

The fact that the retinal vascular network is attenuated or absent
in many animal species with thin retinas focused attention ini-
tially on the importance of diffusion of metabolites from the
choroidal circulation to supply the retina (Michaelson, 1954;
Chase, 1982). However, more recent work has shown that avas-
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0.002x + 1.78.
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cular retinas can be thicker than was previously thought (Buttery
et al., 1991). Furthermore, the level of oxidative metabolism of
the inner retina, as indicated by cytochrome oxidase (Wong-
Riley, 1989) and malic dehydrogenase activities (Lowry et al.,
1956), varies from species to species. Consequently, retinal
thickness alone is not adequate to predict the oxygen demand
of the retina. In seven species studied with this issue in mind,
retinas with high oxidative metabolism in the inner layers have
an intrinsic vascular network separate from the choroid and
those with low oxidative metabolism do not (Lowry et al., 1956;
Buttery et al., 1988). This is consistent with our conclusions
that the metabolic characteristics of the inner retinal layers are
more important than diffusion distance from the choroid in
establishing retinal vascularity.

Capillary diameters and their functional implications
Capillary diameters and blood cell diameters

Since the retinal capillaries absorb and scatter the incoming
photons (Snodderly and Weinhaus, 1990), one might expect that
there would be selection pressure to keep capillary diameters to
a minimum. In fact, the range of median luminal diameters
(4.5-5.2 um) in the capillary planes of macaque retina is quite
similar to the range of mean values from microvascular net-
works in brain, intestine, and various muscles (Wiedeman, 1984).
In most microvascular networks, including those of the central
retina, the capillary diameters are sufficiently small that the
blood cells must deform to pass through them in single file
(Fung, 1978a,b; Cokelet, 1987; Schmid-Schonbein, 1987). An
exception to this rule may occur in the far peripheral retina,
where qualitative observations indicate that the vessels are larg-
er in diameter (Spitznas and Bornfeld, 1977). However, some
numerical data supporting this trend are based on human retinas
obtained as much as 3 d post-mortem and then subjected to
harsh histological procedures (Schroder et al., 1990). It would
be useful to have data taken under more favorable conditions
before attempting to interpret these findings.

Although the blood cells of monkeys have not been studied
in the same detail as those of humans, they appear to be only
slightly smaller. A typical value for red blood cell volume in
humans is 97.9 femtoliters (f1), with a diameter of 7.65 um for
the free-floating biconcave disk (Fung, 1978a). Monkeys show
species differences in the sizes of their blood cells; those with
larger body size have larger blood cells (Huser, 1970). The mean
red cell volume is estimated from packed cell volumes as 66.3
fl for Macaca fascicularis and 64.9 fl for squirrel monkeys, Sai-
miri sciureus (Huser, 1970). Data from Coulter counter sizing
of cell volumes indicate that the published values for squirrel
monkeys may be about 10% high (R. S. Weinhaus and D. M.
Snodderly, unpublished observations). If we assume that the
shape of the human red cell is scaled down to these volumes
while maintaining constant ratios of its dimensions, the di-
ameter of the biconcave disk would be about 7.1 um and 6.8
wum for M. fascicularis and S. sciureus, respectively. These values
are consistent with the diameter of 7.2 um reported from blood
smears for M. nemestrina (Rahlmann et al., 1967).

—
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A lower limit on the capillary diameter is set by the elastic
limits of red blood cells (Caro et al., 1978). If human red cells
are forced through pores smaller than 3 um, they rupture and
hemolyze (Chien et al., 1971). Since monkey red blood cells are
smaller than those of humans, the diameters of the retinal cap-
illaries exceed minimum pore size by a comfortable margin (Fig.
14).

The blue field entoptic phenomenon

The small diameter of the retinal capillaries, causing single-file
flow and deformation of blood cells, suggests the following in-
terpretation of the striking entoptic percept that occurs when a
uniform blue field is viewed. With illumination of 430 nm, the
leukocytes in retinal capillaries are said to appear as moving
“dotlike luminous corpuscles with a darker tail” (Riva and Pe-
trig, 1980). In fact, the leukocytes, being more voluminous than
the red blood cells, are temporarily trapped in the capillaries
and distorted into a cylindrical shape (Schmid-Schonbein, 1987).
When they are driven through the capillaries by each pressure
pulse of the heartbeat (Riva and Petrig, 1980), they appear
wormlike rather than dotlike because of their elongation (R. I.
Land and D. M. Snodderly, unpublished observations).

Since the leukocytes temporarily retard flow in the capillary,
a plasma gap with a lower hematocrit develops downstream and
red blood cells forming a higher hematocrit accumulate up-
stream (Schmid-Schonbein, 1987). Remarkably, the entoptic
percept appears to incorporate all these features. The dark tail
is presumably the upstream accumulation of red cells, which
strongly absorb the blue light. The luminous worm should in-
clude the plasma gap and the elongated body of the leukocyte,
both of which are relatively transparent to the light. According
to this interpretation, the entoptic “worms” should be longer
than would be predicted from the diameters of the capillaries
and the volumes of the leukocytes because of the plasma gap.
This prediction, which is consistent with our preliminary ob-
servations (Land and Snodderly, unpublished observations) can
be tested rigorously in the future.

Potential implications for disease processes

It has been suggested that part of the pathophysiology of diabetes
and inflammatory disorders could be partial occlusion of small
capillaries so that blood cells cannot pass through them (Ben-
Nun et al., 1990). The smaller diameter of capillaries in the
nerve fiber layer may imply differential vulnerability to such
disease processes. In addition, it may be worthwhile to inves-
tigate the possibility that elevated intraocular pressure or other
factors leading to glaucoma and nerve fiber damage could pref-
erentially reduce flow in smaller capillaries and selectively com-
promise the nerve fiber layer. We hope that our more systematic
understanding of neural-vascular relationships will eventually
make it possible to predict whether some neural subsystems
should be more vulnerable than others to disturbances of the
circulation.

Figure 14. Histograms depicting distributions of capillary diameters. Left column, Data pooled from all sampling areas of F22. Right column,
Data pooled from all sampling areas of both F46 and F54. First four rows, Distributions of capillary diameters in networks at different depths
within the retina. Abbreviations are as in previous figures. Boftom row, Distribution of capillary diameters for the total retina. Statistical parameters

of the distributions are listed in Table 1.
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Retinal metabolism and vascularity

For those species with a well-developed retinal circulation, a
growing body of physiological evidence indicates that the cho-
roidal and retinal circulations have relatively independent roles.
It is generally accepted that the choroidal circulation serves
primarily the photoreceptors whereas the retinal circulation
serves the inner retina (Bill, 1984; Saari, 1987).

The most time-critical function of the circulation is to supply
oxygen (Linsenmeier, 1990). Studies of cat retinas show that in
the dark, oxygen tension in the retina is highest near the choroid,
passes through a minimum at an intermediate retinal depth,
and then rises again in the inner retina (Alder et al., 1983;
Linsenmeier, 1986). The location of the minimum oxygen ten-
sion is assumed to be the dividing line where oxygen is supplied
primarily by the choroidal circulation on one side and by the
retinal circulation on the other (Alder and Cringle, 1990). The
anatomical location of the oxygen minimum has been tenta-
tively assigned by different authors to the outer nuclear layer
(Linsenmeier, 1986) or to the inner nuclear layer (Alder et al.,
1983). Our results showing that the inner nuclear layer is richly
vascularized are more consistent with a location of the mini-
mum near the outer nuclear layer.

Where retinal oxygen tension reaches its minimum, it is near
zero in the dark (Linsenmeier, 1986), which implies at least a
partial dependence on anaerobic metabolism (Saari, 1987). Ap-
propriately, lactic acid dehydrogenase, an enzyme associated
with anaerobic glycolysis, is maximal near the vitread (shallow)
border of the outer nuclear layer in monkey retinas (Lowry et
al., 1956). In fact, its distribution is complementary to that of
the oxidative metabolic enzymes of the mitochondria, malic
dehydrogenase (Lowry et al., 1956) and cytochrome oxidase
(Kageyama and Wong-Riley, 1984). The picture that emerges
is an intricate interleaving of metabolic compartments, with
anaerobic metabolic machinery filling in the gap between the
dual vascular systems that supply the retina.

There may also be other metabolic adaptations associated
with the profile of oxygen tension in the retina. For example,
two pigments with spectral properties similar to respiratory
hemoproteins are present in the region of the outer nuclear layer
(Snodderly et al., 1984), which is near the oxygen minimum.

Like the retina, other laminated structures of the CNS have
intricate complementary profiles of the enzymes for aerobic and
anaerobic glucose utilization (Borowsky and Collins, 1989), but
quantitative information about the laminar profiles of oxygen
tension appears to be lacking. The relative accessibility of the
retina, its simple geometry, and the ease of stimulating it offer
the opportunity to understand relationships between the me-
tabolism and the vasculature that would be more difficult to
study in many other neural structures.
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