










606 C. A. ERSKINE

showed a number of dark glial processes in relation to elements which
suggested perivascular cells closely
applied to the capillary endothel-

_ ium; the processes ran parallel to
the capillary walls; they appear to
be inside Miller's cytoplasm. The
perivascular cells classified as astro-
cytes by Wolter were suggested by
this picture, except that these ele-
ments were not selectively stained

I by Cajal's method.

(3) Capillary Network of the
Bipolar Layer

(a) Gold Sublimate Method
. (modified).-At the top of Fig. 6

two cells interpreted as oligoden-
drocytes are present. In a few parts
of the capillary network a pair of
astrocytes were seen. In Fig. 6 a
group of three cells is visible which
send thick processes to the capillary,
which appears attenuated mainly
because it is cut through its outer
margin, though shrinkage is also
present. These capillaries showed
a glial sheath which was much less
thick than that found in the nerve
fibre layer. It formed a delicate

FIG. 6.-Outer capillary network: two oligo-
dendrocytes at top of figure. Group of cells
resembling astrocytes on left of capillary (cut
through margin). Astrocyte partly impreg-
nated in upper centre with oligodendrocyte
below. Oligodendrocyte at lower end and

.. possibly at bifurcation. Strands of cyto-
plasm partly due to shrinkage of capillary.
Granular glial cytoplasm seen at lower end
surrounding capillary. Gold impregnation.
x 1,260.
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NERVE CELLS IN RETINAL CAPILLARY NETWORK

membrane containing fine granules and is similar to both Muller's fibre-layer
expansions and astrocytoplasm. Incompletely impregnated cells show oval
nuclei with several nucleoli similar to the typical central astrocyte and an irreg-
ular granular cytoplasm which often contained a number of dispersed refrac-
tile granules. A smaller dark perivascular cell was seen near this astrocyte and
the endothelium. At the bifurcation of this capillary and attached by a few
processes to the endothelium were several dark stellate cells; their appearance
was duplicated by phase-contrast microscopy. Some may be either glial
cells or neurons of the bipolar layer; in the latter case the processes may then
be interpreted as Muller's cytoplasm (accentuated by shrinkage) connecting
the capillary to the cell body.

(b) Phase-contrast Microscopy and Microdissection.-End plates of
astrocytes were easily seen on the capillaries of the deep network; many were
clearly situated within the sheaths of Muller's cytoplasm, since they were in
close contact with the capillary endothelium. They were arranged both
singly and in groups. In Fig. 7 a section of the capillary is shown without
end-feet; this appearance is due partly to tension on the capillary. Cyto-
plasm of Muller's astroglia has been pulled aside. It can be shown that
end-feet were not fixed or fused to the endothelium, since they could be
separated by drawing the astrocyte away from the capillary.

FIG. 7.-Deep capillary network: two astrocyte end-feet in plane of focus on capillary
endothelium. (P: pericyte nucleus). Phase-contrast. x 1,500.

The end-foot remained attached to the astrocyte process as the cell was
displaced (Fig. 8, overleaf).

Discussion
Individual glial elements in the central nervous system are acknowledged

to be difficult to distinguish from many neurons though it is not difficult to
obtain agreement on the characteristics and identity of groups; the same
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C. A. ERSKINE

FIG. 8.-Separated astrocyte from deep network with attached end-plate
from capillary of Fig. 7. Phase-contrast. x 800.

applies to the neuroglia of the retina. The astrocyte-capillary-neuron rela-
tions shown in the inner layer of the bipolar cells are similar to those found in
the central nervous system, i.e. astrocytoplasm intervenes between the
capillary and the neuron with the glia cell in close relation to both. The
considerable gaps between the astrocytoplasm and end-feet at the outer
bipolar layer are closed by Muller's cytoplasm. The glial membrane seems
to be altogether more complete than in most parts of the central nervous
system where approximately 20 per cent. of the capillary is not directly
covered by glial cytoplasm.
The similarity between the cytoplasm of Muller's cells and astrocytes

when incompletely impregnated by gold sublimate methods is notable and
suggests similarity in function. It might be expected that the astrocytes
cooperate with Muller's cells in related metabolic function (even if these
functions are not identical). Thus the suggested relatively smaller number
of typical astrocytes in the retina as compared to the central nervous system
may be explained by astrocytic function of Muller's cells.

Polyak (1957) and Cone and MacMillan (1932) have stated that in the
retina oligodendrocytes are absent as normal structures. This is to be
expected, since oligodendrocytes are related to the presence of myelin, which
is not present in the retina. On the other hand, Bloodworth (1962) cites
Gartner (1950) to the effect that cytoid bodies in diabetic retinopathy may
be degenerated oligodendrocytes, though the origin ofthese bodies is considered
by most authors as unsettled and in a later paper Wolter (1961) regards them
as of nerve fibre origin. Oligodendrocytes form such a large proportion of
central cells and are so closely associated with neurons in all parts of the
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NERVE CELLS IN RETINAL CAPILLARY NETWORK

central nervous system that it would seem likely that they are represented
in the retina. The appearance of cells with characteristics of central oligoden-
drocytes by phase-contrast microscopy may not in fact be in contradiction
with the absence of myelin in the retina; in the neuropil of the central nervous
system, oligodendrocytes are not directly related to myelin. Since modified
astrocytes are present in the retina, modification of oligodendrocytes may
not be unexpected, though their nuclear characteristics remain distinct;
absence of myelin by itself may be sufficient to account for some changes in
characteristics of cytoplasm and processes. A proportion of cells classified
as small ganglion cells, amacrine, horizontal cells, or neurosecretory cells
(Becher, 1955), though characteristic in many respects of neurons, may func-
tion as oligodendrocytes. Decolourized nuclear stain phase-contrast micros-
copy has shown a high proportion of typical oligodendrocyte nuclei in most
of the ganglion cell layer; it also suggests that the proportion of oligoden-
drocyte type cells in the bipolar layer may also be large.
Normal capillary structure, pattern, and distribution have been thoroughly

investigated by Michaelson (1954), Ashton (1959), Cogan and others (1961),
and Bloodworth (1962). In diabetic retinopathy there are indications that
degeneration takes place in all elements of the retina (Bloodworth, 1962) and
that in the past too much attention has been given to the capillary. Ashton
has pointed out, however, that microaneurysm formation in an otherwise
normal fundus is most characteristic of diabetic retinopathy. Apart from a
thick basement membrane, electron microscopy has not shown structural
peculiarities in the retinal capillary. On the other hand unique relationships
are found with the glia, particularly in the difference in thickness of Muller's
cytoplasm in the superficial and deep network, the irregular glial cell relation-
ships in the bipolar layers (whether the processes between the capillaries and
neurons is of oligodendrocytic or Muller's cell in origin or not), and the
regional distribution of astrocytes with similar relationships to the endothe-
lium and neurons but with proportional reduction compared with the central
nervous system.
No information is available at present on the effects of glial changes on the

capillary endothelium. Though it would not be denied that support may be
given to the capillary by retinal structures including the glia, the circumscribed
development of the microaneurysm suggests focal functional reactions in the
endothelial cell rather than purely mechanical changes in support. Sensitive
glial elements must be among the earliest to react in retinopathy; oligo-
dendrocytes are sensitive elements in the central nervous system and a
considerable proportion of the cells of the ganglion layer of the retina appears
to consist of oligodendrocytes.
Apart from the vascular relationships and distribution of individual cells

which have been described, further systematic and quantitative studies on the
retinal neuroglia are indicated to determine their characteristics, variations,
and real numbers in different regions.
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Summary
Capillary areas from normal human retinae were examined to provide a

basis for the description of the earliest changes in glial structure in diabetic
retinopathy. From the posterior retinae of eleven enucleated eyes selected
areas of three specimens were studied in detail for glial cell type and endo-
thelial relationships in the different segments of the capillary network. The
methods used were microdissection, modifications of metallic impregnation
methods, phase-contrast microscopy of thin sections, and decolourized
Mallory stained phase-contrast sections in adjacent areas. Observations
included the distribution of astrocyte end-feet in direct contact with the
endothelium below Miller's cytoplasm in both superficial and deep networks,
marked variation in thickness in Muller's cytoplasm, and the presence of
perivascular and satellite cells with typical oligodendrocyte nuclei, especially
distinct in the ganglion cell layers.
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