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STUDIES ON DEVELOPING RETINAL VESSELS*
X. FORMATION OF THE BASEMENT MEMBRANE

AND DIFFERENTIATION OF INTRAMURAL PERICYTES

BY

MANOUCHER SHAKIB AND FERRAZ DE OLIVEIRAt
Department ofPathology, Institute of Ophthalmology, University ofLondon

PREVIOUS studies (Ashton, Ward, and Serpell, 1953, 1954), have demonstrated that
the kitten is an ideal animal for studying developing retinal vessels. Since these
vessels reach the periphery of the retina about three weeks after birth, all stages of
their development can be studied in the same eye.
The present study deals with the origin of the intramural pericytes and the

formation of the basement membrane of the retinal vessels.

Material and Methods
Normal retinae from kittens 1 to 8 days old were used in this investigation.
For light microscopical study the specimens were digested with pepsin-trypsin technique

(Ashton, 1963) and stained with periodic acid-Schiff and haematoxylin (PASH).
For electron microscopical study the animals were anaesthetized by intraperitoneal

injections of Nembutal, and their eyes were enucleated and rapidly opened by a coronal
section through the ora serrata. The vitreous was gently removed; the posterior half of
the eye was then cut into four pieces and immersed in chilled 1 per cent. isotonic veronal
buffered osmium tetroxide. In order to allow better penetration of the fixative the retina
was separated from the choroid with a thin spatula. The fixation was carried out for two
hours at 4°C. temperature. The retinae were dehydrated in graded concentrations of
alcohol and embedded in Epon and Araldite. Sections 1 t thick were cut from the whole
block, using a Huxley microtome, stained with 1 per cent. alkaline toluidine blue, and
studied by light microscopy. Thin sections were cut from selected areas of the block,
stained with uranyl acetate in acetic acid, followed by 1 per cent. lead citrate, and viewed by
an A.E.I. EM6 electron microscope.

Observations
Light Microscopy.-Normal developing retinal vessels in the kitten show a

vascular network comprising a pattern of polygonal spaces, usually pentagonal,
which are larger on the arterial side of the capillary circulation and gradually
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STUDIES ON DEVELOPING RETINAL VESSELS

diminish towards the venous side (Fig. la), so that in the immediate vicinity of the
veins the meshwork is barely discernible and the mass of endothelial cells fuses
imperceptibly with those on the venous wall. These vessels are formed by one or
more layers of cells, always more numerous towards the venous side of the network
(Ashton, 1963). At this stage differentiation between endothelial cells and pericytes
is very difficult, or even impossible, to discern by light microscopy (Fig. Ib).
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(a)
FIG. a. Photomicrograph of retinal vessels in an 8-day-old kitten
showing capillary network arranged in a polygonal pattern. Note
that the capillaries are formed by more than one layer of undiffer-
entiated cells. Digest preparation, periodic acid-Schiff and haema-
toxylin. x 88.

°... ... ....'.A~A

(b) (c)
FIG. lb.-High power view of an area in Fig. la. The pericytes cannot be
differentiated from endothelial cells. x 420.
FIG. Ic.-Photomicrograph of retinal capillaries in an adult cat. The pericytes
(P) can easily be differentiated from endothelial cells by the spherical, darkly
stained nuclei. Digest preparation, periodic acid-Schiff and haematoxylin.
x 420.
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16MANOUCHER SHAKIB AND FERRAZ DE OLIVEIRA

Electron Microscopy.-The developing or immature capillaries in the retina of the
kitten are formed by one or two layers of cells, which have the same electron
microscopical appearance, and show more cytoplasmic organelles than those seen
in the retinal capillaries of the adult cat. They contain membrane-bound vesicles,
prominent Golgi component, mitochondria, free ribosomes, and are especially rich
in rough-surfaced endoplasmic reticulum. In the reticulum a granular material
could be seen which was identical with the basement membrane of the capillary
(Fig. 2). Intracellular spaces were present and measured 100- 150 A'. A distinctive

:~~~~
FIG. 2.-Electron micrograph of a retinal capillary in a kitten showing endothelial cells
(En) and pericytes (P) with a number of mitochondria (M), vesicles, dense bodies (D.B.),
and rough-surfaced endoplasmic reticulum. Note the granular material (arrows) in
the reticulum which has an identical appearance to that of basement membrane (B.M.)
surrounding the cells. L, Lumen. x 21,600.
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finding was the presence of well-formed junctional complexes between the cells
adjacent to the lumen (the inner layer of cells), but no junctions have been observed
between the inner and outer cells (Figs 3 and 4).

Electron micrographs taken from the peripheral capillaries of the retinae of one-
day-old kittens did not show any basement membrane between the two layers of
cells (Fig. 4), and the basement membrane surrounding the capillary was scanty or
even absent in some areas (Fig. 3), but at a later stage the membrane appeared

4~~~~~~~~W~
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FIG. 3.-Electron micrograph of an immature retinal capillary in a one-day-old
kitten showing isolated areas ofs_malamount of basement membrane material
(arrow) in the intracellular spaces between the capillary and glial cells (G).
Note a well-formed junction (D) between the cells (En) adjacent to the lumen
(L). N, Nucleus. x 10,875.
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FIG. 4.-Electron micrograph of an immature retinal capillary in a kitten
showing the two layers of cells with no basement membrane material in the
intercellular spaces (arrow). No junctions can be seen between the inner (En)
and outer cells (P). L, Lumen. x 19,500.

127

 on M
ay 16, 2023 by guest. P

rotected by copyright.
http://bjo.bm

j.com
/

B
r J O

phthalm
ol: first published as 10.1136/bjo.50.3.124 on 1 M

arch 1966. D
ow

nloaded from
 

http://bjo.bmj.com/


MANOUCHER SHAKIB AND FERRAZ DE OLIVEIRA

within these intracellular spaces separating the outer from the inner cells (Fig. 5).
Thus the outer cells which are surrounded by basement membrane become differen-
tiated into pericytes while the inner ones, which have direct contact with the circu-
lation, become endothelial cells. In adult cats the intramural pericytes are entirely,
or almost entirely, surrounded by a dense basement membrane material and can
easily be distinguished from endothelial cells by light (see Fig. ic) and electron
microscopy (Fig. 6).

~~~V ~ ~ - l

FIG. 5.-Electron micrograph of a retinal capillary in a kitten showing
basement membrane material (B.M., arrows) in the spaces between the pericytes
(P) and endothelial cells (En). L, Lumen. x 14,250.

FIG. 6.-Electron micrograph of a retinal capillary in an adult cat showing
endothelial cells (En), pericytes (P), and a dense basement membrane material
(arrow) in the intercellular spaces which entirely surrounds the pericytes.
L, Lumen. x 12,750.

128

 on M
ay 16, 2023 by guest. P

rotected by copyright.
http://bjo.bm

j.com
/

B
r J O

phthalm
ol: first published as 10.1136/bjo.50.3.124 on 1 M

arch 1966. D
ow

nloaded from
 

http://bjo.bmj.com/


STUDIES ON DEVELOPING RETINAL VESSELS

Review and Discussion

Origin of Intramural Pericytes
Growing vessels appear as threads of spindle-shaped cells arranged in one or two

irregular layers which may have a direct contact with the surrounding tissue in the
early stages of their development.
The nature of these cells was widely discussed by the followers of the angioblast

theory (His, 1868; Clark, 1909; Sabin, 1911; Minot, 1912; Bremer, 1912; Krogh,
1929; and others), and the local origin theory (Reichert, 1862; Goette, 1875;
Maximow, 1909; Schulte, 1914; Miller and McWhorter, 1914; and others). This
latter theory holds that endothelium may be formed in the following ways: (1) by
active migration and alignment of single mesenchymal cells; (2) by addition of single
mesenchymal cells; (3) by addition of solid-cell aggregates; (4) by addition of
previously formed endothelial cavities differentiated locally in and from the
mesenchyme (McClure, 1921). The local origin of the intra-embryonic endothelium
from mesenchyme has been fully accepted (Arey, 1963). Clarke (1914) observed
that not only can mesenchyme transform into endothelium but the reverse is also
true, and may occur in response to simple hydrostatic or other purely mechanical
factors. This suggests that the primitive endothelial cells, or mesenchymal pre-
cursors of the vascular components, may have a variety of forms depending upon
their ultimate function.
The cords of precursor cells that form the primitive growing vessels undergo

canalization and secrete basement membrane material. With the appearance of this
membrane the inner layer of cells, which remains in direct contact with the blood
stream, forms the endothelium; on the other hand, the outer cells become pro-
gressively surrounded by the basement membrane and become the intramural
pericytes. It appears that in the retina of the cat intramural pericytes do not
differentiate from wandering mesenchymal cells, as described by Clark and Clark
(1925) in vessels in the tail of amphibian larvae. This is in accordance with
Michaelson's (1954) observations that mesenchymal tissue is absent in the developing
retina and that vessels in the retina do not develop from cells differentiated locally,
but rather from vessels growing from the optic disc. Ashton (1954, a, b) has shown,
however, that this vascularization in man is achieved not only by sprouting of the
pre-existing vessels, but rather by the advance of undifferentiated cells, mesenchymal
in nature, which grow into the retina as solid cords immediately ahead of the advanc-
ing vascular buds. It is from these solid cords ofmesenchyme cells that endothelium
and pericytes originate. This common origin was subsequently also suggested by
others (Kuwabara and Cogan, 1963; Bloodworth, 1963; Agrawal, 1965) but without
specific evidence.

Formation of the Basement Membrane
The structure and origin of the basement membrane has been the subject of

controversy since its early description in the renal glomerulus by Seng (1871), Toldt
(1874), Drasch (1877), and Langhans (1879). Some considered it as a hyaline or
homogeneous membrane (Mall, 1896; Ebner, 1902; Regaud and Policard, 1903-04;
Krauspe, 1922; Schaffer, 1927; M6llendorff, 1927), others as a fibrillar structure

10
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(Riihle, 1897; Russakoff, 1909) or as a granular band (Bargmann, 1929). Compre-
hensive studies by McGregor in 1929 did not reveal either a definite fibrillar or
homogeneous structure.
More recent studies, using the electron microscope, have shown that the basement

membrane is a feltwork of fine filaments embedded in a homogeneous matrix (Kramer
and Little 1953; Yamada 1955), and Hogan and Feeney (1963) have recently
described a system of cavitations in the basement membrane of the retinal vessels
of man and monkey, especially in older subjects.
The thickness of the basement membrane varies not only in different organs but

even in the same organ and vessel. The basement membrane is usually described
as having three layers: a dense medial zone, bounded by two light zones (Rhodin,
1955; Pease, 1955; Yamada, 1955, in the kidney; Maeda, 1959, in the retina; Ikui,
Mimatsu, Maeda, and Tomita, 1960, in the iris; Taniguchi, 1962, in the ciliary body;
Maynard, Schultz, and Pease, 1957, in the brain; Fawcett, 1959, in muscle and
testis). This arrangement has not been described by Donahue and Pappas (1961)
in the vessels of the cerebral cortex, and was rejected by Kissen and Bloodworth
(1961) in the retinal capillaries of the rat. Previously the basement membranes
have been commonly believed to be a condensation of the ground substance of
connective tissue (Kolliker, 1884; Mall, 1891; Gersh and Catchpole, 1949), but
McManus (1948) found no evidence of such an origin.
Some observers compared the basement membranes with reticulin (Rossle and

Yoshida, 1909; Foot and Day, 1925); further investigation by fluorescent antibody
technique (Cruickshank and Hill, 1953), showed the presence of a common antigen
in epithelial basement membranes and reticulin; this antigen was not found in
collagen. Meanwhile, others (Little and Windrum, 1954) showed differences in the
x-ray diffraction patterns of collagen and reticulin, and described a varying histo-
chemical composition in collagen and reticulin (Glegg, Eidinger, and Leblond, 1953;
Windrum, Kent and Eastoe, 1955).
More recently Kurtz (1958), Farquhar, Wissig, and Palade (1961), and Andres,

Morgan, Hsu, Rifkind, and Seegal (1962) have studied glomeruli and suggested that
the basement membrane is secreted by bothaendothelial and epithelial cells. Fawcett
(1959) and Ashton (1964) feel that the basement membrane material is a product of
secretion of the endothelial cells, while Feeney (1963) assumes that in the retina,
both endothelial cells and pericytes elaborate this material. Pierce and co-workers
(Pierce, Midgley, Sri Ram, and Feldman, 1962; Pierce, Midgley, and Sri Ram, 1963;
Pierce, Beals, Sri Ram, and Midgley, 1964; and Mukerjee, Sri Ram, and Pierce,
1965) studying the formation of Reichert's basement membrane in the yolk sac of
the mouse embryo, and the basement membrane-like material secreted by a parietal
yolk-sac carcinoma, concluded that Reichert's membrane is secreted by the epithe-
lium, and postulated that in general epithelial cells secrete their basement membrane.
According to these authors basement membranes have a chemical composition
distinct from that of the connective tissue. It is commonly believed that the rough-
surfaced endoplasmic reticulum is involved in the synthesis of the basement mem-
brane material; Farquhar and others (1961), for instance, noticed material resembling
that of the basement membrane within the endoplasmic reticulum of the glomerular
endothelium and epithelium, and have assumed that this material in each location
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shared common proteins. This view is supported by the work of Andres and others
(1962) who, by using ferritin-conjugated antibodies in experimental glomerulo-
nephritis, showed that the antibodies were concentrated in both glomerular base-
ment membrane and in the endoplasmic reticulum of epithelial cells. Studying
Reichert's basement membrane formation with ferritin and fluorescein-labelled
antibody, Pierce and others (1962, 1963) came to the same conclusions.

All these studies, whether they were concerned with epithelial and endothelial
cells of the renal glomerulus, or with cells of the parietal yolk sac, showed high
cellular secretory activity, as evidenced by a large amount of well-developed endo-
plasmic reticulum, especially rough-surfaced reticulum, containing basement mem-
brane-like material, suggesting a glandular function.

These profiles, first seen in electron microscopy by Porter, Claude, and Fullam
in 1945, were fully described by Palade (1953, 1955, 1956, a, b), Palade and Porter
(1954), Palade and Siekevitz (1956), and Sj6strand (1956). Some authors believe
that the rough-surfaced profiles are involved in protein synthesis (Keller, Zamecnik,
and Loftfield, 1954; Littlefield, Keller, Gross, and Zamecnik, 1955; Rees, 1963;
Missotten, 1964).
Our electron micrographs show that in the growing retinal vessels there is similar

evidence of secretory activity in the developing endothelial cells and pericytes. On
the other hand, in fully developed or mature vessels of the adult cat such an extensive
amount of endoplasmic reticulum was not observed, thus suggesting, together with
histochemical data reported by others, that the basement membrane is formed in the
rough-surfaced endoplasmic reticulum of endothelial cells and pericytes.

Summary and Conclusion
Growing retinal vessels of the normal kitten were studied by both light and

electron microscopy. These studies were compared with the findings in the retinal
capillaries of the cat.
Our observations show that a developing retinal capillary is mostly formed by

one or two layers of undifferentiated cells resembling mesenchyme, having a large
amount of well-developed, rough-surfaced endoplasmic reticulum filled with base-
ment membrane-like material, which are actively engaged in the production of the
basement membrane. This membrane in the kitten is sparse and has a. low electron
density, whereas in cats it forms a complete and more electron-dense membrane.
With the appearance of basement membrane in the intracellular spaces the outer

cells are differentiated into intramural pericytes and the inner ones, which are in
direct contact with the blood stream, develop into true endothelial cells of the adult
capillaries.

We are gratefully indebted to Prof. Norman Ashton, for without his guidance and encouragement this
communication would have been impossible. We also thank Mr. E. Wood for his technical assistance
and Miss E. FitzGerald and Miss S. Scroggs for secretarial help.
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