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ABSTRACT

The effect of pancreatic islet cell allotransplantation on
the development of microvascular changes in the diabetic
retina was evaluated using light and ultrastructural
qualitative and quantitative morphologic methods and the
trypsin digestion technique in the streptozotocin induced
diabetic rats. The animals were divided into the following
groups:

1) Intraportally transplanted, rejected graft (n=5)

2) Intracerebrally transplanted, rejected graft (n=4)

3) Intraportally transplanted, accepted graft (n=6)

4) Intracerebrally transplanted, accepted graft (n=4)

5) Diabetic non-transplanted (n=5)

6) Non-diabetic controls (n=5)

A1l animals were sacrificed at the age of 18 months. The
graft accepted and control groups showed euglycaemia. These
groups also showed a normal body weight gain. A significant
increase in the basement membrane thickness, increased
pericyte profile area, diminished lumenal area, increased
number of degenerating pericytes and loss of pericytes in
the retinal capillaries were noted in the diabetic
non-transplanted group. The animals with successful
allotransplantations did not show these changes and were not
different from non-diabetic control animals. On the other
hand, groups with unsuccessful allotransplantation showed

changes similar to the diabetic non-transplanted group.



These results led to the conclusion that pancreatic islet
cell allotransplantation has a preventive effect on the
development of retinal microvascular changes caused by

diabetes in the streptozotocin induced diabetic rat.
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1. INTRODUCTION:
I.Background:

Diabetes mellitus is an ever increasing,
common, chronic disease. Statistical evidence shows that the
diabetic population doubles every 15 years, (Report of the
National Commission of Diabetes to the Congress of United
States, 1975). Thanks to the quality of modern medical care,
diabetics can look forward to a longer life span. With the
increasing longevity of diabetic patients, chronic
complications of diabetes mellitus such as retinopathy,
neuropathy, nephropathy and atherosclerosis are becoming
more common. The eye suffers a number of diabetic
complications, diabetic retinopathy being the most
important.

Diabetes mellitus is the most important systemic
disease causing blindness. The average incidence of
retinopathy in diabetics is 527 (L'Esperance and James,
1981). Diabetic retinopathy is the most significant cause of
blindness among diabetics accounting for more than 70%
(Caird et al., 1969). Retinopathy accounts for a 25-fold
increase in the incidence of blindness in patients with
type-I diabetes compared with the age-matched non diabetic
population (Report of the Second National Diabetic Research
Conference, 1984). Diabetic retinopathy is the leading cause
of new blindness in the 30 to 60 year age group (Amos, 1974
and Caird et al., 1969).

The rationale for the treatment of diabetic



retinopathy is twofold i) to treat the underlying disease,
in order to prevent the development of eye complications and
ii) treatment directed to the specific complication when it
is established. The former mode of treatment is preferable,
since it has as its goal to achieve a physiological insulin
regulation. Presumably if a normal glucose homeostasis could
be provided, the development or progress of the secondary
complications affecting the eye, kidney and the nervous
system might be prevented or halted (Sutherland, 1983). The
ideal approach for the replacement of insulin may be
achieved by successful transplantation of the whole pancreas
or pancreatic islet cells, since there is evidence to
suggest that good metabolic control acheived by multiple
daily doses of insulin reduces the severity of diabetic
complications, such as retinopathy (Engerman et al., 1977).

In the introduction to follow pathological
features and the present state of the pathogenesis of
diabetic retinopathy as well as experimental models for this
complication will be reviewed. The retinal structure and
ultrastructure and the present state of the role of
pancreatic and islet cell transplantation in the prevention
of the secondary complications of diabetes will be

discussed.



IT.Diabetic Retinopathy in Human:
A, Pathology:

Diabetic retinopathy can be divided into Dbackground
or non-proliferative and proliferative retinopathy.
Background retinopathy consists of capillary
microangiopathy, venous abnormalities, intraretinal
haemorrhages, hard exudates, nerve fiber layer infarctions
(soft exudates) and macular changes. The features of
capillary microangiopathy include loss of pericytes,
basement membrane thickening, microvascular obstruction and
permeability changes, capillary non-perfusion,
microaneurysms and intraretinal microvascular abnormalities
(IRMA). The venous abnormalities consist of dilatation,
duplication and beading of retinal veins and central or
branch retinal venous occlusion. The hard exudate is a
collection of lipid and lipoprotein from leaking
capillaries, usually in the outer plexiform layer of the
retina. Focal areas of retinal capillary non perfusion can
damage axons in the nerve fiber layer causing interruption
of axonal transport and axonal swelling. Histologically,
focal areas with infarcted neurones appear as cytoid bodies
(Murphy and Patz, 1983). The macular changes consists of
macular edema with progression to macular retinoschisis,
macular hole or macular ischemia due to retinal vascular
occlusion. The IRMAs include the dilated, telangiactatic and

leaky capillaries shunting blood from arterioles to venules



in the areas between perfused and non perfused retina. IRMA,
venous occlusion and nerve fiber layer infarction have also
been grouped under preproliferative retinopathy (Murphy and
Patz, 1983).

Proliferative retinopathy consists of
neovascularisation and fibrous tissue proliferation which
can be intraretinal, on the retinal surface, on the optic
disc or manifested as elevation of the disc or new retinal
vessels in the vitreous. Proliferative retinopathy may lead
to preretinal or vitreous haemorrhage and tractional retinal
detachment,

It has been suggested that increased permeability
of the blood-retinal barrier at the level of the endothelial
cell of small retinal vessel is an early abnormality of the
capillary vasculature. A preceeding alteration of the
retinal pigment epithelium or of the retinal neuronal tissue
may be responsible for the permeability defect in retinal

vessels (Cunha-Vaz, 1983).

B. Pathogenesis:

A variety of factors compromising blood supply, oxygen
transport and delivery are involved in the pathogenesis of
diabetic retinopathy (Ashton, 1983). It is generally agreed
that hypoxia may be a key factor responsible for diabetic
retinopathy (Aston, 1963). Hypoxia in the diabetic retina is
produced by a variety of factors (Little, 1981) such as, (i)

reduced level of 2,3 diphosphoglycerate in red blood cells,



(ii) an increase in hemiglobin A1C9 (iii) changes in the
blood elements leading to increased blood viscosity and (iv)
increased polyol pathway activity.

(i) In early and poorly controlled diabetes, a
reduction of 2,3 diphosphoglycerate in red blood cells is
caused by a decreased level of plasma inorganic phosphate.
The oxygen releasing potential of 2,3 diphosphoglycerate
deficient red blood cells is reduced and a supra-normal
oxygen binding power impairs oxygen release and causes
hypoxia in the target tissue.

(ii) There is an increase in hemoglobin AIC dué
to non-enzymatic glycation of hemoglobin, in which glucose
binds to the terminal valine residue of the ﬁ—chain of
hemoglobin and blocks the action of the already decreased
2,3 diphosphoglycerate causing a further impairment of
oxygen release.

(iii) The retinal microcirculation may be
affected by the zggregation of red blood cells, altered
plasma protein content in serum and impaired fibrinolytic
activity. An increased aggregability of platelets has been
noticed, which may be caused by elevated synthesis of
platelet thromboxane A2 (Haluska et al., 1982).
Hypercoagulability of diabetic platelets in the presence of
ADP and epinephrine is associated with an elevated level of
factor VIII-related von Willebrand factor. This factor
appears to be influenced by growth hormone (Colwell et al.,

1976). The role of an elevated growth hormone level was



first drawn to attention by Hansen (1971). Since growth
hormone increases protein synthesis through a secondary
factor named somatomedin, the plasma protein levels,
including those of fibrinogen and ﬁ}2 macroglobulin increase
(Hall and Luft, 1974). Increased concentration of plasma
proteins raises the blood viscosity and the aggregation of
red blood cells, which may result in focal obstruction of
the microcirculation leading to retinal hypoxia (Little,
1976).

(iv) Altered glucose metabolism is thought to
be an important factor in the development of retinopathy. As
a result of insulin deficiency and hyperglycemia, excessive
glucose is metabolised via an activated polyol pathway. The
rate limiting enzyme in this pathway is aldose reductase.
The end products of the polyol pathway, sorbitol and
fructose, accumulate intracellularly resulting in increased
cellular osmotic pressure and osmotic decompensation of the
cell (NIH Conference, 1984; Frank, 1984), This series of
events may lead to impaired oxygen diffusion and hypoxia in
the target tissue. Aldose reductase has been localised in
Muller cells, ganglion cells and in the pericytes of the
human retina (Akagi et al., 1983, 1984)., The same enzyme has
also been demonstrated in Mdller cells, ganglion cells
(Ludvigson and Sorenson, 1980) and cultured microvessels of
the rat (Kennedy et al., 1983). Human retinal endothelial
cells cultured in a medium having high glucose level

exhibited cytotoxic features with accumulation of



PAS-positive granules, cytoplasmic vacuolisation and cell
degeneration (Tripathy and Tripathy, 1982). In order to
block this pathway, aldose reductase inhibitors are now
being investigated clinically and experimentally as to their
potential effect in preventing and treating diabetic
retinopathy. In a recent clinical trial by Cunha-Vaz et al.
(1985) Sudinlac, an aldose reductase inhibitor as well as a
prostaglandin synthetase inhibitor, has been shown to
prevent the breakdown of the blood-retinal barrier.

Prior to the detection of clinical changes in diabetic
retinopathy, however, there is a stage of increased retinal
blood flow and vasodilatation. An autoregulatory response to
metabolic abnormalities in diabetic patients may be
respénsible for this change (Little, 1981).

Thickening of the capillary basement membrane has been
accepted as the dominant feature of diabetic
microangiopathy. Possible biochemical mechanisms include
enzymatic glycation of hydroxylysine residues of collagens
by glucose and/or galactose via the -OH groups of the amino
acid (Spiro and Spiro, 1971) and non-enzymatic glycation of
lysine residues by the same sugars at the exposed e-NH2
groups (Cohen et al., 1980; Urbanowski et al., 1982). Other
possibilities that have been suggested include increased
synthesis of collagen or other basement membrane proteins
such as laminin or fibronectin, either as a primary event or
as a compensatory mechanism secondary to decreased

production of basement membrane proteoglycan (Szarfman et



al., 1982). Increased polyol pathway activity may play a
role, as if has been shown that galactosemia induced
capillary basement membrane thickening can be prevented by
aldose reductase inhibitor (Robinson et al., 1983; Frank et
al., 1983). It is still not clear how aldose reductase
affects the above mentioned activities; one possible
explanation is that sorbitol and other sugar alchohols may
alter the activity of a critical biochemical step (Frank,
1984).

The thickening of basement membrane is probably
associated with endothelial cell damage and plasma leakage
(Ashton, 1974)., Thickening of capillary basement membranes
in diabetes has been considered as a proliferative response
of the cellular constituents of the capillary to injury
(Williamson and Kilo, 1983). Repeated endothelial cell death
and regeneration with retention of old and the addition of
new layers of basement membrane may be a factor in the
production of basement membrane duplication and thickening
(Vracko and Beneditt, 1970)., McMillan (1983) suggested that
due to modified viscous properties of the red blood cell
membrane such as reduced deformiability, the red blood cells
may exert a greater mechanical force on the capillary wall
which may be responsible for basement membrane thickening.
However, it is not clear as to what extent the stiffening of
red blood cells play a role in retinopathy (Williamson and
Kilo, 1983).

Areas of endothelial cell degeneration and



proliferation have been noted in diabetic retinopathy
(Bloodworth, 1982). Endothelial cell damage has been thought
to be a factor in the breakdown of blood retinal barrier
(Cunha-Vaz, 1983).

The loss of capillary pericytes is one of the early
features of the disease (Cogan et al., 1961). The normal
ratic of pericyte to endothelial cells is 1:1 in healthy
young individuals. Aging causes a decrease in the number of
endothelial cells (Apple, 1981), In diabetic retinopathy
this ratio is altered with a progressive loss of retinal
pericytes. According to Cogan et al. (1961) this change in
the ratio is the key pathological feature of diabetic
retinopathy. Chuna-Vaz (1983) is of the opinion that the
pericyte damage is secondary to endothelial cell damage.
While damaged endothelial cells can easily be replaced by
the sliding of the neighbouring cells, the pericytes cannot
be replaced due to their special location where they remain
trapped in the vessel wall. The weakness created in the
vessel wall due to the loss of pericytes may explain the
formation of microaneurysms and retinal hemorrhages in
diabetic retinopathy.

Microaneurysms are seen near areas of capillary non
perfusion and pericyte loss, yet no correlation has been
established between microaneurysms and pericyte loss
(Oliviera, 1966). However microaneurysms are not
pathognomonic of diabetic retinopathy as they are also seen

in other retinal diseases such as branch retinal vein



occlusion, dysproteinemic retinopathy and Coat's disease.

Neovascularisation is the dreaded problem of diabetic
retinopathy. If untreated it causes haemorrhages, glaucoma
and traction retinal detachment leading to blindness. It is
initiated by capillary non-perfusion and retinal ischemia in
an attempt to revascularise the affected areas. The
existence of a pcssible angiogenic factor was first launched

-

by Michelson in 1948, to explain retinal neovascularisation.
It has been postulated that areas of ncon-perfused retina
liberate an angiogenic substance (Patz, 1984). Angiogenic
activity has been demonstrated from retinal extract of
various species including human (Chen and Chen, 1980). These
extracts promote thymidine uptake by vascular endothelial
cells and initiate vascularisation in cultured
chorioallantoic membranes (Glaser et al., 1980). As to the
characterisation of the angiogenic factor(s), an active
proteinaceocus macromolecule has been isolated from bovine
retinal extract (D'Amore et al., 1981). A low molecular
weight angiogenic factor, which induces neovascularisation
in the chick chorioallantoic membrane, has been isolated
from healthy adult cats (Kissun et al., 1982). Autologus
retinal implant into rabbit corneal pockets has also been
shown to stimulate angiogenesis (Felton et al., 1980).
Recently the presence of a low molecular weight substance
which inhibits aortic endothelial cell proliferation has
been shown in normal as well as in diabetic vitreous

(Jackobson et al.,, 1984).

10



Possible pathogenetic mechanisms responsible for
diabetic retinopathy are summerised in figure 1 (Chakrabarti

et al., 1985).
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T1II. Diabetic Retinopathy in Experimental Animals:

An extensive search has been undertaken to find a
suitable animal model in which diabetic retinopathy can be
produced and studied in relation to severity and duration of
diabetes and in which the effect of various treatment
modalities can be evaluated. Several changes have been
demonstrated in various experimental models with either
spontaneous onset of diabetes or chemically induced
diabetes.

The chemically or surgically induced diabetes in dogs
produce lesions which closely resemble the changes seen in
diabetic patients (Engerman, 1975). In this model
microaneurysms, pericyte degenerations, retinal hemorrhages,
shunts and other changes of the microvasculature have been
found (Engerman, 1982). Recently Arnest et al. (1983)
reported increased preretinal oxygen tension in this model
when they were allowed to breath 100% oxygen, which may be
accounted for by hyperglycaemia causing impaired oxygen
autoregulation. The disadvantage with this model is that it
takes several years before retinopathy develops.

The spontaneously diabetic chinese hamster shows a marked
thickening of capillary basement membranes and pericyte
degeneration (Ghosh et al., 1970). A decreased pericyte
endothelial cell ratio has also been seen in this model

(Federman and Gerritsen, 1970.

12



In the rhesus monkey, polyol pathway activity has been
demonstrated in cultured retinal pericytes. Alloxan induced
diabetes in monkeys show microaneurysm 6 to 8 years after
onset of diabetes (Gibbs et al., 1969). An immunopathogenic
mechanism for diabetic retinopathy and other diabetic ocular
diseases has been suggested by experiments performed on
rhesus monkeys and rabbits (Shabo and Maxwell, 1976, Shabo
et al., 1983).

The spontaneously diabetic BB rat appears to be a good
model for the study of diabetic retinopathy. Pericyte and
endothelial cell degeneration, thickening of capillary
basement membrane, microthrombi, decreased pericyte
endothelial cell ratio has been found in this model (Sima et
al., 1985). A retinal pigment epitheliopathy which may be
responsible for the early breakdown of blood retinal barrier
has also been shown in this model (Blair et al., 1984).

Alloxan induced diabetic rats were also found to have
basement membrane changes (Kojima, 1971).

The streptozotocin induced diabetic rats appears to be
the most widely studied model of diabetes. Endothelial cell
proliferation, vascular dialatation (Sosula et al., 1972),
microaneurysm, basement membrane irregularities, in the
retinal capillaries have been produced in this model
(Luenberger et al,, 1974). Electron dense deposits in the
Muller cells, basement membrane thickening, pericyte
degeneration, decreased number of pericyte nuclei has been

described (Hori and Muhai 1979, Studer et al., 1976). An

13



early breakdown of the blood-retinal barrier due to retinal
pigment epitheliopaﬁhy was also demonstrated in the
streptozotocin diabetic rats (Grimes and Laties, 1980).
Polsum et al. (1983) failed to find any protective effect
against the development of diabetic retinopathy by the use
of aldose reductase inhibitor but a reversibility of
increased vitreous fluorosence has been demonstrated in this
model following vigorous insulin therapy (Kernel and
Arnqvist, 1983).

Several authors have shown that galactosemia induced
basement membrane thickening of the rat retina can be
prevented by aldose reductase inhibitor (Robinson et al.,
1983; Frank et al., 1983). This is important since the
ultrastructural changes in the galactosemic rat retina are
similar to those found in diabetic retinopathy. In the
diabetic hooded rats, vitreous fluorophotometry shows an
increased vascular pemeability, which however does not
diminish after treatment with aldose reductase inhibitors
(Krupin et al., 1982). Isolated microvessels (primarily
capillaries) from boyine retina and cerebral cortex as well
as cultured bovine retinal pericytes and porcine and canine
endothelial cells do contain aldose reductase; but gldose
reductase may not be a pathogenetic mechanism in the
production of retinopathy as the vascular changes are only
seen in the retina not in the cerebral cortical vessels

(Kennedy et al., 1983).

14



IV, Structure of the Retina:

The retina in man and rat consists of the following
layers from without inwards: (Prince, 1956) (Figure 2)
1) Pigment epithelial layer.

2) Layer of photoreceptors.

3) External limiting membrane.
4) Outer nuclear layer.

5) Outer plexiform layer.

6) Inner nuclear layer.

7) Inner plexiform layer.

8) Ganglion cell layer,

9) Nerve fiber layer.

10) Internal limiting membrane.

The pigment epithelium is formed by a single layer of
cuboidal cells resting on a basement membrane that forms
part of Bruch's membrane. The inner plasmalemma of these
cells consists of regular infoldings of about 1 pgm in
length. Along the inner surface of the cells there are
numerous fringe-like cytoplasmic processes which extends
between the outer segments of the photoreceptors. The
presence of pigment granules is a characteristic feature of
the cells in this layer.

The layer of photoreceptors (rods and cones) is made up

by the outer segment of the photoreceptors. A connecting

15



cilium joins them with the inner segment.

The external limiting membrane appears as a deeply
stained punctate line external to the outer nuclear layer.
This is not a true membrane but formed by the adjoining
ends of the Miiller cell processes. The nuclei of the
photoreceptors compose the outer nuclear layer; the rod
nuclei being in the inner aspect and the cone nuclei in the
outer aspect. The area where the photoreceptors are
connected with the dendrites of the bipolar cells is called
the outer plexiform layer. The fibers of horizontal,
amacrine and Miller cells are also present in this layer.
The cell bodies of bipolar, horizontal, amacrine and Muller
cells lie in the inner nuclear layer. The Miller cell
processes extend from the outer limiting membrane to the
inner limiting membrane and have supportive and nutritive
functions. The inner plexiform layer contains the synapses
of the bipolar and amacrine cells with the ganglion cells.
The ganglion cell layer is composed of a single layer of
cells except at the edge of the area centralis, where two
layers can be found. The axons of the ganglion cells make up
the nerve fiber layer. Neuroglial cell and Miller cell
processes also form part of this layer. The inner limiting
membrane is a thin membrane that forms the inner limit of
the retina.

The retina in man and most mammals, including the rat,
is vascularised in the inner layers, to the junction between

the inner nuclear layer and the outer plexiform layer

16



(Prince, 1956). The choriocapillaries supply the outer
layers of the retina. The main arteries and veins are
located in the nerve fiber layer and the ganglion cell
layer. The arterioles arise from the main branches either by
side branching or by dichotomous branching (Hogan et al.,
1971). The retinal vessels in the rat are arranged in two
capillary beds, superficial and deep (Bernstein and
Hollenberg, 1963). The post capillary venules seem more
prominent in the deeper layer while the precapillary
arterioles are more allied to the superficial layer (Wise et
al., 1971).

The trypsin digested retinal preparation (Toussaint et
al,, 1961) permits the identification of two type of cells
within the capillaries, pericytes and endothelial cells. The
normal ratio of these two cell types in a healthy adult man
is 1:1 (Yanoff and Fine, 1975). However, the normal ratio in
many laboratory animals appears to be lower than that in man
(Engerman et al.,, 1982). The endothelial cells are oriented
along the axis of the capillary and have long pale staining
nuclei, whereas the pericytes lie outside the endothelium
and have round dark staining nuclei (Hogan et al., 1971).
Degenerated capillaries appear as bloodless cords and are

called mesodermal bridges.
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V. Ultrastructure of the retinal capillaries:

The retinal capillaries are lined by endothelial cells
resting on a basement membrane. The basement membrane 1is
split to accomodate pericytes and their processes (Hogan et
al., 1971). The endothelial cells lie parallel to the long
axis of the vessel. The cell body is non-fenestrated and
thin except in places where the nucleus is located. The cell
junctions near the vascular lumen is of zonula occludens
type. The chromatin is evenly distributed in the nucleus
with slight aggregation along the nuclar membrane. Numerous
pinocytotic vesicles are present along both borders of the
cells. Smooth and rough endoplasmic reticulum and free
ribosomes are scattered throughout the cytoplasm. The Golgi
apparatus and the centrioles are encountered in the vicinity
of the nucleus. The mitochondria are relatively small in
size and few in number (Toussaint and Dustin, 1663: Ishikawa
1963; Hogan and Feeny, 1963). Ultrastructurally the presence
of Weibel-Palade bodies are considered to be specific of
vascular endothelial cells. These are rod-shaped cytoplasmic
components, consisting of a bundle of fine tubules and
enveloped by a tightly fitted membrane (Weibel and Palade,
1964)., Although these bodies were identified in the
endothelial cells in various species (Matsuda and Sugilura,
1970), some investigators failed to find these bodies

(Buzney and Massicotte, 1979; Frank et al., 1978). However,
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the function of these organelles is still obscure.

The pericytes encircle the the vessel wall, and wrap it
with their processes. They are seen as profiles of the
cytoplasm in most electronmicrographs (Hogan et al., 1971).
The cytoplasm contains all the organelles described in
endothelial cells, except for the Wiebel-Palade bodies,
pinocytotic vesicles are also present (Ishikawa, 1963).

Human capillary basement membranes show cavitations
which increase in number and size with age (Hogan and Feeny,
1963; Toussaint and Dustin, 1963). Although
ultrastructurally the basement membrane of rat and man are
similar, no cavitations are found in the normal rat (Hogan

and Feeny, 1963; Kissen and Bloodworth, 1961).
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VI. Pancreas and Islet Cell transplantation and the

Complications of Diabetes:

There are a number of promising approaches in the
treatment of diabetes mellitus, pancreatic or islet cell
transplantation being the most important. The interest in
transplantation of the pancreas as a means of treatment of
juvenile diabetes mellitus and as a method for the
prevention and reversal of diabetic complications began in
1060. Largiader et al. in 1967 were the first to
successfully transplant an entire pancreaticoduodenal
allograft and established exocrine drainage to the bowel of
the recipient dog. Initial reports of clinical
transplantation came from Lillehei et al. (1970). They were
able to achieve a normalisation of plasma glucose level
without exogenous insulin in some of their patients.

Beta cell replacement therapy appears to be the most
logical and comprehensive approach for the treatment of
diabetes mellitus in patients with insulin deficiency and
who are ketosis prone and highly susceptible to the
development of diabetic microangipathy, ocular disease and
neuropathy (Jonasson, 1980). Whether the pathogenesis of
insulin dependant diabetes mellitus is a viral infection, an
autoimmune destruction of the beta cells, an inactivation of
beta cells or some other factors or combination of factors,

transplantation of normal pancreatic islets should be a



feasible way to achieve a cure. (Jonasson and Hoverstein,
1978).

Several clinical and experimental observations support
the hypothesis that the lesions observed in diabetes are
secondary to carbohydrate dysmetabolism (Tchobroutsky,
1978). The best possible way to correct this dysfunction may
be by islet cell transplantation. The results of islet cell
transplantation appears to have beneficial effect on the
course of diabetes mellitus and its complications.
Sutherland (1981) reviewed experimental islet cell
transplantation and came to the conclusion that it can
reverse naturally occuring diabetes in animal models which
are characterised by beta cell destruction and insulin
defiency. Regression of renal glomerular lesions as
evidenced by a decrease in mesangial thickening, mesangial
deposition of IgM, IgG and complement and urinary albumin
excretion has been shown to occur after islet cell
transplantation (Steffes et al., 1980; Mauer et al., 1978).
Gray and Watkins (1976) were able to prevent the renal
complication of diabetes in transplanted rats. Marked
prolongation of the survival period, ameloriation of
diabetic symptoms and prevention of diabetic cataract have
been found in transplanted streptozotocin diabetic rats
(Slijepcevic et al., 1975). Improvement of diabetic
neuropathy has been seen following transplantation (Orloff
et al., 1975). Recently it has been shown that successful

islet cell transplantation normalises hyperglycaemia and
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ameloriates diabetic nerve dysfunction (Tze et al., 1985).

There are very few reports on the effect of pancreatic or
islet cell transplantation on the course of diabetic
retinopathy. Krupin et al. (1979) showed a decrease in the
vitreous fluoroscence, which is an indicator of breakdown of
the blood retinal barrier, following pancreatic islet cell
isograft. Arrest of new vessel formation and retinal
capillary dilatation in transplanted streptozotocin diabetic
rats have been observed (Gray and Watkins, 1976). Alloxan
induced diabetic rats undergoing whole pancreas
transplantation has shown similar findings along with
prevention of corneal and iris neovascularisation and
cataract formation (Worthen et al., 1976). Naeser and
Anderson (1983) have demonstrated that syngenic pancreatic
islet cell transplantation has a protective effect on
pericyte loss in alloxan induced diabetic mice.
Unfortunately detailed morphometric evaluation of the blood
vessels are lacking in these reports.

The result of human pancreatic transplantation is
encouraging as the ideal homeostatic control of the
carbohydrate metabolism. Although clinical application of
pancreas and islet cell transplantation is technically
difficult, the prospect is excellent. At present, islet
transplantation although less efficient is a safer procedure
(Sutherliand, 1981). The development of kidney graft
nephropathy has been shown to be prevented by pancreas

transplantation (Bohman et al., 1985). Gliedman et al.
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(1978) studying the long term effect of islet cell
transplantation concluded that this procedure, although it
does not reverse the complications such as advanced
retinopathy or atherosclerosis, it may be valuable in
preventing progression of these complications. Goetz in 1980
also reviewed the results of human islet transplantations
and came to the conclusion that diabetic vascular disease 1is
the compelling reason for the efforts to achieve effective

islet transplantation.
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2. HYPOTHESIS:

The biochemical sequelae of diabetic dysmetabolism are
thought to initiate a sequence of structural events causing
diabetic complications. Therefore, one would expect that
strict control of insulin deficiency and hyperglycemia would
prevent the development of such complications.

To test this hypothesis early microvascular changes in
the diabetic retina were investigated following the most
physiological way of diabetic control, namely

transplantation of insulin producing cells.
4, SPECIFIC OBJECTIVES:

To investigate:

1) Morphological changes in the pericytes, endothelial
cells and basement membrane.

2) Changes in the number of the pericytes and endothelial
cells,

3) Changes in the thickness of the capillary basement
membrane.

4) Changes in the capillary lumensl, pericyte profile and
endothelial cell profile areas.

5) The presence of microaneurysms.

6) Changes in the retinal vascular density.
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4, MATERIALS AND METHODS:

I. Animals:

Twenty-nine inbred male Lewis rats of the ACl (AgB 4/4)
strain were used in this study. Diabetes was induced in 24
rats at the age of 4 months by intravenous injection of
streptozotocin (50mg/kg of body weight, in 0.1M citrate
buffer pH 4.5). The other 5 rats were kept non-diabetic for
the observation period and used as age-matched non-diabetic
controls., Diabetes was defined as fasting blood glucose
levels greater than 400mg/dl on three successive occassions. -
Pancreatic islet cell transplantations were carried out in
19 rats 12.8+3.4 days (mean+SD) following streptozotocin

injection.

I11. Tramsplantation procedure:

The transplantation procedure was carried out by Dr. W.
J. Tze in the Departrment of Endocrinology, University of
British Columbia, Vancouver, B.C.

A, Donors:

Male inbred Lewis rats (Le;Ag B1/1) with body weights
ranging from 350 g to 500 g were used as donors of
pancreatic tissue.

B. Preparation of the donor tissue:
Two types of donor tissues were used:
1) Pancreatic pseudoislet (PI) or pancreatic whole

islets (PWI) for intraportal transplantation.
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2) Pancreatic endocrine cells (PEC) for intracerebral
transplantation.

The animals were anesthetised with sodium pentobarbital
(50mg/kg of body weight). The abdomen was opened and the
pancreas was dissected out. Pancreatic tissue was digested
with collagenase and islets were hand picked under a
dissecting microscope. Contaminating acinar tissue and blood
vessels were removed using single layer Hypaque-Ficoll
separation technique (Tze and Tai, 1976). Clean islets
collected at the interface were either cultured at 26°C in

57 CO. for one week prior to transplantation (PWI) or

2
immediately dissociated into PEC with trypsin-EDTA solution.
The preparation of Pl was carried out by culturing of PEC at

37°C in 59 CO. for 5 days to allow cellular aggregation (Tze

2
et al 1984).
C. Allotransplantation:

For intraportal allotransplantation, a total of 1,500
PWIs or PIs were injected into the portal vein of each ACI
diabetic recipient. For intracerebral transplantation, PEC
(2—3X106 cells) were implanted stereotaxically into the
right hemisphere of the brain in each diabetic recipient
(Tze and Tai 1983). Blood glucose, body weight, 24-hours
urine volume, urine sugar and ketone bodies were assayed
daily prior to and for two weeks after allotransplantation
and at regular intervals thereafter. The islet allografts of

5 intraportally transplanted animals and 4 intracerebrally

transplanted animals were challenged with skin graft from
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the same donor strain 7-10 days following transplantation.
Rejection was considered to have occurred when the blood

glucose level exceeded 200mg/dl on two consecutive days.

ITII. Clinical monitoring:

A1l the animals were shipped to our laboratory one month
following transplantation.They were then kept individually
in air-filtered metabolic cages and fed with rat-chow (Wyane
Lab Blox F-6, Wayne Feed Division, Winnipeg, Manitobs,
Canada.) and water ad libitum. The diabetic animals were
monitored regularly with respect to blood-sugar and
body-weight.

The age of the animals in all groups at the time of
sacrifice was 18 months. The following groups of animals
were investigated.

Group No.in each group

Animals with rejected graft:

I Intraportal transplant 5
II Intracerebral transplant 4

Animals with accepted grafi:

I1T Intraportal transplant 6
Iv Intracerebral tramsplant 4
v Positive controls: 5

(Diabetic non transplanted)

VI Negative controls: 5

(Non-diabetics)
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The animals were anesthetised with sodium pentobarbital
(50mg/kg of body-weight) intraperitonially. The thorax was
opened and a canula was introduced into the left ventricle
directed towards the aorta. They were perfused with 0.1M
cacodylate buffered (pH 7.4) gluteraldehyde (2.5%). The

total volume perfused was 2.5ml/g of body-weight.

IV. Morphological Techmique:

A. Tissue selection:

In order to perform the study in a double blind
fashion, all animals were given a code number and the animal
identity was unknown to the investigator.

Both eyes were enucleated and post-fixed in the same
fizxative for 4 to 6 hours at 4°C, Qualitative and
quantitative light and electron microscopical studies were
performed using the right eye of each animal. The left eye

of each animal was used for trypsin digested preparation.

B. Qualitative Studies:

After fixation 5 random radially oriented retinal
segments (1mm2) near the optic nerve head were cut and
washed overnight in 0.1M cacodylate buffer (pH 7.4). The
tissues were post-fixed in cacodylate buffered 1%
osmimum-tetraoxide (pH 7.4) for 2 hours, dehydrated in
graded alchol and embedded in Epon. Semithin sections

(0.5pm) stained with toluidine blue were used for light

28



microscopic orientation and detection of any abnormalities
such as exudates and haemorrhages. These sections were also
used for measuring retinal vascular density (described
later).

Ultrathin sections (50-80nm) were cut with a diamond
knife on a ultramicrotome (Reichert Jung, Vienna, Austria).
The sections were picked up on copper grids (200 mesh) and
stained with aqueous uranyl acetate and lead citrate. The

grids were examined on & Philips EM 200 electron microscope.

C. Trypsin Digestion Preparation:

Following fixation, the retina of the right eye was
dissected. It was washed overmight in running water and then
incubated with 37 trypsin solution (1:250, Difco
Laboratories, Detroit, Michigan, U.S.A.) in 0.1M tris buffer
pH 7.8 for 30min-1 hour. The retina was then transfered to
clean water. The internal limiting membrane was peeled off.,
The adherent tissue was removed by gentle shaking. The
preparations were mounted on glass slides, allowed to dry
and stained with PAS-hematoxylin. The preparations were
examined light microscopically for microaneurysms and were
also used for the calculation of pericyte-endothelial cell

ratio (described later).

D. Quantitative Structural Studies:

A1l morphometric studies were done with the aid of a

Hewlett-Packard 9874A digitizer connected with a
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Hewlett—Packard 9825A desktop computer (Hewlett-Packard Co.,
Fort Collins, Colorado, U.S.A.).

a) Vascular Density: Ten random areas were
photographed from each toluidine blue stained semithin
sections of the retina and enlarged to a final magnification
of 800 times. The total number of vessels in all retinal
layers were counted and the retinal area (pmz) was measured.

5
The vascular density per mm  Wwas calculated as,

Number of vessels X 1,000,000

Total area studied (pmz)

b) Pericyte, endothelial cell ratio: Five randomly
selected fields from the retinal vasculature of the trypsin
digested preparations were photographed and enlarged to a
final magnification of 1600 times. The vascular area (pmz)
was measured, the number of pericyte and endothelial cell
nuclei were counted and their number per mm2 was calculated
and the ratio obtained.

¢) Endothelial cell profile area (4), pericyte profile
area (P), lumenal area (L) and basement membrane
thickness(BMT): Twenty randomly selected and transversely
sectioned capillaries were photographed from each animal, 10
in the inner nuclear layer and outer plexiform layer (deep
capillary bed) and 10 located in the nerve fiber layer and
ganglion cell layer (superficial capillary bed). The
electronmicrographs were enlarged to a final magnification

of 16,000 times and were examined for structural changes.



The electronmicrographs of the capillaries were used to
meaéure the above mentioned areas (me) which were expressed
as percentage of total capillary area (T). Only transversly
sectioned capillaries were used for these mesurements. They
were judged as being transversly cut if the perpendicular
diameter ratio was less than 2 and if they displayed a sharp
border of the basement membrane.

BMT was measured according to a modification of a
technique described by Robinson et al (1983). The
Hewlett-Packard digitizer fitted with a specially designed
program was used inplace of a planimeter. Basement membrane -
area (BMA) and Basement Membrane length (BML) were

determined as,
BMA=T-(L+P+E)

The length of lines delimiting the BM

and BML=

The relative thickness of the basement membrane was

expressed in terms of area per unit length

BMT(am) = (BMA/BML) X 1000 .
V. Statistical analysis:

One way analysis of variance, student's two tailed

t—test and chi-square test were used to analyse the data. P
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value of 0.05 or less was accepted as being significant

(Schefler 1984).
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5. RESULTS:
I. Clinical observations:

Body weight and blood glucose levels were monitored
regularly during the course of the experiments. During the
observation period diabetic non-transplanted animals showed
hyperglycemia in the range of 350-420 mg/dl and a
progressive weight loss to 807 of normal body weight at 18
months of age.

Diabetic rats with accepted grafts showed a complete
normalisation of blood sugar levels (Table 1, Figure 3) and
their body weights were not significantly different from
those of the non-diabetic control rats at the time of
sacrifice (Table 2). On the other hand diabetic rats with
rejected grafts showed hyperglycemic blood sugar levels
similar to those of the diabetic non-transplanted animals
(Table 1, Figure 3). The body weights of rats with rejected
grafts were less and were not significantly different from
those of diabetic non-transplanted rats. Hence successful
islet cell allotransplantation acheived normalisation of

hyperglycemia and body weight.
II. Qualitative structural changes:

Light microscopic examination of the trypsin digested
retinal preparations and semithin (0.5 pm) toluidine blue

stained sections failed to show microaneurysms,

haemorrhages, exudates as well as nerve fiber layer
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infarctions in the diabetic non transplanted animals. These

relatively advanced retinopathic changes were not

demonstrated in the diabetic animels with accepted or
rejected grafts either. Mesodermal bridges were seen in all
experimantal groups, whereas pericyte ghost cells were

demonstrated predominantly in the diabetic groups.

Ultrastructurally the endothelial cells appeared normal
in all groups examined. They contained elongated nuclei with
peripherally located chromatin. Normal appearing organelles
such as mitochondria, centrioles, smooth and rough
endoplasmic reticulum, ribosomes and Golgi complexes were
identified. Occasional Weibel-Palade bodies were also
observed. Pinocytotic vesicles were seen along the
cytoplasmic membrane both on the lumenal and ablumenal side.
Tight junctions joining neighbouring endothelial cells

appeared normal in all groups.

The most striking qualitative ultrastructural change
consisted of degenerative changes in pericytes in
experimental groups with hyperglycemia. Although similar
changes could also be demonstrated in animals with
euglycemia, they were less extensive.

Altered pericytes appeared swollen with watery
cytoplasm. There was loss of intracytoplasmic organelles
such as mitochondria, rough and smooth endoplasmic

reticulum. The nuclei appeared shrunken with increased
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electron density of the chromatin and indistinguishable
nuclear membranes (Fig. &4). However pericytes were not
uniformly affected, within the same specimen some pericytes
appeared normal, while others showed degenerative changes.
Normal appearing pericytes showed well formed nuclei with
the chromatin located along the nuclear membrane. The
cytoplasm showed normal organelles and finely dispersed free
ribosomes. The number of pericytes with degenerative changes
were significantly higher in the groups with rejected grafts
(I and TII; 24.7% and 26.3% respectively) and in the diabetic
non-transplanted group (V; 29.0%) compared with non-diabetic
control animals (VI; 11.7%). The number of degenerated
pericytes in groups with accepted grafts ( IITI and IV;

15.1% and 17.1% respectively) were not significantly
different from the non-diabetic control group (VI), but
tended to be less than the diabetic non-transplanted group

(VI) (Table 3, Table 4&4).

Qualitative basement membrane irregularities were seen
in all rats except for the non-diabetic control rats. These
changes, although not quantified, appeared to be more common
in groups I, II, and V (i.e, groups with rejected grafts and
the diabetic non-transplanted group). The irregularities
consisted of localised nodular thickenings and the
deposition of fibrillar material. Finger like projections of
basement membrane material between the processes of the

surrounding glial cells were also noted in these groups
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(Fig. 5). Such projections were never seen in non-diabetic

control rats (Gr. VI).
I1I. Quantitative structural changes :

Light microscopic evaluation of retinal vascular
density, as a mesure of late occuring neovascularisation,
revealed no differences between the various groups (Table
5).

Calculation of the pericyte numbers per mm2 of vascular
area in trypsin digested preparations showed marked loss of
pericytes in all hyperglycemic groups. Rats with accepted
intracerebral grafts showed a normal pericyte density,
whereas animals with accepted intraportal grafts
demonstrated a lower density in keeping with diabetic
non-transplanted rats (Table 6). A similar count of
endothelial cells showed no significant differences between
any of the groups (Table 7). When the pericyte-endothelial
cell ratios were calculated from the pericyte and
endothelial cell densities, all diabetic groups exibited
significant lower ratios compared to that of the
non-diabetic control group. However, it is interesting to
note, that pericyte endothelial cell ratios in the groups
with accepted grafts were significantly higher than that of

the diabetic non-transplanted group (Table 8, Figure 6).

Ultrastructurally the basement membrane of the
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superficial vascular bed was found to be thicker than that
of the deep vascular bed in all groups (Table 9,Figure 7).

Both in the superficial and in deep vascular beds
diabetic non-transplanted animals showed significantly
thickened basement membranes (1.4 fold and 1.5 fold
respectively) compared to non-diabetic controls. The
basement membrane thickness in the groups with successful
allotransplantation was not different from that of
non-diabetic controls, but were found to be significantly
thinner than in diabetic non-transplantated animals. On the
other hand the groups with rejected grafts shoved a
significantly thicker basement membrane compared to the
non-diabetic controls (Table 10, Table 11; Figure 8, Figure
9.

Therefore euglycemic control of diabetes by islet cell
allotransplantation appears to prevent basement membrane
thickening.

In the superficial capillary bed no éignificant
difference were noted among any of the groups with regards
to pericyte profile area(Table 12). However, in the deep
capillary bed hyperglycemic groups tended toc have a larger
pericyte profile area than that of non-diabetic control
rats; whereas the pericyte profile area in groups with
accepted grafts was not significantly different from that in
the non-diabetic control group (Table 13).

Measurements of endothelial cell profile area did not

reveal any significant differences between any of the
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groups, either in the superficial capillary bed (Table 14)
or in the deep capillary bed (Table 15).

No significant differences were found in the superficial
vascular bed between any of the groups when lumenal areas
were compared (Table 16). In the deep capillary bed,
however, diabetic non-transplanted group and the groups with
rejected grafts exhibited a significantly smaller lumenal
area than that of non-diabetic control animals. The groups
with successful allotransplantation showed a larger lumenal
area which was not significantly different from that in

non—~diabetic control animals (Table 17).

No significant differences, in any of the parameter
analysed, were seen between group III (successful
intraportally transplanted) and group IV (successful
intracerebrally transplanted) with the exception of the
number of pericytes, which was found to be significantly

higher in group IV (Table 6).

o

* The term significant has been used to mean statistically

significant.
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6. DISCUSSION:

Chronic hyperglycemia appears to be the primary
pathogenetic factor in diabetic retinopathy as well as in
other complications of diabetes (Frank, 1984). Control of
blood glucose is an essential part of diabetes therapy
(Cahill et al., 1976). Conventional insulin treatment is an
effective therapy but it does not cure the disease. Recovery
from diabetes and prevention of its complications are only
to be expected if the insufficient islets are replaced by
the sufficient ones at an early stage of the disease
(Bretzel et al., 1983).

The method of allotransplantation used in this study is
an accepted method of transplantation of pancreatic islet
cells across a major histocompatibility barrier (Tze and
Tai, 1983, 1984). The technique of culturing islet cells
before transplantation has been shown to increase the graft
survival period without resorting to immunosupression (Lacy
et al., 1979). Culture in an oxygen rich environment reduces
or eliminates the immunogenecity of the graft by removing
leukocytes from the transplant prior to grafting (Lafferty
et al., 1983). The present study was therefore designed to
investigate the effect of pancreatic islet cell
allotransplantation on the control of diabetes and on the
development of diabetic retinopathy in streptozotocin
induced diabetic rats.

Two simple parameters reflecting metabolic control in
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the diabetic state are body weight and the blood glucose
level, In the present study the characteristic body weight
loss and hyperglycemia seen in diabetics were not found in
animals with successful allotransplantation, Diabetic
non—~transplanted rats and the diabetic rats with rejected
grafts were found to show hyperglycaemia and lower body
weights than the non-diabetic control rats. These findings
are in keeping with those of other authors who have noted
improvement in body weight gain and acheievment of
euglycemia in streptozotocin diabetic rats after successful‘
pancreatic islet cell transplantation (Trimble et al., 1980;
Nelken et al.,, 1977). Following intraportal transplantation
blood glucose levels returned to normal within 24 hours
(Pipeleers-Marichal et al., 1976) and the body weights
normalised within weeks (Bretzel et al., 1983).

The streptozotocin induced diabetic rat has been shown
to be a good model of diabetic retinopathy. Several
retinopathic changes have been produced in this model; such
as basement membrane irregularities, pericyte degenerations,
microaneurysms (Luenberger et al., 1974; Fischer and
Gartner, 1983), basement membrane thickening and pericyte
loss (Hori and Muhai 1979: Studer et al., 1976). The
pathological features noted in diabetic non-transplanted
animals in the present study confirmed these findings.
Although late retinopathic changes, like neovascularisation
has not been noted in this model, it is of value for the

study of early retinopathic changes and their pathogenesis.



The main findings in the present study were the
preventive effect of islet cell allotransplantation on
pericyte abnormalities and basement membrane thickning in
the diabetic retina.

Trypsin digested, PAS-hematoxylin stained flat
preparations of the retina best reveal endothelial cells and
pericytes of the retinal capillaries (Wise et al., 1971). In
the present study trypsin digested retinal preparations
showed a loss of pericytes with reduction of the
pericyte—endothelial cell ratio in diabetic non-transplanted
animals and in animals with rejected grafts. Functioning
allografts achieving a normalisation of the diabetic
dysmetabolism prevented pericyte loss, as evidenced by a
significantly higher pericyte-endothelial cell ratio in
graft accepted groups compared to groups with rejected
grafts and the diabetic non-transplanted group. Following
syngenic islet cell transplantation Naeser and Andersson
(1983) also found a prevention of pericyte loss in alloxan
induced diabetic mice. Animals with successful intracerebral
transplantation showed a significantly higher number of
pericytes than that of the successful intraportally
transplantated animals. There is no explanation for this
difference. Although one may speculate that the site of
transplantation might have different effects on metabolic
control.

Loss of capillary pericytes has been regarded as the

earliest histological lesion in diabetic retinopathy (Cogan
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et al., 1961). This view has later been confirmed by several
worke?s (Yanoff, 1966; Addison et al., 1970). Pericyte loss
is not specific for diabetic retinopathy. It is seen in
other conditions such as macroglobulinemia, myelomatosis,
cyanosis, and polycythemia vera; however the severity and
extent of it is nevertheless highly characteristic of
diabetic retinopathy (Ashton, 1983).

Although, pericytes are closely associated with
capillaries and venules their physiologic functions in
different tissues are poorly understood. It has been
suggested that the pericytes provide structural support to
the vessel wall and synthesize vascular basement membrane.
Futhermore they are capable of phagocytosis and may modulate
microvascular blood flow (Tilton et al., 1981). In the
retina pericyte degeneration has been implicated in the
formation of microaneurysms (Kuwabara and Cogan, 1963; NIH
conference, 1984). However since the function of retinal
pericytes are unknown the pathophysiologic significance of
pericyte degeneration in the diabetic retina is unclear
(Tilton et al., 1981).

In the deep capillary bed an increase in the pericyte
profile area was noted in groups with rejected grafts and in
the diabetic non-transplanted group. However, the pericyte
profile area of graft accepted groups was not different from
that in the non-diabetc control group. Increase in the
pericyte profile area may be due to the hydropic swelling of

these cells. Increases in the pericyte profile area were
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associated with increased pericyte degeneration in these
groups.

The cause of pericyte degeneration in the diabetic
retina is still not known. It has been found that an
increased ambient glucose concentration decreases the
proliferation of pericytes in culture (King and Buzney,
1983). Frank (1984) is of the opinion that perhaps insulin
is not merely a critical growth factor for the retinal
pericytes but also an agent required for their maintainance.
Therefore an insufficient concentration of insulin in the
blood perfusing the retinal vasculature may induce pericyte
degeneration.

Increased polyol pathway activity has also been
suggested as a contributing factor causing pericyte
degeneration (NIH Conference, 1984). The basis for this
hypothesis is that aldose reductase has been localised in
the human retinal pericytes (Akagi et al., 1984) and it has
been shown that cultured pericytes degenerate and die in
high glucose environments (Buzney et al., 1977). In fact,
aldose reductase is responsible for the only complication of
diabetes, in which the biochemical cause is known, namely
diabetic cataract. This enzyme converts aldose sugars to
their respective sugar alcohols using NADPH as a cofactor.
Together with another enzyme sorbitol dehydrogenase it forms

the polyol pathway.
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ALDOSE SORBITOL
REDUCTASE DEHYDROGENASE

GLUCOSE ->S0RBITOL #FRUCTOSE

NADPH NADP NAD ‘\\\\ﬁADH

Aldose reductase has a low affinity for glucose. This
pathway therefore only occurs in the presence of excess
intracellular glucose. The sugar alcohols thus formed are
metabolically inert, since they cannot penetrate the cell
membrane., They rapidly accumulate inside the cell leading to
osmotic decompensation (Frank, 1984). These two mechanisms
may be responsible for the increase in the pericyte profile:
area and the degenerative changes noted in the groups with
rejected grafts and in the diabetic non-transplanted group.
One interesting point should be noted; although aldose
reductase activity is present in both cerebral and retinal
cultured microvessels, only retinal vessels exhibit diabetic
microangiopathy (Kennedy et al., 1983). This may imply that
factors other than aldose reductase may be associated with
the development of diabetic retinopathy.

Therefore, besides a considefable loss of pericytes in
hyperglycemic rats, the remaining pericytes in these animals
showed in addition a significantly higher incidence of
degeneration.

Thickening of capillary basement is a well documented
phenomenon in diabetic retinopathy. The vascular basement
membrane has been thought to serve as a filtration barrier

and a scaffold for maintaining vascular architecture and as
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a retardant to pathologic vasoproliferation (Frank, 1984).

Tt is not clear how and why the capillary basement
membrane is thickened in diabetes. According to Little
(1981) it may arise either as a result of overproduction of
basement membrane material from increased cellular
synthesis, or following increased availability of basement
membrane precursors from the blood resulting in accelerated
glycoprotein synthesis. Diminished absorption of basement
membrane, and augmentation of basement membrane by entrapped
plasma protein from vascular leakage or abnormal transport
have also been suggested as contributing factors.

Studies in human and experimental animals have shown that
good diabetic control may prevent capillary basement
membrane thickening and other pathological changes in
diabetes (Engerman., 1977; Friberg et al., 1985). Williamson
et al. (1971) observed that abnormalities of carbohydrate
metabolism precedes increased muscle capillary basement
membrane thickness in human diabetes.

In the current study, ultrastructurally increased
basement membrane thickness (BMT) was seen both imn the
superficial and deep vascular bed in groups with rejected
grafts and in the diabetic non-transplanted group. Increased
BMT was found to be prevented in groups with successful
transplantation. The BMT in these groups were not
significantly different from that in non-diabetic control
animals., The BMT in the superficial vascular bed weré always

found to be thicker than the corresponding BMT in the deep
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vascular bed in all groups.

Although no report on retinal capillary BMT following
pancreatic or islet transplantation is available, the
reduction of glomerular BMT in human and experimental
animals has been reported following these procedures (Mandel
et al., 1981). The method used for measuring the basement
membrane thickness in this study was a modification of the
method described by Robinson et al. (1983). The capillary
hasement membrane is not uniformly thick; this method takes
into account these variations and measures the average
thickness. This method is also quick and reprocducable
(Robinson et al., 1983; Shannon, 1982). Previous studies in
the spontaneously diabetic BB-rat have shown that aging also
causes an increase in the basement membrane thickness (Sima
et al., 1985). As the age of all of the rats used in this
study were the same, aging as a causative factor of BMT in
the diabetic non-transplanted and the graft rejected animals
can be eliminated. A thicker basement membrane in the
superficial than in the deep vascular bed has been noted in
the non-diabetic, streptozotocin diabetic and in the BB rat
(Fischer and Gartner, 1983; Sima et al., 1985). Hydrostatic
pressure has been thought to be a causative facter in the
production of regional variation of basement membrane
thickness as it has been shown in man that muscle capillary
basement membrane thickness increases from head to foot

(Williamson and Kilo, 1971). Sosula et al. (1972) are also
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of the opinion that the mean basement membrane thickness in
the retina decreases with increased distance from the parent
vessel due to decrease in intravascular pressure.

Localised nodular thickening, vacuolation, deposition of
fibrillar material and debris in the basement membrane may
be caused by degenerated and entrapped pericyte debris, so
called ghost cells (Tilton et al., 1981). The finding of
projections of basement membrane materials between
surrounding glial cells and processes (Miller cells) in
diabetes have been noted by several investigators
(Bloodworth and Molitor, 1965; Babel and Luenberger, 1974).
It has been suggested that this redundant basement membrane
is laid down as a result of disturbed Miller cell
metabolism, which in itself may be a factor responsible for
increased BMT (Fischer and Gartner, 1983).

Ashton (1953) has shown that hyalin degeneration of the
retinal arterioles leads to their gradual narrowing and
occlusion. Endothelial cell swelling (Sosula et al., 1972;
Toussaint and Dustin, 1972), subendothelial deposition of
granular and fibrillar material (Ashton, 1983) have also
been implicated in the narrowing of the retinal capillary
iumen in diabetics. A hypothesised compression from outside
due to the edema of the sorrounding retinal tissue has been
proposed as another possible factor for the narrowing of
retinal capillaries. Decreased capillary lumen may be of
significance in producing retinal hypoxia, which is thought

to be a key factor in the development of diabetic
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retinopathy (Ashton, 1983). Smaller lumenal areas were noted
in the deep capillary bed of the diabetic non-transplanted
group and in groups with rejected grafts. The lumenal areas
of graft accepted groups were not significantly different
from the non-diabetic control animals.

It is interesting to note that, a significantly smaller
lumenal area and larger pericyte profile area were seen in
the deep capillary bed in animals with rejected grafts and
diabetic non-transplanted animals. There is no explanation
for the occurrence of these tophographical differences. The
speculation may be made that, as the capillaries of the deep
vascular bed are formed by the branches from the superficial
bed (Henkind, 1969; Warwick, 1976) they are perfused by less
oxygenated blood and may therefore suffer more in a
potentially hypoxic situation. His (1880) felt that the
capillaries in the deep vascular bed of retina are mainly
venous, compared to arterial capillaries in the superficial
bed. Although this view has not been supported by other
investigators, precapillary arterioles are more common in
the superficial vascular bed whereas the postcapillary
venules are more common in deep capillaries (Wise et al.,
1971). Previous studies in the BB rat have also revealed
that the earliest change in the diabetic retina is a
dilatation of the deep capillary bed, which has been thought
to be due to defect in autoregulatory response due to
hyperglycemia(Sima et al., 1985),

In this study no demonstrable endothelial cell
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abnormalities were seen. Although endothelial cell
abnormalities has been found by some workers (Sosula et al.,
1972), Bloodworth and Molitor (1965) are of the opinion that
despite the various abnormalities of the basement membrane
surrounding capillaries in the diabetic retina, each
capillary is usually completely lined by intact endothelial
cells which are connected by normal cell junctions.

In summary this study has demonstrated that pancreatic
islet cell allotransplantation at an early stage of diabetes
mellitus results not only in a good metabolic control and
normal weight gain, but also it prevents in a significant
way the development of microvascular changes in the diabetic

retina.
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7. CONCLUSION:

The present study has shown that the streptozotocin
induced diabetic Lewis rat develops microvascular changes of
diabetic retinopathy such as, pericyte degeneration and
loss, basement membrane thickening and vascular narrowing.
Successful pancreatic islet cell allotransplantation of
diabetic animals were found to prevent basement membrane
thickening and vascular narrowing. Pericyte loss and
degeneration was partially prevented by this transplantation
procedure. As would be expected, unsuccessful
allotransplantation had no such protective effect.

These findings lead to the conclusion that pancreatic
islet cell allotransplantation may be a rational approach
for the prevention of the microvascular complications in the

diabetic retina.
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Bloeod gl

Gr

II
II

Iv

VI

n = Num
Gr.TI
Gr.II
Gr.III
Gr.IV
Gr.V

Gr.VI

Table 1

ucose levels at the time of sacrifice

oups(n) Bicod Glucose mg/dL
meants.d.
(5) 357 + 60
(4) 318 + 15
I (6) 99 + 8
(4) 102 + 15
(5) 365 + 41
(5) 90 + 4
ber of animals

Intraportally transplanted, graft rejected.
Intracerebrally transplanted, graft rejected.
Intraportally transplanted, graft accepted.
Intracerebrally transplanted, graft accepted.
Diabetic non-transplanted.

Non-diabetic control.

51



Gr.{ Wt (gms)

No.| meants.d.(n)

Table 2

Body weight.

I 273431
II  263+14
IIT 309+21
IV 259462
V. 264+36
VI 329429
N.S.

d =

(5
(4)
(6)
(4)
(5)
(5)

Gr. vs Gr, t-value(d) probability
I VI ~-3.032 (8) <0.002
I v 0.415 (8) N.S.
i1 VI -4.606 (7) <0.002
IT v ~-0.065 (7) N.S.
IIX VI 1.207  (9) N.S.
ITIT \ 2.467 (9) <0.005
Iv VI -2.,109 (7) N.S.
Iv \ 0.138 (7) N.S.

v VI -3.172 (8) <0.002
IIT Iv 1.567 (8) N.S.

= Non significant, n
degrees of freedomn,

Gr.I Intraportally transplanted,
Gr.II Intracerebrally transplanted,
Gr.III Intraportally transplanted,
Gr.IV Intracerebrally transplanted,

= Number of animals

Gr.= Group

Gr.V Diabetic non-transplanted.
Gr.VI Non-diabetic control,

graft rejected.

graft rejected.

graft accepted.

graft accepted.

One way analysis of variance yielded a variance ratio of

3.665 (P<0.05).

See Appendix (Table 1) for details of analysis of variance
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Table 4
Pericyte degenerations

Chi-Square test

Group VS, Group X2 value Probability
I VI 7,158 <0.01
I \ 0.451 N.S,
II VI 8.114 <0.01
IT v 0.222 N.S.
ITI VI 1.075 N.S.
IIT v 6.027 <0.05
IV VI 1.681 N.S.
IV \ 3.367 N.S.
v VI 11,196 <0.01
111 IV 0,137 N.S.
N.S.= Non significant

See table 3 for individual values and definition of

groups,.
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Table 6

Pericyte number (Trypsin digested preparation)

Gr. Cells/mm2

No. |meants.d.(n)

I 838.0+ 298.8
II  725.6+ 135.4
IIT 1110.4+183.0
IV 1666.1+146.4
V.  1065.0+175.7

VI 1667.7+348.1

<ot

Gr.II Intracerebrally transplanted,
graft accepted.

(5)
(4)
(6)
(4)
(5)
(5)

Non significant,
egrees of freedon,

Gr, vs Gr. t-value(d) probability
I VI ~4,044 (8) <0.005
I v -1.345 (8) N.S.
1T VI -5.549 (7) <0.001
IT % -3.272 (7) <0.02
I1T VI -3.228 (9) <0.02
IIT \% 0.4195 (9) N.S.
Iv VI 0.0090 (7) N.S.
Iv v 5.5976 (7) <0.001
\Y VI -3.458 (8) <0.01
11T Iv -5.319 (8) <0.,002

= Number of animals

Gr.=

Group
Gr.I Intraportally transplanted,

Gr.III Intraportally transplanted,

Gr.IV Intracerebrally transplanted,

Gr.V Diabetic non-transplanted.
Gr.VI Non-diabetic control.

graft rejected.

graft rejected.

graft accepted.

One way analysis of variance yielded a variance ratio of

13.37 (P<0.005).

See Appendix (Table 3) for details of analysis of variance.

56



*TOI3UO0D 2T19QBEP~UON TA°I9H
°pejueTdsuBI]~UOU DIISQEBI( A9
*poidaooe 13Jevi8 ‘pejurldsueal ATIBIQOIOOBIIUT AI°I9
*paideocoe 33eI3 ‘pejueldsuwvil LJyejaodealul JII°iH
°poidslea 313e18 ‘pejueldsusal ATTBIQaI8dBIAU] TI°IDH
°psioelfeax 3zea3 ‘peoayueidsusay LAfrejiodeazug I1°39
dnoig =°19 ‘wopssiy Jo svva8e(q = °J°Q “IuBOTJTUu8TS UON 4
(6) 709z + %°S0zT °"IA
87 80°6STT09¢ TeioL | (S) 1°8€v + L°8IvT A
() S°ewe + €°01sT  *AI
- £1°226001 €¢ 88°800C1I¢€z s3lusmwaeal] (9) %°1ce + %°850C °III
uTyatM | (y) 6°901 + 0°Cc0z  °II
() 1°v0€ + 07196  °1I
*omam 70°0€8LGT G 0C°0ST68C1 s3uswiead]
uesmiag (U) °p°s ¥ ueauw |°Of
ora3ed oienbs soxsnbs UOfletiea NEE\mﬁﬂwu ° X5
SOUBTIBH ueay °Jq°Qq Jo uwng JO 82inog

*souetiva Jo sisdfeue Lfem au)
(uvotrieaiedsad poilse8ip uisdfi]) Jsqunu TT[92 [eTIIeoylopuy

L 214qe]




Table 8

Pericyte—-Endothelial cell ratio

Gr.|P/E Ratic Gr. vs Gr. t-value(d) probability
No.|meants.d.{(n) I VI -12.589(8) <0.001
I 0.32+0.04(5) I V -6.425 (8) <0.001
IT 0.36+0.07(4) 11 VI -8.299 (7) <0.001
IIT 0.54+0.04(6) IT Vv -2.259 (7) N.S.
IV 0.56+0.05(4) ITI VI -5.921 (9) <0.001
v 0.44+0.01(5) ITT v 5.818 (9) <0.001
VI 0.73+0.06(5) IV VI -4.,526 (7) <0.005
IV v 4,693 (7) <0.005
v VI -10.45 (8) <0.001
ITT InY -0.669 (8) N.S.
N.S.= Non significant, n = Number of animals
d = Degrees of freedom, Gr.= Group

Gr.1I Intraportally transplanted, rejected graft.
Gr.II Intracerebrally transplanted, rejected graft.
Gr.III Intraportally transplanted, accepted graft.
Gr.IV Intracerebrally transplanted, accepted graft.
Gr.V Diabetic non-transplanted.

Gr.VI Non-diabetic control.

One way analysis of variance yielded a variance ratio of

47,829 (P<0.001).
See Appendix (Table 2) for details of analysis of variance.
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Table 9
Basement membrane thickness.

Comparison between superficial and deep capillary bed.

GR. BMT(Superficial) BMT (deep)nm t-value(d) probability

No. meants.d.(n)nm meants.d.(n)

I 189.8 13.5(5) 134.2 + 7.6 (5) 8.805 (8) <0.001

|+

I 194.5 + 14.7(4) 135.3 + 8.3 (&) 7.005 (6) <0.001

III 159.7 + 12.9(6) 108.7 + 10.3(6) 7.588 (10) <0.001
IV 157.3 + 24.1(4) 110.9 + 14.4(4) 3,297 (6) <0.02
V. 210.7 + 6.6 (5) 149.1 + 3.8 (5) 18.04 (8) <0.001
VI 146.2 + 6.7 (5) 97.4 + 7.4 (5) 10.87 (8) <0.001

n = Number of animals in each group.

d = Degrees of freedon.

Gr.= Group

Gr.I Intraportally transplanted, rejected graft.
Gr.II Intracerebrally transplanted, rejected graft.
Gr.III Intraportally transplanted, accepted graft,
Gr.IV Intracerebrally transplanted, accepted graft,
Gr.V Diabetic non-transplanted.

Gr.VI Non-diabetic control.
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Table 10

Basement membrane thickness (superficial capillary bed)

GrsiBMT nm Gr. Vs Gre. t—-value(d) probability
No.|meants.d.(n) I VY 6.485 (8) <0.001
I 189.8+13.5 (5) I v -3.118 (8) <0.02
I1 194.5+14.7 (4) 1T VI 6.089 (7) <0.001
IIT 159.7+12.9 (6) 1T v -2.037 (7) N.S.
IV 157.3+24.1 (4) I1T VI 2.234  (9) N.S.
\ 210.7+6.6  (5) ITT v -8.439 (9) <0.001
VI 146.2+6.7 (5) InY VI 0.0892 (7) N.S.
IV \ -4,301 (7) <0.,001
N VI -15.36 (8) <0.001
TIT IV 0.186 (8) N.S.
N.S.= Non significant, n = Number of animals
d = Degrees of freedom, Gr.= Group

Gr.1I Intraportally transplanted, rejected graft.
Gr.II Intracerebrally transplanted, rejected graft.
Gr.III Intraportally transplanted, accepted graft.
Gr.IV Intracerabrally transplanted, accepted graft.
Gr.V Diabetic non-transplanted.
Gr.VI Non-diabetic control.

One way analysis of variance yielded a variance ratio of

16.194 (P<0.001).

See Appendix (Table 1) for
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Table 11

Basement membrane thickness (deep capillary bed)

Gr.|BMT nm

No. |meants.d.(n)

T 134.,2+47.6  (5)
IT 135.3+8.3 (4)
IIT 108.7+10.3 (6)
IV 110.9+14.4 (&)
\ 149.1+3.8 (5)
VI 97.447.5 (5)

N.S.= Non significant,

Gr. vs Gr t-value(d) probability
I VI 7.709 (8) <0.001
I v ~3.934 (8) <0.01
II VI 7.088 (7) <0,001
IT v -3.062 (7) <0.02
ITT VI 2.102  (9) N.S.
11T v -8.945 (9) <0.001
Iv VI 1.704  (7) N.S.
IV v -5.149 (7) <0.,002
v VI -13.76 (8) <0.001
11T Iv 0.274 (8) N.S.

n = Number of animals

Gr.= Group

d = Degrees of freedom,

Gr.I
Gr.II
Gr.III
Gr.1IV
Gr.V
Gr.VI1

Intraportally transplanted,
Intracerebrally transplanted,
Intraportally transplanted,
Intracerehrally transplanted,
Diabetic non-transplanted.

Non—-diabetic control.

graft rejected.

graft rejected,

graft accepted.

graft accepted.

One way analysis of variance yielded a variance ratio of

22.972

(P<0.001).

See Appendix (Table 5) for details of analysis of variance.
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Table 13

Pericyte profile area (deep cépillary bed)

wie

Gr.|Area Gr. vs Gr. t-value(d) probability
No, |meapts.d.(n) I VI 4,359 (8) <0.005
I 8.9+1.4 (5) I \Y -0.557 (8) N.S.
IT 7.4+1.8 (4) IT VI 1.962 (7) N.S.
IIT 5.842.2 (6) 1T v -1.461 (7) N.S.
IV 9.9+4.3 (&) I1T VI 0.377 (9) N.S.
\ 9.8+3.1 (5) ITI v ~2.472 (9) <0.05
VI 5.4+1.3 (5) IV VI 2.039 (7) N.S.
Iv \ 0.016 (7) N.S.
v VI 3.007 (8) <0.02
I1T InY -1.609 (8) N.S.
N.S.= Non significant, n = Number of animals
d = Degrees of freedom, * Expressed as percentage of total

capillary area, Gr.= Group

Gr.I Intraportally transplanted, graft rejected.

Gr.II Intracerebrally transplanted, graft rejected.

Gr.III Intraportally transplanted, graft accepted.

Gr.IV Intracerebrally transplanted, graft accepted.

Gr.V Diabetic non-transplanted. Gr.VI Non-diabetic control,

One way analysis of variance yielded a variance ratio of

3.263 (P<0.025).
See Appendix (Table 6) for details of analysis of variance.
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Table 17

Lumenal area (deep capillary bed)

Gr.|Area * Gr. vs Gr. t-value(d) probability
No. |{meants.d.(n) I VI ~-4.,662 (8) <0.,002
I 61.3+3.6 (5) I v 0.979 (8) N.S.
IT 65.2+41.9 (&) IT VI -3.512 (7) <0.01
IIT 68.9+1.9 (6) IT v 1.621  (7) N.S.
IV 67.6+3.4 (&) I1T VI -0.363 (9) N.S.
\ 59.5+7.6 (5) 11T \ 2.739  (9) <0.05
VI 70.2+2.4 (5) IV VI -1.406 (7) N.S.
Iv v 1.966 (7) N.S.
v VI -3.043 (8) <0.02
ITT Iv 2.163 (8) N.S.
N.S.= Non significant, n = Number of animals
d = Degrees of freedom, ** Expressed as percentage of total

area, Gr.= Group

GR.I Intraportally transplanted, graft rejected.,

Gr.II Intracerebrally transplanted, graft rejected.

Gr.IIT Intraportally transplanted, graft accepted.

Gr.IV Intracerebrally transplanted, graft accepted.

Gr.V Diabetic non-transplanted.,Gr.VI Non-diabetic control.

One way analysis of variance yielded a variance ratio of

5.904 (P<0.005).
See Appendix (Table 7) for details of analysis of variance.
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Figure 1 -- Schematic outline of proposed pathogenetic

mechanism of diabetic retinopathy.
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Figure 2 --

Cross section of the rat retina showing its
different layers.,

Ilm - Internal limiting membrane
Nvl - Nerve fiber layer

Gcl - Ganglion cell layer

Ipl - Inner plexiform layer

Inl - Inner nuclear layer

Opl - Outer plexiform layer

Onl - Outer nuclear layer

Elm - External limiting membrane
Phl - Photoreceptor layer

Rpe - Retinal pigment epithelium
Scb - Superficial capillary bed
Dchb - Deep capillary bed

Ch - Choroid

Scl - Sclera

Toluidine blue stain 340X
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Figure 3 -- Post transplantation plasma glucose levels

mg/dl (meant+s.d.) of
LA Intraportally transplanted, rejected

graft. (n=5)

é&—6Intracerebrally transplanted, rejected

graft. (n=4)

@lntraportally transplanted, functional

graft. (n=6)

O—OIntracerebrally transplanted, functional
graft. (n=4)

t— Diabetic non-transplanted. (n=5)

Shaded area -- Non-diabetic controls. (n=5)

Day O= day of transplantation.
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Figure 4 -- (A) Cross section of a retinal capillary from a
diabetic rat with rejected pancreatic islet
allograft.

(B) Enlargement of the part marked in (M)
showing a pericyte in a degenerated state with
a pyknetic nucleus (PN).

See fig.7 for explanation of the labels.
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Figure 5 -- (A) Cross section of a retinal capillary of a
diabetic non-transplanted rat.
(B) Enlargement of part marked in (A) showing
basement membrane irregularities,
nodular thickening(arrow) and
projection of basement membrane material
towards the surrounding glia (arrowhead).

See fig.7 for explanation of labels.
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Figure 6 —-

Trypsin digested preparations of rat retinal

capillaries showing the effect of pancreatic

islet cell allotransplantation on Pericyte-

endothelial cell ratio.

(A)
(B)
(C)
(D)
B,C

and

Non-diabetic control

Diabetic non—-transplanted

Diabetic with rejected graft

Diabetic with accepted graft

and D show fewer pericyte nuclei than A.
D show fewer pericyte nuclei than B.
Pericyte nuclei

Endothelial cell nuclei

stain 825X.

C









Figure 7 -- Cross sections of retinal capillaries from a
normal rat showing difference of basement
membrane thickness (BMT) in superficial (A)
and in deep capillary bed (B).

BMT of A= 112.448nm.

BMT of B= 80.843nm.

BM = Basement membrane

P = Pericyte

E = Endothelial cell

EN = Endothelial cell nucleus
j = Endothelial cell junction
mv = Microvilli

ilm = Internal limiting membrane






Figure 8 --

Cross sections of rat retinal capillaries from
superficial capillary bed showing the effect of
pancreatic islet cell allotransplantation on
basement membrane thickness (BMT).

(A) non-diabetic control, BMT = 117.80nm

(B) Diabetic non-transplanted, BMT = 213.437nm

211.437nm

]

(C) Graft rejected animal, BMT

(D) Graft accepted animal, BMT 131.713nm

See fig.7 for explanation of labels.
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Figure 9 --

Cross sections of rat retinal capillaries from
deep capillary bed showing the effect of
pancreatic islet cell allotransplantation on
basement membrane thickness (BMT).

(A) Non-diabetic control, BMT = 100.118nm

(B) Diabetic non-transplanted, BMT = 177.518nm

148.536nm

(C) Graft rejected animal, BMT

(D) Graft accepted animal, BMT 113.513am.

See fig.7 for explanation of labels.
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APPERDIX



Table 1

Body Weight.

One way analysis of variance.

Source of S.S. D.F M.S. Variance
variation ratio
Between

Treatments  21105.105 5 4221.021 3,665
Within

Treatments 26489.,033 23 1151.697 -
Total 47594 ,138 28

®* P<0,05

S.S. = Sum of squares

D.F. = Degrees of freedom

=
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wn
e

I

Mean square
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Table 2
Pericyte—endothelial cell ratio.

One way analysis of variance.

Source of S.S. D.F. M.S. Variance
variation ratio
Between

Treatments  0.541 5 0.108 47.829"
Within

Treatments 0.052 23 0.002 _—

Total 0.593 28

* P<0,001

S.S. = Sum of squares

<
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Degrees of freedom

=
°
W
il

Mean square
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Table 3
Pericyte number (Trypsin digested preparation)

One Way analysis of variance

Source of S.S. D.¥F. M.S. Variance
variation ratio
Between

Treatments 3640050.13 5 728010.03 13.37
Within

Treatments 1252079.32 23 54438,23 -
Total 4892129.45 28

* P<0.005

$5.S5., = Sum of sguares

D.F. = Degrees of freedom

M.S. = Mean square
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Table 4

Basement membrane thickness (superficial capillary bed).

One way analysis of variance.

Source of S.S. D.F. M.S. Variance
variation ratio
Between

Treatments  15800.617 5 3160.123 16,914
Within

Treatments 4297.152 23 186.833 -
Total 20097 .769 28

* P<0.001

S.5. = Sum of squares

D.F. = Degrees of freedom

M.S. = Mean square
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Table 5

Basement membrane thickness (deep capillary bed).

One way amalysis of variance.

Source of S.S. D.F. M.S. Variance
variation ratio
Between

Treatments  9854.376 5 1970.875 22,972
Within

Treatments 1973.286 23 85,795 —
Total 11827.662 28

* P<0.001

S.S. = Sum of squares

D.F. = Degrees of freedom

M.S. = Mean square
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Table 6

One way analysis of variance.

Pericyte profile area (deep capillary bed).

Source of S.S. D.F. M.S. Variance
variation ratio
Between

Treatments 99,926 5 19.985 3.263
Within

Treatments 140,857 23 6.124 —
Total 240,783 28

* P<0,025

S.S. = Sum of squares

D.F. = Degrees of freedom

M.S. = Mean square
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Table 7
lumenal area (deep capillary bed).

One way analysis of variance.

Source of S.S. D.F. M.S. Variance
variation ratio
Between

Treatments  470.156 5 94,031 5.904"
Within

Treatments 366.318 23 15,927 R
Total 836.474 28

* P<0,005

S.S. = Sum of squares

D.F. = Degrees of freedom

=
w
]

Mean square
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