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ABSTR.ACT

The effect of pancreatic islet ce11 allotransplantation on

the development of microvascular changes in the diabetÍc

retj-na was eval-uaLed using 1íght and ultrastructural

qualitative and quantiLative morphologic met.hods and the

Lrypsin digestion technique in the strepEozoLocin induced

diabetic raLs. The animals r^¡ere divided into the f olloruing

groups:

1) InLraportally Lransplanted, rejected graft (n=5)

2) Intracerebrally LransplanLed, rejected graf.t (n=4)

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

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

5) Diabetic non-Lransplanted (n=5)

6) Non-diabetic controls (n=5)

All aníma1s krere sacrificed at the age of 1B rnonths. The

graft accepted and control groups showed euglycaemia. These

groups also showed a normal body weight gain" A significant

increase in Lhe basement membrane thickness o increased

pericyte profile area, diminished lumenal area, increased

nunber of degenerat,ing pericyLes and loss of pericytes in

the retinal capillaries r{ere noLed in the diabetic

non-transplanted group. The aninals wiLh successful

allotransplantations did noL show these changes and l¡ere not

different from non-diabetic conLrol animals" 0n the oLher

hande groups rsith unsuccessful alloLransplantation showed

changes si¡ni1ar to the diabetic non-transplanted group"



These results 1ed to the conclusi-on that pancreatic islet
ce11 allot.ransplantation has a preventive effect on Lhe

development of retinal microvascular changes caused by

diabetes in the streptozotocin induced diabetic raL.
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1 . INTRODUCTION:

T. Background :

Diabetes mellitus is an ever increasing,
common, chronic disease. Statístical er¡idence shor+s that the

diabetic population doubles every 15 years, (Report of the

National Com¡nission of Diabetes to the Congress of United

States, r97 5). Thanks to the quality of modern medical care,
diabetics can look forv¡ard to a longer life span" hrith the

increasíng longe'ity of diabetic patíents, chronic

complicati-ons of diabetes nel-litus such as retinopaLhy,

neuropathy, nephropathy and atherosclerosis are becoining

more common. The eye suffers a number of dÍabetic
conplications, diabeLic retinopathy being the most

important.

DiabeLes mellitus is the most important systemic

disease causing blinrlness" The average incidence of
reLínopathy in diabetics is 527" (LtBsperance and James,

19Bl)" Diabetic retinopathy is the most signifícant cause of
blindness among diabetics accounting for more than 7oT"

(caird eL a1., 1969). Ret.inopathy accounLs for a 25-ford
increase in the incidence of blindness Ín patients with
type-r diabeLes compared wiLh the age-rnatched non diabeLic
population (Report of the Seco'nd NaLional Diabet.ic Research

Conference, 1984). Diabetíc retinopathy is the leading cause

of nehr blindness ín the 30 to 6o year age group (Amos, rg74

and Caird et a1., 1969).

The rati-ona1e for the Lreatment of diabetic



retinopathy is twofold i ) to treai the underlying dísease,

in order t.o prevent the development of eye complications and

ií ) treatment direcled to the specific complicatíon when it

is established. The former mode of treatment is preferable,

since it has as its goal to achieve a physiologíca1 insulin

regulation. Presumably if a nornal glucose homeostasís could

be provided, the Cevelopment 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 replacenent of insulin nay be

achieved by successful transplanLation of the r¿ho1e pancreas

or pancreatic isleL ce11s, since there is evidence to

suggest that good meLabolic control acheived by multiple

daily doses of insulin reduces the severity of diabetic

conplications, such as retinopathy (Engerman et a1.,1977)"

In the introduction to fo11ow pathological

features and the present state of the paLhogenesis of

diabetic retinopathy as well as exp()rimenLal rnodels for this

complícation will be rer¡iev¡ed, The l:etinal structure and

ultrastructure and the present statr¡ of the role of

pancreatic and islet cell Lransplanl:ation in the preven-uion

of the secondary complications of d:Labetes r+il1 be

discussed "



II. Diabetic RetinopaLhy in Human:

A. PathoS-ogy:

Diabetic retinopathy can be divided into background

or non-proliferative and p.oliferatíve retinopathy.

Background retinopathy consists of capillary

nicroangiopathy, venous abnormalities, intraretinal

haemorrhages, har-d exudates, nerve fiber layer infarctions

(soft exudaLes) and nacular changes" The features of

capillary microangiopathy include loss of pericytes,

basernent membrane thickeni-ng, microvascular obstruction and

permeability changes, capillary non-perfusion,

microaneurysms and intraretinal ¡nicrovascular abnor¡nalities

(IRMA). The venous abnornalities consist of dilatation,

duplication and beading of retinal veins and cenLral or

branch reti-na1 venous occlusion. The hard exudate is a

collection of lipid and 1ípoprotein from leakíng

capillaríes, usually in the outer plexiform layer of the

retina. Focal areas of retinal capillary non perfusion can

damage axons ín the nerve fíber layer causíng interrupLion

of axonal transport and axonal sv¡e11ing" HisLologically,

focal areas with infarcted neurones appear as cytoid bodies

(Murphy and Pa..z, 1983)" The macular changes consisLs of

nacular edema v¡ith progression Lo macular retinoschisis,

macular hole or macular ischemia due to retinal vascular

occlusion. The IRMAs include the ciilated, telangiactatic and

leaky capillaries shuntíng blood from arterío1es to venules



in the areas between perfused and non perfused retina. IRMA,

venous occl-usion and nerve fiber layer infarction have also

been grouped under preproliferative retinopathy (Murphy and

PaLz, 1983) "

Proliferat.ive retinopathy consísts of

neovascularisation and fibrous tissue proliferation i+hich

can be intraretinal, on the retinai surface, on the optic

disc or ¡nanifested as elevation of the disc or nev/ reLinal

vessel-s in the vítreous. Proliferative retinopathy may lead

to prereiinal or vj-treous haemorrhage and tractj-onal retinal

detachr¡ent.

It has been suggested that increased permeability

of the blood-retinal barrier aL Lhe leve1 of the endothelial

ce11 of sma11 retinal vessel is an early abnormality of the

capillary vasculature. A preceeding alteration of Lhe

retinal pigment epithelíum or of the reLinal neuronal tissue

may be responsible for the permeability defect in retinal

vessels (Cunha-Vaz, 1983).

B " Fatirogenesis:

A variety of factors compromising blood supply, oxygen

transport and delivery are involved in the pathogenesis of

diabetic reLinopathy (ÀshLon, 1983), It is generally agreed

thaL hypoxia may be a key factor responsible for diabetic

retinopathy (Aston, 1963)" Hypoxia in the díabetic retína is

produced by a variety of factors (LiLLlen 1981 ) such âs ¡ (i)

reduced 1eve1 of 2,3 diphosphoglyceraLe in red blood ce11s,



ad 
0J

>
=

qiqr
.,-..1€oÉ

oo.
vc/lØ

ojql.cJoo)r_t
ocj.¡lr(JC

)O
o.¡C

)cjr-t$
-d

vP
o.lrr-lor/l-È

.¡-J,O
(Joø

.lrË
ojul-c0Jß

Ø
<

S
(H

(0qroJoJÞ
ìÊ

>
|rJJo

O
 

-â 
r-l 

Ê
. 

l{ 
É

 
O

 
Ì-l 

O
 

0) 
O

 
.c) 

þ 
r+

 
(/) 

rH
 

O
 

O
 

O
 

O
 

F
Ê

(0r-l(i)O
frØ

É
b0l-rO

O
(Ú

O
olr-t 

]-r
'r{

.lr'rJO
-C

Þ
'C

d,â-C
.rlO

Ê
¡$rl 

.¡tØ
t¡'údr-t6)

úJ.¡À
r-lluoo(d'ocJE

(oLìú)._tÊ
,cJq_jqj>

our-d.uo0ñr-1.¡l-cÊ
.ôlrØ

Ð
3aJ

ö¡ 
o 

O
 

O
 

U
 

o 
þ'o 

Ò
o 

.q 
U

 
Þ

, 
ti 

d 
6 

.¡l 
o 

O
 

o 
O

 
d 

Ø
 

; 
-t

Ê
orro.¡.É

Ê
.É

03l'o,¡loØ
q_.{r-l-q-d>

,rio
cÚ

ol-l 
riÉ

Ê
.rdE

q6-(Ú
co.¡-1 

o.pN
]r0j,c(Jc)

.C
'rlO

.ô(Ú
Ø

Ø
O

É
C

.)Ê
".pr-l 

.O
.lJdC

O
r-lF

rvÉ
O

>
þô0O

O
-C

.¡O
f{Ë

adO
qJ0dÞ

ìo¡\É
O

JO
l-r'gþ.dodØ

-C
rl.rlrlO

f{rlúlr--l.rteC
jE

'oÉ
O

O
Ê

.ddôÐ
(Û

i.rlÊ
.É

t¡dt{
.r'rooþÉ

.-{-oo.¡Ê
rio'cj(d-o-uldooo

.¡O
O

.¡'úÉ
rl 

.È
I+

JO
O

þO
trtH

(J.tr{rË
¡

.r.rr-lc(doo-ôo-d-d.rloE
op_t 

o,corr
v.O

F
-] 

E
ñaJ(Û

rl0jt-rO
"Õ

Þ
ì>

O
.-l 

tH
-C

Ð
è.tJl]O

Ø
c\oÊ

oè0Þ
$i3Lr.úÐ

O
{rpF

F
O

oJ.O
.lr0dO

0rt¡O
'oO

(H
U

.oÉ
.¡ir-lcj(Ú

€.É
b

Ø
>

ìO
rtr-{q-rjo0O

E
..l 

.rt6dr-lq,¡r1,údÐ
p

(J.rlO
O

X
.rt 

.É
O

O
E

.o>
,J¿

.utio
dli>

'rjU
q-]rlþotd.rl 

oorl(1lt5(Ú
,núlo(U

,Õ
r{"o

'rlo'r'1É
>

-O
oÚ

.É
rlr¡rÉ

(Ú
otröO

5,-t.¡lO
Ò

Ð
O

)
-oc+

-r(úr-i'rl(nØ
oño(ro.rlÉ

oo-or-tÐ
oF

lÐ
O

.rl 
(Joort]r.¡þjÉ

(dtD
.rlÉ

(/)tiC
J0óO

O
r{>

,G
rr(dÞ

'ooÊ
'¡r1Ø

É
.-l=

.poþo0)tÊ
0l 

.rl 
,.ô

oO
 

O
 

rt 
-C

 
>

 
O

 
û) 

ñ 
Ø

,-t 
O

 
r-l 

C
J 

d 
O

 
.¡ 

É
 

oO
 

I 
v 

(Ú
 

tA
 

B
 

C
)

.¡ 
.l-J

É
rdc0Ø

rlor-lË
Ð

oÐ
>

Ð
ç6oc\¡'úÉ

c-¡o
oÒ

0>
ooê.o.rtrr(doJoiöoÐ

.o
-C

Ê
-Q

ta'oU
.¡rC

JO
r-{úlÐ

-qO
JÉ

O
O

t1-1.il>
Ê

d
.rl 

Ð
 

Ê
 

Þ
. 

O
 

ôO
 

t{ 
(,) 

-C
 

Þ
, 

(d 
3 

0d 
ts 

fr 
O

 
Ø

,â 
O

 
O

 
O

 
(ú

Ê
'ddH

'-{côÉ
'cJoo0F

.{r-lÉ
U

trÒ
O

lr(gÉ
C

J'O
1

.rl 
(dê.'U

c0.nO
F

rroO
.rlO

O
ôO

É
O

>
,ñ>

,É
C

Jr-tqr
cJ0.)Ø

oo0JÉ
,-]o.r1(Lioir(Ú

þ{.11.¡i.lrrH
o

o--l 
r-1 

coþñr-] 
Ê

.Jr.rt 
U

Lr.oÞ
,.¡O

uE
O

.-t 
þ(dÊ

Ø
 

o 
'¡ 

ã 
(-) 

o 
.Õ

 
.rl 

.rl 
cJ 

rl 
o 

.rl 
Q

) 
É

 
.ô 

r-l 
.É

 
r-l 

.rt 
0J

(Ú
 

Ø
 

>
, 

v 
c\ 

ar 
rl 

Ò
o 

o) 
v 

.lr 
.¡r 

.ú 
Ò

o 
o 

v 
.q 

Ê
 

.¡ 
-c 

E
 

._{ 
Ê

. 
oJ 

_t
oÐ

rl 
.úo.úÉ

-d0JÊ
oØ

.1r.-t 
uo.ôor{oo

tiÊ
O

qrLr(J.rl.Ð
E

qJ(Ú
-C

(Ü
C

jd.r.tt-{rútrll.at-{
ooÊ

.0(Ú
rl'(J>

,Ë
trro>

ìJr
È

Ë
Ê

Ê
É

N
.pÊ

(/)r4.rroF
Ð

!Ê
.H

O
A

)
.rl 

O
'tlÉ

Þ
'ojÐ

.¡.rlÉ
.rfO

O
froôO

(JH
{JÊ

r-loO
.oÒ

O
Ê

.o0)0.Õ
¡þ.rJÊ

.Þ
ì6.1J(d

Ê
A

iØ
.rlÞ

,O
0óltrotrC

J]j.O
O

O
.úU

)
dcÚ

lr'È
X

.-lÊ
.rlÉ

r{.rtÊ
Ð

d.rt(l)r-luÉ
!rþ

'o 
o 

o 
o 

o 
o 

o 
x 

o 
Ø

 
Ò

o.ú 
0J 

U
 

É
 

>
 

o 
cJ 

Þ
 

(Ú
 

o 
(d

otriul'rloood-ooooo(/]'rt.-tÐ
orJcj\o

.r{O
O

't30Jq,{Þ
'Ê

.É
8c,1 

Þ
,+

{(d+
r.pdÉ

1.È
,O

Ê
.t-.-

.ri--l 
É

O
d.dO

X
>

.O
'r1 

O
6X

q-tr-{O
orl>

ìÊ
(úÀ

O
\

v 
.o 

.rt 
tr 

u 
F

 
rcj 

0 
_c 

Ð
,.o 

-q 
N

 
o 

(o 
Ê

. 
d 

d 
ra. 

!d



first drar¡n to attention by Hansen (I97I)" Since growth

hormone increases proteín synthesis Lhrough a secondary

factor named somatomedin, the plasma prolein levelso

including those of fibrinogen and @-2 macroglobulin increase

(Ha11 and Luft, L97 4) " Increased concentration of plasma

proteins raises Lhe blood viscosity and the aggregatíon of

red blood ce11s, ru'hich nÌay result in focal obst.ructíon of

the microcirculation leading to retinal hypoxia (Litt1e,

1976) 
"

( iv ) Altered glucose metabol-isrn is thought to

be an irnportant factor in the development of retinopathy. As

a result of insulin deficiency and hyperglycemía, excessive

glucose is metabolised via an aciivated po1yo1 pathway" The

rate limiting enzyme in this pathr+ay is al-dose reductase.

The end products of the po1-yol pathway, sorbitol and

f ructose o accumulaL.e int,racel1u1ar1y resulting in increased

cell-u1ar osrqotic pressure and osnotic decompensai:ion of the

cel'r (NIH Conf erence, I9B4; Frank, 1984) " This series of

events aay l-ead to impaired oxygen diffusion and hypoxia in

t.he target tissue" AIdose reductase has been localised in

Muller cells, ganglion cel1s and in the pericytes of Lhe

human retina (AkagÍ et al., 1983, 1984)" The same enzyme has

also been demonstraLed in Mlí11er ce1-1s, ganglion ce11s

(Ludvigson and Sorenson, 1980) atrd cultured microvessels of

the rat (Kennedy eL ¿1"r i983). Hunan retinal endot.helial

ce11s cultured in a nedium having hígh glucose 1eve1

exhibited cytoLoxic features r+ith accumulation of



PAS-positive granules, cytoplasmic vacuolisation and ce11

degeneration (Tripathy and Tripathy, 1982) " In order to

block this pathway, aldose reductase inhibitors are no\{

bei-ng i-nvestigated clinically and experimentally as to their

potential effect in preventing and treating diabetic

retinopathy. In a recent clinical trial by cunha-vaz et a1.

( 1985 ) Sudinlac, an aldose reductase inhibitor as r,¡e11 as a

prostaglandin synthetase inhibitor-, has been shorun to

prevent the breakdown of the blood-retinal barrier"

Prior to the detection of clinical changes in diabetíc

retinopathy, however, there is a stage of increased retinal

blood flor+ and vasodilatation" An autoregulatory response to

metabolic abnormalities in diabetic patienLs may be

responsible for this change (Litt1e, 1981 ) "

Thickening of the capillary basement membrane has been

accepted as the dominant feature of diabeLic

microangiopathy. Possible biochemical mechanisms include

enzyrnatic glycation of hydroxylysine residues of collagens

by glucose and/or galactose via the -0H groups of the amino

acid (Spiro and Spiro, IgTI) and non-enzymatíc glycation of

lysine residues by the same sugars at t.he exposed e-NH2

groups (Cohen et a1. , 1980; Urbanov¡ski et â1. o 1982) ' 0ther

possibilities that have been suggested include increased

synLhesis of collagen or other basement membrane proteins

such as laminin or fibronectin, either as a primar]'I event or

as a compensatory mechanísm secondary to decreased

production of basement membrane proLeoglycan (Szarfman et



a1 " , LgB2) " Increased polyol pathway activity may play a

ro1e, âs it has been shown that galactosemia induced

caÞillary basement rnembrane thickening can be prevented by

aldose reductase inhibitor (Robinson et ãI., 1983; Frank et

a1., 1983) " It is sti11 not clear hov¡ aldose reductase

affects the above mentioned activitíes; one possible

explanation is that sorbitol and other sugar alchohols may

alter the activity of a cr j-tica1 biochemical- step ( Frank,

1984) "

The thickening of basemenL membrane is probably

associated with endothelial ce11 damage and plasma leakage

(Ashton, I97 4-) " Thickening of capill-ary basement nembranes

in diabeLes has been considered as a proliferative response

of Lhe cell-ular consLituents of the capillary to injury

(i¡lilliamson and Kí1o, 1983 ) . Repeated endothelial ce11 death

and regenerati-on with retenLion of old and the addition of

nelJ layers of basement membrane nay be a factor in the

production of basemenL membrane duplication and thickening

(Vracko and BenediLt, 1970) . Mcl"iillan ( 1983) suggesLed that

due to modifíed viscous properties of the red blood ce11

r¡embrane such as reduced def ormiability, the red blood cell-s

may exert a greater mechanical- force on the capillary wa11

which may be responsible for basement menbrane thickening"

Houever, it is not clear as to ¡+haL extent Ehe stiffening of

red blood ce11s play a role in retinopathy (Williarnson and

Kí1o, 1983).

Areas of endoLhelial ce11 degeneration and



proliferaLion have been noted i n diabetic retinopath¡l

(Bloodworth, I982). Endothelial ce11 damage has been thought

to be a factor in the breakdown of blood retinal barríer

(Cunha-Vaz, 1983)"

The loss of capillary perlcytes is one of t.he earlv

features of lhe disease (Cogan et aI", 1961). The norrnal

ratio of perícJ'te tc endotirelial cells is 1:1 in healthy

young individual-s. Aging causes a decrease in the number of

endothelial celis (App1e, 1981 ). fn diabetic retinopathy

this ratio ís altered v¡iLh a progressive loss of retinal

pericytes " According to Cogan et a1 " ( 1961 ) Lhis change in

the ratio is the key pathological feature of diabetic

retinopathy. Chuna-Vaz (I983) is of the opinion that the

pericyte damage is secondary to endothelial ce11 damage.

While dainaged endothelial ce11s can easily be replaced by

the sliding of the neighbouring cells, Lhe pericytes cannot

be replaced due to their special location whei:e they remain

trapped in the vessel- vra11. The weakness created ín the

vessel r+a1l due io the loss of pericytes may explain the

formation of microaneurysms and reLinal hemorrhages in

díabetic retinopathy "

Ilic::oaneurysms are seen near areas of capiliary non

perfusion and perícyte 1oss, yet no correlati-on has been

est.âb1íshed between microaneurysns and pericyte loss

(0liviera, 1966). However nicroaneurysms are noL

pathognomonic of diabetic retinopathy as they are also seen

in other retinal diseases such as branch retinal vein



occlusion, dysproteinenic relinopathy and Coat t s disease "

Neovascularisation is the dreaded problem af diabetic

retinopathy. If untreated it causes haemorrhagesu glaucoma

and traciion retinal detachment leading to blindness" It is

ínitiated by capillary non-perfusion and retinal ischemia in

an attempt to revasculai'íse the affected areas. The

existence of a pcssíb1e angiogenic factor \{as first launched

by Michelson in 7948, to explain retinal neovascularisation"

It has been postulated that areas of non-perfused relina

liberate an angiogenic subsLance (Patz, 1984) " Angíogenic

activity has been demonstratecl from retinal exLract of

va::ious species including human (Chen and Chen, 7980). These

extracts promo Le thy¡¡idine uptake by '¡ascular endothelial

cel1s and initiate vascularisation in cultured

chorioallantoic membranes (Glaser et a1.n 1980). As to the

characteris;ation of the angiogenic facLor(s), an active

proteinaceous macromolecule has been isolated from bovine

retinal exLr:act (DtAmo:re et 41., 1981). A 1ov¡ molecular

treight angiogenic factr>r'o which induces neovascularisation

in the chick chorioall¿rntoic membrane, has been isolated

from healthy adult catr; (Kissun et 41", 1982). Autologus

retinal implant into rabbit corneal pockets has also been

shown to stimulate angiogenesís (Felton et 41., 1980) "

Recenl-1y the presence of a lor" molecular weight substance

v¡hich ínhibits aortic endothelial ce11 proliferation has

been shor,¡n in normal as v'e1l as in diabeLi-c vitreous

(Jackobson et a7., 1984).
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Possible pathogenetic mechanisms responsíb1e for

diabetj-c retinopathy are éumneriserl in figure 1(Chakrabarti

et â1., 1985).
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III. Diaberic Retinopathy in Experimental Aninals:

An extensive search has been underiaken to fínd a

suitable animal model in v¡hich diabetic retinopathy can L'e

prcduced and studied in relation to severity and duration of

diabetes and in which the effect of various Lreatment

modal-ities can be evaluated. several changes have been

demonstrated in various experimental moriels r+ith either

spontaneous onset of cl iabetes or chemically intiuced

diabetes.

The chemically or surgically induced diabetes in dogs

produce lesions r+hich closely resernble the changes seen in

diabetic patienLs (Engerman, I975) ' In thís rnodel

mÍcroaneurysms, pericyLe degeneraLions, reLinal hemorrhagesn

shunts and other changes of the mÍcrovasculature have been

found (Engerman, Lg82). Recently Arnest et al' (1983)

reported increased prereLinal oxygen tension in this model

when they were a1loç,ed to breath IOO7" oxygen ' r+hich nay be

accounted for blr hyperglycaenia causing impaired oxygen

autoregulation. The disadvantaSe with this model is that it

takes several years before retinopathy develops"

The spontaneously diabetic chinese hamster shows a marked

thickening of capillary basement. membrsnes and pericyte

degeneration (Ghosh et al. , 1970) " A decreased perícyte

endothelial ce11 ratio has also been seen in this model

(Federma¡r and Gerritsen, 1970).
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In the rhesus monkey, po1yo1 pathway activity has been

demonstrated ín cultured retína1 pericytes. Alloxan induced

dÍabetes in monkeys shor¿ microaneurysn 6 to B years after

onset of diabetes (Gibbs et â1. , 7969) " An ínmunopathogenic

r¡echanisrn for Cíabetic l:etinopathy and other díabetic ocular

diseases has been suggested by exPeriments perfoi'med on

rhesus rnonkeys and rabbits ( Shabo and lulaxvell, 7976, Shabo

et aL", 1983)"

The spontaneously diabeLic BB rat appears to be a good

model for the study of diabetic retinopathy. Pericyte and

endoLhelial ce11 degenerationo thíckening of capí11ary

basement membranee mícrothrombi, decreased pericyte

endothelial cell ralio has been found in this model (Sima et

â1., 1985). A retinal pigment epitheliopathy which nay be

responsible for the early breakdown of blood retinal barrier

has also been shown in this model (B1air et a1.o 1984).

Alloxan induced diabetic raLs r"Iere also found to have

basement menbrane changes (Kojima, L97I).

The streptozotocin induced diabetic rats appears to be

the most widely studied model of diabetes. Bndothelial ce11

proliferation, vascular dialatation ( Sosula et a1 " , I972) 
"

microaneurysm, basement membrane irregulariLíeso in the

retinal capillaríes have been produced in thís modei-

(Luenberger et a1., 7974)" Electron dense deposits in the

Mu11er ce11s, basenent, membrane thickening, pêricyte

degeneration, decreased number of pericyte nuclei has been

described (Hori and ìufuhaí I979, Studer et aL., 1976) " An
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early breakdown of the blood-retinal barrier due to retinal

pignent epitheliopathy l.¡as also demonstrated in the

streptozotocin diabetic rats (Grimes and Laties, 1980).

Polsum eL aL, (1983) failed ro find any protective effect

againsL the development of diabetic retinopathy b,v the use

of aldose reductase inhibiLor but a reversibilrty of

increased '¿itreous fluorosence has been demonstrated in this

model follor+ing rrigorous insulin therapy (Kernel anri

Arnqvist, 1983 ) "

Several authors have shown thaL galactosemia induced

basement membrane Lhickening of the raL reLina can be

prevenLed by aldose reductase inhibitor (Robinson et a1",

1983; Frank et al,, 1983). This is importanL since Lhe

ulLrastructural changes in the galactosernic raÈ retina are

sinilar Lo t,hose found in diabetic retinopathy. In the

diabetic hooded raLso vitreous fluorophotometry shows an

increased vascular pemeability, r¿hich hov¡ever does noL

dininish afLer treatnent with aldose reducLase inhibitors

(Krupin et 41. o 1982). Isol-aLed microvessels (primarily
.\capillaries) from bovine retina and cerebral cortex as well

as culLured bovine reLinal pericytes and porcÍne and caníne

endoLhelial celis do contaín aldose reductase; but aldose

reducLase may not be a pathogeneLic mechanisrn in the

production of reLinopaLhy as the vascular changes are only

seen in Lhe retina not in the cerebral cortical vessels

(Kennedy et aL", 1983)"
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IV. Structure of the ReLína:

The retina Ín man anci raL consists of the follorving

layers from without int¡ards: (Prince, 1956) (Figure 2)

1 ) Pigment epithelial 1ayer.

2) Layer of photoreceptors"

3) External lirniting mernbrane.

4) 0uLer nuclear layer.

5 ) 0uter plexi form layer .

6) Inner nuclear 1ayer.

7 ) Inner plexif orrn layer "

I ) Ganglion cell- layer.

9) Nerve fiber 1ayer.

10) InLernal limiting menbrane.

The pigment epithelium is formed by a single layer of

cuboidal cells resting on a basement rnernbral,te Lhat forms

part of Bruchrs nembrane" The inner plasmalr:mma of these

ce11s consists of regular infoldings of about 1 FIn in

length" A,1ong the inner surface of the ce11,s there are

numerous frínge-1ike cytoplasnic processes'r¡hich extends

betr+een the outer segments of the photoreceptors. The

presence of pigmenL granules is a characteristic feature of

the cells in this 1ayer.

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

by Lhe ouLer segnenL of Lhe photoreceptors" A connecting
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cilium j oins them r+ith the inner segment "

The external liniting membrane appears as a deeply

stained punctate line external to the ouLer nuclear layer'

This is not a true membrane but forrned by the adjoiníng

ends of the l{üller ce11 processes' The nuclei of the

photoreceptors compose the outer nuclear layer; the rod

nuclei being in the inner aspect and Lhe cone nuciei in the

outer aspect. The area r+here the photoreceptors are

connected r,¡ith the dendrites of the bipolar ce11s is called

the outer plexiform layer. The fibers of horizontalo

amacrine and l"lij1ler ce11s are also present in this layer "

The ce11 bodies of bipolar, horizontal' amacrine and Mu11er

cel-1s l-ie in the inner nuclear 1ayer. The l'1ü11er ce11

processes extend from the outer limiting menbrane to Lhe

inner liniting membrane and have supporLive and nutritive

funcLions. The ínner plexiform layer contains the synapses

of Lhe bipolar and anacrine cells with the ganglion cells'

The ganglion ce11 layer is composed of a single layer of

ce11s except at the edge of the area centralís, vhere two

layers can be found. The axons of the ganglion cells make up

the nerve f íber layer " Neuroglial ce11 and I'iii11er ce11

processes also form part of this 1ayer. The inner limiting

membrane is a thin nernbrane that forms ihe inner linit of

the reLina "

The retina in man and mosL mamnals, including the raL,

is vascularised in the inner layers, to Lhe junction between

Lhe Ínner nucl-ear layer and the outeI. plexiforrn layer
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(Princee 1956). The choriocapillaries supply the outer

layers of the retina" The rnain arteries and veins are

located in the ner\¡e fiber layer and the ganglion ce11

1ayer. The arterioles arise from the maín branches either by

side branching or by dichotomous branchíng (Hogan et a7",

IgTI) " The r-etinal vessels in Lhe rat are arranged in t1'Io

capiLLary beds, superficial and deep (Bernstein and

Hollenberg, 1965) " The post capillary venules seem more

prorninent in the deeper layer while the precapillary

arLerioles are nore al1ied to Lhe superficial layer (Wise et

al., L97I).

The trypsin digesLed reLinal preparation (Toussaint eL

al o , 196I) pernits the identification of Lwo type of ce11s

within Èhe capil-1aries, pericyLes and endothelial ce11s" The

nornal ratio of t,hese two cel1 types j-n a healthy adulL man

is 1:1 (Yanoff and FÍne, !975)" IIor+ever, the nornal ratio in

many laboratory anirnals appears to be l-ower Lhan that in man

(Engerman et al", L982) " The endothelial ce11s are oriented

along the axis of the capillary and have long pale stainíng

nuclei, r*¡hereas the pericytes lie outsíde the endothelium

and have roï.lnd tiark sLaining nuclei (Hogan et al. , 1971) "

Degenerated capillaries appear as bloodless cords and are

ca1led mesodernal bridges "
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V " Ultrastructure of the retinal capillarÍes:

The reLinal capillaries are lined by endothelial ce11s

resting on a basement membrane" The basement membrane is

split to accomodate pericytes and their processes (Hogan et

a1., IgTI). The endorhelial cells lie parailel to the long

axis of the vessel" The cell body is non-fenestrated and

thin except in places where the nucleus is iocated" The ce11

junctions near the vascular lumen is of zonula occludens

type. The chromatin is evenly distributed in the nucleus

r+ith slight aggregaticn along the nuclar menbrane. Numerous

pinocytoLic vesicles are present along both borders of the

cel_ls. smooth and rough endoplasmic reticulurn and f ree

ribosones are scattered Lhroughout the cytoplasm. The Golgi

apparatus and the cenLrioles are encountered in the vicinity

of tire nucleus, The miLochondria are relatíve1y sna11 in

size and fer+ in númt,er (Toussaint and Dustin, 7963; Ishika\'1Ia

1963; Hogan and Feeriyo 1963)" UlLrastructurally the presence

of lnleibel-Palade boilies are considered to be specific of

vascular endoLhelial- ce11s. These are rod-shaped cytoplasmic

components, consisti-ng of a bundle of f ine tubules and

enveloped by a tightly fitted membrane (\1Ieibe1, and Palade,

1964). Although Lhese bodies were identifíed in the

endothelial ce11s in various species (F{atsuda and Sugiura'

1970), some investigaLors failed Lo find these bodies

(Buzney and l"[assicoLte, 7979; Frank et 41. o 1978). However,
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Lhe function of these organelles is sti11 obscure"

The pericytes encircle the the vesse'l r+a11, and v¡rap it

with their processes. They are seen as profiles of the

cytoplasrn in most electronmícrographs (Hogan et aI., 1971) "

The cytoplasm contains all the organelles described in

endothelial ce11s, except f or Lhe !'liebel-Palade bodies '
pinocytotic vesicles are also Present (Ishikawa, !963) "

Human capillary basement mernbranes show cavítations

i¿hich íncrease in number and size r¡íth age (Hogan and Feeny,

1963; ToussaÍnt and Dustin u 1963) . Although

ultrastructurally the basement membrane of rat and man are

similar, no cavitations are found in the normal raL (Hogan

and Feeny,1963; Kissen and BloodworLh, 1967)"

I9



VI. Pancreas and Islet Ce11 transplantation and the

Complications of Diabetes:

There are a number of promising aPproaches in the

treatment of diabetes me11ítus, Pancreatic or islet ce11

transplantation being the most irnportant" The interesi in

transplantation of the pancreas aS a means of 1-reaLment of

juvenile diabetes mellitus and as a method for the

preventíon and reversal of diabetic complications began 1n

i960 " Largiader et a1" in 1967 \rrere the f irst to

successfull-y LransplanL an entire pancreaticoduodenal

allograft and established exocrine drainage to the bor+e1 of

the recipient dog" Initiat reporÈs of clinical

transplanLation caae fro¡n Lillehei et al" (1970). They vrere

able to achieve a normalisaLion of plasma glucose l-eve1

l¡ithcut. exogeÍ.ous insulin in some of Lheir patients "

Beta cel.l- rep.Lacement therapy appears Lo be the mosL

logical and compl:ehensíve approach for ihe Lreatrnent of

diabetes nelliturs in patienLs r¡ith i-nsulin deficj-ency and

who are keLosis llrone and highly susceptible to the

d.evelopmenL of diabetic microangipaLhy, ocular disease and

neuropatiry (Jonassono 1980)" tr'Jhether the pathogenesis of

insulin dependant Criabetes melliLus is a viral infection, an

autoínmune destruction of the beta ce11s, an inactivation of

beta ce1ls or some o1-her f actors or comb j-nation of f acLors,

transplantatíot of normal pancreatic islets should be a
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feasible \{ay to achíeve a cure. (Jonasson and Hoverstein,

r97B).

Several clinical and experinental observaii-ons support

the hypothesis that the lesions observed in diabetes are

seconclary to ca::bohydrate dysmetabolism (Tchobroutsky,

i97B). The best possible way to correct this dysfunction may

be by islet celi transplantation. The results of islet ce11

transplantaLion appears to have beneficial effect on the

course of diabetes mellitus and its complications.

sutherland ( i9B1 ) revíewed experimental islet ce11

transplantation and caae to the conclusion that it can

reverse naLurally occuring diabetes in animal models which

are characLerised by beLa ce11 destruction and insul-in

defiency, Regression of renal glomerular lesions as

evidenced by a decrease in rnesangial thickening, nesangial

depositíon of IgM, IgG and complemenL and urínary albunin

excretion has been shown to occur after islet ce11

transplanLation (Stef f es et aL,, 1980; l'fauer et a!., l-978).

Gray and ltlatkins (1976) were able to prevent the renal

conplication of diabetes in transplanted rats" Itarked

prolongation of t.he survival peri-od, ameloriation of

diabetic synptons and prevention of diabetic cataract have

been found in transplanLed streptozotocin díabetíc rats

(srijepcevic et a1. u 1975) " Inprovement of diabetic

neuropathy has been seen following transplantation (0r1off

et a1. , 1975) " RecenLi-y it has been sho¡+n that successf u1

islet cell transplanLation normalises h1'perglycaemía and
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arneloriates diabetic nerve dysfunctíon (Tze et 41",1985)"

There are very few reports on the effecL of pancreatíc or

islet ce11 transplantaEíon on the course of diabetic

retinopathy, Krupin et a1. (1979) shov¡ed a decrease in the

v.i treous f luoroscence, r¿hich is an indicator of breakdown of

Lhe blood retinal barrier, following pancreatíc islet ce11

isograft" Arrest of new vessel formaLion and retinal

capil-1ary dilatation in iransplanteti sLrepl-ozotocin diabetic

raLs have been observed (Gray and hlatkins, I976) " Alloxan

induced diabetíc rats undergoing whole pancreas

Lransplantation has shown sinilar findings along ir¡ith

prevenLion of corneal and iris neovascularisaLíon and

calaract formaLion (liorthen et a1., L976)" Naeser and

Anderson (1983) have demonstrated that syngenic pancreaLic

islet ce11 transplantation has a protecLíve effect on

pericyte loss in alloxan induced dj'abetic mice'

Unfortunately detailed morphone'cric evaluaLion of the blood

vessels are lacking in Lhese reporLs'

The result of human pancreaLic transplantaLion is

encouraging as the ideal homeosLatic conLrol of the

carbohydrate metabolisn" Although clinical- application of

pancreas and islet ce11 transplantation is technically

difficult, the prospect is excellent" At presenL, islet

transplantation although less efficienL is a safer procedure

(Sutherland, 1981). The development of kidney graft

nephropathy has been shown Lo be prevented by pancreas

LransplanLation (Bohman eL 41.,1985)" Gliednan eL a1.
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(i978) srudying rhe long term effect of islet ce11

transplantarion concluded that Lhis procedure, although it

does not revel:se Lhe compLicaLions such as advanced

retinopathy or atheroscl-erosiso it may be valuable in

preventing progression of these complications. Goetz ín 1980

also revíev¡ed the results of human islet transplantations

and cane to the conclusion that diabetic vascular disease is

the coapelling reason for the efforts to achieve effective

islet Lransplantation.
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2. HYPOTTTESIS:

The biochernical sequelae of diabetic dysmetabolism are

thought to initiate a sequence of sirucLural events causing

diabetic complications. Therefore, one would expect that

strict control- of insulin deficiency and hyperglycemia r+ou1d

prevent the developnent of such conÐl-icaLions"

To tesL this hypothesís early microvascular changes ín

the diabetic retina l¡ere investigated fo11or+ing the most

physiological way of diabetic control-, namely

transplantation of insulin producing cell-s"

t+, SPECIFIC OtsJECTIVES:

To invesLigate:

1) Morphological changes in t.he perícyLes, endoLhelial

cel1s and basement menbrane.

2) Changes in Lhe number of the pericytes and endothelial

cel1s "

3) Changes in t.he thíckness of Lhe capillary basemenL

menbrane.

4) Changes ín 1--he capillary lumenal o pericyLe prof i1e and

endothelial ce11 prof i1-e areas.

5) The presence of microaneurysms.

6) Changes in the retinal vascular densiLy.
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4. MÂTERTALS ÅJ{Ð MBTHODS:

I " Anirnals:

TwenLy-nine inbred male Ler+is rats of the AC1 (AeB 4/4)

sLrain were used in this study" Diabetes was induced in 24

rats aL the age of 4 months by intravenous injecti-on of

strepLozotocin (50mg/ke of body weight, in 0.1M citraLe

buf f er pH 4"5) " The other 5 rats v/ere lcept non-diabetic f or

ihe observation period and used as age-matched non-diabetic

controls" Diabetes was defined as fasting blood glucose

leve1s greater Lhan 400mg/d1 on three successive occassions.

Pancreatic is1et. ce11 transplantations \,Iere carried out i-n

19 raLs 12"8+3.4 days (mean+SD) fo1-lowing streptozotocin

injection.

ïï" TransplanËation procedure:

The Lranspiantation procedure vras carried out by Dr" W"

J" Tze in the Departrment of EnCocrinology, University of

British Columbia o Vancouver, B. C.

A " Donors :

l,fai-e inbred Lev¡is rats (Le; A g BI/I) wj.Lh body weights

ranging from 350 g to 500 g were used as dc¡nors of

pancreatic tissue ô

B" Preparation of Lhe donor tissue:

Two Lypes of donor tissues vrere used:

1) Pancreatic pseudoislet (PI) or pancreatic whole

islets (Pl^/I) for intraportal transplantati-on"
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2) Pancreatíc endocrine cells (PBC) for intracerebral

Lransplantation.

The animals \{ere anesthetised r¿ith sodium pentobarbiLal

(5Ome/Ur of body weight) " The abdomen was opened and the

pancreas was dissected out. Pancreatic tíssue was digested

wíth collagenase and íslets were hand picked under a

dissecting microscope. contaminating acinar tíssue and blood

vessels were remot'ed using single layer Hypaque-Fico11

separation Lechnique (Tze and Taio 1976) ' Clean islets

collected at the interface \.Iere either culLured ai 26aC ín

57" COz f or one v¡eek prior to transplanLaLion (PI4lI) ot

immediately dissociated into PEC with trypsin-BDTA solution'

The preparation of PI \{as carried out by culLuring of PEC at

37oC in 57" COz f or 5 days 1-o allor¡ cellular aggregation (Tze

et a1 1984).

C. AllotransPlantation:

For intraportal allotransplantationo a toLal of 1'500

PWIs or PIs were injected into the portal vein of each ACT

diabetic recipient" For inLracerebral transplantation, PBC

(2-3XiO6 cells) were implanted stereoËaxica11y into the

righL henisphere of the brain in each diabetic recipient

(Tze and Tai 1983)" Blood glucose, body weight' 24-hours

uríne volume, urine sugar and ketone bodies were assayed

daily prior to and for trvo r+eeks after allotransplantation

and at regular intervals Lhereafter. The islet allografts of

5 intraporLal-1y transplanLed ani¡na1s and 4 intracerebrally

LransplanLed animals were challenged r.+ith skin graft from
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the sane donor str-ain 7-I0 days following transplantation"

Rejection was considered to have occurred when ihe blood

glucose 1eve1 exceeded 200ng/dL on two consecutive days.

III. Clinical noniLoring:

¡.11 the ani¡qais 1{ere shipped to our laboratory one month

follcwing transpiantation, They were Lhen kept indivi<iua11y

in air-filtered ñetabolic cages and fed iqith rat-chow (Wyane

Lab Blox F-6, \{ayne Feed Divisíon, l'iinnípeg, Manitoba o

Canada. ) and r¿ater: ad libitum. The diabetic aninals vlere

moni tored regularl]' \,¿iLh respecL to blood-sugar and

body-r¿eight.

The age of the aninals in all groups at the time of

sacrif ice \rIas 1B months. The f o11-owing groups of anirnals

\,/ere invesLigated.

Group No'in each grouP

Anirnals v,'i-th re jected graf L:

I InLraporial t ransPlant

II Intracerebral transPlant

Animals r¡ith accepLed graf t:

III IntraporLai transPlant

IV Intracerebral transPlanL

V PosiLive conLrols:

(Diabetic non transplanted)

VI Negative controls:

(Non-dlabetics )

5

6

4

5
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The aninals \{ere anesthetised with sodium pentobarbiLal

( 50ne/kg of body-vreight ) intraperitonially. The thorax \{as

opened and a canula was iniroduced into the left ventricle

directed tor.¿arcis the aorta " They k'ere perf used v¡ith 0 " 1M

cacotiylate buffereci (pil 1.4) gluteraldehyde (2"57')" The

total volume perfused v¡as 2"5nIlg of body-r+eight'

IV" Þforphologíca1 TechníQue;

A. Tissue selection:

In order Lc perforn the study in a double blind

fashion, all animals were given a code number and the animal

identity \{as unknown to the invesLigator"

Both eyes were enucleaLed and post-fíxed in the same

fixative for 4 to 6 hours at 4oC. Qualitative and

quantitat:Lve light and elecLron microscopical sLudies u¡ere

performed using Lhe right eye of each aníma1. The left eye

of each aninai r,¡as used for trypsin digested preparation"

B" QualÍtative Studies:

After fixaLíon 5 randorn radially orienLed retinal
')

segments (lmmz) near the opLic nerve head were cut and

washed overnight in Cr'1M cacodylaLe buffer (pH 7"4)" The

tissues were post-fixed ín cacodylat.e buffered 17.

osmimum-Letraoxide (pH 7.4) for 2 hours, dehydraLed in

graded alchol and embedded in Epon" SerniLhin sections

(0.5¡rm) srained v¡ith toluidine blue 1{ere used f or light
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rnicroscopic orientation and detection of an]' abnormalities

such as exudates and háemorrhages. These sections were al-so

used for measuring retinal vascular density (described

later ) "

Ultrathin sections ( 50-B0nm) ruere cut r+ith a dianond

knife on a ultramicroLome (Reichert Jungo Vienna, Austria).

The sections ,¿/ere picked up on copper grids ( 200 mesh ) and

stained r+ith aqueous uranyl- acetate and lead citrate. The

grids were examined on a Philips El'{ 200 electron microscope"

C " Trypsin Digestion Preparation:

Follovring fixatíon" the retina of Lhe right eye was

dissected " ft rras washed overnight in running waier and then

incubated with 3Z trypsin solution (1:250, Difco

Laboratories, DetroiL, þfichigâfl, U"S"A") in 0.1Ì"f tris buffer

pl{ 7"8 for 3Omin-1 hour" The retina was then transfered to

clean water. The interrral lirniLing membrane was peeled of f .

The adherent 1-issue \das removed by gentle shaking " The

prepara1cions were mounted on glass slides, allowed to dry

and stained rvith P,4,S-hematoxylin, The preparations were

examined light mícroscopically for microaneurysms and !rere

also used for the calculation of pericyte-endoLhelial ce11

rati'o ( described later ) .

D. Quantitative Structural Studies:

All morphornetric studies v¡ere done with Lhe aid of a

HewletL-Packard 9874A digitizer connected r+ith a
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Henlett-packard 9825A desktop computer (Hewlett-Packard co " o

Fort Co1lins, Col-orado, U'S"4")'

a) Vascular DensiLy: Ten random areas were

photographed from each toluidine blue sLained semithin

Sectíonsoftheretinaandenlargedtoafinalrrragnification

of BO0 tirnes. The total number of vessels in all retinal

layers were counted and Lhe retinal area (P*') was measured'

The vascular density per *t2 v¡as caLculated 3s I

Numb e r of vessels X 1, 000 ,000

To La1 rea studied ( Pn )a

b)Pericyte,endothelialcellraLio:Fiverandomly

selected fields from the retinal vasculature of the Lrypsin

digested preparations were phoLographed and enlarged to a

final- nagnification of 1600 times" The vascular area (p*2)

vras measured, Lhe nunber of pericyte and endothelial- ce11

nuclei were counted and their number per ^^2 
was calculated

and the taLío obtained '

c) Bndothelial cell profile area (A), pericyte profile

area (P), lumenal area (L) and basemenL menbrane

thickness(BMT): Tventy rand'omly selected and transversely

sectionedcapi]-lariesI{'erephotographedfromeachanimalnl0

in the inner nucrear layer and outer p1-exiform layer (deep

capillary bed) and 10 located in the nerve fiber layer and

ganglion cell layer (superficial capillary bed)" The

electronmicrographs\rlereenlargedtoafinalmagnificat'ion

of 16,000 tinies and were examined for structural changes'
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The electronmici:ographs of the capillaries were used to

measure the above mentioned areas (F*t) which were expressed

as percentaBe of. total capillary area (T)' 0n1y transversly

sectioned capillaries were used for these mesurernents' They

were judged as being -ransversly cut if the perpendicular

diameter ratio i{as less than 2 and if they displayed a sharp

border of the basement rnembrane "

Bl'1T was measured according to a modification of a

technique described by Robinson et a1 (1983)' The

Heivlett-Packard digí L-Lzer f itted vith a specially designed

program vJas used inplace of a planimeter. BasemenL membrane

area (Bl"1A) and BasemenL lÍembrane length (BI'IL) were

deterníned âs s

BMA=T- ( L+P+E)

The lengt.h of l-ines delimiting Lhe Bi'l

an d Bl'{L

The relative thickness of the basemenL membrane was

expressed in terms of area per unit length

BMT(nn) = (Bl',fAlBML) X 1000

V " Statistical anal-Ysis:

0ne \{ay analysis of variance, student l s t\.Jo tailed

t-tesL ancl chi-square test were used to analyse tlu data" P
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value of 0 " 05 or l-ess i{as accepted as being signif icant

(Schefler 1984) "
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5. RESULTS:

I. Clinical observations:

Body weight ancÌ blood glucose leve1s vrere monitored

regularly during the course of the experiments. Duríng the

observatíon period diabetic non-transplanteci animals showed

hyperglycemia in the range of 35O-42C ngldl and a

progressive vreight loss to B0% of normal body weight at 1B

months of age.

Diabetic rats r^¡ith accepted grafts showed a complete

normalisation of blood sugar 1evels (Tab1e 1, Figure 3) and

their body vreights \¡/ere not significantly different from

those of the non-diabetic control rats at the tirne of

sacrifice (Tab1e 2). 0n the other hand ciiabetic rats with

rejected grafts shorued hyperglycemic blood sugar 1eve1s

sirnilar to those of the diabetic non-transplanLed animals

(Tab1e 1, Fígure 3) " The body r+eights of raLs wit.h rejected

grafts were less and \,¡ere not significantly different from

t.hose of diabetic non-transplanted rats. Ilence successf u1

islet cell allotransplanl-aLion acheived normalisaLj-on of

hyperglycemia and body weight.

IX " Qual-itati-ve sËructural changes:

Light microscopic examination of the trypsin digested

retinal preparations and semíLhin (0"5 pm) toluidine blue

sLained secLi-ons f ailed to shor+ mícroaneurysms,

haemorrhages, exudaLes as r.¡e11 as nerve f iber layer
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infarctions in the díabetic non transplanted animals. These

relatively advanced retinopathic changes were not

demonstrated in the diabetic anína1s with accepted or

re jected graf is either. luf esoderrnal bridges were seen in all

experimantal groups, v¡hereas Þericvte ghost cells were

demonstrated predominantly ín the diabetic groups.

I-iltrastruclurally the endothelía1 ce11s appeared normal

ín alt groups examined. They contained elongated nuclei with

peripherally locaLed chromatin. I'icrmal appearing organelles

such as mitochondria' cent.rioles. smooth and rough

endoplasnic reticulum, ribosomes and Golgi complexes were

identif ied " 0ccasional trrIeíbe1-Palade bodies were also

observed. Pinocytotic vesicles were seen along the

cyLoplasmíc membrane both on the lunenal and ablurnenal side"

Tight junctíons joining neighbouring endothelial cells

appeared nornal in all grouPS"

The most sLriking qualitative ultrastructural change

consisted of degenerative changes in pericytes in

experimenLal groups with hyperglycenia " Alt.hough sirnilar

changes could also be demonstrated in animai s l¡j-th

euglycemia o Lhey \'Jere less extensive "

,{ltered pericytes appeared sv¡o1len r'¡iLh watery

cyLoplasm. There was loss of intracytoplasmic organelles

such as rniLochondria, rough and snooth endoplasmic

reticulum. The nuclei appeared shrunken i¿ith increased
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electron density of the chromatin and indístinguisha-b1e

nuclear membranes (Fíg " 4) . However pericytes were not

uniformly affected, v¡íthin ihe same specimen some pericytes

appeared norrnal, v¡hi1e others showed degenerative changes "

Normal rppearing pericytes shov¡ed well formed nuclei r"ith

the chromatin located along the nuclear nembrane" The

cytoplasm showed nornal organelles and fineJ-y dispersed free

ribosomes. The number of pericytes with degenerative changes

were significantly higher in the groups vith rejected grafts

(I and II; 24"7% and 26"37. respeciively) and in the díabetic

non-transplanted group (V; 29,07") compared r+ith non-riiabetic

conLrol anìma1s (VI: LL"77.) " The nunber of degeneraEed

pericytes in groups with accepted grafts ( III and IV;

L5.17. and 17 "17" respecLively) urere not signif icanLly

different from the non-diabeLic control group (VI)' but

Lended to be less than the diabetíc non-transplanted group

(VI) (Tabie 3, Table 4) .

Qualitative basement nembrane irregularities \{ere seen

in al-l- rats excepL f or the non-díabetíc control rats " These

changesu although not quantified, appeared to be more common

in groups I, II, and V (i.e, groups with rejected graftsr and

the tiiabetíc non-transplanted group). The irregularities

consisted of localised nodular Lhickenings and the

deposition of fibrillar material" Finger like projections of

basement menbrane material between t.he processes of Lhe

surroundíng glial cell-s !¿ere also noted in these groups
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(Fig. 5) . Such projections were never seen in non-diabetic

control rats (Gr. VI)"

III. QuantiLative structural changes :

Light uricroscopic evaluation of retinal vascu'l ar

density, as a mesure of late occuríng neovascularisation,

revealed no differences betv¡een the various groups (Tab1e

Calculatíon of the pericyte numbers per ^^2 of vascular

area in trypsin dígested preparaLions showed marked loss of

pericytes in all hyperglycemic groups. Rats with accepted

inLracerebral grafts shor¿ed a normal pericyte density'

whereas animals with accepted intraportal grafts

demonstrated a lorver density in keeping with diabeLíc

non-Lranspianted rats (Table 6). A similar counL of

endothelial ce11s showed no significant differences between

any of t.he groups (Table 7) " When the pericyte-endothelía1

ce11 ratios were calculated from the pericyLe and

endothelial ce11 densities, all diabetic groups exibited

sígnificant 1or+er ratios compared to that of Lhe

non-diabetic control group. Howevero it is interesting to

note, that pericyte endoLhelial ce11 raLios in the groups

v¡ith accepted grafts v,Ìere significantly higher than that of

the diabetj-c non-transplanted group (Tab1e 8, Figure 6).

Ultrastructurally the basement membrane of the
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superficial vascular bed vras found to be thicker Lhan that

of the deep vascular bed in all groups (Tab1e 9,Figure l) "

Both in the superficial and ín deep vascular beds

diabetíc non-Lransplanted animals showed significantly

thickened basenent membranes ( i.4 fold and 1 .5 fold

respectivel-y ) ccr,rpared to non-diabeLic controls " The

basement membrane thickness in the groups r+ith successful

allotransplantation was not different from that of

non-diabetic ccntrols, but were found to be significantly

thinner than in diabetic non-transplantated animals" 0n Lhe

other hand the groups i+ith rejected grafts shor+ed a

significantly thicker basenent membrane comPared to the

non-diabetic controls (Tab1e 10, Table 11; Figure B, Figure

e).

Therefore euglycemic control of diabetes by isleL ce11

allotransplantation appears to prevenL basement membrane

thickening.

In the superficial capillary bed no significant

difference ÞJere noted among any of the groups with regards

Lo perícyte profile area(Tab1e 12). Hoivever, in the deep

capillary bed hyperglycemic groups tended tc have a larger

pericyie profile area than Lhat of non-diabetic control

rats; whereas the pericyte profile area ín groups with

accepLed grafts \./as not significantly dífferent from thaL in

the non-diabetic control group (Tab1e 13).
'["leasurements of endothelial ce11 profile area did noL

reveal an]. significant differences beLween any of tire
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groups, either in the superfjcial capí1lary bed (Tabte I4)

or in Lhe deep capillary bed (Tab1e 15).

No sígnificant differences \{ere found in the superficial

vascular bed between any of Lhe groups when lumenal ar.eas

were compared (Table 16 ) . In the deep capillary bed,

however, dj.abetic non-transplanted group and Lhe groups r¿íth

rejected grafts exhibited a significantly smaller lumenal

area t,han that of non-diabetic control anirnals. The groups

witl-r successful allot.ransplantation shor+ed a larger lumenal

area which v¡as not significantly different from Lhat in

non-diabetic conLrol animals (Tab1e 17) "

No significant differences e in any of the parameter

analysed, were seen beLween group III (successful

intraporLally transplanted) and group IV (successful

intracerebrally transplanted) rvith Lhe excepLion of the

number of pericyLes o r*rhich vras f ound to be signif icantly

higher in group IV (Table 6) "

* The ter¡n significant has been used to mean statistically

significant.
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6" DISCUSSION:

Chronj-c hyperglycemia appears to be the prírnary

pathogenetic factor in diabetic retinopathy as well as in

other complications of diabetes (Frank, 1984). Control of

blood glucose is an essential part of diabeLes therapy

(Cahill eL a1", I976)" Conventional ínsulin treaLment is an

effecLive therapy but iL does not cure the disease. Recovery

frorn diabetes and Þrevention of its complications are only

to be expecLed if the i-nsufficient islets are replaced by

the sufficient ones at an early sLage of the disease

(Bretzel et al " , i983) "

The method of all-otransplantaLion used in this sLudy is

an accepLed method of transplantaLion of pancreatic islet

ce1ls across a major histocompaLibility barrier (Tze and

Tai, i 983 , LgB4) " The technique of culturing isl-eL cell-s

before transplantaLíon has been shoi+n Lo increase Lhe graft

survival period wiLhout resorting to immunosupression (Lacy

et a1"o 7979)" Culture in an oxygen rich environment reduces

or elininates the immunogenecit,y of t.he graft by removíng

leukocyLes from the transplanL prior to grafLing (Lafferty

et a1.u 1983)" The presenL study ?ras therefore designed to

investígate Lhe effect of pancreatic islet ce11

al-loLranspi-antation on Lhe conLroi of diabetes and on the

development of diabetic retinopatily in streptozotocin

induced diabetic rats"

Tr+o siinple paraneËers reflecting me-uabolic conLrol in
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the diabetic state are body weight and the blood glucose

1eve1. In the present study the characterístíc body rueight

loss and hyperglycemia seen in diabetj-cs \'rere not found ín

animals with successful allotransplantation. DiabeLic

non-transplanted raLs and the díabetic rats with rejected

grafts were found to show hyperglycaemia and 1or,¡er body

weights than the non-diabetic control rats. These findings

are in keeping wiLh those of oLher authors who have noted

improvernent in body weight gain and acheievment of

euglycemia in streptozotocin diabetic rats after successful

pancreatic islet ce11 transplanLaLion (Trimble et aLo, 1980;

Nelken et a1", L977), Following inLraportal transplantation

blood g1-ucose 1eve1s returned to normal within 24 hours

(Pípel-eers-T"IarÍcha1 et a1o o 1976 ) and the body r.reights

normalised withÍn v¡eeks (BreEzeL et al., 1983).

The sLrepLozotocin induced diabeLic raL has been shov¡n

to be a good nodel of diabetic reLirropathy. Several

retínopathic changes have been produced in thj-s model; such

as basement membrane irregularities, pericyte degenerations,

mj-croaneurysms (Luenberger et a1"o L974; Fischer and

Gartner, 1983), basemenL nernbrane thickening and pericyte

loss (Hori and l'luhai 1979; Studer et a1, , 1976) " The

pathological features noted in diabeLic non-Lransplanted

anirnals in the present study confirmed these findings"

Although l-ate retinopathic changes, l-ike neovascularisation

has not been noLed in i;his model, it is of value f or Lhe

sLudy of early retinopathic changes and Lheir pathogenesís"
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The maÍn findings in tire present study were the

preventive effect of islet ce11 allotransplantation on

pericyte abnormalities and basement membrane thickning in

the diabetic reLi-na.

Trypsin digested, PAS-hematoxylin stained flaL

prep araLions of the retina best reveal endothelial ce1ls and

pericyres of the retinal capillaries (i{ise et aL", 1977).In

the present study trypsin dígested retína1 preparations

shor¿ed a loss of pericytes v¡ith reduction of the

pericyte-endothelial cell- ratio in diabetic non-transplanted

aníma1s and in anirnals witir re j ected graf Ls. Funct'ioning

allografts achieving a normalisation of the diabetic

dysmetabolisn prevented pericyte loss¡ âs evidenced by a

significantly higher pericyte-endothelial ce11 ratio ín

graft accepted groups compared to groups r+ith rejected

grafts and the dlabetic non-transplant.ed group" Following

syngenic islet ce11 transplantation Naeser and Andersson

(1983) also found a prevention of pericyte loss in alloxan

induced diabeLic míce. Animals r'¡ith successf u1 intracerebral

transplanLaLion shov¡ed a significantly hi-gher number of

pericyLes than that of the successful intraportally

transplantaLed animals. There is no explanation for Lhis

difference. Although one nay speculate that the siLe of

Lransplantatíon might have different effects on metabolic

conLrol "

Loss of capillary pericyÈes has been regarded as the

earliest histological lesion in diabetic reLínopathy (Cogan
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et ai. , 1961). This vie'$¡ has later been conf irmed by several

!rorkers (Yanoff, 1966; Addison et a1 " , 1970) . Pericyte loss

is not specific for díabetic retinopathy" It is seen in

other condiLions such as macroglobulinernia, nYêlomatosis'

cyanosis e and polyc j'themia vera; ho-øever the severíty and

extent of it is nevertheless highly characteristic of

diabetic retinopathy (Ashton, 1983).

Although, pericytes are closel-y associated vith

capillaries and venules their Physiologic funcLíons in

different tissues are poorly understood" Ït has been

suggested thaL the pericytes provide structural supporL to

the vessel wa11 anti synthesíze vascular basement membrane.

FuLhermore t.hey are capable of phagocytosis and may modui-aLe

microvascular blood f1or¿ (Tilton et 41., 1981). In the

retina pericyte degeneration has been inplicated in Lhe

formation of microaneurysms (Kur¿abara and Cogan, 1963; NIH

conference? 1984)" Hov¡ever since the function of retinal

pericyLes are unknown Lhe pat.hophysiologic significance of

pericyte degeneration in tire diabeiic retina ís unclear

(Ti-1ton et a1. o 19Bi ) "

In the deep capillary bed an i ncrease ín the pericyle

profile area was noLed in groups with rejected grafLs and in

the diabetic non-transpl-anted group. Ilovrever, Lhe pericyte

profil-e area of graft accepted groups was noL dífferent from

Lhat in the non-diabeLc control groûp. Increase in the

pericyte profile area may be due to the hydropic swelling of

ihese ce1ls. Increases in t.he pericyte profile area were
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associated with increased pericyte degenerati-on in these
groups"

The cause of pericyte degeneration in the diabetic
retina is sti11 noi l<nor{n. rt has been f ound thaL an

increased ambient glucose concentration decreases the
proliferation of pericytes in culture (King ancJ Buzney,

1983) " F::ank ( 1gB4) is of the opinion Lhar perhaps Ínsulin
is not merely a crit.ical growth fact.or for the retinal
pericytes but also an agent required for Lheir maintainance"
Therefore an insufficient concentraiion of ínsulin in the
blood perfusíng Ëhe retinal vasculaLure aay induce pericyte
degeneraLion 

"

rncreased polyol pathr+ay activity has also been

suggesLed as a contributing factor causing pericyÈe

degeneration (l{TH conference, 1984)" The basís for rhis
hypothesis is that aldose reductase has been localised in
the human retinal pericytes (Akagi et. a1,u rg}4) and it has

been shol+n that cultured pe::icyt,es degenerate arr d die in
high glucose environments (Buzney et a1", rg77) " rn fact,
aldose reductase is responsible for Lhe only conplication of
diabetes, in which Lhe biochemicar cause ís knoi.rn, namely

diabetic cataract. Thís enzyme convercs aldose sugars to
Lheir respective sugar alcohors using NADpH as a cofactor"
Together r+iLh another enzyne sorbitol dehydrogenase it forms
the po1yo1 pathway.
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Aldose reductase has a l-or+ af f inity f or glucose. This

pathway Ëherefore only occurs in Lhe presence of excess

intracellular glucose. The sugar alcohols Lhus formed are

meLabolically inerL, sj-nce they cannoL peneLrate the ce11

membrane" They rapidly accumulaLe inside Lhe cell leading to

osnotic decompensation (Frank, 1984). These th'o mechanísns

may be responsible for the lncrease in tire perj-cyte profile

area and Lhe degeneratfve changes noted ín Lhe groups r*¡ith

rejected grafts and in the diabetíc non-transpl-anted group"

0ne lnteresting point should be noted; alLhough aldose

reductase activity is presenL in both cerebral and retinal

cultured microvessels, only retinal vessels exhibit diabeLic

microangiopathy (Kennedy et aLo, 1983)" This may imply that

factors other than al-dose reductase may be associated r,¡ith

the developnent of dlabetic reLlnopathy.

Thereforeu besides e canslderabl-e loss of perícytes in

hyperglycenic ratse the remalning Pericytes in these animals

showed 1n addítlon a signlficantly higher lncidence of

degeneraLion.

Thickening of capil-lary basement is a well documented

phenornenon in diabetic retinopathy, The vascular basement

rnembrane has been thought. to serve as a filtraLion barrier

and a scaf f ol-d f or rnaintainì ng vascular archltecture and as
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a retardant to pathologic vasoprolrferation (Frank, 1984) .

It is noL clear how and r,;hy the capillary bãsenent

membrane is thi-ckened in diabetes " .{ccording to Little

(1981) it may arj-se either as a resuit of overproduction of

basement menbrane materia'1 from increased ce11u1ar

synthesís, or fo11or¡íng increased availability of basement

membrane precursors from the blood resul-ting in accelerated

glycoprotein synthesis. Diminished absorption of basemenl

membrane, and augmentation of baseaent membrane by entrapped

plasma protein fror¡ vascular leakage or abnormal LransPori

have also been suggested as contríbuting factors"

Studies in human and experimental aninals have shorun that

good diabeLic control ¡0ay prevent capillary basement

membrane thickening and oLher paLhological changes in

diabet,es (Engerman. , I977; Friberg et a1", 1985), I^lilliamson

et a1. (1971) observed thar abnornal-ities of carbohydrate

netabolism precedes increased muscle capill-ary basement

membrane thickness i n hunan diabetes 
"

In Lhe current. studyo ul-trasLruciurally increased

basement mernbrane thickness (BMT) was seen both ín Lhe

superficial and deep vascular bed in groups rvíth rejected

grafts and in Lhe diabetic non-transplanLed group. Increased

BMT'Þ¡as found to be prevented in groups wÍth successful

transplantaLion " The Bl'{T in these groups were noL

signifÍcantly differenL from that. in non-diabeLic control

animals. The Bl'fT in Lhe superf icial vâscular bed were always

found to be thícker Lhan the correspondíng Bþ1T ín the deep
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r/ascular bed in all SrouPS.

A.lthough no report oI] retinai capíliary BMT fo11ov,'ing

pancl-eatíc or isl-et transplantation is avail-ab1e, the

reduction oí glonerular BIfT in humari anC e>íperinental

anímals has 'oeen repo::ied f ol1orv-í ng these prGcedures (F{ande1

et aL., 19Bi). The rnethoci used fo¡ neasuríng tire basement

mernbrane t-hicl<ness ín this stuCy was a modification of the

nethod descr j,bed by iìobínson ei a1" ( 1983 ) " The capillary

basemenL rnernbrane is not uniformly thick; this method takes

ínto account these variations and measuj:es the average

thickness o Thi-c method is also quick and reprc¡ducable

(Robínson et aT",1983; Shannon, I9B2)" Previous stud-ies in

the spontaneotisiy diabetj-c BB-rat have shown Lhat aging a1-so

causes aî increase i-n the basenent membrene thickness (Sina

eL a1. , 19S5) , As the age of all of t.he raLs used in thís

sLudy k¡ere the safte, aging as a causatìve factor of BMT in

the díabeLic l].on-ir:ansplanted and t.he gtaft rejecLed animals

can be elininatecl " Ä thicker basenent mernbrane in the

superfi-cia1 than in the rieep vascula:: bed has been noLed in

the non-diabei:ic, s1-reptozotocin diabeLic and in the BB I.aL

(Fischer and Gartner, L983; Sina eL a1. , 1985) . 1{ydrostaLic

pressure has been thought to be a causative factor in the

production of regional variation of basement menbrane

thíckness as it has been shov¡n in man that muscle capillary

basernent membrane thickness i-ncreases from head to foot

(!Jilliamson and Ki1o, I97I). Sosula et a1" (I972) are also



of the opinion Lhat the mean basement membrane thickness in

Lhe retina decreases wiLh increabed distance fro¡n the parent

vessel- due to decrease in intravascular pressure.

Localísed nodular Lhickening, vacuolation u deposition of

fibrillar material and debris in the basement membrane may

be caused by degener-ated and entrapped pericyLe debris' so

ca1led ghost ce11s (Ti-lton et â1., 1981). The fínding of

projections of basement membrane materials betv.Ieen

surrounding glia1 ce11s and processes (Mri1ler ce1ls) in

diabeLes have been noted by several investigators

(Bloodworth and l"lolitor, 1965 ; Babel and Luenberger ' I97 4) .

It has been suggested thaL this redundanL basement membrane

is laid dor^¡n as a result of disturbed Mül1er ce11

meLabolisn, which in ítself nay be a factor responsible for

increased BMT (Fischer and GarLner, 1983).

Ashton (1953) has shor¿n that hyalin degeneraLion of Lhe

reLinal arLerioles leads Lo their gradual narrowing and

occlusion, EndcLhelial cell swelling (Sosula et aL., 1972;

Toussaint and Dustin, I972), subendothelial deposition of

granular and fibrillar material (Ashton, 1983) have also

been implicated in Lhe narrolring of the retinal capillary

lumen in diabeLics. .4. hypothesised compression f rom oul-side

due to the edema of Lhe sorrounding retína1 tissue has been

proposed as another possible fact,or for the narrowing of

retinal capillaries" Decreased capillary lumen may be of

significance in producing retinal hypoxia, which is thought

to be a key facLor in the development of diabetic
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reLinopathy (Ashtonu 1983) " Smaller lumenal areas were noted

in the deep capillary bed of the 11íabetic non-transplanted
group and in groups with rejected grafts" The lumenal areas

of graft accepted groups v¡ere not significantly different
from the non-diabetic control animals.

rt is interesting to note thato a significantly smaller
lumenal area and larger pericyte profile area r,¡ere seen in
the deep capillary bed in animals v¡ith rejected grafts and

díabetic non-transplant.ed ani-ma1s. There is no explanat.ion

for the occurrence of these tophographical differences" The

speculation may be made Lhat¡ âs the capillaríes of Lhe deep

vascular bed are formed by the branches from the superficial
bed (Henkind, r969; !'Iarr+ick, L976) they are perfused by less
oxygenated blood and may therefore suffer more in a

potentiaLry hypoxic siruarion. His (lBB0) felr Lhar the

capillaries in the deep vascular bed of retina are mainly
venoris, compared to art.erial capillaries in the superf icial
bed. .4'1t.hough this view has not been supported by other
investigaLors, precapillary arLerioles are more common in
the superficial vascular bed rr¡hereas the postcapí11ary

venules are more common in deep capillaries (hrise et a1",
r97r). Previous studies in the BB rat have also revealed

Lhat t.he earliesL change in the diabetlc 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 ¿1 o r 1 9S5 ) "

In this study ro demonstrable endothelial ce11

4B



abnormalities were seen" Although endothelía1 cell

abnormalities has been found by sone workers (Sosula et al.,

Ig72), BloodworLh and þ{olitor (1965) are of the opinion that

despite the various abnormalities of Lhe basemenL membrane

surrounding capillaries in the diabetic reLina' each

capillary is usually completely lined by intact endothelial

cel1s vihich are connected by normal ce11 junctions"

In summary this study has demonstrated Lhat pancreatíc

islet ceil allotransplantatíon at an early stage of diabeLes

mellitus results not only in a good metabolic control and

normal weighL gainu but also ít prevents in a signifÍcant

vfay the development of microvascular changes in the diabetic

r e tina.
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7. CONCLUSION:

The present study has shown that the streptozotocin

induced diabetic Lewis raL develops microvascular changes of

diabetic retinopathy such âs, pericyte degeneration and

1oss, basement membrane thickening and vascular narrowing.

Successful pancreatic isleL cell- allotransplantation of

diabetíc animals were found to prevent basernent membrane

thickening and vascular narrowing. Pericyte loss and

degeneration was partially prevented by this transplantation

procedure. As would be expected ' unsuccessful

allotransplanLaLion had no such proLective effect.

These findings lead to the conclusion thaL pancreatic

íslet ce11 allot.ransplanLat.ion may be a rational approach

for Lhe prevention of the microvascular complications in the

diabeLi.c retina.
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Table 1

Elood g1-ucose l-evel-s at the time of sacrifice

Groups(n) Blood Glucose ng/at

mean+s " d,

r (s)

rr (4)

rrr (6)

rv (4)

v (s)

VI (5)

357 + 60

318 + 15

99 +B

IO2 + 15

365 + 41

90 +4

n = Number of aninals

Gr. I InLraport.ally Lransplanted, graft rejected "

Gr.II f nLracerebral-ly transplant,ed , graf. t re ject:ed.

GT"III InLraportall-y transplanted, graft accepted"

Gr. IV InLracerebrally transplanLed, graft accepted.

Gr"V Díabetic non-transpi-anted.

Gr. VI ltlon-diabetic control 
"
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Gr, Idt ( g*s )

meafiås " d "

Table 2

Body weight"

Gr" vs Gr" t-va1ue robabil i t

I 273+31 (s)

II 263+14 (4)

III 3o9+21 (6)

IV 259+62 (4)

V 264+36 (s)

VI 329+29 (s)

One i{ay anal ysi s o f
3"665 (P<0"05).
See Appendix (Tab1e

I

I

II

II

III

III

]V

ÏV

V

IIÏ

VI

V

\IT

V

V]

V

VI

tf

VI

IV

-3"032 (B)

0.41s (B)

-4"606 (7)

-0.065 (7)

L"207 (9)

2 " 
¿+67 (9)

-2"roe (7)

0"138 (7)

-3 "r72 (8)

1"s67 (8)

<0.002

N"S.

<0.002

N"S.

N.S.

<0,005

N.S"

N"S"

<0"002

N"S"

N.S"= Non significanLu n = Number of aninals
d - degrees of freedom, Grn= Group
Gr " I IntraporLally LransplanLed , graft rejected.
Gr" II InLracerebrally Lransplanted u grafL rejected.
Gr. III IntraporLally Lransplanted, grafL accepted.
Gr " IV Intracerebrally t.ransplanted, graft accepted "
Gr " V Diabetic non-transp1anted "
Gr. VI Non-diabetic control "

variance yielded a variance ratio of

1 ) for deLails of analysís of variance
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Group

Table &

Pericyte degeneraLíons

Chi-Square test

Group xz value Probability

I

l

II

ÏI

I]I

III

IV

IV

V

III

V]

V

VI

V

VT

V

VÏ

IV

\/T

\7

7.158

0"45I

8.114

o "222

1.075

6 "027

1.681

3 "367

11 " 196

0"137

<0.01

N"S.

<0"01

N.S.

TTC

<0.05

N.S"

N"S"

<0.01

N.S.

N.S"= Non significant

See table 3 for indívidual

groups"

values and definition of
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Pericyte number

Table 6

(Trypsín digest.ed preparaLion )

Gr"

No"

Ce1ls/mm2

Eean:LS " d "

t-value

-4.04 4 (B)

_r ?¿5 /,c\\"/

-s.s49 (7)

-3 "272 (7)

-3 "228 (e)

o "4r9s (9)

o.o0e0 (7)

s "5976 (7)

-3.4s8 ( I )

-s.31e (8)

robabí1i.t

<0.005

N.S"

<0. 00 1

<0 " 02

<0 "02

N"S.

N"S"

<0.001

<0.01

<0.002

I 838.0+ 298"8 (s)

II 725"6+ 13s.4 (4)

III 1110.4+183.0 (6)

IV 1666 "I+146 .4 ( 4 )

V i06s.0+L75.7 (s)

VI 1667"7+348"1 (5)

I

I

TI

]I

III

]II

IV

IV

V

ÏII

VI

V

VI

V

VI

V

VI

V

VT

IV

N"S"= Non significant, n = Number of animals
fl = Degrees of freedom, Gr.= Group
Gr " I Intraportally transplanted, graft rejecLed "
Gr. II Intracerebrally transplanted, graft rejected.
GT. III IntraporLally transplanted, grafL accepted 

"
Gr. IV Intracerebrally Lransplanted, graft accepted.
Gr. V DiabeLic non-transplanted "
Gr. VI Non-diabetic control "

0ne vay analysís of variance yielded a
13"37 (P<0"00s)"
See Appendix (Table 3) for details of

variance ratio of

analysis of variance.
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Table I

Fericyte-Endot.helial cell- ratio

Gr"

No. mean.ås-d"(n

I 0.32+0.04(s)

II 0.36+0 "01 (4)

III 0"54+0.04(6)

IV 0"56+0.05(4)

V 0.44+0.01(s)

VI 0.73+0"06(s)

P /E Rat j-o Gr. vs Gr t-vaIue ( d robabilit

I

I

II

II

III

rrI
IV

IV

V

ÏII

V

\¡I

V

VI

V

VI

V

VT

IV

\iT -r2"sgg(B)

-6./+2s (B)

-B"zee (7)

-2 "259 (7 )

-5.92r (e)

s.818 (e)

-4"s26 (7)

4"693 (7)

-10"4s (8)

-0.669 (B)

<0.001

<0"001

<0.001

1\"5"

<0. 00 I

<0.001

<0.005

<0.005

<0.001

N.S.

N"S.= Non significant, n = Number of animals
d - Degrees of freedom, Gr.= Group
Gr. I Intraportally transplanted, rejected graft.
Gr. II Intracerebrally transplanted, rejected graft.
GT.III Intraportally transplanted, accepted graft"
Gr " IV Intracerebrally transplanted, accepted graft "

Gr. V Díabetic non-Lransplanted "
Gr. VI Non-diabetic control "

0ne r{ay analysis of variance yielded
47 "829 (P<0 " 001 ) "
See Appendix (Table 2) for details of

a variance rat.io of

analysis of variance.
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[ab1e 9

Basement membrane T_hickness 
"

conparison between superf icial and deep capil_1ar-y bed"

GR' BMT(superficiat) BMT (deep)nn È-value(d) probabilíÈy
No. nean+s,d. (n)nn mean+s"d" (n)

I 189"8 + 13.s(5) r34"2 + 7 "6 (s) 8.80s (B) <0.001

II I94"5 + 14"7(4) 13s.3 + 8"3 (4) 7.00s (6) <0"001

III I59"7 + 12"9(6) 108.7 + 10.3(6) 7"sBB (10) <0.001

IV 157"3 + 24"I(4) i10,9 + rh.4(h) 3.297 (6) <0"02

v 2I0"7 +6,6(5) LI+g"1 +3"8(5)18"04(8) <0"001

VI \46.2 + 6"7 (s) g7 "4 + 7 "4 (5) 10.87 (B) <0.001

n = l,lumber of animals in each group 
"

d = Degrees of freedon.

Gr.= Group

Gr " I Intraportally transplanLed o rejected graft.
Gr. rr Tntracerebrally t,ransplanted, rejected graft.
Gr"III fnLraporLally t,ransplanted, accepted graft.
Gr. rv rntracerebrally transplant,ed u accepted graft.
Gr. V Diabetic non-transplanted.

Gr. \¡I Non-diabeLic control 
"
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BasemenL membrane

Table 10

Lhicl<ness ( suPerf icíai- capiJ,l-ary bed )

Gr" lnmT nn
I
t

No" lneants"d"(n)

I 189,8+13.5 (s)

II 194 "5+L4 "7 ( 4 )

IIT I59"7+I2"9 (6)

IV I57 "3+24 "1 (4)

2L0"7+6.6 (s)

VI 146 "2+6.7 ( s )

Gr" vs Gr t-value

I

I

II

II

III

III

IV

TV

V

III

VI

V

VI

V

VI

V

VI

V

VI

IV

6.48s (B)

-3.118 (B)

6"089 (7)

-2"037 (7)

2"234 (9)

-8 "43e (e)

0"0892 (7)

-4.301 (7)

-1s"36 (B)

0.186 (B)

<0"001

<0 " 02

<0"001

N"S.

N"S.

<0"001

N.S.

<0 .00 1

<0 " 001

N. S.

N.S"= Non significanto n = Number of animal-s
d = Degrees of freedomo Gr.= GrouP
Gr " I Intraportally Lransplanted, rejected graft "

Gr. II Intracerebraily Lransplanted o rejected graft '
Gr"III Intraportally ttut "planted, 

accepLed graft'
Gr. IV Intracerabraily transplanted, accepted graft "

Gr. V Diabetic non-LransPlanLed '
Gr. VI Non-diabetic conLrol '

One way analysis of variance yielded a

16"r94 (P<0"00L).
See Appendix (Tab1e 1) for details of

variance ratio of

analysis of variance'
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Table 1 L

BasenenË membrane 'Lhickness ( deep capi-i-lary bed )

BKT nm Gr Gr. t-value robabili t

I 134"2+7"6 (s)

II 135.3+8.3 (4)

III 108.7+10"3 (6)

IV 110.9+14.4 (4)

V 149"1+3,8 (s)

VI 97 "4+7 .5 ( s)

I

I

II

II

III

III

IV

IV

V

ÏII

VI

v

\/i

V

VI

\¡

VI

7 "7oe (B)

-3"934 (B)

7.088 (7)

-3.06 2 (7 )

2.1o2 (e)

-8.e4s (e)

1"704 (7)

-5 "r49 (7)

-t3"76 (B)

o"274 (B)

<0. 00 1

<0"01

<0"001

<0,02

N.S"

<0. 00 i
N.S"

<0"002

<0.001

N"S"

v

VI

IV

N"S"= Non significant, n = Number of animals
d = Degrees of freedom, Gr.: Group
Gr. I ïntraportally Lransplanted , graf t rejecLed.
Gr.II InLracerebrally Lransplanted, graf.t rejected.
Gr. III Intraportally Lransplanted, grafL accepted "
Gr " IV Intracerehrally transplanted, grafL accepted.
Gr. V Diabetic non-Lransplanted.
Gr " VI Non-diabetic control- -

0ne way airalysis of variance yielded
22"972 (P<0.001) 

"
See,4ppendix (Table 5) for details of

a variance ratio of

analysis of variance.
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Gr"

Table 13

Pericyte profí1e area (deep capillary bed)

Gr " vs Gr " t-value robabiliArea

meanås u d.

I 8.9+1"4

II 7 .4+1 .8

III 5 "B+2.2

Iv 9 "9+4 "3

V 9.8+3 " 1

VI 5"4+1,3

(s)

(4)

(6)

(4)

(s)

(s)

I

I

TI

TI

IIl

III

IV

IV

V

III

VI

V

\IT

V

(B)

(8)

(7)

(7)

(e)

(e)

(7)

VI

V

VI

4 "3s9

-0.557

r "962

-t " 46r

0 "377

-2"472

2 "039

0.016

3"007

-1.609

<0.005

N.S"

N"S.

N.S.

N.S"

<0.05

N.S,

V

VI

IV

(7) N.S"

(8) <0.02

(8) N.s"

N.S.= Non significanto n = Number of animals
d = Degrees of freedomo * Expressed as percenLage of total-
capillary area, Gr. = Group
Gr.I Intraport.all-y transplanLed, graft rejected"
Gr " II Intracerebrally transplanLed, grafL rejected.
GT.III Intraportally Lransplanted, graft accepted"
Gr. IV InLracerebrally Lransplanted u graft accepLed "
Gr.V Diabetic non-Lransplanted. Gr"VI Non-diabeLíc control.

One \ntay analysis of variance yielded a variance ratio of
3 "263 (P<0.02s ) .
see Appendix (Tab1e 6) for deLails of analysis of variance.
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Lumenal

Gn" þ,.tea

mean*.s. d "

I 61.3+3.6 (s)

II 65 "2+I "9 (4)

III 68"9+1"9 (6)

TV 67 "6+3 "4 (4)

\¡ 59.5+7"6 (5)

VI 7o "2+2"4 ( s)

Tabl-e 17

area (deep capii-lary bed)

Gr" vs Gr t-va1ue robabí 1i t
I

I

II

II

III

III

IV

IV

V

III

V

VI

V

VI

VI

IV

(8)

(B)

(7)

(7)

(e)

(e)

(7)

(7)

(8)

(B)

VI

V

VI

-4 " 662

0"979

e (1.)_J6JLL

7 "627

-0.363

2 "739

-1 " 406

r.966

-3.043

2 "163

<0.002

N. S.

<0.01

N"S.

N"S"

<0.05

N"S.

N"S.

<0. 02

N"S.

N.S,= Non significant, n = Number of animals
d = Degrees of freedom, ** Expressed as percentage of total
areau Gr"= Group
9R.I Int,raportally rransplanted o graft rejected.
Gr. fI Intracerebrally transplanted, graft iejected 

"
!r. III Intraportally transplanted, grafL accepted.
Gr. fV Intracerebrally transplzrnted, grafL aclepted 

"Gr. v Diabetic non-Lransplanted. , Gr. vr Non-dia¡ãtic control
One way analysis of vari-ance yielded a variance ratio ofs.904 (P<0.00s ) .
see Appendix (Tab1e 7) for deLails of analysis of variance,
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Figure 1 -- Schematic outline of proposed pathogenetic

rnechanism of diabetíc retinopathy.
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Figure 2 -- Cross section of the rat retina shovring its

different layers.

I1m - Internal liniting mernbrane

Nv1 - Nerve fiber layer

Gc1 Ganglion ce11 layer

Ipl fnner plexiform layer

Inl Tnner nucl-ear layer

0p1 0uter plexiform layer

0n1 - 0uLer nuclear layer

B1m External limiting menbrane

Ph1 Photoreceptor layer

Rpe Retinal pignent epithelium

Scb Superficíal capillary bed

Dcb Deep capillary bed

Ch Choroid

Sc1 Sc1 er a

Toluidine blue stain 340X
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Figure 3 -- Post transplantati-on plasma glucose ievels
ng/dl (mean*s.d.) of

Hlntraportall-y transplanted, rejected
graft. (n=5)

ffiIntracerebrally transplanted, rejected
graft" (n=4)

@_@lntraportally transplanted, functional
graft. (n=6)

O-OInLracerebrally transplanted, functional
graft, (n=4)

¿--s Diabetic non-Lransplanted. (n=5)

Shaded area I'lon-dÍabetic conLrols. (n=5 )

Day 0- day of transplantation.
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Figure 4 -- (A) Cross section of a retinal capillary frorn a

díabetic rat vrith rejected pancreatic islet

allograft"

(B) Enlargement of the part marked in (A)

shor+ingapericyteinadegeneratedstatewith

a pyknotic nucleus (PN).

See f.i-g.7 f or explanation of the 1abels '
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Figure 5 -- (A) Cross sectíon of a retinal capillary of a

diabetic non-transplanted rat.

(B) Enlargernent of parl rnarked in (A) showing

basernent membrane irregulariLíes,

nodular thickening(arrow) and

projection of basement menbrane material

towards the surrounding glia (arror+head) 
"

See fíg.7 for explanation of 1abe1s.
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Figure 6 -- Trypsin dígested preparations of rat retinal

capillaries showing the effect of pancreatic

islet ce11 allotransplantati-on on Pericyte-

endotheiial ce11 ratio "

(A) Non-diabetíc control

(B) Diabetic non-transplanted

(C) Díabetic rqith rejecLed graft

(D) Diabetic r¿ith accepted graft

B, C and D shci,¡ f ewer pericyte nuclei than A " C

and D show fewer pericyte nuclei- Lhan B.

P = Pericyte nuclei

E = Endothelial ce11 nuclei

PAS stain 825X.
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Figure 7 Cross sections of retinal capillaries frcn a

normal rat showing difference of basemeni

mernbrane thickness (BMT) itt superficial (A)

and in deep capillarY bed ( B) "

Bl'lT o f A- lI2 " 44Bnn "

BMT of B= B0"B43nm.

BM = Basement membrane

P = Pericyte

E = EndoLheli-al ce11

EN = Endothelial ce11 nucleus

j = Endothelial cell junctíon

mv = l"{icrovilli

ilm = Tnternal limiting membrane
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Fisrrre 8 -- Cross sections of rat retinal capillaries from

superfícial capí11ary bed shor+ing the effect of

pancreaticisletcellallotransplantationon

basement nembrane thickness (BMT) '

(A) non-diabetic control, BMT = 117'B0nm

(B)Diabeticnon-transplanted,BMT213"437nn

(C) Graft rejecLed animal, BMT = 2II'437nm

(D) Graf t accepEed aninal, Bl'fT = 131' 713nn

See fíg,7 for explanation of 1abels'
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Figure g -- Cross sectíons of rat retinal capillaries from

deep capillary bed showing the effect of

pancreatic islet ce11 allotransplantation on

basenenL mernbrane thickness (Bl'{T) '

(A) Non-diabetic control, Bl'{T = 100 ' l1Bnm

(B) Diabetic non-transplanted, Bl"fT

(C) Graf t re jected anirnal, BMT = 148" 536nm

(D) Graft accepted animal, BMT = 113.5i3nm.

See fig"7 for explanation of 1abe1s.
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Table I

Body '[deight.

One way analysis cf variance,

D"F" tvl"b.Source of S"S"

variation

Variance

ratio

Between

Treatments 27I05.105 5

Wi thin

Treat.ments 26489 " 033 23

To La1 47s94 " 138 28

* P<0.05

S"S" = Sum of squares

Ð.F" = Dep;rees of freedo¡n

Ì'f . S, = Me¿.n square

4227.021 3.665

rl5r .697
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Tabl-e 2

Fericyte-endoEhelial cell- ratio"

0ne lJay analysis of variance.

D"F. MCSource of S.S"

variation

Variance

ratio

B etwee n

TreatmenLs 0.541

l,,J i Lhin

TreatmenLs 0 " 052

Tolal 0 " 593

* P<0"001

S.S. = Sum of squares

D.F" = Degrees of freedorn

M" S. = Mean square

0. 108

0,002 --

47.829

¿J

28
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Table 3

PericyLe number (Trypsín digested preparation)

One lJaY analYsis of variance

Source of S"S" D.F. F1"S"

variatíon

Between

Treatments 3640050'13 5 728010"03 13'37

\^li rhin

Treatments 1252079 "32 23 54/+38 "23

Variance

ratio

Total 4892!29.45 28

* P<0.005

S.S. = Sum of squares

D.F" = Degrees of freedom

l,{" S. = }Íean square
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Table 4

Basenent nnembrane thickness ( superf icial capii-lary bed ) "

0ne \ì¡ay analysJ-s of variance"

M.S.D"E"Source of S. S.

var iat.ion

Variance

ratio

Between

TreaLments 15800.617 5 3160 "I23 L6.9I4

\,iithin

TreatmenLs 4297 "152 23

Total 20097 "769 28

* P<0"001

S"S. = Sun of squares

D.F" = Degrees of freedom

M.S" = Mean square

186"833
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Tabl-e 5

Basernent. menbrane thickness ( deep capil-lary bed ) .

One rray analysis of variance"

Source of S.S"

variation

D.F" M.S" Variance

ratio

Be tween

Treatments 9854"376 5

Wi rhin

Treatnents I973 "286 23

Total 11827 ^662 28

* P<0.001

S"S. = Sum of squares

D"F" = Degrees of freedom

M"S" - Mean square

L97 0 "87 5 22 .97 2

85 " 795 --
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Tabl-e 6

One way analysi-s of variance"

Pericyte profil-e area (deep capillary bed) "

MCD"F"Source of S.S"

variation

Var ianc e

ratio

Between

Treatments 99 "926 5 19 " 985 3 "263

l.Jithin

Treat.ments 140.85 7 23 6 "724

Total 240 "783 28

* P<0,025

S"S" = Sum of squares

D"F. = Degrees of freedom

M.S. = Mean square

L04



Table 7

lumenal area (deep capillary bed).

0ne \.'ay analysis of variance.

Source of S.S.

variation
D"F" MC Variance

ratio

Beii¿een

Treatments 470 " 156 5

l{i rhin

Treatnents 366.318 23

ToLal 836 .47 4 28

* P<0.005

S.S" = Sum of squares

D"F" - Degrees of freedon

M.S, = Mean square

L5 " 927

94.03r 5"904
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