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Summary. Progressive basement membrane thickening is a 
characteristic structural abnormality in diabetic tissues in- 
cluding the retina. We examined the effect of pancreatic islet 
allotransplantation on basement membrane thickening and 
irregularities in retinal capillaries of the streptozotocin-dia- 
betic rat. Diabetic animals received intraportal or intracere- 
bral pancreatic islet allografts. Animals with functioning allo- 
grafts demonstrated euglycaemia and a normal body weight 
gain during the 400-day post-transplantation period. The 

characteristic thickening of capillary basement membranes 
was completely prevented in animals with successful trans- 
plantation. The present findings suggest that islet allotrans- 
plantation may be a rational therapeutic approach in the 
treatment of diabetes mellitus and the prevention of ensuing 
secondary complications. 
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Pancreatic islet cell t ransplantat ion is a rational ap- 
proach to the t reatment  of  diabetes mellitus and its 
complications,  since it has been suggested that hyper- 
glycaemia conditions the development  of  secondary 
complications in diabetes such as ret inopathy [1]. 
Hence,  if  a physiological glucose homeostasis  can be 
achieved by  means of  pancreat ic  islet t ransplantat ion 
the secondary complicat ions may  be prevented or halt- 
ed [2]. 

Thickening of  capillary basement  membranes  is a 
prominent  abnormal i ty  in the target organs prone  to 
diabetic complications,  including the retina. Although 
improvement  of  the b lood  retinal barrier  permeabil i ty 
[3], normalisat ion of  the pericyte-endothelial  cell ratio 
[4], and prevent ion o f  retinal neovascularisat ion [5, 6] 
have been claimed following pancreas  or islet cell 
t ransplantat ion,  no report  is available with regard to its 
effect on retinal capillary basement  membrane .  How- 
ever, the occurrence of  neovascularisat ion in the dia- 
betic rat retina has been disputed [7]. Previous observa- 
tions have been made  either following isografts [3, 4] or 
allograft t ransplantat ion across a weak histocompatib-  
ility barrier [5]. 

In this communicat ion,  we report  on retinal base- 
ment  membrane  thickening in the streptozotocin 
(STZ)-diabetic rat following islet cell t ransplan ta t ion  
across a major  histocompatibil i ty barrier. 

Material and methods 

Animals 

Twenty-nine inbred male Lewis rats of the AC1 (AgB 4/4) strain 
were used. Twenty-four rats were made diabetic at the age of 
4 months by intravenous injection of STZ (50 mg/kg body weight). 
Diabetes was defined by fasting blood glucose levels greater than 
22 retool/1 on three successive occasions. Pancreatic islet cell trans- 
plantation was carried out in 19 rats 12.8 + 3.4 days (mean + SD) fol- 
lowing induction of diabetes. 

Transplantation procedure 

Male inbred Lewis rats (Le; Ag B1/I) with a body weight of 
350-500 g were used as donors of pancreatic tissue. 

The donor animals were anaesthetised with sodium pentobarbital 
(50 mg/kg of body weight) (Abbott Laboratories, Montreal, Quebec, 
Canada). A midline laparotomy was made and the pancreas was dis- 
sected. Pancreatic tissue was digested with collagenase and islets 
were hand picked under a dissecting microscope. Contaminating aci- 
nal tissue and blood vessels were removed using the single layer Hy- 
paque-Ficoll separation technique. Clean islets collected at the inter- 
face were either cultured at 26 ~ in 5% CO2 for 1 week prior to 
transplantation or immediately dissociated into single pancreatic en- 
docrine cell suspensions with a combination of EDTA and trypsin 
treatment. The preparation of pancreatic pseudo-islets was carried 
out by culturing pancreatic endocrine cells at 37 ~ in 5% CO2 for 
5 days to allow cellular aggregation to occur [8]. 

For intraportal allotransplantation a total of 1500 pancreatic 
whole islets or pancreatic pseudo islets suspended in 200 !*1 culture 
medium were injected slowly into the portal vein of t I STZ-induced 
diabetic AC1 recipients. For intracerebral transplantation, 1500 pan- 
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Table 1. Effect of pancreatic islet allograft on capillary basement membrane thickness (BMT) in the various experimental rat groups, and com- 
parisons of BMT in the superficial and deep capillary beds within groups 

Groups of rats (n) Superficial capillary bed 
BMT nm (mean+ SD) 

Deep capillary bed 
BMT nm (mean_+ SD) 

Significance of difference 
between superficial and 
deep capillary BMT 

1 Intraportal rejected (5) 
2 Intracerebral rejected (4) 
3 Intraportal accepted (6) 

4 Intracerebral accepted (4) 

5 Diabetic non-transplanted (5) 

6 Controls (5) 

--  189.8+13.5 
-- 194.5 + 14.7 

159.7 _+ 12.9 -q 
v < 0.001 p < 0.001 

157.3 ~ 24.1 

p < 0.001 l 
210.71, 6.6 J 1 

I 
p < 0.001 

I 
-- 146.2_+ 6.7 

- 134.2+ 7.2 p<0.001 
- 135.3+ 8.3 p<0.001 

108.7 + 10.3 "q p < 0.001 
< 0.001 p < 0.001 

110.9 + 14.4 p < 0.02 
1 

p < 0.002 | 

149.11,3.8 / ,  p < 0.001 
I 

p < 0.001 
I 

- 97.4_+ 7.5 p<0.001 

All p values given in the table were obtained using Student's t-test. Intergroup analysis of BMT in the superficial capillary bed using one way 
analysis of variance yielded a variance ratio of 16.19 (p < 0.001) and that of the deep capillary bed a variance ratio of 22.97 (t7 < 0.001). Note 
that the basement membrane thickness in the groups with accepted grafts (3 and 4) are not significantly different from controls (VI) 

creatic whole islets or pancreatic endocrine cells (2-3 x 106 viable 
cells) suspended in a 50 `al culture medium were implanted stereo- 
taxically into the fight hemisphere of the brain of eight diabetic reci- 
pients. Blood glucose, body weight, 24-h urine volume and urine 
sugar were monitored daily prior to and for two weeks after allo- 
transplantation and at regular intervals thereafter. Acceptance of al- 
lografts was defined by the presence of normoglycaemia and normal 
weight gain in the diabetic recipients as previously described in de- 
tail [9]. The islet allografts of five intraportally and four intracere- 
brally transplanted animals were challenged with skin grafts from 
the same donor strain 7 to 10 days following transplantation. Rejec- 
tion was considered to have occurred when the blood glucose level 
exceeded 11 mmol/l on two consecutive days following skin graft- 
ing. 

Clinical monitoring 

All animals were housed individually in air-filtered metabolic cages 
and given rat-chow (Wayne Lab Blox F-6, Wayne Feed Division, 
Chicago, Ill, USA), and water ad libitum. Diabetic animals were 
monitored bi-weekly with respect to blood-sugar and body-weight. 
All animals were killed at 18 months of age and the following groups 
of animals were investigated; 1) animals with intraportal transplant 
(rejected) (n = 5); 2) intracerebral transplant (rejected) n = 4; 3) intra- 
portal transplant (accepted) (n =6); 4) intracerebral transplant (ac- 
cepted) (n = 4); 5) diabetic non-transplanted (n = 5), and 6) non-dia- 
betic control rats (n = 5). All animals were anaesthetised by intraperi- 
toneal injection of sodium pentobarbital (50 mg/kg body-weight) 
(Abbott Laboratories, Montreal, Quebec, Canada), and killed by 
whole body perfusion through the left ventricle with a 0.1 mol/1 ca- 
codylate buffered (pH 7.4) 2.5% glutaraldehyde solution. 

(pH 7.4) for 2 h, dehydrated in graded alcohol and embedded in Ep- 
on. Semithin, toluidine blue stained sections (0.5 am) were used for 
light microscopic orientation. Ultrathin sections were stained with 
aqueous uranyl acetate and lead citrate, and examined electronmi- 
croscopically. 

Quantitative structural studies 

Morphometric studies were performed with the aid of a Hewlett- 
Packard 9874A digitizer connected with a Hewlett-Packard 9825A 
desktop computer (Hewlett-Packard Co, Fort Collins, Col, USA). 

Basement membrane thickness (BMT) was measured according 
to a modification [10] of the technique described originally by Robi- 
son et al. [11]. Twenty randomly selected and transversly sectioned 
capillaries were photographed from each animal, 10 from the deep 
capillary bed, located in the outer plexiform layer and inner nuclear 
layer, and 10 from the superficial capillary bed, located in the nerve 
fibre layer and ganglion cell layer. Measurements were made from 
electronmicrographs enlarged to a final magnification of 
16,000 times. Basement membrane area (BMA) and basement mem- 
brane length (BML) were determined as follows: 

BMA = T - (L + P + E); where T = total capillary area, L = lumen- 
al area, P = pericyte profile area and E = endothelial cell profile area. 

BML= length of lines delimiting the BM 
2 

The relative thickness of the basement membrane was expressed as 
area per unit length BMT (nm)= [BMA (`am2)/BML (`am)] x 1000. To 
ascertain that the capillaries were cross-sectioned, only those with 
sharp circumferential delineations of the basement membrane bor- 
ders were used for the measurements. The same electronmicrographs 
were used to examine qualitative basement membrane abnormalities. 

Morphological techniques 

Both eyes were enucleated and post-fixed in the same glutaralde- 
hyde fixative for 4 to 6 h at 4 ~ Qualitative and quantitative light 
and electron microscopic studies were performed using the right eye 
of each animal. The examiner was not aware of the identity of the 
tissues. 

Qualitative studies 

After fixation, radially oriented retinal segments (1 mm 2) were taken 
from the superior temporal quadrant near the optic nerve head. They 
were washed overnight in 0.1 tool/1 cacodylate buffer (pH 7.4). The 
tissues were post-fixed in cacodylate buffered 1% osmium-tetroxide 

Statistical analysis 

All values are expressed as mean___ SD. One way analysis of variance 
and Student's t-test were used to determine significance of differ- 
ence. A p value less than 0.05 was accepted as significant. 

R e s u l t s  

Clinical observations 

S u c c e s s f u l  is le t  a l l o t r a n s p l a n t a t i o n  r e s u l t e d  in  n o r m a l i -  
s a t i o n  o f  t h e  b l o o d  s u g a r  l eve l s  in  p r e v i o u s l y  d i a b e t i c  
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animals (Fig. 1), whereas animals in whom allograft re- 
jection was induced showed a return to significant hy- 
perglycaemia (Fig.l). The characteristic decrease in 
body weight gain in diabetic rats was ameliorated by 
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Fig.l.  Blood glucose levels, mmol/l (mean_+SD) in the various 
groups during the 400-day post transplantation period. Note the re- 
currence of hyperglycaemia in groups with graft rejection. Intrapor- 
tal transplant, rejected (n=5)  (A /x); Intracerebral transplant, 
rejected (n=4)  (~------O);  Intraportal transplant, accepted (n=6)  
( � 9  O ) ;  Intracerebral transplant, accepted (n =4) ~ ~ ;  Dia- 
betic non-transplanted (n = 5) ( �9 �9 ); Shaded area, non-diabetic 
controls (n = 5). Day 0 = day of transplantation. 
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successful islet transplantation, whereas animals with 
rejected allografts showed a body weight similar to 
that of non-transplanted diabetic rats (Fig. 2). 

Quafitative basement membrane changes 

Basement membrane irregularities were seen in all ani- 
mals except for non-diabetic control rats. These 
changes, although not quantified, appeared to be more 
common in rats with rejected grafts and in diabetic 
non-transplanted animals. The irregularities consisted 
of localised nodular thickenings and the deposition of 
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Fig.2. Body weights (mean_+ S.D.) of the different groups at the 
time of killing showing significantly lower body weights in animals 
with rejected grafts (Groups 1 and 2) and in diabetic non-transplant- 
ed animals (Group 5). 

* p-value obtained following Student's t-test. One way analysis of 
variance yielded a F-value of 5.31 (p < 0.005). 

Fig. 3. Electronmicrograph of a retinal capil- 
lary in a diabetic non-transplanted rat showing 
basement membrane irregularities, nodular 
thickening (arrow) and projection of basement 
membrane material between the surrounding 
glial processes (arrowhead). BM =basement 
membrane, E =  endothelial cell. Magnification 
51,000 x 
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Fig.4. Cross-sections of retinal ca- 
pillaries from the deep capillary bed 
showing the effect of pancreatic is- 
let cell allotransplantation on base- 
ment membrane thickness (BMT). 
(a) non-diabetic control, BMT = 
100.1 nm; (b) diabetic non-trans- 
planted, BMT= 177.5 nm; (e) graft 
rejected animal, BMT= 148.5 nm; 
(d) graft accepted animal, BMT= 
113.5 nm; Arrows are pointing to- 
wards the basement membrane. 
P = pericyte, E = endothelial cell. 
The magnification is same for a-d: 
13,000 • 

f ib r i l l a r  ma te r i a l  in  the  b a s e m e n t  m e m b r a n e ,  as wel l  as 
f inger- l ike  p r o j e c t i o n s  o f  b a s e m e n t  m e m b r a n e  m a t e r i a l  
b e t w e e n  the  p rocesses  o f  s u r r o u n d i n g  gl ia l  cells  
(Fig .3) .  

Basement membrane thickness (BMT) 

All  an ima l s  e x a m i n e d  s h o w e d  th icke r  b a s e m e n t  m e m -  
b r a n e s  in the  super f i c i a l  cap i l l a r i es  t h a n  in the  cap i l l a -  
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ties of the deep bed (Table 1). Diabetic non-transplant- 
ed animals showed a significant increase in BMT in 
both capillary beds compared with normal control rats 

(p < 0.001). This was also the case in transplanted ani- 
mals with rejected grafts. In contrast, both intraportal 
and intracerebral successful allotransplantation result- 
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ed in a complete prevention of capillary basement 
membrane thickening in both vascular beds of the reti- 
na (Table 1, Fig. 4). 

Discussion 

The present study has demonstrated that pancreatic is- 
let cell allotransplantation successfully prevents base- 
ment membrane thickening in the retina of previously 
STZ-diabetic rats. 

Two simple parameters reflecting good metabolic 
control in diabetes mellitus are body weight and the 
degree of hyperglycaemia. Both the characteristic body 
weight loss and hyperglycaemia were found to be com- 
pletely normalised in animals with successful allotrans- 
plantation, while, as would be expected, unsuccessful 
transplantation did not show the same effects. These 
findings are in keeping with those of other investiga- 
tors who have described improvement in body weight 
and a reduction of hyperglycaemia after successful 
pancreatic islet transplantation in STZ-diabetic rats 
[12, 13]. 

The mechanisms responsible for basement mem- 
brane thickening in diabetes are as yet not completely 
elucidated. Enzymatic glycation of hydroxylysine resi- 
dues of collagens by glucose and galactose [14], and 
non-enzymatic glycation of lysine residues by the same 
sugars at the exposed 8-NH2 groups have been postu- 
lated [15]. Other suggested possibilities include in- 
creased synthesis of collagen or other basement mem- 
brane proteins such as laminin or fibronectin, either as 
a primary event or as a compensatory mechanism sec- 
ondary to decreased production of basement mem- 
brane proteoglycan [16]. Increased polyol pathway ac- 
tivity secondary to high ambient glucose levels may 
play a significant role, since it has been shown that 
galactosaemia-induced capillary basement membrane 
thickening can be prevented by aldose reductase inhib- 
itors [11, 17]. It is, however, not clear as to how an acti- 
vated polyol pathway may effect the basement mem- 
brane. 

Thickening of capillary basement membranes in 
diabetes may be associated with endothelial cell dam- 
age [18, 19]. Repeated endothelial cell death and regen- 
eration 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 [20]. We failed to demonstrate endothelial 
cell abnormalities in the present study, whereas we 
have previously described endothelial cell degenera- 
tion in the diabetic BB-rat [21]. 

Although no report on retinal capillary BMT fol- 
lowing pancreatic or islet transplantation is available, 
the prevention of glomerular basement membrane 
thickening has been reported following these proce- 
dures [22]. Previous studies in the spontaneously dia- 
betic BB-rat and in Sprague-Dawley rats have demon- 

strated that aging also causes an increase in the BMT 
[21, 23]. Since all animals used in this study were age- 
matched, aging as a causative factor of basement mem- 
brane thickening in diabetic rats and those with reject- 
ed grafts can be eliminated. The remote possibility that 
streptozotocin per se, might have been responsible for 
basement membrane thickening in diabetic rats, is 
eliminated by the fact that successfully transplanted, 
previously STZ-treated rats did not develop basement 
membrane thickening. In the current study, increased 
BMT was seen, both in the superficial and deep vascu- 
lar beds in animals with hyperglycaemia and was pre- 
vented in both capillary beds in animals with success- 
ful transplantation. A normally thicker basement mem- 
brane in the superficial vascular bed of the retina has 
been noted in both normal and diabetic rodents [21, 23, 
24]. A gradient in the intravascular pressure over the 
two capillary systems may be one explanation for these 
differences [25]. 

Localised nodular thickening, vacuolation, and de- 
position of fibrillar material in basement membrane 
may represent degenerated and entrapped pericyte de- 
bris, so-called ghost cells [26]. The finding of projec- 
tions of basement membrane materials between sur- 
rounding glial cells in diabetes have been noted by 
other investigators [24]. It has been suggested that this 
redundant basement membrane is laid down as a result 
of disturbed Mtiller cell metabolism, which in itself 
may be a factor responsible for increased BMT in dia- 
betes [29]. 

The result of this study has demonstrated that suc- 
cessful pancreatic islet cell allotransplantation prevents 
basement membrane thickening of retinal capillaries in 
STZ-diabetic rats. 

These observations raise hope that successful, pan- 
creatic islet allograft may provide a physiological ap- 
proach to the management of diabetes and its compli- 
cations. 
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