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Tubular lesions in streptozotoein-diabetic rats 
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Summary. Renal tubular lesions have been studied in strepto- 
zotocin-diabetic rats after 50 days of diabetes and compared 
with age-matched controls. The kidney weight increased by 
67% in the diabetic animals and the length of the proximal tu- 
bules increased by 22%, but no abnormalities were found. The 
length of the distal tubules increased by 20% and the total in- 
crease was due to abnormal distal tubules. These abnormali- 
ties were confined to the cortex and the outer stripe of the out- 
er medulla, but they were not seen in the inner stripe of the 
outer medulla. Abnormal cells were found also in the distal 
tubular cells of the macula densa. The total length of the col- 
lecting ducts was the same in the two groups and the cells ap- 

peared normal. The cells of the abnormal distal tubules ap- 
peared either empty or full of a PAS-positive material, 
digestable with a-amylase. At the electron microscope level, 
the cytoplasm of the cells contained glycogen-like granules, 
strikingly few organelles and the basal infoldings were greatly 
reduced. It is suggested that these tubular lesions might play a 
role in the development of renal functional changes in diabe- 
tes. 
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sions. 

The Armanni-Ebstein [I, 7] lesion of diabetic tubules, 
known since the last century, has attracted so little at- 
tention that its exact localization in the nephron is not 
yet known. The introduction of insulin made the ap- 
pearance of  the lesion more rare [5], but it is, however, 
also found in insulin-treated patients [24]. In man, it is 
generally agreed that the lesion is most pronounced at 
the corficomedullary border [7, 8, 22], but otherwise its 
localization has been a matter of controversy. Oliver [16] 
and Ritchie and Waugh [22] located the diabetic tubular 
lesion in the terminal part of  the proximal convolution. 
Their observations were based on iron haematoxylin- 
stained isolated nephrons prepared from hydrochloric 
acid-digested microdissected kidneys, where only gross 
structural distortions can be observed. Distension and 
vacuolisation of part of the proximal tubule was ob- 
served and also a lighter staining of  the cell cytoplasm 
in the terminal broad ascending limb of Henle's loop. 
In addition, Oliver [16] and Ritchie and Waugh [221 
studied sections of  immersion fixed PAS-stained tissue, 
but identification of the various parts of the nephron 
was uncertain in these preparations. Based on similar 
sections Ebstein [7] confined the diabetic tubular lesion 
to the loop of Henle and Armanni [1] to the collecting 
duct. 

Tubular lesions have also been noticed in experi- 
mentaUy diabetic animals in light microscopic sections 
of  immersion fixed tissue [2, 13, 23]. Arison et al. [2] de- 
scribed the lesion to be located in the proximal tubules, 
whilst Oliver [16] found them to be in the distal tubules 
just before the convoluted part. At the electron micro- 
scope level, glycogen-like granules have been described 
in tubules from diabetic patients and also in experimen- 
tal diabetic animals [19, 20]. 

Tubular structures are optimally preserved applying 
perfusion fixation [14] and they can be easily identified 
on Epon embedded sections at the light microscope lev- 
el. Using perfusion-fixed kidneys from streptozotocin- 
diabetic animals, the present study was undertaken to 
locate the tubular lesion precisely and to determine the 
extent of the lesion. In addition, abnormal tubular cells 
were evaluated at the ultrastructural level. 

Materials and methods 

Two groups of female Wistar rats with an initial body weight of 
120 ___ 5 g (mean + SD) were followed up for 50 days. Diabetes was in- 
duced in five rats by intravenous injection of 90 mg streptozotocin/kg 
body weight. The animals were left without insulin treatment. Blood 
glucose was measured once a week with Dextl"ostix (Ames, Slough, 
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Table 1. Body and kidney weight in the diabetic and non-diabetic rats 
studied 

Non-diabetic rats Diabetic rats 
(n=5) (n=5) 

Body weight before the 120 ___ 6 123 + 5 
experiment (g) 

Body weight after 50 days (g) 217 _+ 13 177 + 25 

Kidney weightafter 0.92+ 0.07 1.54_+ 0.15 
50 days (g) 

Results are expressed as mean + SD. Kidney weight represents the 
mean of both kidneys after 50 days 

Table 2. Kidney zones expressed as percentage areas of the total kid- 
ney. Fractional areas in percentage of the total kidney 

Zone Non-diabetic rats Diabetic rats 
(n=5) (n=5) 

Cortex 50 + 3 50 _+ 3 
Outer medulla (outer stripe) 29 + 2 29_+ 4 
Outer medulla (inner stripe) 16_+ 0.5 17 _+ 0.5 
Inner medulla 5 _+ 0.3 4 + 0.3 

Results are expressed as mean _+ SD 

Table3. Total tubular length in various zones of the kidney 

Length of parts of the nephron 
(m/kidney) 

Non-diabetic Diabetic rats 2p 
rats (n = 5) (n = 5) 

Proximal tubules 272 + 17 331 ___ 14 0.0004 
Normal distal tubules 223 + 34 202 __+ 38 NS 
Abnormal distal tubules 0 26___ 3 

(cortex) 
Abnormal distal tubules 0 39__+ 5 

(outer medulla, outer 
stripe) 

Collecting ducts 64 + 12 65 _+ 16 NS 

Results are given as mean + SD 

UK) applying an Ames reflectancemeter (Ames, Tokyo, Japan) and 
the urine was tested for ketone bodies once a week with Ketostix 
(Ames, Slough, UK). A control group consisted of five animals. After 
50 days, perfusion-fixation was performed with 1% glutaraldehyde in 
a modified Tyrode solution, containing only three-quarters of the 
usual NaCI concentration [14]. The fixative was infused retrograde 
through the aorta with a pressure of 140 mmHg. The structural preser- 
vation of the tissue to be studied was ascertained by immediate 
bleaching of the kidneys after the start of the perfusion. 

The right kidneys were cut in 10-14 horizontal slices applying an 
instrument with razor blades fixed I mm apart. These cross-sections 
were embedded in paraffin and one section from the middle of each 
slice was stained with PAS. All sections were used for determination 
of volume fractions of cortex, outer stripe of the outer medulla, inner 
stripe of the outer medulla and inner medulla. The relative areas were 
estimated applying a point count technique to sections projected onto 
a screen [9]. The cortex was defined as the area containing glomeruli. 
The outer stripe of the outer medulla was the area below the cortex 
containing proximal tubules. The inner stripe of the outer medulla 
was the area containing the thick ascending limb of the loop of Henle, 
but not the proximal tubules. The inner medulla was the papillary 
area not containing distal tubules. 

The left kidneys were weighed and cut into 1 mm slices as de- 
scribed above. From the central slice containing the papilla, five ran- 
domized blocks of tissue were cut from each of the following zones: 
cortex, outer stripe of the outer medulla, inner stripe of the outer me- 
dulla and the inner medulla. Cubic tissue blocks were postfixed in os- 
mium tetroxide for 1 h, dehydrated in alcohol and embedded ran- 
domly orientated in gelatine capsules filled with Epon (Taab, 
Reading, UK). Sections (1 ~m) were cut on an Ultrotome III (LKB, 
Stockholm, Sweden), stained with PAS and counterstained with tolui- 
dine blue. The sections were projected onto a screen with a final mag- 
nification of 400. Assuming homogeneity within the different kidney 
zones the total length of proximal tubules, distal tubules, collecting 
ducts and pathologically altered tubules could be calculated from 
these sections. In the present study, the distal tubules included the 
thick ascending limb of the loop of Henle. 

The volume fraction (Vv) of the various kidney zones was estimat- 
ed applying a point count technique on the paraffin embedded sec- 
tions. From these data and from counting the number of tubular pro- 
files within a randomly placed counting frame [10] on Epon 
embedded sections, the total tubular length was calculated. The 
length per unit volume of tubular structure was estimated according 
to Weibel [29] using 2 x NA, where NA is the number of tubular pro- 
files per unit area in the various kidney zones. The total tubular length 
in the different zones from one kidney can be expressed as: 
2 x NA x Vv x kidney weight. 

Epon embedded sections (1 gm thick) were treated with KOH dis- 
solved in 99% alcohol (1 : 9) for 1 h, partially to remove the Epon. Sub- 
sequently, the sections were treated for 17 h with either an unboiled or 
a boiled 4% a-amylase (British Drug Houses, Pool, Dorset, UK) solu- 
tion and finally PAS-stained. 

Light microscopy was performed on 25 tubules containing one or 
a few abnormal cells where the remaining normal tubular cells made 
the identification of the profile definite. Light microscopy also was 
performed on the same number of proximal tubular- and collecting- 
duct profiles. 

In each animal electron microscopy was performed on 10 tubules 
that were also studied by light microscopy. 

The two-tailed Student's t-test for unpaired samples was used for 
statistical analyses. 

Results 

After  50days ,  the d iabet ic  an ima l s  ha d  ga ined  less 
weight  t h a n  the n o n - d i a b e t i c  an ima l s  (Table 1). D u r i n g  
the  expe r imen ta l  per iod ,  the d iabe t ic  an ima l s  had  b lood  
glucose  levels of  22 _+ 1 m m o l / 1  ( m e a n  ___ SD). The  kid-  
ne y  weight  o f  the d iabe t ic  an ima l s  was 61% greater  t h a n  
in  n o n - d i a b e t i c  an ima l s  (Table 1), bu t  the relat ive vol- 
u m e s  of the var ious  k i d n e y  regions  m e a s u r e d  o n  paraf-  
f in  e m b e d d e d  sect ions r e m a i n e d  u n c h a n g e d  (Table 2). 
Es t ima ted  f rom sect ions of  E p o n - e m b e d d e d  tissue, the 
length  of  the p rox ima l  tubu les  inc reased  s igni f icant ly  
(22 + 1%; m e a n  _+ SD, 2 p =  0.0004). The  cells o f  all three 
p rox ima l  segments  a p p e a r e d  normal ,  b o t h  by  light a n d  
e lec t ron  microscopy.  The  length  of  n o r m a l  distal  tu- 
bu les  a n d  col lect ing ducts  were the same in  bo th  groups  
(Table 3). However ,  in  add i t ion ,  d iabet ic  an ima l s  had  
a b n o r m a l  tubu les  with a m e a n  total  length  of  65 m 
(Table  3). 

Light mic roscopy  of  the pa tho log ica l ly -changed  
cells showed  that  they did  no t  have a b r u sh  b o r d e r  a n d  
d id  no t  c on t a i n  lysosomes  or endocy t i c  vacuoles  as 
character is t ical ly  seen in  the p rox ima l  tubu les  (Figs. 1 A, 
2, 5). E lec t ron  mic roscopy  revealed  that  the a b n o r m a l  
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Fig . lA and B. Light micrograph of Epon embedded serial sections 
(1 ~tm thick) of four distal tubules stained with PAS and counter- 
stained with toluidine blue. A Some of the abnormal PAS-positive dis- 
tal tubular cells appear black (1, 2), others are partially empty (3, 4) ex- 
cept for the nucleus (arrow). B Section treated with a-amylase prior to 
the PAS-staining. The same tubular cells all appear empty. Proximal 
tubules (5), collecting duct (6). ( • 400) 

Fig.2 Light micrograph of Epon embedded section (1 ~tm thick), 
PAS-stained and counterstained with toluidine blue. Distal tubule (1) 
with one abnormal PAS-positive cell (2), here appearing black. Proxi- 
mal tubule (3). ( x 1,000) 

cells always had an intact cell membrane with few 
rounded microvilli on the surface. The extensive basal 
infoldings of the cell membrane of normal distal tubular 
cells, comprising about two-thirds of the cell height 
(Fig.3 A), was reduced to a cell membrane running 
nearly parallel to the basal lamina (Fig. 3 B). The cyto- 
plasm of the abnormal cells contained strikingly few or- 
ganelles, mostly located close to the nucleus or the cell 
membrane. The majority of the remaining organelles 
were mitochondria. The cytoplasm of most abnormal 
cells was loaded with large diffusely distributed gran- 
ules (20-35 nm), resembling glycogen particles (Fig.4). 
The cytoplasm of some of the abnormal cells appeared 
empty, but the nucleus was still present (Fig. 1 A). In 
PAS-stained Epon embedded sections treated with the 
alcoholic KOH solution, the cytoplasm of most abnor- 
mal tubular cells was PAS-positive with bright red cyto- 
plasm. The PAS staining was totally prevented by the a- 
amylase digestion (Fig. lA and B). Application of 
boiled diastase did not alter the PAS staining. 

The abnormal tubules were located in the cortex 
and in the outer stripe of the outer medulla. The distal 

tubule passing the glomerulus and forming the macula 
densa frequently contained many abnormal cells in its 
epithelium (Fig. 5). In partially abnormal tubular pro- 
files, containing one or a few abnormal cells, the re- 
maining tubular cells could always be identified indis- 
putably as distal tubular cells (Fig. 2). Abnormal cells 
have neither been observed in profiles containing proxi- 
mal tubular cells nor in connection with cells of collect- 
ing ducts. 

Discussion 

The present investigation has shown very pronounced 
abnormalities in tubular cells in streptozotocin-diabetic 
rats after 50 days duration of diabetes. The investiga- 
tions have disclosed that the pathologically changed tu- 
bules were found in the cortex and in the outer stripe of 
the outer medulla, and that most of the abnormal cells 
were located in the latter zone. The localization of the 
abnormalities to the distal tubules is strongly suggested 
by the appearance of only partially changed distal tu- 
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Fig. 3. A Electron micrograph of a normal distal tubular cell, showing a large amount of slender mitochondria (3) along the deep infoldings of the 
basal cell membrane (4). (1) lumen with microvilli (arrows). B Abnormal distal tubular cell. The amount of mitochondria (3) is very sparce and no 
basal infoldings are seen. The cytoplasm of the cell is filled with fl-glycogen particles (6). Towards the lumen one microvillus is seen (arrow). Nu- 
cleus (2), basal lamina (5). ( x 8,500) 

bules and by the frequent abnormalities found in the 
macula densa region where distal tubules can be posi- 
tively identified. This localization is further supported 
by the absence of abnormalities in the inner medulla 
where only collecting ducts are present but not distal tu- 
bules and by the observation that no abnormalities were 
seen in the proximal tubules or in the collecting ducts. 
Furthermore, the proximal tubules increased in length 
by 22%, which in the diabetic animals corresponds to 
the sum of distal tubular length and the length of abnor- 
mal tubules (20%). 

Previous descriptions of localization of the diabetic 
tubular lesion in the nephron are contradictory. In the 
digested and microdissected nephron [16, 22], the cellu- 
lar structures are poorly preserved and it is uncertain 
whether the PAS-positive material found on histologi- 
cal sections were actually located in the dilated and vac- 
uolized parts of the dissected nephrons. The histologi- 
cal studies in man were all performed on post mortem 
immersion-fixed tissue [1, 7, 8, 16] or biopsies [5, 19] in 
which tubular structures are poorly preserved and are 
difficult to identify. The present description of the indi- 
vidual altered tubular cells is more in accordance with 
earlier descriptions, where under the light microscope 
cells were vacuolized [1, 7] and stainable with iodine [8]. 

At the electron microscopic level, these cells have been 
described to contain a granular material in the cyto- 
plasm [2, 5, 20]. In contrast to these observations [2, 5, 
20] and to the findings in the present study, Orci et al. 
[17, 19] described glycogen-like particles to be located in 
membrane-bound organelles, probably lysosomes, in 
experimentally induced diabetes. 

The disappearance of the PAS-positive material in 
abnormal cells by application of a-amylase confirms its 
carbohydrate nature. This evidence was further sup- 
ported by electron microscopy, which revealed that the 
PAS-positive cells observed in the light microscope 
were loaded with particles of the same size as monopar- 
ticulate r-glycogen [4]. 

The mechanism leading to glycogen accumulation 
in kidney tubules in diabetes is obscure. The tubular 
cells are exposed to increased glucose concentrations 
from both the basal and luminal side, but the possible 
influence on synthesis and accumulation of glycogen in 
the kidney tubular cells is as yet unknown. Normally 
glucose reabsorption takes place in the first part of the 
proximal tubule [28] and little glucose is absorbed in the 
distal parts of the nephron [26], which normally is ex- 
posed to low glucose concentrations from the luminal 
side. By induction of hyperglycaemia, glucose can, 
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Fig.4. Electron micrograph at a higher magnification of part of two 
abnormal adjacent tubular cells. Tubular lumen (1), junction between 
two cells (2), mitochondria (3), endoplasmic reticulum with ribosomes 
(4) which appear darker than the glycogen particles (5), Golgi com- 
plex (6). ( x 20,000) 

Fig.5 Light micrograph of an Epon embedded juxtaglomerular ap- 
paratus (1 lxm thick) stained with PAS and counterstained with tolui- 
dine blue. A distal tubule (I) winds up to the glomerulus and forms a 
macula densa O to O .  Several of the distal tubular cells are abnormal 
and appear much darker (arrows) than the normal distal tubular cells. 
Proximal tubule (2), collecting duct (3), afferent arteriole (4), efferent 
arteriole (5), glomerular tuft (6). ( x 350) 

however, be taken up from the more distal parts of the 
nephron [3]. 

The energy released by glucose oxidation in the dis- 
tal tubule is mainly used for maintaining the energy- 
consuming sodium-potassium pump [25] as the concen- 
tration of sodium-potassium-activated adenosine tri- 
phosphatase /mm tubule length is higher in the distal 
compared with the proximal tubule. In distal tubular 
cells from normal rats, sodium-potassium-activated 
adenosine triphosphatase is localized in the cell mem- 
brane of the large and numerous basal infoldings, 
which are in close contact with the mitochondria. In our 
diabetic rats, the basal infoldings had almost totally dis- 
appeared from the abnormal distal tubular cells, which 
implies abnormal sodium-potassium transport in 
pathological cells. 

The appearance of abnormal cells is undoubtedly 
due to the diabetic state of which nephromegaly is a 
part, except in severly diabetic animals [27]. In neph- 
romegaly induced by factors other than diabetes, patho- 
logically changed tubules have not been observed [21]. 

A characteristic finding in the diabetic kidney in 
both man [6, 15] and experimental animals [6, 11, 12] is 
an increased glomerular filtration rate. The mechanism 

behind an elevated glomerular filtration rate in diabetes 
is not fully known, although various theories have been 
proposed [6, 11]. The present investigation, demonstrat- 
ing extensive damage of distal tubules in diabetes, in- 
cluding macula densa, adds a new factor to be consid- 
ered when exploring abnormal glomerular function. 
However, whether distal tubular changes cause glomer- 
ular functional changes or whether both changes are 
part of the same process needs to be evaluated further. 
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