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Summary. UltrastucturM and light microscopic studies 
of pancreatic islets in normal and diabetic sand rats are 
reported. Following the institution of a synthetic chow 
diet, beta cell degranulation and enhanced protein synthe- 
sis were observed. With the appearance of diabetes, 
glycogen infiltration occurred, with displacement of 
cellular organelles and eventual cytoplasmic degeneration 
and liquefaction. These alterations were correlated with 
blood glucose and serum immunoreactive insulin levels. -- 
The sand rats are unique in that they are not able to 
cope with the increased caloric load of synthetic chow. 
They respond by marked insulin production; an increase 
that usually maintains the animal free of ketosis, occa- 
sionally returns them to a euglyeemic state, and may 
rarely be terminated by beta ceil degeneration and necrosis 
with fatal ketoacidosis. 

Syndrome diabdtique ehez le rat du sable (Psammomys 
obesus). IV.  Altdrations morphologiques du tissu insulaire. 

t~dsum~. ~ous  avons 6tudid avec les microscopes 
optique et 61ectronique les riots de Langerhans du pan- 
cr6as de rats  des sables normaux et diabdtiques. Lorsqu'ils 
sont maintenus ~ un r6gime normal  de laboratoire,  on 
observe chez ces animaux une ddgranulation des cellules fl 
et les signes d 'une  synth~se protdique augment6e. D~s 
qu 'appara l t  le diab~te, on volt  appara l t re  une infiltration 
glycogdnique avec d6placement des organelles cellulaires 
et, plus tard,  une d6g6ndrescence eyptoplasmique avee 
liqu6faetion. L 'appar i t ion  de ces anomalies morpho- 
logiques a 6t~ raise en corrdlation avec les alt6rations du 
glucose sanguin et de l ' insuline immunor6active sdrique. 
Ce qui est remarquable chez le ra t  des sables, c 'est  qu'il  ne 
semble pas 6ire ~ m6me de s'adapter ~ l'apport calorique 
plus coneentr6 de la nourriture de laboratoire. II r6agit 
par une surproduction insulinique, surproduction qni, en 

g~n6ral, dvite la c6tose. Parfois, eerie surproduction suffit 
ramener le sucre sanguin ~ la normale. Bans des eas 

plus rares, la stimulation de la s6erdtion insulinique se 
termine par une d6g~n~rescence et une n6crose des 
cellules fl avee cdto-acidose mortelle. 

Das diabetische Syndrom bei der Sandratte (Psammomys 
obesus): IV.  Morphologische Ver(tnderungen des Insel- 
gewebes 

Zusammenfassung. Es wird fiber elektronen- und licht- 
mikroskopisehe Untersuchungen an Pankreas-Inseln 
normaler und diabetischer Sandrat ten  berichtet .  Nach 
Verabreichm~g einer synthetischen Keks-Diat  wurden 
eine Degranulation der fi-Zellen und Zeichen einer ver- 
mehrten Proteinsynthese beobachtet .  Gleiehzeitig mi t  
dem Auftreten yon Diabetes erfolgte Glykogeninfiltration, 
begleitet  yon einer Verdrangung der Zellorganellen und 
gelegentlicher Degeneration und Verfliissigung des Cyto- 
plasmas. Diese Veranderungen wurden mit  Blutzucker- 
und immunreakt ivem Serum~Insulinspiegel in Zusam- 
merLhang gebracht.  - -  Sandrat ten  sind einzigartig in der 
I-Iinsicht, dab sie nicht in der Lage sind, das vermehrte 
Xalorienangebot der synthetischen Diat  auf normale Ar t  
zu bewaltigen. Sie reagieren mit  Mehrproduktion yon 
Insulin. Die gesteigerte Insulinausschfit tung hal t  das 
Tier gewStmlich frei yon Ketose, br ingt  den Blutzucker 
gelegentlich auf normale Werte  zuriick, endet aber in 
seltenen Fal len mit  einer Degeneration und lX!ekrose der 
fi-Zellen mi t  anschlieBender fataler Ketoacidose. 

Key-words: Spontaneous Diabetes, Sand rat ,  Psam- 
morays obesus, Pancreas. Ultrastructure,  Beta cells, Alpha 
cells, Protein  synthesis, Insulin in plasma, Insulin in 
pancreas, Obesity, Zqutrition and diabetes, Diet  and dia- 
betes. 

I n  the  course of a sys t emat i c  s t u d y  of the  d iabet ic  
syndrome  in the  E g y p t i a n  sand  ra t ,  Psammomys 
obesus, animals  were i m p o r t e d  f rom the  Un i t ed  Arab  
Repub l i c  (U.A.I~) dur ing  the  summer  of 1964 and  
1965. Those received in  1964 were observed to  develop 
a fu lminat ing ,  acute  ke to t i c  d iabe t ic  syndrome  when 
Pu r ina  l a b o r a t o r y  chow was given in  place of a die t  
of m i x e d  fresh vege tab les  (MIKI et  al., 1966). The 
animals  i m p o r t e d  in  1965, and  the i r  Amer ican -born  
offspring, consumed less l a b o r a t o r y  chow and  devel-  

* Supported in par t  by  grants  from the United States 
Public Heal th  Service, AM-09584-02, TI-A1VL05077-10. 

** Paper  I I I  of this series is DE F~oxzo  et. al. 1967 

oped a mi lder  form of the  disease (MIKI et  al., 1967) 
resembl ing more  closely the  synd rome  or iginal ly  
r epor t ed  b y  SC~MII)T-~IELSV.~ (1964) and  t I A c ~ L  
(1965). 

Mater ia l  for morphologic  examina t ion  was ob ta ined  
from the  animals  s tud ied  physiological ly ,  and  addi t io-  
na l  specimens were ob ta ined  in  the  U . A . R .  dur ing 
Ju ly -Augus t ,  1965. 

This r epor t  gives detai ls  of the  l ight  microscopic  
and  u l t r a s t r uc tu r a l  appea rance  of the  pancrea t ic  islets 
of the  no rma l  sand  ra t ,  and  the  changes observed 
af te r  ins t i tu t ion  of a syn the t i c  chow diet ,  wi th  and  
wi thon t  the  appea rance  of d iabe tes  mell i tus.  Since 
physiologic  s tudies  were also pe r fo rmed  on these  
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an ima l s ,  s t r u c t u r a l - f u n c t i o n a l  c o r r e l a t i o n s  were  o f t e n  
poss ib le .  

Material and Methods 

P o r t i o n s  of, or  t h e  en t i r e  p a n c r e a s  of 75 s a n d  r a t s  
were  o b t a i n e d  for  m o r p h o l o g i c  s t u d y .  T h e  a n i m a l s  
were  d i v i d e d  i n t o  5 g roups .  

i ng  d i a b e t i c  s y n d r o m e .  Th is  g r o u p  of r a t s  w a s  m a i n -  
t a i n e d  e x c l u s i v e l y  on  P u r i n a  l a b o r a t o r y  chow.  1 

3. 18 an ima l s ,  i n c l u d i n g  t h o s e  i m p o r t e d  i n t o  t h e  
U . S .  in  1965, a n d  t h e i r  A m e r i c a n - b o r n  of fspr ing .  
T h e s e  r a t s  c o n s u m e d  P u r i n a  l a b o r a t o r y  c h o w  or  01d 
Gu i l fo rd  b r e e d i n g  pe l l e t s  ~ less a v i d l y  a n d  d e v e l o p e d  
a m i l d e r  f o r m  of d i abe t e s .  

Key for figures' lettering 

A = Alpha  cell 
AC = Acinar  cells 
A R  = Agranu la r  (smooth)  r e t i cu lum 
B = B e t a  cell 
BM = B a s e m e n t  m e m b r a n e  
C = Capil lary lumen  
cen = Centriole 
D = Duc t  
G = Golgi complex  
GLY : Glycogen 
GR = Granular  endop]asmic  re t i cu lum 
L = P r e s u m e d  Lysosome  
M ~ Mi tochondr ion  
m t  = Micro tubu les  
N = Nucleus  
ne = U n m y e l i n a t e d  ne rve  
np  = Nuclear  pore  
P = Po lysomes  and  " f r ee"  r ibosomes  
I%BC = l~ed blood cell 
V = Vacuole  

Figures 1, 7, 12, 14, 15 and 22: Light micrographs 
of paraffin embedded tissues fixed in Bouin's solution 

Figures 2, 8, 13 and 23: Light mierographs of 1 mi- 
cron sections of Epon embedded tissues fixed for elec- 
tron microscopy 

Fig. 1. Pancreatic islet of normal sand rat, aldehyde 
fuchsin stain. The deeply staining central beta cells 
arc characteristic. The peripheral alpha cells (arrows) 

are unstained. 260 • 

Fig. 2. Pancreatic islet of normal sand rat, toluidine 
blue stain. Beta cells with numerous fine cytoplasmic 
granules predominate. Alpha ceils, (arrows) are difficult 

to discern. 640 x 

1. 12 a n i m a l s  k i l led  i m m e d i a t e l y  a f t e r  or  w i t h i n  
one  d a y  of c a p t u r e  in  t h e  U . A . R .  w i t h  f o o d  i n t a k e  
t h e r e f o r e  l i m i t e d  e x c l u s i v e l y  to  t h a t  f o u n d  in  t h e  
v i c i n i t y  of t h e i r  b u r r o w s  (Salicornia fruticosa or  

Suaeda fruticosa). 
2. 10 m e m b e r s  of t h e  g r o u p  i m p o r t e d  to  t h e  U . S .  

i n  1964, s o m e  of w h o m  d e v e l o p e d  t h e  a c u t e  f u l m i n a t -  

4 . 2 3  ra t s ,  all  A m e r i c a n - b o r n  o f f sp r ing  of t h e  g r o u p  
i m p o r t e d  in  1965. T h e y  were  f e d  a m i x e d  d i e t  of l abo-  
r a t o r y  c h o w  a n d  f r e s h  v e g e t a b l e s  a n d  w e r e  u t i l i z ed  
to  e v a l u a t e  t h e  e f fec t  of age  on  t h e  r e s p o n s i v e n e s s  of 

1 Pu r i n a  l abo ra to ry  chow:  St. Louis,  Missouri.  
E m e r y  Morse C o m p a n y :  Guilford, Connect icu t .  
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Fig.  3. Be ta  cells, centre  of  normal  islet. Cytoplasmic granules  are numerous  and  un i fo rm densi ty ,  l~ote the  slender mi tochondr ia .  O s m i u m  tetroxide.  
Approx ima te ly  4300 • 

i0" 
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~ig.  4. Peripheral  por t ion of  normal  islet, af ter  glutaraldehyde fixation. The cytoplasmic granules of the alpha cells are smaller, more electron dense and 
enclosed in  t igh t  sacs. Beta  granules are more var ied  in  size and density. Two desmosomes are indicated by arrows. Approximately  13700 • 
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Fig.  5. Norma l  be ta  cells w i th  propor t ionate ly  fewer  cytoplasmic granules  and  more  g ranu la r  endoplasmie re t ieulum.  Note  the  coated vesicles near  the  
cell m e m b r a n e s  (arrows). Glutaraldehyde.  Approx ima te ly  21000 • 
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the epididymal fat  pad to exogenous insulin (DE 
F~o~zo et al., 1967). 

5. 15 animals, which were imported in 196~ and 
1965, maintained exclusively on a diet of mixed fresh 
vegetables and served as controls for the physiologic 
studies cited above (MIKI et al., 1966, 1967). 

For electron microscopy, small fragments of pancre- 
as were fixed at  0--5~ in 1.33~o osmium tetroxide, 
buffered with S-oollidine (0.07 M) with added sucrose 
(0.122 M) and calcinm chloride (0.005 M). Final p t I  
was 7.4 to 7.6. Tissue was also fixed at  room tempera- 
ture in 3% glutaraldehyde buffered with sodium 

Fig. 6. Portions of two normal beta cells, demonstrating secretory granules within Golgl cisternae (heavy arrows). Glutaraldehyde. 
Approximately 21000 • 

For light microscopy, tissue fragments were fixed 
in ]~ouin's solution, embedded in paraffin and stained 
with hematoxylin and eosin and a modified Gomori 
aldehyde fuchsin method (W~aRE~ and LECoM~TE, 
1952). For the demonstration of glycogen, tissue was 
fixed in alcoholic formalin and paraffin sections were 
stained with PAS with and without prior digestion 
with Diastase. 

oaeodylate (0.1 M) p H  7.4 to 7.6, and a mixture of 
paraformaldehyde (4%) and glutaraldehyde (5%) 
buffered with sodium cacodylate (0.07 M) p H  7.1 to 
7.2 (KAI~I~OVSKu 1965). Calcium chloride (0.005 M) 
was added to both aldehyde fixatives. After aldehyde 
fixation, tissues were washed in buffer for variable 
periods of t ime and subsequently postfixed at  0 - -5~  
in osmium tetroxide (prepared as detailed above). All 
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tissues were rapidly dehydrated in a graded series 
of ethanol solutions and embedded in a mixture of 
Epon 812 (LvF~, 1961). Sections cut at  1 micron were 

Animals, diets, methods of glucose and insulin 
analysis are all described in the accompanying manu- 
scripts (MIKI et al., 1967; DE FRo~zo et al., 1967). 

Fig, 7. l 'ancreatie islet of euglycemie sand rat, fed 
chow for 4 days. ~Blood glucose 84 rag/100 hal, serum 
Ii~I 240 /~U/ml. :Beta cell degrannia~ion is s~riking. 

Aldehyde fuehsin stain. 260 • 

Fig. 8. Islet from same animal illustrated in Fig. 7. 
Cytoplasmic granules are virtually absent. :Enhanced 
staining intensity is due to increased cellular content of 

ribosomes. Tolnidine blue stain. 640 • 

stained with 1~o toluidine-blue-O in 1~o borax for 
light microscopic identification of theislets. An occasion- 
al islet was stained with PAS (CA~D~O and STEINEI%, 

1965). Thin sections were cut with a diamond knife, 
using a Porter-Blum ServM1 MT-1 ultramicrotome, 
mounted on 100 or 150 mesh copper grids, without 
supporting membranes, double stained with aqueous 
or acetone solutions of uranyl acetate followed by  
lead (Kmt{movs~:y, i961) and examined with a n  1%CA 
EMU-3 G microscope. 

Results 
Normal islets of Langerhans. The pancreatic islets 

of the sand rats killed immediately or shortly after 
capture in the U. A.R. and with no change in diet, are 
identical in appearance to the islets of animals born 
either in the U.A. 1%. or the U.S. and fed exclusively 
a mixture of fresh vegetables. None of the animals 
killed in the U. A. R. were diabetic. Their blood glucose 
varied from 35 to 127 rag/100 ml, and the serum Ii%I 
from 0 to 45/~U/ml. Only one animal among the vege- 
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~ig.  9. Degranu la t ed  islet of  euglycemie sand  r a t  fed  labora tory  c h o w  for  4 days .  I)eripheral  a lpha cells r e ta in  their  granules.  Be ta  cells occupy the  
r ema inde r  of  the  mic rograph  and  conta in  few cytoplasmic granules  arrows wi th  whi te  head).  Mitochondria  are abundant .  O s m i u m  tctroxide.  Approx ima te ly  

4300 • 

~ig .  10. (Page  151) Several  be ta  cells f r o m  an  an imal  wi th  diabetes  of  b r ie f  durat ion.  Blood glucose 326 rag/100 mI,  se rum I I~I  > 1500 ttU/ml. Cytoplasmic 
granules  are v i r tua l ly  absent ,  and  g ranu la r  endoplasmie re t i eu lum is subs tant ia l ly  increased.  Di la ted  smooth  surfaced tubules and  vesicles are  p rominen t  
(?AR). The la t te r  are  somet imes  continuous wi th  coated vesicles (*arrow). Small  a r rows indicate  the  numerous  coated vesicles, perhaps  an  indicat ion 

of  enhanced pro te in  (insulin) t r anspor t  f r o m  the cell. Glutaraldchyde.  Approx ima te ly  21000 • 
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table-fed group was hyperglycemic, and with this 
exception the blood glucose and serum immunore- 
active insulin levels of both groups were normal (MIKI 
et al., 1966, i967), t tematoxyl in  and eosin stained 
sections showed tha t  the islets of the normal sand rats 

to distinguish the alpha and beta cells on the basis 
of the staining intensity of the granules (Fig. 2). With 
the added resolution and magnification of the electron 
microscope, the beta and alpha cells were more readily 
identified and differentiated. No other cell types were 

Fig.  l l .  Ano the r  be ta  cell f r o m  the same  an ima l  wi th  diabetes  of  b r i e f  dura t ion  demons t ra t ing  the  absence of  consis tent  spat ia l  relat ionship be tween  the  
di lated tubules  and  the  numerous  r ibosomes.  I n  places r ibosomes are  a t t ached  to the  m e m b r a n e s  (arrows). W h e n  dilated, the  tubules f requent ly  appear  to 

be smooth  (asterisk),  a n d  m a y  represent  ag ranu la r  re t i eu lum of  Golgi origin.  Glutaraldehyde.  Approx ima te ly  21000 • 

closely resembled those of the laboratory albino ra t  
in distribution, number  and size. The aldehyde-fuchsin 
stain revealed the numerous well granulated, centrally 
located beta cells to be surrounded by  a rim of alpha 
cells (Fig. 1). When 1 micron sections of tissue fixed 
and embedded for electron microscopy were studied 
after staining with toluidine blue, the cytoplasmic 
granules of the islet cells were readily visualized 
without special stains, and it was sometimes possible 

observed. The beta cells, which usually occupy the 
central portion of the islet, were commonly separated 
from the exocrine tissue by  the more peripheral alpha 
cells. The abundant  beta granules of the normal ani- 
mal  were round, and enclosed within loosely fitting 
smooth-membraned sacs. After pr imary fixation in 
osmium tetroxide, the beta granules were of uniform 
density and size (Fig. 3). After aldehyde fixation, beta 
granules were more numerous, and more varied in 
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size and staining intensity (Fig. 4, 5). Mitochondria 
were relatively numerous, dispersed throughout the 
cell and appeared as slender structures with transverse 
cristae mitochondriales. The granular endoplasmic 
reticulum was not prominent in the well-granulated 

electron-dense secretory granules, which were con- 
rained within more tightly fitting sacs (Fig. 4 and 18). 

The uniform size and staining qualities of the 
alpha granules did not appreciably vary  with the 
fixative utilized. 

Fig.  1 2 - 1 5 .  Pancrea t i c  islets o f  diabet ic  sand  ra ts  

Fig .  12. B e t a  cell degranula t ion  a n d  vacuol iza t ion  is 
pronounced.  Vacuoles appeal '  e m p t y  in  this  p repara-  

t ion. Aldehyde fuchsin  s ta in .  260 • 

Fig .  13. Most  " v a c u o l e s "  are  f i l led wi th  P A S  stainable  
mater ia l  (arrows) in  sections of Epon  embedded  tissue. 
Several  " e m p t y "  vacuoles  (V) are  visible. P A S  s ta in .  

640 • 

cell, and varied inversely with the number of cyto- 
plasmic secretory granules (Fig. 5). The inconspicuous 
Golgi complex rarely contained secretory granules 
(Fig. 6) but  was otherwise typical in appearance with 
cisternae, vacuoles, smooth vesicles and coated vesi- 
cles. Glycogen was not observed in normal islet cells. 

The alpha cells were distinguished by  their peri- 
pheral location and more specifically by their more 

Islets of Langerhans after chow feeding. With the 
institution of a synthetic chow diet (Purina or Old 
Guilford pellets) the beta cells in susceptible animals 
eventually became relatively degranulated. This was 
particularly apparent in those animals offered syn- 
thetic chow prior to weaning. Although observed in 
the presence of euglycemia (Fig. 7 and 8), degranulati- 
on was usually accompanied by increased levels of 
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serum immunoreactive insulin (IRI).  In  the presence 
of resting hyperglycemia, beta cell degranulation was 
more pronounced and the associated serum I R I  levels 
even greater. The degranulated islets of the chow-fed, 
euglyeemie and hyperglycemic rats  appeared consi- 

duration in Figs. 10 and 11. The peripheral alpha 
cells were without alterations. The more centrM beta 
cells were virtually devoid of secretory granules, 
contained increased numbers of mitochondria (Fig. 9), 
a corresponding increase in granular endoplasmic 

Fig. 14 

Fig. 15 

:Fig. 14 and  15. Demons t r a t i on  of  g lycogen in islets of  
t issue f ixed in alcoholic formal in .  PAS s ta in ing  of  the  
deposits  in  Fig .  14 (arrows) was  abolished by  prior  

d ias tase  digest ion in  Fig .  15. 260 • 

derably larger than those of the vegetable-fed animals. 
Quantitative measurements of islet volume, however, 
were not performed. The duration of chow feeding 
required for degranulation of the beta cells was 
extremely variable and ranged from 4 days to 4 months. 

The electron microscopic appearance of beta cell 
degranulation in euglycemic sand rats is illustrated 
in Fig. 9, and in a sand ra t  with diabetes of short 

reticulum (Fig. i0, ii) and more prominent Golgi 
structures. Present in the vicinity of the cell mem- 
branes were many more coated vesicles and a signi- 
ficant number of smooth (agranular) membraned 
tubules (Fig. I0). 

Islets of Langerhans in diabetic animals. In  the 
presence of more pronounced resting hyperglycemia, 
glycogen infiltration was almost always present. By 
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light microscopic examination, cytoplasmic vacuoli- with a non-structured material that  stained strongly 
zation was observed and attributed to PAS-stainable, with PAS (Fig. 13). Alcoholic formalin fixation and 

Fig. 1 6 -  21. Illustrate electron micrographs of pancreatic islets of diabetic sand rats with glycogen infiltration of beta cells 

Fig. 16. Low power micrograph of periphery of an islet with adjacent pancreatic acinar cells. Beta granules (with white head) arrows 
are few in mmlber. Gramdar endoplasmic reticulum and free ribosomes are plentiful. The Golgi complex is enlarged and mitochondria 
are more numerous. Glycogen deposits are indicated by asterisks. Alpha cells are nol~al .  Blood glucose 252 mg/lOO ml. Serum 

I R I  > 160 zU/ml. Osmium tetroxide. Approximately 6000 x 

diastase-digestible material within greatly enlarged paraffin embedding permitted diastase digestion prior 
beta cells. The "empty"  vacuoles observed in paraffin to PAS staining, and therefore proved the presence of 
sections (Fig. 12) were usually filled in Epon sections glycogen in the beta cell vacuoles (Fig. 14 and 15). 
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Fig.  17. Low power  in icrograph of  an  islet w i th  p rominen t  cy toplasmic  glycogen deposits.  Similar  deposits  h a v e  not  been observed in nuclei.  Blood 
glucose 605 ing/100 mi .  Se rum I R I  > 160 /zU/ml. O s m i u m  tetroxide.  Approx ima te ly  6000 • 
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The electron microscopic appearance of degranulat- 
ed, glycogen-filled beta cells is illustrated in Figs. 
16--21. The peripheral alpha cells were unaltered and 
retained their usuM complement of seeretory granules 

these cells contained increased quantities of granular 
endoplasmic reticulum, enlarged Golgi structures, and 
numerous enlarged mitochondria. The morphologie 
evidence of enhanced protein synthesis was most 

Fig.  18. Por t ions  ot normal  a lpha ceil and  glycogen-infi l t rated be ta  cell. Be ta  granules  are absent  and  the  g ranu la r  endoplasmic 
re t icu lum is hyper t rophied .  Foci  of  t rans i t ion  be tween  the  GI~ and  smooth  sm'faced tubules and  vesicles are indicated (arrows). 

Approx imate ly  21000 • 

(Fig. 16--18). The degranulated beta cells were 
distorted by the intraeellular accumulation of glyco- 
gen, which displaced and compressed cytoplasmic 
organelles (Fig. 17--21). The cytoplasmic remnant of 

obvious in those beta cells with smaller accumulations 
of glycogen (Fig. 18). Nuclei were never observed with 
glycogen accumulations. 

In one sand rat  with sustained hyperglycemia 
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Fig. 19. Beta cell with glycogen infiltration and an enlarged Golgi complex. Whorled ("finger print")  pattern of the granular endoplasmio retieulum 
is indicative of enhanced protein synthesis. Same animal as in Fig. 17. Osmium tctroxide. Approximately 21000 • 
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Fig. 20. Beta cell with marked glycogen infiltration and distortion of cytoplasmic organelles. The central whorled pattern of smooth mem- 
branes is continuous, at  arrows, with obvious granular endoplasmie reticulum fl'om which it originated. The Golgi complex and related 

coated vesicles are prominent. Paraformaldehyde-glutaraldehyde. kp!0roximately 21000 • 

Diabetologia, "Vol. 8 I I  



160 A.A. LIKE and E. Mix:I: Diabetic Syndrome in Sand Rats Diabetotogia 

(600 mg/100 ml) and a disproportionally low serum 
I g I  (51 /~U/ml), evidence of beta cell degeneration 
was noted by light (Fig. 22 and 23) and electron micros- 

number of degenerating beta cells (Fig. 25, 26) and 
small numbers of inflammatory cells (Fig. 27). The 
evidence of degeneration and possible necrosis was 

Fig. 21. Several beta cells demonstrating glycogen infiltration, with compression of organelles against cell membrane (lower left), true 
vaeuolization (lower right), and degranulation with proliferation of granular endopla~mic reticnlum (arrows), and numerous agranular tubules 

and coated vesicles (asterisks). Non-myelinated nerves are visible (ne). Paraformaldehyde-glutaraldehyde. Approximately 21000 x 

copy (Fig. 24--27). True vacuoles first appeared within 
the loci of glycogen accumulation (Fig. 24). Together 
with the increasing number and size of these "true 
vacuoles" (i.e., not glycogen filled) there appeared a 

limited to the single sand rat obtained for electron 
microscopic study in which elevated levels of blood 
glucose were not associated with the expected mar- 
kedly elevated levels of serum IRI  (MIKI et al., 1967). 



Vol. 3, No. 2, 1967 A.A. LIKE and E. 1VIIKI: Diabetic Syndrome in Sand Rats 161 

Discussion 
The light microscopic and ultrastructural appe- 

arance of the pancreatic islets in the normal sand rat  
cannot be distinguished from that  of the albino labo- 

Fig. 22 and 23. Pancreatic islets of sand rat  with sustained hyperglycemia and a disproportion- 
ally low II~I. Blood glucose 600 rag/100 ml. Serum I R I  51/~U/ml 

Fig. 22. Almost ubiquitous vaeuolization of beta cells. Aldehyde fucllsin stain. 260 • 

Fig. 23. The transformation of many beta cells into sacs of glycogen with isolated, deeply stain- 
ing nuclei and cytoplasmic remnants is well demonstrated. The irregularly shaped nuclei 

arc presumably undergoing degenerative changes (arrows). Toluidine blue stain. 640 • 

ratory rat (LACY, 1961). A third granular cell was not 
observed in the sand rat  (CA~AmA, 1963) ; and although 
alpha granules varied somewhat in diameter, these 
differences occurred within the same cell and hence 
no basis for subdividing the alpha cells into secondary 
groups was present (CaI~A~A e ta l . ,  1965). Beta cells 
were more adequately preserved after aldehyde fixa- 
tion with retention of a greater number of beta granules 

and the occasional presence of secretory granules 
within the Golgi apparatus. In general, the amount of 
granular endoplasmie reticulum was inversely pro- 
portional to the number of secretory granules. 

When susceptible sand rats were 
fed a diet of synthetic chow, instead 
of mixed fresh vegetables or their na- 
tive plants, increased levels of serum 
Ii~I and beta cell degranulation became 
manifest, at times in the absence of hy- 
perglycemia. UltrastructurM evidence 
of enhanced protein synthesis was inva- 
riably present. Evidence suggestive of 
increased release of protein from the 
cell included the prominently enlarged 
Golgi complex, and the increased num- 
ber of coated vesicles and agranular tu- 
bules, possibly of Golgi origin, in the 
vicinity of the cell membranes. Evidence 
of "emiocytosis" (LACY, 1961) was not 
present. With the appearance of hyper- 
glycemia, protein synthesis was further 
increased and the beta cells revealed 
the presence of variable quantities of 
glycogen limited to the cytoplasm. The 
glycogen was not related to any particu- 
lar cell organelle, but  appeared to dis- 
place and compress all of the cytoplas- 
mic structures. The extent of the gly- 
cogen infiltration varied considerably 
from cell to cell, perhaps accounting 
for the maintenance of elevated levels 
of serum I1%I in these animals. The 
ultrastructural appearance of the gly- 
cogen in the beta cells of the sand rat 
differs from the classical (R]~v~L, 1960) 
in that  the granules are less electron 
dense, regardless of the fixative utili- 
zed. That  the granular infiltrate is in- 
deed glycogen was proven by the dias- 
tase digestibility of comparable infiltra- 
tes, as visualized by light microscopy. 
The explanation for the different ultra- 
structural appearance is not presently 
available. 

The appearance of liquefaction and 
true vacuolization was apparently limi- 
ted to the areas of most concentrated 
glycogen infiltration. Concomitant al- 
terations include cytoplasmic degener- 
ation, nuclear irregularity with de- 

creased size and increased electron density ( ?. pykno- 
sis), and presumably cell death. The presence of these 
alterations, in the only diabetic animal without evi- 
dence of increased I g I  in whom tissue was obtai- 
ned for electron microscopic study, provides the b~- 
sis, albeit slim, for suggesting that  these changes may 
Mso have been present in those animals that  develop- 
ed the fulminating ketotic diabetic syndrome. 

11" 
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Fig. 24--27.  Electron micrographs of degenerating beta cells. Same animal i l lustratedin Fig, 22 and 23 

l~ig. 24. Cytoplasmic remnants  of  beta cells a t  upper  left and  lower r ight  are flattened against  cell membranes b y  accumulated glycogen. Vacuole 
formation within glycogen "s tuffed"  cells parallels other degenerative changes. Alpha cell and  capillary are normal.  Paraformaldehyde-glutaralde- 

hyde. Approximately 13700 • 
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Fig. 25. Examples of degenerating (perhaps necrotic) beta cells. Irregularly shaped and electron-dense nuclei are in close apposition suggesting loss of 
intervening cytoplasm. Cytoplasmic remnant adheres to periphery of nuclei and cell membranes. Vacuoles with clumping of glycogen and mitochondrial 

ballooning suggest imminent cell breakdown 
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Fig.  26. Degenera t ing  or necrotic beta  cell, w i th  a whorled collection of  continuous agranu la r  cisternae,  p resumably  a s tage  of  deve lopment  beyond 
tha t  i l lustrated in Fig .  20. The central ly s i tua ted  m e m b r a n o u s  debris  closely resembles a r ea r ranged  collection of  l ipoprotein (myel in  figure). Glutaral-  

dehyde.  Approx ima te ly  21000 • 
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Fig. 27. Evidence of an inflammatory cell (eosinophilic leucocyte) iu the viciI~ity of cell degeneration. Distorted beta cell 
nncletls, ballooned mitoehondria and cytoplasmic debris are visible. The alpha cells are reasonably normal. Glutaraldehyde. 

Approximately 13700 • 
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