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Summary. Electronmicroscopic studies were per- 
formed on the pancreatic islets of normal mice (C 57BL/ 
l~sJ) and of diabetic mutants  (C57BL/Ks-db/db) at all 
stages of the syndrome. The ultrastructural  appearance 
of the islets of prehyperglycemic mutants  (Blood Glucose 
< 120 rag/100 ml) did not differ from that  of normal mice. 
The two could not be differentiated without the aid of 
radioautography, which demonstrated that  the beta cells 
of prehyperglycemic mutants  incorporated thymidine-3H 
with greater frequency. Beta cells of early hyperglycemic 
mice (BG 130--200 rag/100 ml) revealed partial secretory 
degranulation, increased quantities of rough endoplasmic 
reticulum and enlarged Golgi structures. Beta cell necro- 
sis was most common in mice with established hyper- 
glycemia during the period of most rapid blood glucose 
elevation. I t  negated the effects of the short lived increase 
in beta cell proliferation and was eventually responsible 
for a reduction in beta cell mass and relative insulin 
insufficiency. The presence of unique intra-islet ductal 
structures and acinar cells later in the syndrome is un- 
known in other diabetic models. The proliferating ductal 
epithelial cells presumably gave rise to ciliated cells, 
mucous goblet or Paneth  cells and pancreatic acinar cells, 
bu t  no evidence of beta cell neogenesis was obtained. 
"Virus4ike" particles were identified within intact  and 
necrotic beta cells and intra-islet acinar cells. 

Etudes de la mutation dbdb chez la souris. I I .  Micro- 
scopie @lectronique des ilots panerdatiques 

Rgsumd. Des 6tudes au microscope @lectronique ont 
dtd faites sur des riots pancrgatiques de souris normales 
(C57BL/KsJ) et de mutants  diab6tiques (C57BL/Ks- 
db/db) ~ tousles  stades du syndrome. L'aspect ultrastruc- 
turel des ilots des mutan ts  pr@hyperglyc~miques (taux de 
glucose sanguin 120 rag%) ne diff@re pus de celui de souris 
normMes. I1 n ' a  pus 6t@ possible de distinguer les deux 
cat6gories sans l 'aide de l 'autoradiographie qui montre 
une plus grande frdquence d'incorporation de la 3H- 
thymidine duns les ceUules fl des animaux prdhypergly- 
cdmiques. Duns les cellules fl de souris pr@sentant depuis 
peu une hyperglyc@mie (glucose sanguin entre 130 et 200 
rag%), on observe une ddgranulation partielle, une aug- 
mentat ion du r6ticulum endoplasmique granulaire et un  
~largissement du complexe de Golgi. Des n@croses de 
cellules fl sent tr~s fr@quentes chez les souris ayant  une 
hyperglyc@mie manifeste au cours de la p~riode de l'ascen- 
sion rapide du glucose sanguin. Ce phdnom~ne annule les 
effets de l 'augmentat ion passag@re duns la prolif@ration 
des cellules fl et pourrait @tre 6ventuellement responsable 
de la r~duction de la masse des cellules fl et du manque 

relatif en insuline. La pr@sence de structures tubulaires 
uniques duns les riots et de cellules acinaires ~ un  stade 
plus avanc@ du syndrome n ' a  pas ~t6 d@crite duns d'autres 
types de diab~te. La proliferation des cellules tubulaires 
@pith61iales est probablement k l'origine des cellules ciliSes, 
des cellules k mucus ou cellules de Paneth et des cellules 
pancr~atiques acinaires, mais on n ' a  pus pu d~montrer 
une n~og~n~se des cellules /~. Des particules ressemblant 

des virus out pu @tre identifi6es duns des cellules fi 
intactes et n@crotiques ainsi que duns les cellules acinaires 
intra-insulaires. 

Der Diabetes der dbdb-Maus. I1. Elelctronenmi]croslco- 
pische Untersuchungen der Langerhans' schen Inseln 

Zusammenfassung. Die Langerhans'schen Inseln nor- 
maler (C 57 BL/KsJ) und hereditar diabetischer (C 57 BL/ 
Ks-db/db) Mguse wurden mit  dem Elektronenmikroskop 
untersucht. Vor Auftreten des hyperglykgmischen Syn- 
droms konnten in den Inseln kiimftig diabetischer Tiere 
keine ultrastrukturellen Vergnderungen festgestellt wer- 
den. -- Dagegen zeigten autoradiographische Untersu- 
chungen mit  Thymidin-aH eine deutlich erhShte Inkor- 
poration der markierten Substanz in die Inseln der kiinf- 
tig hyperglykamischen Tiere. Die B,Zellen mal~ig hyper- 
glykgmischer Tiere waren teilweise degranuliert, ihr er- 
gastoplastisches l~eticulum war deutlich sichtbar und der 
Golgi-Komplex vergrSl~ert. B-Zellnekrose war bei Tieren 
mit  langer dauernder Hyperglykiimie und im Verlauf des 
schnellen Anstiegs der Blutzuckerkonzentratiouen am 
haufigsten zu sehen. Tros voriibergehender Steigerung 
der B-Zellproliferation nahm die Gesamtzahl der B-Zellen 
progressiv ab. Besondere Aufmerksamkeit wird den bisher 
bei keinem andern hyperglykamischen Zustand bcschrie- 
benen und  bei db/db-Miiusen in einem fortgeschrittenen 
Stadium des Syndroms anzutreffenden, innerhalb der 
Inseln lokalisierten tubuls Strukturen geschenkt. Die 
proliferierenden epithelialen Zellen schienen fiir das Auf- 
treten yon mit  Zilien versehenen Zellen, Schleimzellen 
und  acin~ren Zellen verantwortlich zu sein, doch konnte 
kein Hinweis fiir das Vorkommen einer 1N~eubildung yon 
B-Zellen aus exokrinen Mutterzellen gefunden werden. 
Sowohl in normalcn und  nekrotischen B-Ze]len als auch 
in den acin~ren Zellen wurden you Viren nicht zu unter- 
scheidende Strukturen festgestellt. 

Key-words : Spontaneous diabetes, genotype : C 57BL/ 
Ks-db/db, hereditary diabetes in mice, muta t ion:  diabetes, 
pancreatic islets, ultrastructure, islets of Langerhans, beta 
cell necrosis, virus and beta cell necrosis, type particle. 

I n  this paper  we will report  the results of electron 
microscopic studies of the pancreat ic  islets of no rma l  
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(C 57 BL/KsJ )  and  diabetic m u t a n t  (C 57 BL/Ks-db/ 
db)mice, a t  all stages of the syndrome.  An  account  of 
the l ight  microscopic a nd  radioautographic  findings 
was given in  a companion  paper  [9], wherein a brief 
descript ion of the  muta t ion ,  and  a resum@ of previous 
publ ica t ions  were also presented.  

The present  efforts were unde r t aken  in  order to 
documen t  a n y  morphologic changes in  the islets asso- 
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Fig.  1. B e t a  cells, no rmal  (C 57 B L / K s J )  mouse:  secretory storage granules are  abundan t  and conta ined  wi th in  
loosely f i t t ing smooth  sacs. Mi tochondr ia  are slender. Rough  endoplasmie  re t i cu lum is sparse. The capi l lary is 

l ined by  fenes t ra ted  endothel ia l  ceils. Approx ima te ly  14250 • 
1. CAP:  Capi l lary 6. Cil: Cilium 10. IV[: Mi tochondr ion  
2. B L  : Basal  L a m i n a  7. N :  Nucleus 11. m v  : m i c r o v i l h s  
3. C: Collage~ Fibr i l  8. R E l g : t ~ o u g h  Endoplasmie  12. Lys :  Lysosome 
4. Ne :  Non  Myel ina ted  Nerve  Re t i eu lum 13. CI~I: Cell Membrane  
5. Co- Cen~riole 9. G: Golgi 14. mr :  mye l in  figures 

The micrographs  are f rom tissue samples prepared  wi th  a ldehyde fixatives,  wi th  the  except ion  of Figs. 8, 9, 11, 12 and 14 

Di~betotogia, Vol. 6 16 
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Fig. 2. Normal beta cell: secretory granules vary in appearance. Electron dense, electron lucent and crystalline 
(arrows) forms are visible. The Golgi complex is small. Approximately 22000 • 

eiated with the major physiologic events of the syn- 
drome. In so doing, special emphasis was placed upon 
an endeavor to: 1. Examine the islets of pre-hyper- 
glycemic mutants (BG < 120 mg/100 ml) to determine 
whether any morphologic defects antedate the onset 
of carbohydrate intolerance. 2. Identify the islet cells 
(alpha vs beta) responsible for the uptake of thymi- 
dine-StI administered to early hyperglycemic mutants 
[9, 1]. 3. Document the occurrence and determine, if 
possible, the etiology of beta cell necrosis, g. Study the 
fine Structure of the epithelial cells lining the proliferat- 
ing duets, with special emphasis on their ability to 
differentiate into endocrine islet cells. 5. Examine the 
pancreatic acinar cells which are situated within many 
islets of mutants during the latter portion of the dis- 
e a s e .  

Materials and Methods 

For information concerning the source of animals, 
diet, methods of blood glucose (BG) and serum im- 

munoreaetive insulin (IRI) analyses, methods of sac- 
rifice and light mieroseopie examinations, the reader is 
referred to the accompanying publications in this issue 
[9, l]. 

Fifty-three mutants and 18 age-matched normal 
mice were used for the electron microscopic examina- 
tion. The mutants included animals at all four stages 
of the syndrome [9]. The panereata were fixed at room 
temperature by immersion or perfusion: the latter was 
accomplished by rapidly injecting fixative under pres- 
sure into the left ventricle, preceded by severing the 
inferior vena eava. l~ixatives included 3% glutaralde- 
hyde, buffered with sodium caeodylatc (0.1 M), pI-I 
7.4--7.6, or Karnovsky's paraformMdehyde-gluta- 
raldehyde solution, diluted 1 : 1 with sodium caeody- 
late (0.1 M) final pH 7.2--7.5 [5]. Calcium chloride 
(0.005 M) was added to both aldehyde fixatives. After 
fixation for 2 h, tissues were washed in 0.1 M sodium 
eacodylate, frequently containing 10~o sucrose, for 
variable periods of time, and subsequently post fixed 
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Fig. 3. Normal beta cells showing evidence of increased synthesis and secretion. Secretory granules diminished. 
Rough endoplasmic reticulum and Golgi elements are increased. Approximately 14250 X 

at  0--4~ in 1.33% osmium tetroxide buffered with 
S-eollidine (0.07 M), with added sucrose (0.122 M) and 
calcium chloride (0.005 M); final p H  was 7.4--7.6. In  
selected instances, pancreatic fragments were also pri- 
marily fixed at 0--4~ in osmium tetroxide, prepared 
as described above. All tissues were rapidly dehydrated 
in a graded series of ethanol solutions and embedded 
in epon 812 [13]. Sections cut a t  1 micron were stained 
with 1% toluidine-blue-0 in 1% borax, for light mi- 
croscopic identification of pancreatic islets. Thin 
sections were then prepared with an LKB ultratome 
using duPon$ diamond knives and examined in an 
RCA EMU 3G microscope after sequential staining 
with 95% aqueous uranyl acetate and lead citrate [18]. 

Electron microscopic radioautography was carried 
out on pancreatic samples from 2 early hyperglycemic 
mutants.  The method of thymidine-3II administration 
has already been described [9, 1]. Pancreatic islets 

identified in i micron epon sections were subjected to 
light microscopic radioautography using the same tech- 
niques employed for paraffin sections. Those islets with 
several heavily labeled nuclei were selected and sec- 
tions with pale gold interference colors were picked up 
on uncoated Athene grids and coated with Ilford-L4 
photographic emulsion. After exposure for from 
4 to 6 weeks in Drierite-containing light-tight boxes at  
0 to 4 ~ C, the emulsion was developed in freshly pre- 
pared Kodak  D-19 developer, fixed in acid fixer, wash- 
ed and stained with lead citrate. 

.Results 
Normal  mice 

The pancreatic islets of normal C 57 BL/KsJ  mice 
can not be distinguished from those of other inbred, 
hybrid [12] or random bred mouse species [11] studied 
in this laboratory. 

16" 
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Fig. 4. Alpha cells, normal mouse: secretory storage granules are uniformly electron dense and contained in 
tightly fitting sacs. l%ough endoplasmie retieulum and Golgi are compact. Occasional lysosomes are present. 

Surrounding collagen fibrils delineate periphery of islet. Approximately 14250 • 
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Fig.  5. Smal l  exocr ine  duc t ,  n o r m a l  m o u s e :  low eubo ida l  ep i the l ia l  cells are  w i t h o u t  d i f f e ren t i a t ed  organelles .  
M i t o e h o n d r i a  a re  smal l  a n d  w i t h o u t  granules .  Surface  mierovi l l i  are visible.  A p p r o x i m a t e l y  14250 • 
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Fig. 6. Beta cells, diabetic mutant (C57BL/Ks-db/db) with early hyperglycemia. Secretory storage granules 
diminished and more variable in size. l~ough endoplasmic reticulum increased. Golgi complex increased and dispersed 
with secretory material within vesicles and tubules (arrows). Cell membrane is smooth. Approximately 14250 X 

The numerous beta cells are relatively uniform in 
appearance. Secretory storage granules are abundant, 
are almost always rounded and enclosed within loosely 
fitting smooth membraned sacs [Figs. 1, 2]. Occasional 
crystalline (rectangular or needle shaped) forms are 
visible (Fig. 2). After primary osmium fixation, the 
beta granules are relatively uniform in size and elec- 
tron opacity and enclosed in rather spacious sacs. 
When either aldehyde fixative is employed, the granu- 
les are more varied in size and electron density. The 

less dense granules are larger and occupy a greater 
portion of the enveloping sacs than do the smaller gra-  
nules which have greater electron opacity (Fig. 2). In  
most beta cells of normal mice, the rough endoplasmic 
reticulum is inconspicuous and the Golgi complex 
small. The mitochondria are elongated or circular, de- 
pending on the plane of section, but always slender and 
filled with numerous closely-packed cristae mitochon- 
driales (Fig. 1). In the occasional beta eel1 containing 
a smaller number of secretory granules, the rough en- 
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Fig. 7. Beta cells, diabetic mutant mouse with early hyperglycemia. 2 h after administration of thymidine-aH 
(Ilford L-4 emulsion, 21 days exposure). Silver grains overlying the labeled nucleus indicate the paths of the emerg- 
ing beta particles. Beta secretory granules are reduced in number and rough endoplasmie retieulum increased 

Approximately 22 000 • 

doplasmic retieulum and the Golgi components are 
more prominent (Fig. 3). 

The alpha cells are characterized by their peripheral 
location, where they form a uniform or eccentrically 
placed mantle separating completely or incompletely 
the beta cells from the surrounding exoerine pancreas. 
Their secretory granules are larger and more electron 
dense than the beta granules and are contained within 
t ightly fitting smooth membraned sacs. There is little 
variation in the electron opacity of the alpha storage 
granules regardless of the fixative used. The rough 
endoplasmic reticulum is compactly organized into 
a number  of parallel tubular profiles tha t  are observed 
with frequency. Similarly, the Golgi complex is 
larger and better  organized than its counterpart  in 
the beta cell (Fig. 4). 

Within the sparse extracellular space separating the 
islet cells from the fenestrated capillaries are found 
occasional small non myelinated nerve endings, a rare 
collagen fibril and t h e  at tenuated basal lamina of the 
capillary (Figs. 1, 4). 

The small pancreatic ducts are in close proximity 
to, but  almost always external to the normal islets. 
The single layer of flattened cuboidal epithelial cells 
are not distinguished by  any evidence of a differentiat- 
ed structure: there are no secretory granules and no 
regularly occurring cilia. The luminal cell surfaces, 
however, possess a moderate number of small slender 
microvilli. In  immediate contact with the abluminal 
surface is a well-formed basal lamina and beyond this 
a dense layer of fibrocollagen which merges with the 
adjacent interstitial tissue (Fig. 5). 



224 A.A. Like and W.L. Chick: Studies in the Diabetic Mutant Mouse. II .  Diabetologla 

Figs. 8 and 9. Beta cells, diabetic mice with established hyperglycemia: Degranulation is more advanced. Re- 
mMning secretory granules are small. Increased rough endoplasmie reticulum is tubular (Fig. 8) and vesicular 

(Figs. 8 and 9). Mitochondria are enlarged and numerous, Osmium tetroxide. Approximately 14250 X 

Diabetic mutants 
Pre-hyperglycemic and early hyperglycemic mice. The 

beta cells of prehyperglycemic (BG < 120 mg/100 m]) 
mutants can not be distinguished morphologically 
from those of the normal mice without employing ra- 
dioautography [9]. However, in the presence of early 
hyperglycemia (BG 130--200 mg/100 ml) beta cell 
structure reveals the following modifications: the 
rough endoplasmic reticulum is increased in quanti ty 
and numerous tubular and vesicular profiles are visi- 
ble; the Golgi complex is enlarged and its components 
more dispersed throughout the cytoplasm; mitochon- 
dria are more numerous and moderately increased in 
size (Fig. 6). At this t ime in the course of the syndrome 
the recognition of partial beta cell degranulation by  
light and electron microscopy is possible. 

The electron microscopic radioautographs reveal 
tha t  virtually all of the islet cells with labeled nuclei 
are beta cells (Fig. 7). Only a rare leucocyte and cap- 

illary endotheliM cell are labeled. Although sections 
were selected with labeled nuclei situated at  the peri- 
phery as well as at the interior of the islet, all of the 12 
labeled endocrine cells examined are beta cells, using 
the fine structural criteria listed above. Labeled alpha 
cells are not observed. 

Mice with established hyperglycemia 

1. Intact beta cells. In  the presence of established 
hyperglycemia (BG > 200 mg/i00 ml) light and elec- 
tron microscopic evidence of beta cell degranulation is 
striking. There is further expansion of the rough en- 
doplastic reticulum and a prominent increase in the 
size of the Golgi complex. Formerly, a small compact 
organelle, the Golgi elements are now widely dispersed 
throughout the cell and frequently contain electron 
opaque material and small granules within tubular and 
vesicular profiles. The reduced number of secretory 
storage granules are more varied in size and electron 
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opacity, with a relatively larger number of small gra- 
nules visible. Their location within the cell is haphaz- 
ard with no apparent  concentration at  the cell surface 
membranes. The latter show no apparent  increase in 
surface irregularity nor any increased number of viii- 
form projections. In  contrast with the uniformly small 
and slender mitochondria of the normal mice and pre- 
hyperglycemic mutants,  the mitoehondria of animals 
with established hyperglycemia are increased in num- 
ber and quite varied in size and shape. Many extremely 
large and bizarre shaped mitochondria are visible, all 
filled with numerous closely packed cristae mitoehon- 
driales (Figs. 6, 8, 9). 

2. Necrotic beta cells. Beta cells undergoing degen- 
eration and necrosis are not identified by  light micro- 
scopy in conventional paraffin or in 1 micron epon sec- 
tions. They are identified by  electron microscopy, and 
infrequently, unless animals are examined during the 
early stage of the syndrome, when blood glucose is 
greater than  200 rag/100 ml and increasing rapidly. 
Necrotic or degenerating ceils have no characteristic 
location within the islet, occurring at  random, without 

Fig. 9 

apparent  preference for areas adjacent to capillaries 
nerve endings, duets, etc. Individual cells, less com- 
monly a pair of cells, are affected, with no evidence of 
groups of contiguous cells or an entire islet undergoing 
necrosis at  one time. 

The following alterations in cells undergoing nee- 
rosis are observed in islets, regardless of the method of 
fixation. The earliest or minimally involved cells pos- 
sess a moderate number of lysosomal structures and 
small myelin figures scattered amongst the cytoplas- 
mic organelles (Fig. 10). In  other cells, the lysosomes 
are larger and may  incorporate portions of the rough 
endoplasmie reticulum, small vesicles and mitochon- 
dria, hence may  be designated autophagosomes (Fig. 
11). Still other cells reveM, in addition to the above, a 
clumping together of cytoplasmic elements, with a 
coarseness of individual components due to increased 
electron opacity (Fig. 12). Furthermore, there are cells 
with pyknotie nuclei in which the cytoplasmic or- 
ganelles are in such disarray and so electron opaque so 
as to be virtually unrecognizable (Fig. 13). Finally, 
fragments of necrotic cells are seen within the inter- 
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Fig. 10. Beta cells, diabetic mouse with established hyperglycemia, showing evidence of degeneration. Many myelin 
figures and lysosomes are visible. Adjacent beta cell reveals evidence of enhanced protein synthesis. Appro- 

ximately 14250 • 

stitinm and also within presumed phagocytes 
(Fig. 14). 

Of great interest is the observation of particles of 
consistent appearance and dimension in some intact 
and numerous necrotic beta cells, as well as in a rare 
alpha cell. These particles are spherical, have an overall 
outer diameter of approximately 1000--1100 • and a 
core of approximately 600--650 ~. The inner dense 
core is surrounded by a membrane and is well demarcat- 
ed from the outer less compact area, which may not 
be membrane limited and is often not sharply delin- 
eated from the surrounding cell (Figs. 11, 12). The 
partieles are consistently found in the cell cytoplasm; 
no nuclear involvement is apparent. They are observed 
in vesicular profiles of the rough endoplasmie reticu- 
lure, and commonly in membrane lined vesicles devoid 
of ribosomes. Otherwise normal appearing beta cells 
may harbor one or a number of these particles. The 
more heavily involved cells usually reveal the stigmata 
of degeneration and necrosis described above, as well 
as areas of apparent cytoplasmic lysis, wherein the 
organelles have apparently been replaced by a finely 

Fig. i i. Beta cell, diabetic mouse with evidence of dege- 
neration. Large lysosomes containing fragmented orga- 
nelles (autophagasomes). A virus-like particle is encircled. 

Osmium tetroxide. Approximately 14250 • 
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Fig. 12. :Portions of several beta cells, diabetic mouse. The architecture of the cell which occupies the major 
portion of the rnicrograph is virtually unrecognizable. Several secretory granules and mitochondria are visible. 
Autophagasomes, lysed and clumped cytoplasmic elements and virus-like particles encircled) are" present. 
Osmium tetroxide. Approximately 14250 •  Insect reveals high mangnifieation viewJ o:f virus-like particles: 

the inner cores are 600--650 • and the overall diameters 1000--1100 A. Approximately 48400 • 
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Fig. 13. Necrotic beta cells, diabetic mouse with established hyperglycemia: the pyknotic nucleus and the 
clumped electron dense cytoplasmic components indicate cell death. Approximately 14250 • 
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Fig. 14a. Beta cells, diabetic mutant  mouse: the membrane bound remnants of necrotic cytoplasmic components 
are within the interstitium or within a macrophage. Portions of necrotic mitochondria and secretory granules are 

evident. Approximately 14250 • 

particulate,  low density material,  resembling "cell sap". 
This last-mentioned phenomenon is more characteristic 
of aeinar cells which m a y  contain large numbers  of 
these particles (see below). These particles have been 
identified in beta  cells of m a n y  different mutan t s ;  the 
dimensions cited are consistent for the two methods of 
fixation and the three fixatives utilized. The appear- 
ance and  dimensions of the particles suggest t ha t  they  
represent an as yet  unidentified virus. 

Mice with advanced hyperglycemia and in terminal 
stage of syndrome 

Until  this point  our description of the pancreatic 
islets has been limited to mutan t s  sacrificed relatively 
early in life, when the overall organizat ion of the islets 
is intact.  Later  in the syndrome and with considerable 
variabil i ty f rom animal to animal and from islet to  
islet, the configuration of the islets is great ly  altered. 

1. Intact islets. I n  an occasional islet t ha t  has re- 
ta ined the round  or oval shape and the sharp demarca- 
t ion from the surrounding exocrine tissue, the periphe- 
ral --  central, a lpha-beta cell orientation of the normal  
islet is replaced by  a r andom mixture  of the 2 cell types  
within the islet interior (see Fig. 8 in [9]). Most islets, 
however, are irregular in outline and are honeycombed 
~dth small and sometimes dilated ductal  structures. 
The reduced number  of residual endocrine-islet cells 
are gathered in haphazard  clusters with no semblance 
of the former orientation. Adding fur ther  to the or- 

Fig. 14b. Portion of an intact beta cell, diabetic mutant  
mouse: vlrus-like bodies (straight arrows) are present 
within vesicular profiles of the rough endoplasmic reti- 
eulum. Beta granules (curved arrows) and oblique sections 
of the unidentified elongated structures (see Fig. 29). 

Approximately 32 800 • 

ganizational chaos, are groups of acinar cells within 
the islet interior, as well as an irregular network of 
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Figs. 15--21. Document the appearance of the proliferating duets in diabetic mutant mice in the terminal 
stage of the syndrome 

Fig, 15. Ciliated epithelial cell on the luminM surface of a collapsed duct lumen (L). A portion of an acinar cells 
also present. Approximately 14250 • 

fibrocollagen which joins the islet interior with the 
periislet exocrine tissue (see Fig. 11 in [9]). 

2. Proliferating ducts. The ultrastructure of the 
cells lining the newly formed duets reveals a remark- 
able variability, unknown in the cells lining the small 
exocrine duets adjacent to the islets of normaI mice. 
Few cells are without evidence of structural differ- 
entiation. Infrequently ciliated epithelial cells are pre- 
sent, singly or in small groups of two or three (Fig. 15). 
Pancreatic acinar cells are observed on the luminal 
surface of the ducts with greater frequency (Figs. 16, 
17). Most common, however, are epithelial ceils con- 
raining large secretory granules which consist of a 
small electron dense core and a peripheral fibrillar 
component which is relatively electron lucent (Figs. 18, 
19). These strongly resemble the secretory granules of 
most Paneth  ceils and some mucous goblet cells [17]. 
The mitoehondria arc larger than  those of normal duc- 
tal  cells and frequently possess electron opaque granu- 
les, of variable size, within the eristae mitochondriales 
(Figs. 19, 20). The luminal surface is thrown up into a 
number  of mieroviUi similar in size and number to 
those present in normal ducts (Figs. 16--19). The ab- 
luminal surface is often in direct contact with the clus- 
ters of underlying islet or aeinar cells, separated at  
times only by  a pair of ceil membranes (Figs. 16, 17, 

21). Alpha and beta cells are not observed on the lumi- 
nal surface of any ducts; they are always separated 
from the ductal lumen by  one of the several types of 
lining cells described above (Figs. 16, 17, 21). Not  in- 
frequently, an extremely at tenuated portion of the 
ductal cell cytoplasm separates the islet cell from the 
lumen, wine  in other instances, a well=formed basal 
lamina together with a layer of fibrocollagen are inter- 
posed between duct lining cells and the underlying 
islet cells. I t  is also of interest tha t  although the duetal 
lining cells cited are ioined to one another by  well-form- 
ed junctional complexes (Figs. 15, 16, 17), only infre- 
quent, small and incomplete desmosomes join islet 
cells together or to the cells lining the ductal lumina. 
In  none of the numerous mierographs studied were 
transition forms between duetal lining, acinar and islet 
cells observed. 

3. Intra-islet acinar cells. Acinar ceils within the 
islets of diabetic animals are in frequent (Figs. 16, 17) 
but  not exclusive association with the ductal elements. 
The extent  to which endocrine islet cells are replaced 
by  acinar cells is variable; islets arc present with one 
or several acinar cells at  the periphery, while there are 
others in which acinar cells predominate. The ultra- 
structure of these cells is also quite variable. Most are 
cytologically intact  and differ from the normal only 
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Fig. 16. The luminal surface is lined by portions of 2 acinar cells (AC) and a duetal epithelial cell (DC). The 
beta cell (B) is not  on the duct lumen. Approximately 14250 • 
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Fig. 17. Another example of a beta cell close to but not on the luminal surface of a duct. A narrow porgion of a ductal 
cell separates the beta cell from the lumen. Approximately 22 000 • 

because of their location and  the inevitable architec- 
tural  distortion. (I t  is unclear whether  all of the dis- 
placed acinar cells have access to an intercalated duct  
for secretory discharge). Those which are s i tuated on 
the luminal  surface of an  intra-islet duct  also are cyto- 
logically normal  and appear  to release their secretory 
produc t  directly into the duct  lumen (Fig. 17). I n  other  

acinar cells the tubular  profiles of the rough endoplas- 
mic ret iculum are dilated and contain several or m a n y  
spherical granules of variable size and densi ty (Figs. 22, 
23, 24, 25). The more extensively involved cells often 
contain membranous  and amorphous  aggregates of 
disrupted organelles (Figs. 23, 25). Areas of apparent  
intracellular lysis are no tewor thy  (Figs. 26, 27), where- 
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Fig. 18. Survey micrograph of a proliferating duet lined by secretory epithelial cells resembling intestinal paneth 
cells and mucous cells. The lumen contains a dense secretory product. Mierovilli are on the luminal surface. 
A well defined basal lamina and collagen fibrils delimit the ablurninal surface of the cells. Approximately 9500 • 

Diabetologia, Vol. 6 17 
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Fig. !9. Higher magnification of ductal epithelial cell: secretory granules consist of an electron dense eccentric core 
and a more lucent fibrillar component. The mitochondria possess dense granules (see Fig. 20). Approximately 22 000 • 
Fig. 20. Mitoehondrion from ductal epithelial cell revealing electron dense granules within the eristae. Appro- 

ximately 22 000 • 
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Fig. 21. A narrow portion of a duetal epithelial cell separates the alpha cell from the lumen. This narrow eel 
process could not be resolved by light microscopy. Approximately I4250 • 

in vesicular remnants of the rough endoplasmic re- 
ticulum containing the spherical granules are sur- 
rounded by  a structureless aggregate of low electron 
density in which occasional ribosomes, mitochondria 
and vesicles are recognized. Almost always pre- 
sent in these cells are the "virus-like" particles 
described in the necrotic and intact  beta cells (Figs. 
25, 28). 

4. Beta cells. The major cytologic alterations within 
beta cells of mice with advanced hyperglycemia and 
in the terminal syndrome are those already described 
for the earlier periods of hyperglycemia. Additional 
findings during the later stages include the presence of 
many  bizarre and giant mitochondria (Fig. 29) and a 
number of unidentified elongated structures, often sev- 
eral micra in length and having an inner structure of 
compact longitudinMly arranged microtubules or fi- 
brils (Fig. 30). More significant perhaps is the spatial 
realignment of beta cells within islets which may  have 

a normal configuration or may  be permeated by  small 
ducts and fibrous septae as described above. A random 
section of such an islet reveals irregularly shaped beta 
cells occurring singly or in small clusters. They are at  
times surrounded by  fibroeollagen, are adjacent to 
acinar, alpha or new duetal cells, but  neither in a state 
of transition with duct, alpha or acinar cells, nor form- 
ing the luminal surface of the ducts. 

5. Alpha cells. The alpha cells are altered predom- 
inantly by  changes in location within the islets, best 
appreciated by light microscopy [9]. There are however 
no consistant or convincing ultrastructural  alterations 
noted among the cell organelles. Although occasional 
lysosomal structures are visible (Fig. 31), these are 
also present in normal mice. There is no compelling 
evidence of granulolysis [15]. These comments con- 
cerning the alpha cells of the diabetic mutants  are per- 
t inent for this cell component in animals at  all stages 
of the syndrome. 

17" 
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Discussion 
Normal mice and prehyperglycemic mutants 
The findings reported above indicate tha t  there 

were no ultrastructural  differences between the pan- 
creatic islets of normal mice (C 57 BL/KsJ)  and dia- 
betic mutants  (C 57 BL/Ks-db/db), prior to the onset 
of carbohydrate intolerance. On the basis of the mor- 
phologic appearance alone, and without the aid of 
radioautography, one could not predict which islets 
belong to animals with the db genes; it follows, tha t  
there were no recognizable preexisting structural in the 
endocrine pancreas of the mutants.  The findings also 
indicate that  these islets could not be distinguished 
from those of other inbred, hybrid and random bred 
mice [12, 11]. 

at  the cell surfaces, suggested again tha t  the Golgi 
derived vesicles and tubules have a role in the secre- 
tion of nongranular insulin during times of sustained 
hyperglycemia [7]. 

The rate of beta cell replication was very high and 
probably reached a maximum during the early phase 
of hyperglycemia (blood glucose 130--200 rag/100 ml) 
[9, 1]. The inability to identify the beta cells which 
were preparing for mitotic division, without the use of 
radioautography, the presence of labeled nuclei (after 
thymidine-3tt administration) within normal appear- 
ing beta cells and the presence of beta granules in cells 
during mitosis [8], all strongly supported the belief 
tha t  in adult  mice, beta  cells beget other beta cells. 
There was no population of undifferentiated precursor 

Fig. 22. Portions of 2 normal pancreatic aeinar 
cells. Note the compact parallel tubular 
profiles of the rough endoplasmie reticulum 
and the large electron dense zymogen 

granules. Approximately 14250 • 

Diabetic mutants 
Beta cells. In  association with increased blood glu- 

cose levels, the familiar cytologic evidence of increased 
function were invariably present. Hence, the magni- 
tude of the beta cell degranulation, the increase in 
rough endoplasmic retieulum, the expansion of Golgi 
structures and the increased numbers and size of mi- 
tochondria were directly related to the degree of gly- 
cemic elevation [12, 11, 10, 14, 16]. The verylarge  and 
often bizarre configuration of the mitochondria resem- 
bled alterations in the Wellesley and Swiss-Hauschka 
mice [12, 11], and have not  been reported in other 
spontaneously diabetic species. The enlarged Golgi 
complex and the absence of discharging beta granules 

cells, within pancreatic islets of adult mice, which 
served as the progenitors of new beta cells. 

The evidence of beta cell destruction cited above is 
quite unique for several reasons. I t  was observed early 
in the syndrome at  a t ime when blood glucose levels 
were increasing most  rapidly. Unlike other examples 
of beta cell necrosis in spontaneous diabetes [10, 14], or 
in growth hormone induced diabetes [19] there was no 
associated intracellular accumulation of glycogen. Cer- 
tainly, the most unusual and unexpected finding, was 
the presence of significant numbers of particles, having 
a consistent size and appearance and resembling vi- 
ruses, [ ? C type particles]. In  so far as the identification 
of the viruses, and their role in the etiology of beta 
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Figs. 23--28. Depict the appearance of the intraislet aeinar cells which are undergoing degeneration and con- 
tain many virus-like particles 

Fig. 23. The centrally located aeinar cell contains a large aggregate of membranous and electron dense debris. 
Dilated profiles of the rough endoplasmie reticulum contain dense spherical granules. The virus-like particles are 

encircled. Approximately 14250 • 

cell necrosis have not yet been established, one can not 
exclude the possibility that they arrived on the scene 
only after other and etiologic factors had already 
damaged the beta cells. In support of this explanation 
is the presence of these particles, albeit in very small 
numbers, within a rare alpha cell, in the absence of 
cell damage. On the other hand, the presence within 
beta cells of the characteristic cytoplasmic lysis that  

is commonly associated with viral infection, and the 
degenerative changes, also with cytoplasmic "lysis", 
within intra-islet acinar cells containing these particles, 
can be cited as evidence in favor of a viral agent 
having cytotoxic potential. Recently a diabetic synd- 
rome was produced in mice with a modified coxsaekie 
virus having the capability of inducing acinar as well as 
beta cell necrosis [3, 4]. 
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Fig. 24. Dilated tubules of the rough endoplasmie retieulum at higher magnification. Their size and appearance 
is variable. Approximately 22 000 • 

Fig. 25. Aeinar cell degeneration. The membranous and proteinaeious components at higher magnification. A 
virus-like particle is encircled. Approximately 22 000 • 
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Figs. 26 and 27. Portions of acinar cells with evidence of cytoplasmic lysis. Remnants  of cell s tructure are visible. 
Vesicular profiles of the rough endoplasmic reticultml contain spherical dense bodies. Approximate ly  22 000 • 

Fig. 28 a and b. Portions of two intra-islet  acinar cells 
which reveal the structure of the virus-like particles 
si tuated within cysternae of the rough endoplasmic reti- 
culum. The inner core, membrane bound is 600--650 A. 
The outer surface is less dist inct ;  the  overall diameter  is 
1000-- 1100 ~ .  Approximate ly  32800 • (a), 52800 • (b) 

The in t ra i s le t  and  per i is le t  i n f l ammat ion  and  
fibrosis were bel ieved to be secondary  and  nonspecific 
reac t ions  to  be t a  cell necrosis. 

Alpha cells.The findings r epor t ed  above  indica te  
t h a t  th is  cell t y p e  p l ayed  no role or only  a minor  role 

in the  in t ra is le t  events  which accompanied  the  pro-  
gression of the  d iabet ic  syndrome.  The mos t  s t r ik ing 
a l t e ra t ion  was a resul t  of the  r ea r r angemen t  of isle~ 
cells which occurred following or coincidenta l  wi th  the  
loss of be t a  cells. Therefore,  a lpha  and  be ta  cells were 
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Figs. 29 and 30. Portions of two intact beta  cells from diabetic mutant  mice in terminal stage of syndrome. Note 
the Iarge bizarre mitochondria (Fig. 30) and the unidentified elongated structure (Fig. 29). The latter, composed 
of t ightly packed microtubules of fibrils may be several micra in length. Longitudinal and cross sectional views 

are present 
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intermixed at random throughout the interior of islets, 
which were as yet undisturbed by the subsequent pro- 
liferation of ducts. Although sampling problems were 
pronounced and the number of labeled islet cells small, 
there was no evidence that  significant numbers of alpha 
cells underwent mitotic division under the existing 
conditions. The phenomenon of alpha cell granulolysis 
recently reported in the presence of hyperg]ycemia [15], 
was not an event of importance in this species. Al- 
though occasional alpha cells with one or several lyso- 
somes were observed, these organelles were not present 
in all or most of the cells of diabetic animals. Lyso- 

islet cells or evidence of islet to duet transformation, 
rendered unlikely the possibility that  the intraislet 
ducts arose in situ as a result of cell differentiation or 
transformation. The frequent continuity of proliferat- 
ing intra- and peri-islet ducts with existing exocrine 
ducts, the presence of labeled nuclei within small ex- 
oerine ducts (Fig. 12 in [9]) during the early period of 
hyperglycemia, and the ultrastructural similarities of 
the undifferentiated cells lining both types of duet, all 
implicated the exocrine ducts as the progenitors of the 
proliferating intraislet ducts in the mutants. 

There was no evidence to support the suggestion 

Fig. 31. Alpha cells, diabetic mutant mouse. The normal architecture is evident. The several lysosomes present 
suggest the phenomenon of granulolysis, but were not frequently identified in other alpha cells. Approximately 

14250 x 

somes were sometimes present in alpha cells of normal 
mice and no attempt was made to quantitatively doc- 
ument a subtle increase in the presence of this organelle 
in the diabetic mice. 

Proliferating ducts. Another unique morphologie 
feature of this mutation was the phenomenon of duetal 
proliferation. The absence of either undifferentiated 

[2], based on light microscopic examination, that  
islet cell neogenesis from ducts occurred with fre- 
quency, or at  all, in the mutants. Evidence to the con- 
trary include the following: 1. no instances of cells in 
transition (from duct to islet cell) were observed. 2. 
Islet cells were not identified on the luminal surface of 
any duet. In  many instances when light microscopic 
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e x a m i n a t i o n  of epon sections a p p e a r e d  to  demons t r a t e  
is let  cells on the  lumina l  surface of duets ,  e lec t ron 
microscopic  e x a m i n a t i o n  of these  areas  revea led  t h a t  
the  is let  cells were in fac t  s epa ra t ed  f rom the  duc t  
lumen  b y  cy top lasmic  processes of duc t a l  cells too  
na r row to be resolved b y  l ight  microscopy.  3. The posi- 
t ive  a ldehyde  fuchsin s ta in ing  revea led  b y  some of the  
due ta I  cells m a y  reflect the  known  aff in i ty  of basic 
fuchsin for the  p ro te in  core of the  P a n e t h  or muc in  
secre tory  granule.  4. The presence of pro l i fe ra t ing  duc- 
t a l  ceils was no t  fol lowed b y  a n y  evidence of an  in- 
crease in insul in secret ion [1], which would  be ant ici-  
p a t e d  if a n y  signif icant  n u m b e r  of new be t a  cells h a d  
been produced .  

I t  should  be i nd i ca t ed  t h a t  the  ab i l i t y  of the  pro-  
l i fera t ing  ducts  to  give rise to  c i l ia ted cells, mucous  or 
P a n e t h  secre tory  cells and,  p r e s u m a b l y  pancrea t i c  
exocrine cells, suppor t s  the  in i t ia l  suggest ion [2] t h a t  
t h e y  possessed the  deve lopmen ta l  po t en t i a l  of em- 
bryonic  panc rea t i c  ducts .  The absence of is let  cell 
neogenesis  does no t  con t r ad ic t  th is  suggest ion for i t  
has no t  been conclusively proven,  in  spi te  of popu la r  
belief to  the  con t ra ry ,  t h a t  the  endocr ine  is le t  cells are 
de r ived  embryo log ica l ly  f rom the  pancrea t i c  duc ta l  
cells and  no t  f rom the  p r imi t ive  mesenchyme into  
which the  duc ts  pro l i fe ra te  [20]. 

Intraislet acinar cells. The presence of subs tan t i a l  
numbers  of panc rea t i c  ac inar  cells wi th in  the  in te r io r  
and  a t  the  pe r iphe ry  of m a n y  islets  was ye t  ano ther  
unique  fea ture  of th is  mu ta t ion .  The  origin of the  
" i n v a d i n g "  ac inar  cells was p r o b a b l y  dual .  Those pre- 
sent  a t  the  pe r iphe ry  of an  is let  m a y  represen t  the  re- 
sul t  of a s imple r e a r r angemen t  process.  This m a y  have  
been i n i t i a t ed  wi th  the  d i s in tegra t ion  of a necrot ic  
be ta  cell, fol lowed b y  the  i nward  d i sp lacement  of a 
pe r iphe ra l  a lpha  cell, whereupon  i ts  pos i t ion  a t  the  
i s le t -ac inar  in ter face  was t a k e n  b y  a n e a r b y  exocrine 
cell. Those ac inar  cells p resen t  on the  lumina l  surface 
of the  duc ts  m a y  have  been der ived  b y  a process  of 
d i f ferent ia t ion  f rom the  l ining epi the l ia l  cells, a l though  
t r ans i t i on  forms were no t  identif ied.  The presence of an  
occasional  l abe led  nucleus among  these  in t ra i s le t  ac- 
inar  cells, following the  a d m i n i s t r a t i o n  of t r i t i a t e d  
t hymid ine ,  i nd i ca t ed  t h a t  t h e y  shared  the  ab i l i t y  of 
ac inar  cells elsewhere to  undergo  mi to t i c  division.  

A l though  acinar ,  a lpha  and  be t a  cells were fre- 
quen t ly  in v e r y  close p r o x i m i t y  to  one another ,  the re  
was no evidence of m i x e d  aeinar- is le t  cells [16, 6]. 
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