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Islet and Beta Cell Volumes in Offspring of Severely Diabetic (Ketotie) Chinese Hamsters 
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Summary. Chinese hamsters  bred at  the Upjohn La- 
bora tory  were s tudied at  varying ages from 15 days to 
19 months.  Diabetic animals three to six months and 
those 10 to 19 months of age were glycosuric and hyper-  
glycemic; there was ketonuria  and ketonemia but  blood 
glycerol and fasting plasma insulin levels were low when 
these values were compared with normal  control animals 
of comparable ages. Using quant i ta t ive  technics developed 
in our laboratory,  the volumes of islets, be ta  cells and be ta  
granules were diminished. The increase in volume of non- 
granular  cells is progressive with durat ion of diabetes. 
Glycogen infil tration was observed in be ta  cells of these 
diabetic animals. - -  Although offspring (fifteen-day-old 
weanlings) of the mat ing of two severely diabetic (ketotic) 
animals were normoglycemic and glycosuric, their  plasma 
insulin levels were higher than  those of their controls. 
The islet volume was somewhat higher than  tha t  of the 
controls bu t  the be ta  cells were degranulated both by 
light and electron microscopy; the beta  cells exhibited 
glycogen infiltration. These results are consistent with 
the  thesis tha t  the  pr imary  defect is in insulin biosynthe- 
sis. 

Le volume des ilots de Langerhans et des eellules B du 
pancrdas de la proggniture de hamsters chgnois sdv~rement 
diabetiques 

Rdsum~. Des hamsters  chinois provenant  de la colonic 
des Labora to i res  Upjohn ont 6t6 4tudids ~ diff6rents 
ages al lant  de 15 jours ~ 19 mois. On t r o u t s  une glycosurie 
e t u n e  hyperglyc6mie chez les animaux diabdtiques de 3 

6 mois et ehez ceux de 10 h 19 tools. On observe 6gale- 
merit une c6tonurie et une c@tondmie, mais les taux  de 
glycgrol sanguin et les t aux  d'insuline plasmatique ~ jeun 
sont bas par  comparaison ~ ceux ddtect6s chez des 
tdmoins d'&ge comparable.  Le volume des riots, des eellules 
f iet  des granules fl, mesur6 par  des m6thodes quanti ta t ives 
dlabordes dens notre laboratoire,  est diminud. Le volume 
des cellules non-granuldes augmente progressivement avec 
la dur6e du diab6te. On observe une infiltration de gly- 
cog@ne dens les cellules B des animaux diab6tiques. Bien 

que la prog4niture, ~g~e de 15 jours, de deux animaux 
sdv~rement diab6tiques (avec c~tose) air des taux  normaux 
de glycdmie e t u n e  glycosurie, leur insulindmie est plus 
61ev@e que cells mesurde ehez les tdmoins. Le volume de 
leurs riots est un peu plus grand que celui des eontr6les, 
mais, en microscopic optique et dleetronique, les eellules 
fl sont ddgranuldes et montrent  une infil tration de gly- 
cogens. Ces rdsultats confirment l 'hypoth~se que le ddfaut 
primaire est au niveau de la biosynthbse de l ' insuline. 

Insel- and B-Zell-Volumen im Pankreas von Nachkom- 
men schwer diabetischer chinesischer Hamster 

Zusamme~fassung. Mit yon den Autoren entwickelten 
morphometrischen Methoden wurde d a s  B-Zell-Volumen 
im Pankreas  chinesisehcr Hamster  der Upjohn Kolonie 
best immt.  Des Alter  der untersuchten Tiere schwankte 
zwischen 15 Tagen and  19 Monaten. Die diabetischen 
Tiers waren entweder 3 - -6  oder 10--19 ?r alt .  Sie 
waren hyperglyk/imisch und glykosurisch, teilweise be- 
s tand Ketonurie.  Die Plasmainsulin- und Glyzerin- 
Konzentrat ionen im Gesamtblut  waren niedriger als 
diejenigen gleichaltriger Normalt ieren erniedrigt.  Bei 
diabetischen Tieren waren B-Zell- und fi-Granula-Volumen 
vermindert .  Mit zunehmender Dauer des Diabetes nahm 
der Anteil  der nicht granulierten B-Zellen zu. Die B-Zellen 
diabetischer Tiers zeigten Glykogeninfiltration. 15 Tage 
alte Naehkommen zweier ketotisch-diabetischer El tern 
waren normoglyk~misch, ha t ten  aber im Vergleich zu 
gleiehaltrigen Kontroll t ieren erhShte Plasmainsulin-Kon- 
zentrationen. Des Inselzellvolumen war gegeniiber der 
Norm erhOht, aber die B-Zellen waren degranuliert  und 
zeigten Glykogeninfiltration. Diese Resul ta te  st immen 
mit  der Hypothese tiberein, daI] der prim/ire Defekt, der 
beim chinesischen Hamster  die Entwicklung sines dia- 
betischen Syndroms zur Folge hat,  die Biosynthese des 
Insulins betrifft. 

Key-words: Diabetes in animals, chinese hamster,  
ericetulus griseus, ketotic diabetes, islet of Langerhans, 
fl-cells. B-cells, B-cell volume, conjugal diabetes, offspring 
of diabetics. 

Introduction 

D a t a  accumula t ed  f rom long- te rm records  on the  
incidence of d iabe tes  in offspring of chinese hams te r s  
wi th  genet ic  d iabe tes  have  become ava i lab le  [12]. F r o m  
these  histories ,  i t  is pe r t i nen t  t h a t  when two ke to t i c  
d iabe t ic  chinese hams te r s  are  mated ,  54 per  cent  of the  
offspring of the  m a t i n g  exh ib i t  g lyeosur ia  a t  21 days  of 
age;  wi th  t ime  the  incidence increases so t h a t  a t  e ight  
months ,  100 per  cent  of the  offspring are  diabet ic .  Using  
q u a n t i t a t i v e  technics  deve loped  in our  l a b o r a t o r y  [20], 
we have  shown a d iminu t ion  in be t a  cell vo lume in 
a s y m p t o m a t i c  siblings of d iabe t ic  chinese hams te r s  [6]. 
A l though  l ight  [23, 22, 1, 2] and  e lec t ron [5, 3, 4, 21] 
microscopic  inves t iga t ions  of is let  t issue have  been 
r epo r t ed  in th is  species, none of these inc luded  quart- 

t i t a t ion .  F u r t h e r ,  ne i ther  ke to t i c  animMs nor  the i r  
offspring have  been examined  microscopical ly .  W e  felt,  
then,  t h a t  app l ica t ion  of qua n t i t a t i ve  technics  to  the  
morpho logy  of the  islets in the  a s y m p t o m a t i c  offspring 
of severe ly  d iabet ic  hams te r s  and  in  ke to t i c  d iabe t i c  
hams te r s  of va ry ing  ages migh t  con t r ibu te  to  the  eva- 
lua t ion  of the  genetic factors  influencing diabetes .  

Materials and Methods 

Animals.  The animals  were m a i n t a i n e d  and  m a t e d  
in the  colony a t  the  U p j o h n  Company,  Ka lamazoo ,  
Michigan.  I n  those  cases where the  male  and  female 
animals  m a t e d  were severely  ke to t i c  d iabe t ic  hamsters ,  
the  ma t ing  will be des igna ted  K - K .  The  an imals  were 
g roupedas  follows : [14] 15-day-old a s y m p t o m a t i c  wean- 
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lings (K-K) defined as potentially diabetic because 
they were sacrificied before clinically manifest diabetes 
usually develops, [20] three- and six-month-old animals 
("younger ketotics") and [6] animals ten to 19 months 
of age ("older ketotics"). In  the latter two groups, each 
animal had hyperglycemia, glycosuria and ketonuria. 
For convenience, these three groups will be called "ex- 
perimental" although no experimental procedures 
were performed; further, only in groups two and three 
were the animals diabetic. 

Each animal in these "experimental" groups was 
matched with a control of identical age: their parents 
were non-diabetic, non-related chinese hamsters. 

Clinical Data --  At Kalamazoo, the following cli- 
nical data were obtained biweekly: Testape and Ke- 
tostix records and blood glucose concentration. In 
addition, plasma insulin and blood glycerol levels were 
studied one week before the scheduled time of sacrifice. 
Twenty-four-hour urine glucose excretion was deter- 
mined daily each of the seven days preceding death. 
During this period, intake of food and water were not 
restricted. 

Before decapitation, the weanlings were separated 
from their mothers --  "fasted" --  four hours whereas 
the other animals were fasted overnight. The data 
obtained at  sacrifice included: body weight, as well as 
concentrations of blood glucose [7], plasma insulin 
[27, 28], blood glycerol [19], and blood ketone [26]..411 
animals were decapitated between 8 and 10 a.m. 

Histologlc Technic - -  The pancreas was dissected; 
after its total weight was recorded, a section from the 
splenic end was fixed for electron microscopy. In addi- 
tion, a small sample of tissue from selected animals 
was fixed in cold Deane's fluid to permit assessment of 
glycogen deposition in the islets after a periodic acid 
Schiff staining technic. 

When the remainder of the pancreas was weighed 
again, it  was placed in aqueous Bouin fixative for four 
hours. After the tissues were double infiltrated (in 
celloidin and paraffin), they were embedded in paraf- 
fin. Each tenth section, four microns in thickness, was 
mounted and stained with our modification of Gomo- 
ri's aldehyde fuchsin-ponceau [13]. In  addition, adja- 
cent sections were stained with chrome hematoxylin- 
phloxine (i. e. sections 9, 19 etc.) [14] while others (sec- 
tion 11, 22 etc.) were stained with silver [16]. 

Quantitation - With low power objectives on the 
light microscope micrometer component quantitator 
(LMCQ) [20], islet volume was obtained. The traverse 
interval was 0.5 ram. Then, fifteen islets from each 
pancreas were quantitated using the LMCQ with off 
immersion objectives; the traverse interval was 0.2 ram. 

The aldehyde fuchsia positive cells (beta cells) were 
subdivided into several classes: in those beta cells 
denoted as 4-F, the cytoplasm was filled with granules; 
in the 2 -F cells, the density of granules was half that  of 
the fully granulated ( 4 + )  cells; only a few granules 
were seen in those cells designated as 1 + .  When the 
cytoplasm was lilac tinged but  without granules, the 

cells were designated non-granular. Alpha cells and 
blood vessels were included in the quantitation. (For 
examples of the cells, see the color plate in our pre- 
vious publication [6]). 

For each of the components of the islets, average 
intercepts were calculated by  dividing the millimeters 
of scan over a component by  the number of times that  
component was encountered in the course of the scan. 
Thus, the average intercept is smaller than the average 
diameter of the cell or vessel being scanned. 

Electron Microsco19ic Technics - -  Small portions of 
the splenic end of the pancreas were minced and fixed 
in osmium tetroxide [24]. They were embedded in epon 
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Fig. 1. Clinical data 

[11], sectioned with glass knives on a Porter-Blum 
ultratome and examined, unstained, using 50 KV, at  
an RCA EMU 3G Electron Microscope equipped with a 
low magnification pole piece. In general, one quarter of 
an islet fills the field (magnification 1320 X ). Each 
frame of the 2 x 2 film strip, enlarged four and one- 
half times (magnification 5880 •  was printed on 
8 • 10 paper; from these, selected fields were enlarged 
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20 times (magnification 26, 400 • ) for quantitating the 
organelles of the cells on the electron mierograph com- 
ponent qaunti tator (2 ; the model has been modified to 
include electric circuitry and electronic read-out tubes). 

2~esults 
A. Clinical Data (Fig. 1) 
1. Weanlings. Clinical data for the weanlings (K-K) 

do not  differ significantly from those of their controls 
in as much as the fasting plasma insulin (range 38-- 
59 ~U/ml), blood glucose (range 105--125 mg per cent) 
and blood glycerol (range 0.88--1.26 ~M/ml) levels are 
comparable; none of these animals exhibited glyoo- 
suria. 

2. Younger ketotic diabetic hamsters. Each of the six 
diabetic animals had two or more testape and one or 
more ketostix records graded 4 ~-. In  all six of the dia- 
betic animals in this group the blood glycerol and plas- 
ma insulin levels were low. These tests merit a more 
critical examination; further the levels when the ani- 
mals were feeding should be compared with fasting 
levels obtained at  sacrifice. The average concentration 
of urinary glucose during the five-day period, one week 
before sacrifice, was 746 mg per 100 ml per day (the range 
was 150--1310 mg per 100 ml). Blood glucose concen- 
trations obtained when the animals were feeding aver- 
aged 275 nag per cent; except for one animal, fasting 
values were slightly higher, averaging 292 mg per cent. 
Among the controls, the average fasting blood sugar 
level was slightly lower (99 mg per 100 ml) than tha t  
(106 mg per 100 ml) of fed animals. Ketone levels de- 
termined on whole blood were drawn only at  sacrifice 
when the animals were fasting; the average value for 
the diabetics, 1.0 p2CI/ml, was 68 per cent higher than 
that  of the controls. 

Fasting blood glycerol values averaged 1.08 FM/ml 
in the younger ketotie animals as compared to an aver- 
age of 1.17 tLM/ml for their controls. Values were some- 
what lower when the animals were fed (0.95 txM/ml 
compared with an average of 0.98 ~M among the con- 
trols). Fasting plasma insulin levels were also lower 
(average 30 ~U/ml) among the younger ketotics than 
among the controls (average 125 ~U/ml). The plasma 
insulin levels in fed animals were higher than the fasted 
(diabetics averaged 43 txU/ml; the controls averaged 
182). The average difference in plasma insulin levels 
among the younger diabetics (average fasting value of 
30 compared to an average of 43 in fed a~imals) was 
13 FU/ml; among the controls, values of 125 fasting 
and 182 feeding represent an average change of 57 
 U/ml. 

3. Older ketotlc diabetic animals. The older ketotic 
diabetic animals were killed at 10 to 19 months of age; 
in five of the six diabetic animals, glyoosuria was ob- 
served between two and six weeks after birth but  in 
one animal (PF7--8) glyoosuria appeared at  five 
months of age. Seven or more testape records were 
graded 4 -~ ; two or more ketostix were graded 3 to 4 
which implies excretion of more than 15 mg of 

B - - O H  butyric acid in 24h. These animals had marked 
hyperglycemia with decreased plasma insulin and blood 
glycerol levels. The fasting blood ketone levels were 
140 per cent higher than those of the control animals. 

Excretion of glucose averaged 596 mg per 100 
ml. The concentration of blood glucose in the older 
ketotic diabetic animals during fasting averaged 
386 mg per 100 ml whereas the controls averaged 
119 mg per 100 ml; the values were somewhat lower 
when the animals were fed (average 312 mg per 100 ml 
among the diabetics and 108 mg per 100 ml in their 
controls). The fasting blood ketone levels of the older 
ketotio animals averaged 1.2 FM/ml while the controls 
averaged 0.54 ~M/ml. 

Blood glycerol levels of fasted animals were higher 
(1.14 txM/ml) than those of the fed animals (0.82 FM/ml) ; 
the corresponding values in the controls were 1.24 
~M/ml in fasting and 0.97 ~M/ml in fed animals. Plas. 
ma insulin levels were lower in diabetic animals than 
in the controls; the concentrations in the diabetic ani- 
mals tha t  were feeding were higher than those of the 
fasted animals-average 51 ~U/ml in the former com- 
pared with an average of ~0 ~U/ml in the latter. In  
contrast to the values at  three to five months of age, 
the blood insulin levels in the fed controls (78 ~U/ml) 
were lower than the values obtained in fasted control 
animals (93 ~U/ml). 

No significant differences were observed in the 
weights of the animals in the control or experimental 
groups at any age. 
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B. Islet Volume 
In  Fig. 2 are shown the results of quantitation of 

the pancreas for islet volume. The average islet volume 
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for all animals was 0.71 per cent of the total  tissue of the 
pancreas. The values reported for the ketotic diabetic 
animals approximate those of the controls in the three 
groups studied. 

G. Volume of the Components of the Islets 
In  Fig. 3, the results of the quanti tat ion of the 

components of islets - -  beta cells, alpha cells and blood 
vessels - -  are represented as a percentage of the total  
islet. In  the eonr groups the beta cells, which are 
preponderantly fully granulated (4-k), average 75 per 
cent of the total  islet volume while alpha cells com- 
prise 18 per cent and vessels, 7 per cent. 

In  each of the three experimental groups, there is a 
diminution of fully granulated beta cells and a resul- 
t an t  reciprocal increase in sparsely granulated beta 
cells. I t  is noteworthy tha t  the beta cells of the asymp- 
tomatic  weanlings of ketotic parents exhibi~ a loss in 
beta granulation and also tha t  only 23 per cent of the 
cells of the islets are fully granulated. Fifteen per cent 
of the cells of islets in the younger ketotics are fully 
granulated; the value for older ketotics averages one 
per cent. Part ial ly granulated beta cells (3 to 2-k)  
average 20 per cent in the K . K  weanlings, 20 per cent 
among the diabetic animals three to six months of age 
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these cells is progressive with duration of diabetes 
there being only four per cent in the K - K  weanlings, 
16 per cent in younger diabetics but  29 per cent in the 
older ketotic diabetic animals. I f  the non-granular cells 
were included as beta cells, the total  volume of beta 
cells would approximate 70 per cent in each of the 
groups of experimental animals. 

The percentage of blood vessels in the islets of the 
younger and older ketotic animals is increased as seen 
by  comparison with either the K - K  weanlings or with 
the control groups. When the percentages of alpha 
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and 18 per cent among the older diabetic animals; the 
sparsely granulated (1 q-) cells average 23, 17 and 22 
per cent in these groups. Of particular interest are the 
so-called non-granular cells; the increase in volume of 

cells (using the aldehyde fuchsin stain) are compared, 
there are no differences at tr ibutable either to the dia- 
betic state or to age; alpha cells averaged 17 per cent 
of the islet volume. 

18" 
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In  Fig. 4, average intercepts over each of the com- 
ponents of the islets are recorded. Among control ani- 
mals, no differences related to age were found in any 
of the normal components (fully granulated beta cells, 
alpha cells or blood vessels). 

There are increases in the average intercept, with 
age and/or duration of diabetes, in all of the compo- 
nents of the islets of ketotie diabetic animals, but  
especially in fully (4 H-) and partially (2 to 3 q-) granu- 
lated beta cells as well as in the vessels of the islets. 
Small increments in average intercept correspond to 
sizable changes in volume; for example, if one com- 
pares the average intercept of fully granulated (4 q-) 
beta cells (10.8 F in the control and 13.1 ~ in the older 
ketotics) with their respective volumes --  assuming 
the shape to be a sphere --  the cells of the older ke- 
totic animals are 65 per cent greater in volume. This 
increase in volume might result from the deposition of 
glycogen because two to three grams of water are 
stored with each gram of glycogen deposited. 

Another point of interest is the relationship of the 
volume of each component to the average intercept. 
Thus, although the average intercept over fully gran- 
ulated (4-4-) beta cells in the older ketotics is 13.1 ix, 
only one per cent of the volume consists of such cells. 

I t  is noteworthy, too, tha t  as the cells degranulate, 
their average intercept is smaller. Whereas, in older 
ketotie hamsters, the average intercept over the 2 to 
3 q- beta cells is 12 ix, the intercept over 1 q- beta cells 
is 8 F and the latter cells represent 21.6 per cent of the 
volmne of the islet. Further,  these small cells do not  
occur in islets of control animals. 

D. Periodic Acid Schiff and Silver Stains 
Using the PAS stain on selected I)eane-fixed sec- 

tions, glycogen infiltration was noted in the islets of the 
animals of the experimental groups. The deposition 
was sparse (averaging 2.4 cells per islet) and finely 
granular in the weanling of the ketotie mating. I t  was 
more abundant in the younger and older ketotie dia- 
betic animals averaging 3.3 cells per islet in the former 
and 8.7 cells per islet in the latter where the deposition 
was in the form of lakes. 

In  the control groups there was an average of 6.5 
silver positive cells per islet. In  the K-K  weanling 
there were 7.8 silver positive cells per islet. Silver pos- 
itive cells in each islet of the younger ketotie animals 
averaged 13.2 cells; the value increased to 16.1 cells 
in the islets of the older ketotie diabetic animals. 

E. Electron Microsco!gy 
Preliminary data (Table 1) from quantitation of 

electron micrographs of islets show tha t  in the K -K  
weanling, there is a dlmiuution of both beta granule 
and mitochondrial volume. In  addition there are 
smaller average intercepts over beta granules and 
mitochondria. In the younger ketotie offspring, too, 
the volume of beta granules and the average intercept 
over beta granules is decreased; the volumes of mito- 

chondria in control and experimental animals are com- 
parable. The average volume of beta granules in the 
controls is 2.5 times that  of the older ketotics, but  the 
volume of mitochondria is somewhat higher in the 
experimental animal than in the control. 

Table 1. Quantitation of the organelles of fi-cells as volume 
percentage of total cytoplasm 

15 day C 3--6 C 10--19 C 
K-K rues. rues. 

No.  a n i m a l s  2 1 1 1 1 
Beta granules 2.7 4.0 2.4 5.6 2.5 
•itoehondrla 8.3 10.0 6.6 5.9 6.2 

1 
6.1 
5.2 

Another point of interest is the change that  occurs 
with age. Evaluation of the control animals suggests 
tha t  the granule volume increases with age. The 
asymptomatle K -K  weanlings and the diabetic ani- 
mals have beta granule volumes that  vary  little with 
age. 

While studying the individual cells in the micro- 
graphs of one of the younger diabetic animals, it  was 
found that  some eight per cent of the total scan trav- 
ersed non-granular cells; considering that  an electron 
micrograph represents only one-fourth the area of a 
section of islet, this value compares favorably with the 
13 per cent agranular cells quantitated using light mi- 
croscopy. 

F. Beta Cell Index 
1. Definition. The mean quanti ty of beta cell granu- 

lation per islet was calculated by  multiplying the per- 
centage of the various aldehyde fuchsin-positive cells 
by  a factor [14, 20 or 23] relating to the degree of posi- 
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t i re  staining; the sum of these values divided by 100 is 
the beta eel] index. 

2. Correlation with blood glucose values. In  Fig. 5, it  
is evident tha t  low blood glucose values and high beta 
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cell indices are characteristic of the control animals. 
Among the diabetic hamsters, the beta cell indices are 
low but  the blood glucose levels are high. However, the 
normoglyeemic K-K weanlings have a depression in 
beta cell index. 

3. Correlation with plasma insulin levels (Fig. 6). The 
15-day-old control animals tend to have low plasma 
insulin levels despite high beta cell indices. All of the 
other control animals have high beta cell indices and 
high fasting plasma insulin levels. Among the diabetic 
animals, there is, in general, a correlation between beta 
cell index and plasma insulin level in tha t  both values 
are low. Further,  the values for control and diabetic 
animals do not overlap. I t  is of particular interest tha t  
the 15-day-old K-K  weanlings have higher plasma in- 
sulin levels than three of their four controls (see Mso 
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Fig. 1) and the fasting insulin concentrations of the 
weanling controls are lower than the values recorded 
for the controls in the two older age groups. 

4. Plasma insulin levels in fasted and fed animals. I t  
has been pointed out tha t  plasma insulin levels of 
feeding animals usually are higher than those of fasting 
animals. This was true for four of the six control ant- 

reals and for 10 of the 12 diabetic animals. In  Fig. 7, 
the difference between the fed and fasting plasma insu- 
lin levels was plotted against the beta cell index. In 
general, beta cells of diabetic animals secrete little in- 
sulin in response to feeding. The two ketotic diabetic 
animals with lowest response (2 ~U/ml) not only were 
ketonurie for longer periods than the other animals but  
they were also the progeny of K -K  matings. 

In the control animals, the response to feeding 
averages three times that  observed in the diabetic an i -  
mals.  One control animal (Cul-4, 10.5 months old) 
showed little response after feeding; its male parent 
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was a non-diabetic from the Upjohn colony and the 
mother was from the Canadian colony. 

5. Correlation of insu[inogenic index with beta cell 
index (Fig. 8). The insulinogenic index [25] is directly 
related to the beta cell index. The weanling controls 
have the lowest indices. Average beta cell and insu- 
linogenic indices of control animals three to six months 
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of age are higher than those of the older animals. In- 
dices for all of the diabetic animals are clustered to- 
gether. 

The K-K  weanlings are unusual in having higher 
insulinogenic indices but  lower beta cell indices than 
their controls. At 15 days of age, there appears to be an 
inverse relationship between beta cell index and insu- 
linogenic index. 

6. Correlation with duration of diabetes (Fig. 9). 
When the beta cell indices are plotted against duration 
of diabetes, the average value (311) for the three 
groups of control animals changes little with age. 
Among the offspring of diabetic animals, however, the 
K-K  weanlings have an index that  is lower than tha t  
of the controls. The diminution in beta cell index is 
progressive with the duration of diabetes. Animals 
that  have had diabetes for one year have an average 
beta cell index which is one-fifth tha t  of a normal ani- 
mal  of the same age. 

Discussion 

In  this paper, the results presented for the younger 
and older ketotic diabetic chinese hamsters are con- 
sistent with those reported previously [6]. Clini- 
cally the animals had glycosuria, elevated blood ke- 
tones, hyperglycemia, low blood glycerol levels, low 
plasma insulin levels, and a decreased insulin secretory 
response (comparison of fed and fasting plasma insulin 
levels). 

Because the total  islet volume in ketotie diabetic 
animals, 3 to 19 months of age, approximated that  
of the control, loss of beta cell mass has not been con- 
sidered a prominent feature of this disease. The values 
for pancreatic islet volume in the chinese hamster 
published previously (3, Fig. 2) indicated tha t  both the 
diabetic animals as well as their nondiabetic siblings had 
a reduced islet volume (the values were not  statistically 
significant) when compared to a group of non-relate4 
non-diabetic chinese hamsters. In  these controlanimals, 
the total islet volume averaged 1.7 per cent of the pan- 
creas; this value is much higher than that  found in the 
control non-diabetic subllne (0.74 per cent) tha t  is in 
current use. Indeed, the islet volume of the present 
subline of non-diabetic chinese hamsters closely ap- 
proximates tha t  reported for the non-diabetic siblings. 

In  the diabetic animals of the present study, the 
volume of fully granulated beta cells decreased, there 
was glycogen infiltration in beta cells and the volume 
of vessels in the islet was increased. The volume of 
both partially granulated beta cells and non-granular 
cells increased progressively both with increased dura- 
tion and severity of diabetes. By electron microscopy, 
the degree of granulation of the beta cells paralleled 
that  quantitated using light microscopy. The average 
size (indicated by  the length of the intercept) of the 
secretion granule was smaller in the diabetic than in 
the normal. 

Of particular interesb, however, is the observation 
of morphologic change, i.e. diminished beta cell gran- 
ulation in 15-day-old offspring of two severely ketotic 
animals, at a time prior to any clinical sign of diabetes. 
In  addition, the islet volume was somewhat elevated. 
Although hyperglycemia and glycosuria were absent, 
both plasma insulin levels and insulinogenic index were 
elevated. 

The cells devoid of aldehyde fuchsia positivity have 
not been characterized adequately. In  diabetes, a sig- 
nificant volume (average of 15 to 30 per cent) of the 
total islet volume consists of non-granular cells; at  the 
light microscope, their cytoplasm has a pale violet hue 
when aldehyde fuchsin is used as the stain. By  electron 
microscopy there are cells without granules which tack, 
as well, characteristics either of alpha or beta cells. If 
these non-granular cells do not have the capability of 
synthesizing insulin, then there is a moderate reduc- 
tion in the total mass of beta cells (from 72 to 43 per 
cent of the islet volume) as we reported previously. If  
on the other hand, the non-granular cells are capable of 
insulin biosynthesis, despite the absence of granulation, 
then their inclusion would raise the total mass of beta 
cells to a value approximating that  of the controls. 

If the non-granular cells are beta cells, despite their 
lack of stored end product, they might be able to store 
insulin after the establishmeng of normoglycemia re- 
suiting from insulin therapy. The non-granular cells 
should disappear and the percentage of granulated beta 
cells should increase when the hyperglycemia is con- 
trolled by  insulin. This s tudy is being carried out. I t  
might be possible to establish the identi ty of the non- 
granular cells by  electron microscopy using lead hy- 
droxide stains to visualize glycogen. By light micro. 
scopy there was no evidence of glycogen infiltration in 
non-gramllar cells nor did the number of cells with 
glycogen deposition correspond to the number of 
agranutar cells. 

Extensive glycogen infiltration was observed, how- 
ever, in the cytoplasm of a few of the beta cells in ani- 
mals with severe diabetes, but  glycogen infiltration 
was not a characteristic finding in most of the beta 
cells with decreased granulation. A few of the cells in 
the asymptomatic weanling hamsters were infiltrated 
with glycogen but  none of the agranular cells evidenced 
glycogen deposition. 

There is no overlap in the values of beta cell index 
between the diabetic hamsters and their controls (see 
Fig. 8). One of the control animals (index = 230) was 
aberrant in tha t  its index was intermediate between 
that  of the diabetic and control groups; this animal, 
of a non-diabetic father (Upjohn colony) and a mother 
from the Toronto colony, may have been a potentially 
diabetic hamster that  would have developed diabetes 
later in life had it  survived. 

There is an inverse relationship between beta cell 
index and the level of blood glucose. The beta cell index, 
a cytologic measure of insulin content, parallels closely 
the insulinogenic index, a physiologic measure of insu- 
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]in secretion. Both the beta cell index and the insulin- 
ogenic index are decreased in diabetic animals. The 
insulin secretory capacity (measured by  the insulln- 
ogenie index) of the diabetic animals 10 to 19 months 
of age was approximately one-tenth that  of the con- 
trols of corresponding age. Both indices show a pro- 
gressive decrease with increasing duration of the dia- 
betes. 

The fall in plasma insulin levels with the develop- 
ment of manifest diabetes could result from inter- 
ference with insulin biosynthesis. The somewhat ele- 
vated blood insulin levels in the K-K  weanlings might 
reflect an initial over-stimulation of the beta cell in 
those animals tha t  would, doubtless, have developed 
diabetes by  the third week had they survived. 

These quantitative studies on the morphology of 
the islet cells and subcellular components in the dia- 
betic chinese hamster are consistent with the thesis 
tha t  the primary lesion is the result of a block (or fail- 
ure) in insulin biosynthesis. In  turn, this would result 
in decreased quanti ty of stored insulin in the beta cell 
as evidenced cytologically by a decreased beta gran- 
ulation which was observed at both the light and elec- 
t ron microscope level; it  is evident at  a time when 
hyperglycemia or glycosuria are absent. With in- 
creasing severity of the diabetes, there should be a 
correspondingly greater decrease in the beta cell gran- 
ulation (evidenced by  fewer fully granulated beta cells), 
an increased number of partially granulated beta cells, 
and the possible appearance of significant numbers of 
agranular cells. By electron microscopy there could be 
a decreased size of the beta cell granule. These changes 
have been observed and the degree of beta granule 
depletion was greater in diabetic a~mals  sacrificed at 
nine to 19 months than at three to six months. 

Recent findings [10] indicate tha t  toadfish islet 
tissue is characterized by  a stereospecific glucose trans- 
por~ mechanism. I t  has been suggested, too, that  a 
primary defect at the glucose transpor~ site would re- 
sult in diabetes. If  the ketotic diabetic chinese hamster 
has a genetic defect at  the glucose transport site 
within the beta ceil membrane, all of our observations 
would be explained. The impairment at  the glucose 
transport  site is envisioned as a partial block rather 
than as a complete absence of the sterospecifio glucose 
transport mechanism. Since glucose stimulates insulin 
biosynthesis [18] a block in glucose transport could be 
the consequence of a diminished intraoellular glucose 
concentration and a decreased rate of protein syn- 
thesis. 

Chang [8] incubating isolated islets in media con- 
raining two labeled isotopes measured protein bio- 
synthesis. His findings suggest tha t  the islet tissue of a 
diabetic has a specific block in insulin biosynthesis 
whereas other proteins may  be synthesized at a normal 
rate. 

Since increasing the blood glucose level stimulates 
the beta cell to release insulin, a primary defect in the 
glucose transport mechanism should be reflected in a 

diminished insulin secretory response. Consequently 
blood insulin levels in the diabetic animal should be 
considerably lower than that  of control. Similarly, 
blood insulin levels folUo~ng glucose administration 
(in a glucose tolerance test) would be lower in the dia- 
betic than in the control animals. The diabetic chinese 
hamster would, thus, be characterized by an insulin 
deficiency; all of the symptoms observed would be 
secondary to the diminished availability of insulin at  
the various target sites. 

Although a defect in the glucose transpor~ mechan- 
ism could explain the observations, a similar defect 
in amino acid transport could account for the symptoms 
as well. Cooperstein and Lazarow [9] in their studies on 
the uptake of amino acids in the toadfish islet tissue 
have obtained evidence for a number of independent 
amino acid transport mechanisms which also could re- 
sult in a diminished insulin biosynthesis and decreased 
numbers of beta granules. 

Since permeability studies similar to those reported 
in the toadfish can be carried out using islet tissue isolat- 
ed from chinese hamsters, it  should be possible to deter- 
mine whether the glucose or amino acid transport 
mechanism is the primary cause of diabetes in this 
species. 

I t  should be emphasized that  decreased insulin 
biosynthesis could be the result of an assortment of 
blocks at various subcellular sites which might include 
the following: a defective amino acid activation system 
could result from an enzymatic defect in any of the 
specific amino acid activating enzymes essential for 
proinsulin biosynthesis; a defective RNA replication 
mechanism resulting in diminished amounts of trans- 
fer, messenger or ribosomal RNA; a block in the con- 
version of proinsulin to insulin; an impaired "packaging 
mechanism" resulting in a failure of the newly synthe- 
sized protein to concentrate within the eisternae of the 
endoplasmie retieulum or to transfer to the Golgi com- 
plex where it would be converted to a definitive secre- 
tion granule. 

Blood insulin levels in the 15-day-old offspring of 
ketotie diabetic parents were higher than those ob- 
served in the controls. At a time prior to the appear- 
ance of glyeosuria or hyperglycemia, these results are 
not readily explained unless they might be the result of 
counter-regulatory forces brought into play by  control 
mechanisms acting on the beta cell. The transitory 
increase in blood insulin levels at  15 days could be due 
to an increased secretion of growth hormone, ACTH, 
or ghcagon. If the secretory activity of either the 
pituitary, hypothalamus or pancreatic alpha cells is 
dependent upon the blood insulin levels then they 
would respond (to a diminished availability of insulin) 
by  increasing their secretion which in turn would sec- 
ondarily increase the output  of insulin by  beta cells. 
Although the beta cells might be able to respond over a 
short interval, by  secreting more insulin, they presum- 
ably are unable to maintain the insulin levels so that  
eventually the blood insulin levels fall to values below 
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those  of the  normal .  W e  are  suggest ing t h a t  p i t u i t a r y  
(and/or  h y p o t h M a m i c  and /o r  the  a lpha)  cells r e spond  
to  a low b lood  insul in  level  b y  secret ing increased  
amoun t s  of ho rmone  (growth,  ACTI-I or  gineagon).  

I t  should  be emphas ized  t h a t  m a n y  of t he  char-  
acter is t ies  of d iabe tes  in  the  gene t ica l ly  cont ro l led  
spon taneous  d iabe t ic  chinese h a m s t e r  a p p r o x i m a t e  
closely those  seen in  h u m a n  d iabe tes  of " m a t u r i t y -  
onse t "  t y p e  ( >  20 years) .  The  islets  con ta in  g r a nu l a t e d  
be t a  cells b u t  t h e y  are  present ,  usual ly ,  in  decreased  
numbers .  A l though  the  insul in con ten t  of the  pancreas  
is of ten reduced,  i t  m a y  a p p r o a c h  t h a t  of the  no rma l  
[15]. The  be t a  cells have  a decreased  secre to ry  response 
to  glucose [7]. B y  cont ras t ,  in  mos t  o the r  forms of 
spon taneous  d iabe tes  in  an imals ,  i.e. t he  db, spiny,  
obob  and  K - K  mice as well as in  the  E g y p t i a n  sand  ra t ,  
is le t  hype rp l a s i a  a n d  increased  size of the  is lets  are  a 
p r o m i n e n t  fea ture  of t he  disease. Our  f indings suggest  
the  poss ib i l i ty  t h a t  " m a t u r i t y - o n s e t "  t y p e  of d iabe tes  
in  humans  m a y  be due  to  a genet ic  defect  in  the  glu- 
cose t r a n s p o r t  si te of the  b e t a  cell membrane .  
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