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Summary. Compared with our previous report ,  a 
milder form of diabetic syndrome induced by  diet in 
:Egyptian sand rats  is described. In  sand rats  fed vege- 
tables for a prolonged period after capture, pancreatic 
insulin content was significantly increased. When fed 
chow, one-third of young animals developed hyper- 
glycemia to a variable degree. Hyperinsul inemia was even 
more marked than  in the  previously reported group (MIKI 
et al., 1966) and persisted even when the blood glucose re- 
turned to normal following fasting. Pancreat ic  insulin con- 
tent  was decreased in hyperglycemic sand rats.  Insulin 
refractoriness of adipose tissue was discussed in relation to 
the  pathogenesis. 

Syndrome diabdtique chez le rat des sables (Psammomys 
obesus). I I .  Variabilitd et relation avec le rdgime. 

Rdsumd. Nous avons induit  par  modification du 
rdgime chez le ra t  des sables 6gyptien un syndrome dia- 
bdtique plus moddrd que celui ddcrit darts la prdcddente 
communication (MIKI et al., 1966). Maintenus ~ un 
rdgime vdgdtal pendant  une longue pdriode aprbs leur 
capture,  la teneur en insuline du pancrdas de ces animaux 
augmente de fagon significative. Par  contre, lorsqu'ils 
song soumis au rdgime s tandard  de laboratoire (granulds- 
comprimds) une hyperglycdmie de degr6 variable s ' installe 
ehez environ un tiers des jeunes rats.  L'hyperinsulindmie 
s 'est  r6vdlde gtre encore plus dlev6c chez ces animaux que 
chez ceux ddcrits antdrieurement et ellc persiste m~me 
aprbs un rctour ~ la normale de la glycdmie au cours du 

jefme. Chez les rats  hyperglyedmiques, le eontenu du 
panerdas en insuline diminue. Le rSle possible de la rdsis- 
tance du tissu adipeux h Faction de l ' insuline dans la 
pathoggnbse de ce syndrome est discutd. 

Das diabetische Syndrom bei der Sandratte (Psammomys 
obesus). I I .  Unterschiedliches Verhalten und Zusammen- 
hgtnge mit der Didt. 

Zusammenfassung. Eine mildere Form yon di~t- 
induziertem diabctischen Syndrom in der Agyptischen 
Sandrat te  wird beschricben. In  Sandrat ten,  die ffir l~ngere 
Zeit nach der Gefangennahme mi t  Gcmiise gefii t tert  
worden waren, war der Pankreasinsulingehalt  s tark erh6ht, 
der Blutzucker aber normal.  Ein Dri t te l  der jungen Tiere, 
hingegen, die mit  Labor-Keks gefii t tert  wurden, ent- 
wickelte I-Iyperglyk/imie verschiedenen Grades. Hyper-  
insulin/~mie war sogar noch sti~rker ausgepr/~gt, als in der 
vorher besehriebenen Gruppe (MIKI et al., 1966) und 
dauer~e sclbst darm an, wenn der Blutzucker durch 
Fasten auf normale Werte zuriickgebracht wurde. Der 
Pankreasinsulingehalt hyperglyk/imischer Sandratten war 
gegeniiber der Norm erniedrigt. Die Insulinempfindlich- 
keit des Fettgewebes wird im Zusaminenhang mit der 
Pathogenese diskutiert .  

Key-words: Spontaneous diabetes, Sand rat ,  Psamrno- 
mys obesus, Insulin in serum, Insulin in pancreas, In-  
sulin resistance, Adipose tissue in vitro,  Obesity, Diet  and 
diabetes, Fasting. 

P rev ious ly  i t  was r epo r t ed  f rom this  l a b o r a t o r y  
(MIKI et  al., 1966) t h a t  sand  r a t s  i m p o r t e d  from the  
U n i t e d  Arab  Republ ic  (U.A.I~.)  in Augus t  of 1964 
deve loped  a fu lmina t ing  d iabe t ic  synd rome  soon af ter  
a r r iva l  if fed regular  l a b o r a t o r y  chow ins t ead  of fresh 
vegetables .  This was associa ted  wi th  a decrease in 
panc rea t i c  insul in con ten t  wi th in  a few days  of ini- 
t i a t i on  of chow feeding and  wi th  a m a r k e d  e levat ion  
in  serum immunoreac t i ve  insulin, fol lowed b y  a l a te r  
decrease.  The p resen t  r epor t  deals  wi th  resul ts  ob ta ined  
f rom ano the r  group of the  same species i m p o r t e d  in 
1965 and  in animals  born  in th is  coun t ry  of th is  l a t t e r  
1965 group.  The d iabet ic  syndrome  observed  was 
much  mi lder  and,  in  general ,  the  hype rg lycemia  
r e tu rned  to  no rma l  af ter  brief  fas t ing;  however ,  the  
re la t ive  hyper insu l inemia  pers is ted  even af ter  b lood 
glucose decreased to  the  no rma l  range dur ing  fast ing.  

* Supported in par t  by  grants-in-aid from the United 
States  Public Heal th  Service T1-AM-5077-10, AM- 
09584-02, AM-09748-01 and by  the John A. Har t ford  
Foundat ion,  New York, New York and the Adler  Foun- 
dation, Inc., Rye,  New York. 

** Paper  I of this  Series is MIKI et al. 1966. 

Materials and Methods 

On Augus t  20, 1965, a t o t a l  of 232 sand ra t s  were 
i m p o r t e d  from the  U . A . R .  All  were m a i n t a i n e d  on a 
vege tab le  die t  ad libitum consist ing of fresh spinach,  
beets  and  carrots .  Of the  190 animals  surv iv ing  af ter  
one month ,  24 a p p a r e n t l y  h e a l t h y  males  were p laced  
into  ind iv idua l  metabol ic  cages and  given regular  r a t  
chow (Pur ina  Chow Company) .  Ten animals  were 
la te r  a d d e d  when the  first group fai led to  show ear ly  
hyperg lycemia .  

Of 112 animals  born  in  th is  l a b o r a t o r y  b y  J a n u a r y  
10, 1966, 45 animals  were sepa ra t ed  for metabol ic  
s tudies  and  p laced  on one of two chow diets  conta in ing  
3 %  (regular) or 11% (high) l ip id  (Pur ina  L a b o r a t o r y  
Chow or Old Guilford Chow, Guilford,  Connect icut ,  
respect ively) .  

Al l  an imals  were weighed th ree  t imes  a week. The 
a m o u n t  of chow consumed was e s t ima ted  b y  weighing 
the  feed bins a t  the  same t ime.  Blood  glucose was 
measured  once a week using 0.05 ml  of venous  b lood 
collected f rom the  taft  vein. The Somogyi -Nelson  
m e t h o d  and  l a t e r  the  A u toa na lyz e r  (Technicon Com- 
pany ,  Chauncey,  New York)  were used for th is  ana ly-  
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sis. Serum immunoreactive insulin ( IRI)  was measured 
as in the previous report  (SOELDXE~ and SLOSE, 1965)L 
Ketone bodies in the urine were detected with Keto- 
stix| (Ames Company, Elkhart ,  Indiana).  

After the development of hyperglycemia in some 
of the animals, a total  of 15 sand rats, including 
vegetable-fed controls (14 males and 1 female, ranging 
between age 3 months, 15 days and 6 months, 13 days) 
were sacrificed together with 5 male albino rats of a 
similar weight. These sand rats consisted of three 
groups: 5 normoglycemic animals on vegetables Mone, 
5 on chow but  not hyperglycemic (3 on regular and 2 
on high fat  chow), and 5 on chow but  hyperglycemic 
not less than  5 weeks (2 on regular and 3 on high fat  
chow). The animMs were sacrificed by  decapitation. 
At the t ime of autopsy, serum and a portion of the 
pancreas were collected and frozen for subsequent 
insulin assay. Pancreatic insulin was extracted with 
acid ethanol (STsINKE and D~ISCOLL, 1965). 

Epididymal fat  pads or equivalent tissues were 
excised, cut into small pieces weighing approximately 
100 rag., and incubated in Krebs-Ringer bicarbonate 
buffer with gelatin containing varying amounts of 
insulin. Production of zaCO~ was measured as described 
elsewhere (MAgTI~ et al., 1958). Total  lipid was extrac- 
ted according to FoLcg 's  method (FOLCH et al., 1957) 
and the 14C counted in Liquifluor (Pilot Chemical Co., 

Since this 1965 group of newly-imported adult 
animals consumed regular ra t  chow much less eagerly 
than  the previous group in 1964, every effort was made 
to overcome this apparent  decrease in appetite. Tech- 
niques included repeated trials of feeding with and 
without intermit tent  total  or half starvation, t imed 
feedings, tube feedings, substitution of another type of 
ra t  chow with a higher fat  content (11%), which was 
found to be more diabetogenic in mice (GTxAso~ et 
al., 1967) (the Old Guilford Chow), and use of various 
cages tha t  were presumed to be more suitable. In  spite 
of these efforts, the acute diabetic syndrome of the 
preeeeding year could not be reproduced. 

Meanwhile, intensive efforts at  breeding led to 
success in obtaining healthy young animals (MIKI et 
al., in press). One hundred and eighty animals were 
born and weaned by  May 1966. Some were started on 
either chow diet before they were weaned. After 5 to 
6 weeks of chow feeding ad libitum, 16 out of 45 young 
animals developed a hyperglycemia of more than  
200 rag/100 ml. This mild hyperglycemia never pro- 
gressed to severe ketosis and death in contrast with 
the 1964 group. On the contrary, 6 animals out of this 
group of 16 showed a return to euglycemia. As outlined 
in Table 1, even in those animals tha t  remained hyper- 
glycemic until sacrifice, calorie intake during and after 
development of hyperglycemia was found to decrease 

Table 1. Caloric intake of sand rats on chow 
(Cal/t00 gram weight per day, mean of 7 days) 

Before the onset During After  
of  hyperglycemia establ ishment of  establ ishment of  

hyperglycemia hyperglycemia 

tIyperglycemic animals 
Normoglycemic animals 
during same period 

28.88 -F 1.78 22.57 -4- 1.32 15.85 q- 1.97 
20.57 :J: 0.53 18.83 • 1.31 15.25 :J: 1.20 

Watertown, Mass.) by  a liquid scintillation counter. 
A Cab-o-Sil dioxane system (Cabot Chemicals, Boston, 
Mass.) was employed to suspend glycogen isolated as 
previously described (CAmLL et M., 1959) for liquid 
scintillation counting. Complete postmortem examin- 
ations were performed with conventional histologic 
studies of all major  organs. Electron microscopic stu- 
dies of retinal preparations and renal tissues are in 
progress. U]trastructural  studies of the pancreatic 
islets will be published elsewhere (LIK~ and MIKI, 
1967). 

Results 
Development of hyperglycemia in this study. Of the 

24 in the first group on chow, only 2 animals developed 
hyperglycemia of a mild degree. The two animals tha t  
became hyperglycemic in the next  group of 10 reverted 
spontaneously to normoglycemia after one or two 
weeks in spite of continuation of the chow diet. 

i l&at insulin used as standards was a gift from Dr. J. 
Se]~IC]~;BIZLL, Novo l~esearch Institute, Copenhagen, 
Denmark. 
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Fig. l a .  Correlation of  blood glucose concentration in vegetable-fed sand 
rats  wi th  concentrat ion of immunoreact ive  insul in  (II~,I). Fed  a d  l i b i t u m  = 
open circles; af ter  a 3-hour fast  = cIosed circles. The one sand ra t  marked  
wi th  an asterisk (*) is the only animal  to develop hyperglycemia on 7egetables 

Mone 

Fig.  l b .  :Blood glucose and insul in  concentrations in  chow-fed sand rats.  
These animals  did n o t  develop hyperglycemia.  Fed  a d  l i b i t u m  = open 

circles; after a 3-hour fast  ~ closed circles 

t:lg. i c. Blood gIucose and insulin concentrations in  chow-fed sand rats  wi th  
persistent hyperglycemia.  Fed  ad l i b i t u m  = open circles; after a 3-hour fast  

= closed circles 
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significantly when compared with the peri- 
od before onset of hyperglycemia. 

Blood glucose and serum insulin follow- 
ing brief fasting. As shown in Fig. 1 a, serum 
immunoreaetive insulin (II~I) of vegetable- 
fed animals was not elevated, except for 
one animal, which exhibited transient ALBINO 
hyperglycemia accompanying a very rapid RATS 

weight gain. Fig. 1 b and 1 c show the re- 
lationship between blood glucose and I t~I  
when fed ad libitum. As long as blood glu- 
cose remained normal, I t~I  was not elevat- 
ed even on either of the chow diets. Serum 
II~I  was significantly elevated in hyper- 
glycemic sand rats. Following three to 
six hours fasting, in almost all hypergly- 
cemic sand rats, blood glucose concentra- 
tions decreased to the normal range. I t  is 
to be emphasized tha t  in spite of this normo- 
glycemia, serum I R I  remained elevated at  
levels of 150/~U/ml or above. 

Pancreatic insulin concentrations. As 
shown in Fig. 2, pancreatic insulin concen- 
trat ion of albino rats ranged between 0.5 
and 1.1 U/g pancreas in this series. Vege- 
table-fed sand rats had significantly elevat- 
ed levels ranging between 4.4 and 21 U/g 
pancreas. In  the chow-fed group, normoglycemie sand 
rats showed variable concentration between 2 and 22U/ 
g pancreas. Hyperglycemic animals, however, show- 
ed significantly lower values, ranging between 0 .31  
and 2.3 U/g pancreas. 

U/grom 
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Fig. 2. Pancreatic insul in concentration in  sand rats  fed vegetables or chow 
(with and wi thout  hyperglycemia). I n  addit ion,  5 albino rats  obtained from 
a commercial source were also fed chow ad libitum and their  pancreas 

assayed 

Responsiveness of adipose tissue to insulin. Metab- 
olism by  the adipose tissue of glucose-l-14C in the 
incubation medium and in a medium also containing 
500 #U/ml of insulin was compared (Fig. 3). Good 
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Fig.  3. t tesponse of  isolated epididymal  adipose tissue from albino rats  and sand rats  fed 
vegetables or chow (normoglycemie or hyperglycemic) to 500 ~U/ml  insulin.  Air values 
expressed as disintegrations per minute  recovered in  the measured parameter.  B = buffer; 

I = insulin. Note differences in  scale between figures 

responses were noted with fat  pads from albino rats 
in all the parameters  measured, i.e., oxidation to 
14C0~ and incorporation of ~C into total  lipid and into 
glycogen. In  contrast, 500 #U/ml of insulin caused no 
increase in these same parameters  in regular chow-fed 
sand rats. In  five vegetable-fed sand rats, paired ana- 
lysis showed a significant increase in incorporation 
of ltC into glycogen. However, this response is far 
less pronounced than tha t  of the five albino rats of 
similar weight. 

A ten or hundred-fold increase in insulin concen- 
trat ion to 5000 or 50000 #U/ml in another experiment 
did not overcome this refractoriness of the adipose tis- 
sue to insulin, measuring both 1~C02 production and 
1~C incorporation into total  lipid (DEF~o~zo et al., 
1967). 

Discussion 

Differences in the diabetic syndrome. Sand rats 
imported in 1965 appear to develop a milder form of 
diabetes than those imported in 1964. However, the 
1965 group ate less chow than  did the earlier group. 
Although both groups were captured under almost 
identical conditions, the possibility of a genetic differ- 
ence cannot be completely excluded at  present in 
view of the possible existence of subspecies (HooG- 
ST~-~L, 1963). 

A more probable cause of this difference, however, 
might be the difference in conditions before they were 
fed chow. Animals imported in the summer of 1964 had 
been shipped shortly after capture and used for ex- 
periments soon after arrival. Following this success, 
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two successive shipments of 60--90 animals from the 
U. A. R. failed to survive. Animals imported in the sum- 
mer  of 1965 were kept  in captivi ty for one to three 
weeks before shipment until they  became familiar 
with the cage and to the presence of man. After arriv- 
al, they  were maintained exclusively on vegetables 
for more than  one month  before experimental  use. 
Since no spontaneous diabetes has been observed in 
sand rats in their natural  habi ta t  (SGHMIDT-NIELSEN 
et al., 1964), the development of diabetes in this 
species is almost certainly due to the intake of a high 
caloric diet (MxKI et al., 1966; HAr~ES et al., 1965; 
tIAcKEL et al., 1966), every effort was made as desc- 
ribed in the methods to increase their food intake, 
but  these were unsuccessful. Possibly, the adaptat ion 
to fresh vegetables played an important  role in decre- 
asing the eagerness of these animals to consume un- 
familiar food. The importance of stress in producing 
the fulminating diabetic syndrome seen in 1964 was 
also considered in view of the role of epinephrine in 
producing pancreatic lesions ( L o u ~ A T I ~ S ,  1965). 

Approximately one-third of the young animals 
born in this laboratory became hyperglycemic when 
fed regular chow. The appearance of hyperglycemia 
was always associated with a rather  sharp increase in 
weight. Although the caloric intake of hyperglycemic 
animals before the onset of hyperglycemia was higher 
than  tha t  of normoglycemie animals during the same 
period, this decreased during and after establishment 
of the hyperglycemia. At slight variance with the re- 
port  of SOH~IDT-NIELSE~ et al., (1964)', severe ketosiss 
or eventual death has never been encountered in our 
group of young sand rats although some animals were 
sacrificed rather  early in the hyperglycemic stage and 
might have progressed to a more severe stage. Hyper-  
glycemic levels were usually reached after two to 
three weeks of a transitional period, and then were 
fixed at  a specific level for each animal. Ins tead of 
becoming more severely diabetic, several animals 
returned to normM blood glucose values. Since caloric 
intake per 100 g body weight in 1964 group was 38 
4- 4 compared with 28.9 4- 1.8 of the hyperglycemic 
group in this series, mildness of diabetic syndrome in 
the lat ter  group can be understood. 

Concerning pathogenesis of ttds experimental diabe- 
tes. tIyperinsulinemia accompanying hyperglycemia 
was very marked in this group. This hyperinsulinemia 
persisted, although to a lesser degree, even after blood 
glucose values returned to normal after fasting. To 
this indirect evidence of peripheral tissue resistance 
to insulin, some direct evidence was obtained from 
incubation of adipose tissue in vitro, which showed 
a marked refractoriness to insulin even if obtained 
from an animal fed vegetables. Whether  this refrac- 
toriness of the adipose tissue to insulin is inherent to 
this species was studied further, using animals of 
different ages (DEF~oNzo et M., 1967). I t  is possible 
tha t  adipose tissue became refractory when animals 
were three to six months of age, similar to albino rats 

(DoBRANSKI, 1966); however the epididymal fat  pads 
of two adults animals sacrified shortly after arrival 
in 1965 and not included in this report  were much 
smaller in size and more responsive to insulin than  tha t  
of animals born in this laboratory and of apparent ly  
similar age. 

This observation raises the possibility tha t  the 
refractoriness may  be related not only to the age of 
the animal but  also to the nutritional state (DIGIRo- 
~ o  and RUD?aAx, 1966). Even in the vegetable-fed 
group, almost all the animals exceeded the weight 
range observed in their natural  state and the fat  pads 
appeared enormously enlarged (ScHMIDT-NIWLS~X et 
al., 1964). 

In  the hyperglycemic, animals, serum I R I  values 
exceeding 2000 #U/ml were frequently observed. How- 
ever, this hyperinsulinemia probably has no role in the 
development of insulin resistance as the hyperinsuline- 
mia was not observed in normoglycemic sand rats even 
on chow, and increasing insulin concentrations did not 
overcome the refractoriness of the adipose tissue. 
Glucose uptake and conversion of glucose into glyco- 
gen in the diaphragm muscle were also not stimulated 
by  insulin. 

Since pancreatic insulin content of animals fed 
vegetables in 1964 ranged between 2 and 3 U/g 
pancreas, an increase in the pancreatic insulin content 
of the vegetable-fed group is striking. This is probably 
brought about  by  ingestion of an increasingly larger 
amount  of vegetables over a long period. This might 
have afforded at  least partial  protection to this group 
of animals to acute diabetes. The amount  of insulin 
in the pancreas was variable in the group fed regular 
chow but  tha t  were not hyperglycemic. This m a y  
represent different stages of insulin depletion as hyper- 
glycemic animals had significantly reduced amounts 
of pancreatic insulin. This finding is essentially in 
agreement with the previous report, although the 
absolute values were higher in the present group. 

In  spite of the decrease in pancreatic insulin con- 
tent, the pancreas appeared to be capable of producing 
immunologicaUy measurable insulin at  even enhanced 
rates in hyperglycemic animals as judged from serum 
I R I  values. This suggests an increased potential  for 
insulin synthesis by  the pancreatic islets and a rapid 
turnover. 

The hypothesis tha t  the endocrine pancreas of this 
species is incapable of increasing its ability to produce 
sufficient insulin to avoid death in ketoacidosis was 
certainly true in the rapidly occurring, fulminating 
diabetic syndrome. However, over longer periods, the 
pancreatic islets in this species apparent ly  can hyper- 
t rophy similar to many  other rodents. I t  therefore 
appears logical to look for the pathogenesis of this 
diabetic syndrome i n  peripheral tissues rather  than 
as a pr imary defect in the pancreas itself. 

So far, it has not been possible to reproduce the 
fulminating diabetic syndrome as observed in 1964. 
This implies that,  in spite of a heavy genetic predis- 
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posi t ion,  env i ronmen ta l  fac tors  m~y  p l a y  a role in 
de te rmin ing  the  sever i ty  of d iabe t ic  synd rome  in th is  
animal ,  based  on the  a s sumpt ion  t h a t  the  1964 and  
1965 groups  were gene t ica l ly  no t  different.  I n  th is  
respect ,  in spi te  of the  m~ny  t y p e s  of spontaneous  
d iabe tes  k n o w n  to date ,  i t  will be of in te res t  to  con- 
t inue  to  s t u d y  this  synd rome  in the  sand r a t  as a unique  
t y p e  of d iabe tes  p r o v o k e d  poss ib ly  b y  a mi ld  stress 
and  a high eoloric in take .  
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