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Summary. Autoradiographie studies revealed that  the 
radioactivity in the pancreatic islets was higher than in 
any other mouse tissue after intravenous injections of 
tracer doses of 14C-2-alloxan. The concentration of radio- 
activity in the endocrine pancreas concerned a great 
majori ty of the cells indicating that  at least /~ cells were 
involved. The uptake of the radioisotope in the pan- 
creatic islets was considerably reduced when the small 
amounts  of 14C-2-alloxan were complemented with carrier 
to bring up the total  dose to the diabetogenie level or 
were preceeded by higher doses of non-radioactive 
alloxan. There was no accumulation of radioactivity in 
the islets after injection of the non-diabetogenic conver- 
sion products of ~C-2-alloxan obtained in an alkaline 
medium and only insignificant uptake was noted after 
exposure of the radioactive a]loxan to the reactive 
SH-groups of glutathione. The absence of significant 
radioactivity in the islets of growing animals after tracer 
doses of ~C-2-alloxan suggests tha t  the ability of the 
/~ cells to concentrate alloxan is confined to the adult age. 
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A propos de l'aecumulation d'alloxane dans les cellules fi 
du pancrdas. 

Rdsumg. Des 6tudes autoradiographiques ont r6v61d 
que la radioactivit6 dtait plus @levge dans les riots du 
panerdas que dans les autres tissus de la souris, apr~s des 
injections intraveineuses de doses traceuses d'alloxane-2- 
1~C. La concentration de la radioactivitd dans le pancr@as 
endocrine a pu 8tre localisde dans une grande majorit@ 
des cellules, indiquant  qu 'au moins les cellules fl 6talent 
impliquges. La captation du radioisotope dans les ilots 
du pancrdas 6tait consid@rablement rdduite, quand les 
petites quantitds d'alloxane-2-~C gtaient administr@es 
avee de l 'alloxane non radioactif pour dlever la dose totale 
au taux diab6tog@ne, ou quand elles dtaient pr@e6ddes par 

de plus fortes doses d'alloxane non radioactif. II n'y avait 
pas d'aceumulation de la radioactivit6 dans les ilots apr6s 
injection de produits de transformation non diab6tog@nes 
de l'alloxane-2-14C obtenus dans un milieu alealin, et on 
n'a observ6 qu'une captation non signifieative apr6s 
exposition de l'alloxane radioactif aux groupements -SH 
r6aetifs du gluthation. L'absence de radioactivit6 signi- 
ficative dans les ilots des animaux en tours de eroissance, 
apr6s des doses traceuses d'alloxane-2-1~C, sugg6re que 
l'aptitude des cellules fl ~ eoncentrer l'alloxane se limite 
g l'gge adulte. 

~)ber die Anh~ufung von Alloxan in Pantcreas-Beta. 
Zellen. 

Zusammenfassung. Nach i. v. Injekt ion geringer Men- 
gen yon ~4C-2-Alloxan fand sich bei autoradiographischen 
Untersuehungen wesentlich mehr l~adioaktivit/it in den 
Langerhans'schen Inseln Ms in den iibrigen Geweben yon 
Mausen. Die Radioaktivitats-Anh~ufung im endokrinen 
Pankreas betraf die meisten Zellen, ein I-Iinweis darauf, 
dab die Beta-Zellen zumindest mitbeteiligt sind. Die Auf- 
nahme des ]~adioisotops in die Pankreas-Zellen sank 
betr/iehtlich, wenn die kleinen Mengen yon 14C-2-Alloxan 
mit  nicht radioaktivem Alloxan als Tragersubstanz ver- 
setzt warden, so dal? die Gesamt-Dosis der zar Erzeugung 
eines Diabetes notwendigen Menge entsprach oder wenn 
vorher hShere Dosen yon nieht-radioaktivem Alloxan 
verabreicht worden waren. Nach Injekt ion nicht-diabe- 
togener Umwandlungsprodukte von l~C-2-Alloxan aus 
alkalischem Milieu warde keine Radioaktivit/~t in den 
Inselzellen gespeichert und auch naeh Behandlung des 
radioaktiven Alloxans mit  reaktiven SI-I-Gruppen yon 
Glutathion land sich nar  eine geringe Aufnahme. Nach 
Injekt ion kleiner Dosen yon 14C-2-Alloxan zeigten Tiere 
im Wachstum keine l~adioaktivitgtsansammlung in den 
Langerhans'schen Inseln, was darauf hindeutet,  dal~ die 
Fahigkeit der Beta-Zellen, Alloxan zu konzentrieren, auf 
das Erwachsenen-Alter beschrankt ist. 

Key-words: pancreatic islets, alloxan, alloxanic acid, 
diabetes, autoradiography, specific uptake, mice, rats. 

Despite the extensive use of al loxan for the 
induc t ion  of exper imenta l  diabetes, the mechanism 
under ly ing  the des t ruc t ion  of the insul in  producing 
/3 cells is still controversial.  While  several studies 
(LANDAU and RENOLD, 1954; COO~E~STEIN et M., 
1964; COOPERSTEIN and  LAZAI~OW, 1964) have failed 
to demonst ra te  any  accumula t ion  of a l loxan in  the 
islets, HAMMAI~STR/Jlg and  ULLB]~RG (1966) observed a 
considerable concent ra t ion  of radioact iv i ty  in  the pan-  
creatic islets of normal  mice after in t ravenous  injec- 
t ions of small amoun t s  of laC-2-alloxan. The marked  
labi l i ty  of a l loxan above p i t  6 raises the question, 
whether  the accumula t ion  of radioact iv i ty  in  the la t ter  

studies was due solely to al loxan or also to non-diabeto-  
genie conversion products.  

I n  the present  inves t igat ion autoradiography has 
been uti l ized to compare the radioact iv i ty  d is t r ibut ion  
pa t te rns  after in ject ion of 14C-2-alloxan with those 
obta ined  from different 14C-2-alloxan derivatives.  The 
concentra t ing  abi l i ty  of the pancreat ic  islets for al loxan 
was also s tudied by  vary ing  the dose and  by  including 
mice pret reated with non-radioact ive  alloxan. Young 
animals  are know n  to be less sensitive to the diabeto- 
genic act ion of al loxan ( F ~ N E a ,  1952). The possibil i ty 
t ha t  this is related to the a l loxan-concentra t ing  abi l i ty  
of the # cells was also checked. 
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Material and Methods 

A. Whole body autoradiography. For the preparation 
of the different alloxan solutions both a radioactive 
sample (14C-2-alloxan, lot MH 5518 from Volk Radio- 
chemical Co., Chicago ; specific activity 5 mC/mM) and 
a non-radioactive preparation (Eastman Organic Che- 
mical, l~oehester, N. u were used. The stability of the 
alloxan was ensured by dissolving it in HC1 at p i t  3.8 
and injecting it in this form when not otherwise stated. 

Intravenous injections of radioactive solutions of 
alloxan or its conversion products were performed in 
a total  of 13 adult male mice weighing about 20 g. The 
mice belonged to the N. M. R. I. strain and were allowed 
free access to food. 0.2 ml solution, corresponding to 
5 #C radioactivity, was injected in the tail vein of each 
animal. Two animals were injected with a diabetogenic 
dose (107 mg/kg; specific activity 0.33 mC/mM) and 
7 animals were given a subdiabetogenic dose of a 

Both the adult and growing animals were killed 
60 minutes after the injection of the radioactive 
alloxan or its conversion products by immersion (after 
ether anesthesia) in a mixture of solid carbon dioxide 
and hexane at  a temperature of about --75~ 20 /~ 
thick sagittal sections from the frozen animals were 
cut, dried in a cold room (--10~ and pressed against 
Structurix X-ray  film. The exposure time was about 
6 months. For a detailed description of the technique 
of whole body autoradiography reference is made to 
ULLBEI~G (1954; 1958). For semiquantitative estima- 
tions of the autoradiograms a comparison was made 
with the blackening obtained by 1~C-standards con- 
taining known concentrations of the isotope (B]~RLIN 
and U~T.BERG, 1963). 

B. Microautoradiography. Four male adult mice, 
which had been injected intravenously with a sub- 
diabetogenie dose of l~C-2-Mloxan (7 mg/kg body 
weight, specific activity 5 mC/mM) were killed by 

Fig. 3. Autoradiogram of  a mouse 60 minutes  after an intravenous injection of l~C-2-aUoxan. Whi te  areas correspond to high concentration of radio- 
act ivi ty.  Note the uptake in the pancreatic islets. There is also a considerable radioact iv i ty  in the aortic wail, bone and intest inal  lumen 

radioactive alloxan solution (7 mg/kg body weight; 
specific act ivi ty 5 mC/mM). In  the latter group 5 of 
the mice had been pretreated by the intravenous 
injection, 15 minutes earlier, of 0.2 ml non-radioactive 
alloxan, corresponding doses of 0 rag, 14 mg, 50 rag, 
100 mg and 200 mg per kg body weight respectively. 
The distribution of some conversion products of 
alloxan was also studied after treating the 14C-2- 
Mloxan in a concentration (0.7 mg/ml) equivalent to 
the above mentioned subdiabetogenie dose (7 mg/kg) 
either with 10 times the molar concentration of reduced 
glutathione or temporarily increasing the pI-I to 10.4 
for 15 minutes. The non-diabetogenic conversion pro- 
ducts obtained in each case were injected in 4 animals. 

The distribution of Mloxan was also studied in 
growing animals by  injection of 0.1 ml of radioactive 
Mloxan (specific activity 5 mC/mM) intraperitoneally 
in a 6 days old mouse or intracardially in a 10 days old 
rat. The dose was equivalent to 5 mg/kg body weight 
in the rat  and to 9 mg/kg body weight in the mouse. 

decapitation after 15, 30, 60 and 240 minutes. Spec- 
imens of pancreas were removed immediately, rapidly 
frozen in isopentane, cooled with liquid nitrogen, and 
then freeze-dried and embedded in paraffin. Scotch 
tape was fastened to the paraffin blocks, and 5# thick 
sections, adhering to the tape, were taken and mounted 
in a dark room on glycerine treated nuclear emulsion 
plates (Ilford, type G 5). After exposure for 3 -- 6 months 
at -- 10~ the pieces of tape were removed chemically 
and the plates developed with the sections still attached 
to the photographi5 emulsion. The microautoradio- 
graphic technique, which has previously been described 
in detail (HAlgMAI~STRSM et al., 1965), prevents the 
tissue from coming into contact with water before the 
development of the film. 

Results 
The whole body autoradiographic technique show- 

ed that  the radioactivity in the pancreatic islets was 
higher than in any other tissue after the injection of 
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the subdiabetogenic dose of 14C-2-alloxan (Fig. 1). 
While the radioactivity was insignificant in the exo- 
trine pancreas, in the pancreatic islets it was more 
than 30 times higher than in the blood. The existence 
of a considerable accumulation of radioactivity in the 
pancreatic islets was confirmed by mieroautoradio- 
graphy (Fig. 2) and found to persist nearly unchanged 
from 15 minutes after the injection during the follow- 
ing 4 hours. The higher resolution of the latter tech- 
nique furthermore permit ted the conclusion tha t  the 
radioactivity was located in the majori ty  of the 

(Fig. 3 and 4). With the glutathione-reduced alloxan 
there was only insignificant uptake of radioactivity in 
the pancreatic islets, and the alkaline conversion prod- 
uct (alloxanic acid) did not accumulate in the endo- 
crine pancreas at  a l l  There appeared to be a higher 
radioactivity in the liver parenchyma when alloxanio 
acid was injected instead of alloxan or the reduced 
conversion products. The distribution pat tern  for the 
~4C-2-a]loxan inactivated with reduced glutathione was 
characterized by  a rather  high activity in the blood 
and a particularly pronounced affinity for bone. 

Fig. 2. iVlicroautoradiogram of the pancreas of a mouse 60 minutes after an intravenous injection of 1~C-2-alloxan. Black 
gra ins  show the localizat ion of  the  rad ioac t iv i ty .  Note  the  accumula t ion  of  r ad ioac t iv i ty  in mos t  of  the  cells in the 

panc rea t i c i s l e t s  

islet cells, indicating tha t  at  least the fl cells were 
involved. Administration of a subdiabetogenic dose 
of 14C-2-alloxan also resulted in a higher radioactivity 
than in the blood for the arterial walls, bone and 
tendons (Fig. 1). The liver parenchyma displayed only 
moderate radioactivity and no radioisotope was taken 
up in the brain. Considerable urinary excretion was 
evident from the observation of a high radioactivity 
in the urinary bladder content. In  the intestine radio- 
act ivi ty only appeared below the entrance of the 
common bile duct. 

When equimolar amounts of the non-diabetogenie 
degradation products of 14C-2-alloxan were injected, 
the pat tern  for the distribution of radioactivity among 
the tissues was modified in some important  respects 

The accumulation of radioactivity was less pro- 
nounced in the pancreatic islets of the adult mice when 
14C-2-alloxan was administered together with carrier 
to bring up the total dose to the diabetogenic level. 
Injections of non-radioactive alloxan 15 minutes 
before the subdiabetogenic dose of ~C-2-alloxan also 
diminshed the uptake of radioactivity in the pan- 
creatic islets. While no radioactivity was concentrated 
in the islets after a preceeding dose of 50 mg/kg body 
weight or more, the islet radioactivity was reduced 
as compared with the buffer-injected controls when 15 
mg/kg body weight was injected intravenously 15 mi- 
nutes before the subdiabetogenie dose of 1~C-2-alloxan. 

The growing mouse and rat injected with 14C-2- 
alloxan were exceptional in not displaying accumu- 
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lation of radioactivity in the pancreatic islets. Con- 
siderable radioactivity was, however, noted in the 
kidney, bone, tendons and the arterial walls also in 
these animals. 

Discussion 

Since the important  observation of D u ~  e t a l .  
(1943) tha t  injections of a]]oxan produce necrosis of 
the pancreatic/~ cells, this compound has been widely 
used for the induction of experimental diabetes. 

After injections of 1aN- and 14C- labelled alloxan the 
concentration was not higher in the whole pancreas 
than in other tissues such as kidney, liver, lung and 
spleen (LEE and STET~EN, 1952; JAS~S and WISSlCK, 
1952). Since the pancreatic islets only constitute a 
small fraction of the total  weight of the mammalian 
pancreas, the distribution of labelled alloxan was 
studied also with autoradiographie techniques adapted 
for water soluble substances. Five minutes after the 
intravenous injections of diabetogenic doses of 1~C-2- 

Fig. 3. Autoradiogram of a mouse 60 minutes after an in t ravenous inject ion of glutathione-reduced 14C-2-alloxan. The very sl ight  radioact iv i ty  in 
the pancreatic islets was too low to be visualized in the picture. There is, however, a high concentration in bone 

Fig. 4. Autoradiogram of  a mouse 60 minutes  after ani nt ravenous injection of 14C-2-alloxanic acid. While no radioact iv i ty  was accumulated in the 
pancreatic islets, there was a relat ively high concentration in blood and a sl ight  uptake in bone 

HELI~MAN and DIOER~OL~r (1955) demonstrated that  
necrosis of the/~ cells could be obtained in the absence 
of extra-pancreatic influences by exposing the pancrea- 
tic parenehyma for a few minutes to moderate con- 
centrations of alloxan. Whether this effect of alloxan 
was due to selective accumulation of the drug within 
the fi cells or to a specific sensitivity of these cells to 
alloxan could, however, not be evaluated. 

alloxan, LANDAU and l%~z;oLn (1954) found tha t  the 
radioactivity was not higher in the islets than in cells 
of other tissues. The latter authors concluded tha t  the 
results tended to support the theory of a greater 
sensitivity of fl cells to alloxan rather than that  of a 
selective accumulation of this drug. I t  seems, however, 
possible tha t  the high doses of alloxan used by 
LANDAU and R~z;onn (1954} might be so destructive 
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as to render the /~ cells incapable of retaining any 
alloxan which had already been accumulated. Such a 
concept would be in agreement with the present obser- 
vation tha t  the accumulation of radioactivity in the 
# cells considerably decreased when the small amounts 
of ~4C-2-alloxan were complemented with carrier to 
bring up the total  dose to the diabetogenic level or 
were preceeded by  injections of higher doses of non- 
radioactive ailoxan. The possibility of a saturation of 
possible alloxan receptor sites in the fl cells after high 
or repeated doses of this compound should, however, 
also be considered. 

Present ideas about the mechanisms of action of 
alloxan on the pancreatic fi cells have, to a great 
extent, been based on experimental studies in bony 
fishes, where the islet tissue is segregated into a few 
discrete bodies. The fact tha t  large amounts of islet 
tissue can easily be dissected in some fishes has, for 
example, made it possible to get more quantitat ive 
data about the distribution of radioactivity after 
injections of l~C-2-alloxan than tha t  obtained by  auto- 
radiography. After injection of tracer doses in a gill 
arch vessel of the toad fish COOPERSTEI~ and LAZAROW 
(1964) reported tha t  the radioisotope content of the 
islets never exceeded 50~o of tha t  in the blood. The 
latter authors therefore concluded tha t  the injected 
alloxan was not selectively concentrated in the islet 
tissue of this species. From another series of experi- 
ments, mainly performed in vitro, it was suggested 
tha t  small doses of alloxan did not penetrate the fl cell 
membrane,  which could be the pr imary site of the 
diabetogenic action of this compound (CooPERSTEIN 
et al., 196~; WATKINS et al., 1964a; b). The absence 
of alloxan accumulation in the fish islets is surprising 
in view of the present data  and recent observations of 
a rapid and long-persisting concentration of radio- 
activity in the mouse islets after injection of I4C-2- 
alloxan (I-IAMNAI~STR6~ and Ur,LBERG, 1966). I t  should 
be borne in mind tha t  it is possible to induce alloxan 
diabetes with necrosis of the fi cells also in fish (FALK- 
~F,g, 1961). 

The absence of significant radioactivity in the 
islets of the growing animals after tracer doses of 
14C-2-alloxan suggests tha t  the ability of the/? cells to 
concentrate alloxan is confined to adult animals. The 
existence of such an age-dependent mechanism is in 
agreement with previous observations tha t  young 
animals are resistant to the diabetogenic action of 
alloxan (F~,nNE~, 1952). Some caution is, however, 
warranted in a more detailed comparison of the obser- 
vations in the young rat  and mouse with those in the 
adult animals in view of the different modes of injec- 
tion, with resulting differences in the proportions of 
alloxan and its conversion products in the blood 
reaching the islets. I t  emerged from the present study 
tha t  the non-diabetogenic conversion products of allo- 
xan obtained in an alkaline medium or in the presence 
of reactive Sit-groups did not accumulate in signif- 
icant amounts in the pancreatic /~ cells. Ailoxan is 

known to be transformed into alloxanic acid and 
water at alkaline pH (BILTZ et al., 1917), but  its inter- 
action with reduced glutathione is still not completely 
understood (PATT~,~SON et al., 1949; RESNIC and 
WOLFF, 1956). Since both types of conversion into 
non-diabetogenic products are known to occur rapidly 
in vivo (LAzAROW, 1949; SELmSO~ and SF, nIGSON, 
1951), an important  fraction of radioactivity demon- 
strated after injections of 14C-2-allox:an apparent ly 
reflects the distribution of the non-diabetogenic con- 
version products rather than of alloxan itself. This 
means tha t  the accumulation of non-metabollsed 
alloxan in the islets as compared to other tissues is 
still higher than  indicated by  the distribution of the 
radioactivity. The observation tha t  alloxan, in con- 
t rast  to its non-diabetogenic degradation products, 
significantly accumulates in the pancreatic fl cells 
raises the question whether this also holds for other 
diabetogenie agents with similar structural formulae. 
Recent experiments by  one of the present authors 
(I tA~A~S~RS~, 1966) have shown tha t  dehydroascor- 
bic acid also rapidly accumulates in the pancreatic 
islets. The latter substance has a chemical configura- 
tion almost identical with the mesoxalic portion of the 
a]loxan molecule, and induces diabetes when adminis- 
tered in very large doses on several successive days 
(PATTERSON, 1950). 

When injected in higher doses, the remarkable 
toxicity of alloxan for the/~ cells is frequently accom- 
panied by  damage to other organs. The observation 
that  the/~ cells are particularly active in accumulating 
alloxan is, however, in itself a sufficient explanation 
for selective destruction of the fi cells. A more than 
30-fold concentration of alloxan in the /~ cells, as 
compared with the blood level, is for example con- 
sistent with an interaction with some intracellular 
components such as essential sulfhydryl enzymes. Even 
if it is not postulated tha t  the fi cells are deficient in 
sulfhydryl groups as a consequence of their speciali- 
zation for the synthesis of the disulfide groups of 
insulin, the "sulfhydryl theory" of LAZAR0W (1949; 
1954) may  well explain the alloxan destruction of the 
fi cells. As a mat ter  of fact, no deficiency of sulfhydry] 
groups has been found in the islet ceils of either rats 
or fish, while the injection of alloxan selectively de- 
creased the islet content of sulfhydryl groups in both 
species (M~cDoI~ALD, 1959; FALKMEI~, 1961). 
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