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Most authors agree that after the injection of alloxan and the con-
sequent destruction and disappearance of beta cells, the pancreatic
islets contain numerous non-granular islet cells.1 These have been
interpreted as agranular beta cells or agranular cells of an unspecified
type. In contrast to our knowledge of the fate of the alpha and beta
cells in alloxan diabetes, very little is known about that of the delta
cell.56 Aside from the description of Conn and Hinerman7in a case
of hypoglycemia treated with alloxan in a patient suffering from an
islet cell tumor, and the brief discussions by Cavallero8 and Verne,9
no specific mention of the delta cell in alloxan-treated animals or man
has been found.
Some workers have studied the Golgi apparatus and/or the mito-

chondria of islet cells in order to delineate the morphologic structure
and nges related to insulin secretion.1-13 The study of the Golgi
apparatus and the mitochondria of islet cells has led other workers to
postulate the presence of transitional forms between acinar and islet
cells.1'15 While the histologic techniques employed by these investi-
gators gave a positive impregnation of the Golgi apparatus, they did
not permit an accurate identification of the various types of islet cells.
The origin of new islet cells of each type and the question of their

interconvertibility in alloxan diabetes are subjects which remain un-
settled. Some workers have reported on the formation of new alpha
and beta cells from acinar cells.13"6-'8 Others have stated that the
newly formed beta cells are derived from the ductular epithelium.7"18-21
Berthoud,18 in agreement with Ferner,' reported that alpha cells are
transformed into beta cells, while others 8.2123have stated that this has
never occurred in their experience.

In previous investigations on the histogenesis of the pancreatic
islet of the rabbit, with methods capable of demonstrating the three
types of islet cells as well as their respective cytoplasmic organelles in
a single section, it was found that cells of each of these types were de-
rived independently from duct cells and were not interconvertible.24
In view of this finding, it appeared that a study of the changes in the
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pancreas of the rabbit after the administration of alloxan, using
the same histologic methods, would clarify the following points:
(i) the relationship between the delta cells, normally devoid of
granules in the rabbit,24 and the non-granular islet cells found in
alloxan-treated animals; (2) the origin, if any, of new islet cells;
(3) the correlation between the cytologic changes in the alpha, beta, and
delta cells and the diabetic state. Although mentioned separately,
these three points are found to be intimately related in a study of the
dynamic morphology of islet cells.

MATERIAL AND METHODS

Seventy-one purebred New Zealand white rabbits were used. They
weighed between I,5oo and 5,500 gm., the average being 2,500 gm.
Twenty-three of these were controls. The 48 remaining received a
single intravenous injection of Io50 mg. of alloxan (alloxan mono-
hydrate, Eastman Kodak Co.) per kg. of body weight, as a freshly
prepared 5 per cent solution in distilled water. In establishing this
group of diabetic rabbits, many were injected with alloxan, but those
animals which did not develop a fasting hyperglycemia of at least 200
mg. within 48 hours after alloxan administration were discarded.
Twenty-three of the diabetic animals died at various intervals and
were not used for histologic study. The remaining 25 animals were
sacrificed, one each at the following intervals: I5 minutes, 45 minutes,
i>2 hours, 3 hours, 7 hours, I2 hours, i Y2 days, 2 days, 2>Y2 days,
3 days, 4>Y2 days, 5Y2 days, 9 days, io days, 14 days, 28 days, 4>Y2
months. In addition, 3 animals were sacrificed at i8 hours, 2 at i day,
and 3 at 2>2 months. Specimens from the head, body, and tail of the
pancreas of each animal were processed and stained according to
the techniques previously described for Masson's trichrome, Gomori's
chrome alum hematoxylin, Aoyama's method for Golgi apparatus, and
Schriddes' method for mitochondria. Serial sections 2.5 U thick were
studied from each block. The diabetic state was assessed by blood
sugar determinations daily during the first week and twice a week
from then on.

RESULTS
The well known lesions of the pancreas in alloxan diabetes and their

development were confirmed. These included selective necrosis of the
beta cells5 and glycogen infiltration of the duct cells and of the hydropic
cells of the islets.25 The detailed description that follows includes only
those observations pertinent to the problems of islet cell cytology re-

ferred to in the introduction.
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After the injection of alloxan and the consequent necrosis and dis-
appearance of beta cells, the islets were composed predominantly of
alpha and delta cells. The alpha and delta cells appeared to be more
numerous, but while there was some evidence of proliferation of the
alpha and delta cells, this was not sufficient to account for the appear-
ance of more numerous alpha and delta cells. The latter appearance
was due mainly to the concentration of the peripherally situated alpha
and delta cells resulting from the destruction of the centrally located
beta cells. This resulted in a reduction in size of the islets. No nges
were observed in the nuclei, cytoplasm, or Golgi apparatus of the alpha
cells (Fig. i). On the other hand, the delta cells showed slight but
definite variations from the normal. This, however, occurred only in ani-
mals which had persistent severe diabetes for 3 to 4 months. When
stained with the Masson trichrome, the delta cell cytoplasm was some-
times paler blue than usual. Occasionally it was slightly vacuolated and
in other instances the cell border became ragged. Some delta cells
showed denser and more intensely basophilic nuclei (Fig. 2). The
Golgi apparatus and mitochondria, however, were well within the
normal range (Fig. 3).

During the first 24 hours after the injection of alloxan, the Golgi
apparatus and the mitochondria of the beta cells remained intact until
the cytoplasm began to disintegrate. At that time, these organelles
also fragmented, and diffusely distributed black-staining granules
were seen with the Schridde and the Aoyama methods. Forty-eight
hours after the administration of alloxan, beta cells were exceedingly
rare in the pancreas, and when present were agranular. Some were in
islets, others were in relation to small ducts. In general, the Golgi
apparatus of these agranular beta cells was smaller and simpler in
structure than that of the controls (Figs. 4 and 5).

In mildly diabetic animals within I to 2 weeks, agranular beta cells
became more numerous and tended to form small, poorly vascularized
islets consisting of about 20 to 40 cells when counted in serial sections.
These islets usually were devoid of alpha and delta cells. The Golgi
apparatus of these agranular beta cells was well developed, although
usually less so than that of the controls (Figs. 5 and 6). With time, in
the severely diabetic animals, the agranular beta cells first appeared
swollen (Figs. 6 and 7) and later hydropic with sharp cytoplasmic
borders (Figs. 2, 3, and 8). In both cases, the mitochondria became
less numerous, the Golgi apparatus shrank progressively in size, and
the macular zone became more prominent (Fig. 2). These changes,
however, were most marked in the hydropic beta cells. Diabetic rab-
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bits which were normoglycemic or nearly so at the time of necropsy,
showed numerous islets with beta cells possessing typical beta granules
and a Golgi apparatus similar to that of the control.
On some occasions, in severely diabetic animals, cells were found

with a clear, faintly blue-tinged cytoplasm with the Masson trichrome
stain, which showed a small, irregular Golgi apparatus. These cells were
not readily identifiable and were thought to be either degenerated beta
or delta cells.
Two to 4 hours after the injection of alloxan most animals showed

mitotic activity of the duct cells, acinar cells, and the alpha, beta, and
delta cells. The increased mitotic activity of the islet cells reached a
maximum at 4 to 6 days and practically disappeared in about io days.
The mitotic activity of the beta cells did not seem to result, in the
majority of animals, in an increase in their numbers. This mitotic
activity of the beta cells was greater in animals whose diabetes was
improving.

In some animals, the ductular epithellum showed evidence of new
formation of beta cells. The first indication of this process, which was
usually observed within 48 hours after alloxan administration, con-
sisted of localized hyperplastic changes involving groups of 5 to IO
cells. These cells became enlarged and syncytium-like, with more
prominent nuclei (Fig. 8). After 48 hours, a few small aggregates of a
new type of cell were observed, usually attached to the ductules but
also in a close relationship to the acini, similar to that of the primitive
beta cell in the embryo.24 These new cells resembled somewhat, in
their mode of origin and their appearance, the primitive beta cell
found in the io- to i8-day-old rabbit embryo. The primitive beta
cell of the developing embryo has been identified as a cell of fixed
differentiation for the beta cell series but without all the characteris-
tics of the mature beta cell.24 The cytoplasm of these newly formed
beta cells was amphophilic with the Gomori chrome alum hematoxylin;
it possessed a small juxtanuclear macular zone stained a sky blue;
and its Golgi apparatus was somewhat smaller than that of a mature
beta cell.

DISCUSSION
Delta Cell Versus Agranular Beta Cell

The value of the cytologic technique used became apparent when
the interrelationship of the various types of islet cells and the non-
granular islet cells found in alloxan-treated rabbits was studied. These
methods were particularly useful in separating most agranular beta
cells (newly formed beta cells, agranular beta cells of mildly and
severely diabetic rabbits, hydropic beta cells) from delta cells, which

I 15 2



ISLET CELLS IN ALLOXAN RABBITS

also appeared as non-granular islet cells with the method used. The
small number and the juxtanuclear location of the delta cell mito-
chondria, the location and character of the Golgi apparatus, the stain-
ing properties of the cytoplasm with Masson's trichrome and Gomori's
hematoxylin stains are factors which, when taken together, clearly
distinguish delta cells from most agranular beta cells. From my work,
it appears that a large majority of the cells described as non-granular
islet cells in alloxan diabetes" ,19 20 are delta cells. This would explain
the disparity between the islet structure and the course of the diabetes
in alloxan-treated animals. In many instances, agranular cells were
present in such numbers that, if they were morphologically identifiable
as beta cells, they would be expected to prevent a fully developed
diabetic syndrome. However, since on close cytologic emination
these cells proved to be delta cells, the diabetic status of the animal is
accounted for morphologically.
Some workers using the Mallory-Heidenhain azan stain have re-

ported on the presence of delta cells in alloxan diabetes in both
human7 and experimental animals.8'9 Conn and Hinerman,7 using a
similar technique, interpreted differences in staining affinity of the
delta cell as indicating damage of these cells by alloxan. Their findings
are in agreement with those reported here, in that the changes in the
staining characteristics of the delta cells usually were present in
severely damaged islets of animals which had marked and prolonged
diabetes. It is difficult, without further work, to elaborate on the sig-
nificance of these nges in the delta cells.

Origin of Islet Cells and Islet Cell Interconvertibility
The results obtained in the present work tend to confirm the con-

clusions drawn from the study of the histogenesis of the islet, in which
it was shown that the alpha, beta, and delta cells originate from the
ductular epithelium, are independent cell types, and are not mutually
interconvertible.24 In the present work it was found that some new
alpha, beta, and delta cells were derived by mitotic activity of pre-
existing ones, and some beta and delta cells were derived directly
from the ductular epithelium in a manner similar to that found during
the development of the pancreas.24 Cavallero8 similarly reported the
new formation of alpha, beta, and delta cells through mitotic activity
in the alloxanized rat. Contrary to the contention of Ferner22 and in
agreement with others,21,23 I was unable to demonstrate any type of
cell that could represent a transition between alpha and beta cells.
Verne9 considered the delta cells as the matrix for alpha and beta cells
in alloxan diabetes. However, the methods used by him did not permit
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a clear separation of the delta cell, the duct cell, and the various types
of agranular beta cells as described in this work. The transformation of
acinar cells into alpha or beta cells in alloxan diabetes of treated ani-

13.1,168colnobecnimdmals, as mentioned by some authors, could not be confirmed.

Golgi Apparatus in Degranulated and Hydropic Beta Cell
Many problems must be solved before there can be a complete

understanding of the beta cell degranulation phenomenon as it is re-
lated to other cytoplasmic organelles. Degranulation of the beta cells
in normoglycemic animals receiving large amounts of carbohydrates
or in diabetic animals on ad libitum diets usually has been interpreted
as a sign of increased insulin secretion.2&30 It is also generally ac-
cepted that increased secretory activity of islet cells is accompanied by
increase in size of their Golgi apparatus.1012-630 The methods em-
ployed by the latter investigators, however, were somewhat incom-
plete. lWhen positive impregnation of the Golgi apparatus was
obtained, their preparations were not counterstained so as to identify
the alpha, beta, and delta cells.10'2 When the alpha and beta cells
were identified, the Golgi apparatus was studied by its negative image
only.26'30 I24,31 have overcome these difficulties recently by developing
a staining method capable of specifically differentiating the three islet
cell types while at the same time giving a positive impregnation of the
Golgi apparatus. Using these methods, hypertrophy of the Golgi
apparatus was never observed in the agranular beta cell of diabetic
animals. Therefore, if hypertrophy of the Golgi apparatus is consid-
ered to represent hyperfunction of the beta cell, from the present
experiments it can be stated with confidence that there was no hyper-
function. The hypertrophy of the Golgi apparatus observed by other
authors in degranulated cells in conditions similar to ours,26'30 but
without the use of specific silver or osmic acid methods, is believed to
result from the disappearance of granules which ordinarily obscure the
Golgi net in sections thicker than 3 or 4 P.
The structure of the Golgi apparatus in hydropic islet cells has not

been demonstrated by the use of specific methods, to the best of my
knowledge. Wrhether the hydropic beta cell represents a degenerating
non-secreting beta cell or a hypersecreting cell cannot be decided on
the basis of my experiments. Two recent observations, however, are
of interest in this respect. Hydropic beta cells produced in cortisone
diabetes persist in spite of the normoglycemia which follows the cessa-
tion of cortisone treatment.32 In addition, it has been demonstrated
that a segment of the pancreas infused with glucose eventually shows
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extensive hydropic changes. Moreover, this segment is hyperactive as
shown by the persistent hypoglycemia obtained under such conditions.'
These last two reports would suggest that the hydropic beta cell (of
the present work), in spite of its small Golgi apparatus and decreased
mitochondrial population, may actuaHly be a very active islet cell. On
the other hand, Toreson'5 advanced the idea that the hydropic changes
of duct and beta cells might represent a deranged regeneration of
islets, and Nerenberg34 described the embryonal alpha and beta cells
as hydropic in the rat. Nerenberg, however, did not comment on their
glycogen content. Whether the presence of a small Golgi apparatus in
a hydropic beta cell is due to a regressive chnge in the beta cell or
whether it is due to lack of maturation on the part of newly formed
beta cells requires further investigation. It is well known that the
Golgi apparatus of some cells increases in size as the cell matures or
differentiates.-35

In the present work, the agranular non-hydropic beta cells were
noted to have either a normal or small Golgi net while the hydropic
beta cell always had a small Golgi apparatus. One can conclude, there-
fore, that if some of the beta cells in alloxan diabetes were hyperactive,
as one might expect, this hyperactivity was not manifested at any time
by an appreciable hypertrophy of their Golgi apparatus.

SUMMARY

A study of the pancreatic islet cells in alloxan-treated rabbits by a
variety of specific cytologic methods leads to the conclusion that the
large majority of non-granular islet cells present in alloxan diabetic
animals are delta cells, while only a few are non-granular beta cells,
and fewer still are prmitive beta cells newly formed from ductule
epithellum. The agranular beta cells are distinguished from delta cells
by the presence in the latter of the typical Golgi apparatus and the
staining quality of its cytoplasm. In no case is hypertrophy of
the Golgi apparatus found in alpha, beta, or delta cells. This is so,
despite the fact that the residual beta cell in the diabetic animal would
be expected to be hyperfunctioning.
The present work supports the view that the alpha, beta, or delta

cells are fixed cell types which are not transformed one into another.
I was unable to substantiate the hypothesis that acinar cells may be
transformed into beta cells either directly or indirectly via the alpha
cell. It was demonstrated that new alpha, beta, and delta cells may be
derived either from duct cells or by mitotic activity from pre-existing
mature islet cells.

I I 5 5



II56 BENCOSME

REFERENCES
i. Bailey, 0. T.; Bailey, C. C., and Hagan, W. H Alloxan diabetes in the rabbiL

A consideration of the morphologic and physiologic changes. Am. J. M. Sc.,
I944, 208, 45o-46i.

2. Duff, G. L., and Starr, EI Experimental alloxan diabetes in hooded rats. Proc.
Soc. Exper. Biol. & Med., 1944, 57, 280-282.

3. Gomori, G., and Goldner, M. G. Production of diabetes mellitus in rats with
aloxan. Proc. Soc. Exper. Biol. & Med., I943, 54, 287-290.

4. Hard, W. L., and Carr, C. J. Experimental diabetes produced by alloxan- Proc.
Soc. Exper. Biol. & Med., I944, 55, 2 I4-2I6.

5. Duff, G. L. The pathology of the pancreas in experimental diabetes mellitus.
Am. J. M. Sc., I945, 210, 38I-397.

6. Warren, S., and LeCompte, P. M. The Pathology of Diabetes Mellitus. Lea &
Febiger, Philadelphia, I952, 336 pp.

7. Conn, J. W., and Hinerman, D. L. Effects of alloxan upon function and structure
of normal and neoplastic pancreatic islet cells in man. Am. I. Path., I948, 24,
429-449-

8. Cavallero, C. Application de la methode colchicinique a l'etude de diabete al-
loyanique chez le raL Rev. beige path. et med. epNr., 1947, I8, 323-332.

9. Verne, J. Action histophysiologique de l'alloxanne sur le pancreas endocrine.
Presse med., I946, 54, 509o5IO.

Io. Ludford, R. J., and Cramer, W. Secretion and the Golgi apparatus in the cells
of the islets of Langerhans. Proc. Roy. Soc. London, s. B., I927, 10I, I6-24.

ii. Vazquez-Lopez, E. Golgi apparatus as indicator of secretory activity in pan-
creatic islet cells. Nature, London, 1940, 146, 589-590.

12. Cutting, W. C., and Laqueur, G. L. Alloxan diabetes: cellular changes, and in-
hibitory actions of colchicine. Stanford M. Bull., I946, 4, 48-51.

13. Grobety, J. Contribution histologique a l'etude du diabete experimentaL L Le
diabete par l'alloxanne. Bull. d'histol. appliq. d la physiol., I948, 25, 8-I3.

I4. Pallot, G. Les divers aspects de l'appareil de Golgi au cours des variations du
pancreas insulaire: application a la cytologie dynamique des cellules d'il6t de
Langerhans. Compt. rend. Soc. de biol., I945, I39, 5I4-5I6.

i5. Saguchi, S. Cytological studies of Langerhans's islets, with special reference to
the problem of their relation to the pancreatic acinus tissue. Am. J. Anat.,
I920-21, 28, I-57.

i6. Hughes, H. Cyclical changes in the islets of Langerhans in the rat pancreas.
J. Anat., I947, 8I, 82-92.

I7. Johnson, D. D. Alloxan administration in the guinea pig. A study of the regen-
erative phase in the islands of Langerhans. Endocrinology, I950, 47, 393-398.

i8. Berthoud, E. Le diabete experimental par l'alloxanne. These No. I870, Institut
Pathologique, Universite de Gen6ve, Suisse, I946, 46 pp.

I9. Ogilvie, R. F. The effect of anterior pituitary extract in alloxan diabetes. J. Path.
& Bact., I949, 6I, 607-6I7.

20. Ogilvie, R. F. Further observations on the effect of anterior pituitary extract in
alloxan diabetes. J. Path. & Bact., I950, 62, 639-646.

2I. Creutzfeldt, W. Zur Histophysiologie des Inselapparates. (Alloxanversuche am
Hund mit Beriucksichtigung der Veranderungen an anderen Organen.) Ztschr.
f. Zellforsch. u. mikr. Anat., I948-49, 34, 280-336.



ISLET CELLS IN ALLOXAN RABBITS I I57

22. Femer, H Beitrage zur Histobiologie der Langerhansschen Inseln des Menschen
mit besonderer Berilcksichtigung der Silberzellen und ihrer Beziehung zum
Pankreasdiabetes. Virchows Arch. f. path. Anat., 1942, 309, 87-I36.

23. Bargmann, W., and Creutzfeldt, W. Zur Morphologie des Alloxandiabetes. Klin.
Wchnschr., I949, 27, 268-27I.

24. Bencosme, S. A. The histogenesis and cytology of the pancreatic islets in the
rabbiL Am. J. Anat., I955, 96, I03-I51.

25. Toreson, W. E. Glycogen infiltration (so-called hydropic degeneration) in the
pancreas in human and experimental diabetes mellitus. Am. J. Path., I950,
27, 327-347-

26. De Robertis, E. Variaciones histofisiologicas del islote pancreatico en la diabetes
de la rata por pancreatectomia subtotaL Rev. Soc. argent. de biol., I945, 21,
273-289.

27. Houssay, B. A. Las diabetes experimentales. Rev. mid. panam., I945, I, 255-
267.

28. Gomori, G.; Friedman, N. B., and Caldwell, D. W. Beta cell changes in guinea
pig pancreas in relation to blood sugar leveL Proc. Soc. Exper. Biol. & Med.,
I939, 41, 567-570.

29. Barron, S. S., and State, D. Effect of prolonged intravenous administration of
dextrose on beta cells of islets of Langerhans. Arch. Path., I949, 48, 297-304.

30. Woemer, C. A. Studies of the islands of Langerhans after continuous intra-
venous injection of dextrose. Anat. Rec., I938, 7I, 33-57.

3!. Bencosme, S. A. Studies on the methods of staining the islet cells of the pan-
creas. A. M. A. Arch. Path., 1952, 53, 87-97.

32. Hausberger, F. X., and Ramsay, A. J. Steroid diabetes in guinea pigs. Effects of
cortisone administration on blood and urinary glucose, nitrogen excretion, fat
deposition, and the islets of Langerhans. Endocrinology, I953, 53, 423-435.

33. Brown, E. M., Jr.; Dohan, F. C.; Freedman, L. R; De Moor, P., and Lukens,
F. D. W. The effects of prolonged infusion of the dog's pancreas with glucose.
Endocrinology, I952, 50, 644-66.

34. Nerenberg, S. T. Beta granules of islets of Langerhans of rat. A study of their
development umder normal and abnormal conditions. A. M. A. Arch. Path.,
I954, 58, 236-240.

35. De Robertis, E. D. P.; Nowinski, W. W., and Saez, F. A. General Cytology.
W. B. Saunders Co., Philadelphia, I954, ed. 2, 456 pp.

[Illustrations follow]



BENCOSME

LEGENDS FOR FIGURES

FIG. i. From a moderately diabetic rabbit of 42 months' duration. Small pancreatic
islets showing alpha and delta cells with normal Golgi apparatus. Aoyama's
method for Golgi apparatus counterstained with Masson's trichrome. X 1,250.

FIG. 2. From a severely diabetic mbbit of 44 months' duration. Pancreatic islet
showing alpha cells; delta cells with small, dark nuclei and ragged cytoplasm;
and hydropic beta cells with a semilar macular zone. Aoyama's method for
Golgi apparatus counterstained with Masson's trichrome. X 950.

FIG. 3. From a severely diabetic rabbit of 4 months' duration. Pancreatic ilt
showing the Golgi apparatus of alpha, delta, and hydropic beta cells. Aoyama's
method for Golgi apparatus counterstained with Masson's trichrome. X I,250.
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FIG. 4. From a moderately diabetic rabbit ; I, days after alloxan injection. Pancre-
atic islet composed of agranular beta cells with relatively small and simple Golgi
net. Aoyama's method for the Golgi apparatus counterstained with 'Masson's
trichrome. X i;o0.

FIG. 5. Pancreatic islet from a control rabbit. showing the Golgi apparatus of alpha
and beta cell. Aovama's method for the Golgi apparatus counterstained with
'Masson's trichrome. X I.250.

FIG. 6. From a severelv diabetic rabbit of Y2 months' duration. Pancreatic islet
showing agranular swollen beta cells. The Golgi apparatus of these beta cells
is smaller than that of the control (Fig. ;). Aoyama's method for the Golgi
apparatus counterstained with 'Masson's trichrome. X I.2o.
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FIG. 7. From a severely diabetic rabbit of 2>.' months' duration. Pancreatic islet
composed of agranular beta cells. The islet is poorly vascularized and the
cordonal arrangement of the beta cells has disappeared. Masson's trichrome
stain. X 1.250.

FIG. 8. From a severely diabetic rabbit of 412 months' duration. Pancreatic islet
showing the small Golgi apparatus (8) and the macular area of hydropic beta
cells (M). Aoyama's method for the Golgi apparatus counterstained with Mas-
son's trichrome. X I.250.

FIG. 9. From a moderately diabetic rabbit of ; days' duration. Section of pancreas
showing the changes in the ductular system when new beta cells are taking origin
from it. These newly formed beta cells resemble primitive beta cells. The inti-
mate relation between newly formed beta cells and acini may be observed. Mfas-
son's trichrome stain. X 70o.
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