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Abstract 
Diabetes mellitus is due to defective secretion and/ or function of insulin. It is a common chronic disease affecting up to 6% 
of the world population. This prevalence increases to about 24% in the island of Nauru and some Middle Eastern countries. 
Diabetes mellitus is associated with profound changes in the endocrine pancreas. These changes include a significant 
decrease in the number of beta cells, the cell type that produces and secretes insulin. A decrease in the number of insulin 
producing cells is more evident in type I diabetes. The decrease in the number of insulin-secreting cells is associated with a 
concomitant increase in the number of glucagon, somatostatin and pancreatic-polypeptide producing cells. The increase in 
glucagon producing cells results in hyperglucagonaemia, which further exacerbates the hyperglycaemia induced by lack of 
insulin. In addition to the changes in the number and plasma levels of pancreatic hormones, the number of calcitonin-gene-
related peptide- and galanin-positive cells in the islet of Langerhans decreases after the onset of diabetes. Pancreatic amino 
butyric acid is also decreased in diabetes. These abnormal changes in the pattern of distribution of peptides, neuropeptides 
and neurotransmitters may contribute to the pathogenesis of diabetes mellitus. 
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Introduction 
Diabetes mellitus is a chronic metabolic disease, which is 
associated with hyperglycaemia. This hyperglycaemia is a 
result of defective insulin secretion and/or function. The 
prolonged hyperglycaemia accompanying diabetes causes 
tissue damage, which results in degenerative complications 
in many organs including the kidney, heart, muscles, eye 
and many other organs.1 These degenerative complications 
arise partly because of the damage inflicted on the blood 
vessels. This review examines the pattern of distribution of 
insulin-, glucagon-, somatostatin- and pancreatic 
polypeptide-containing cells in the pancreas of 
streptozotocin (STZ)-induced diabetic rats. In addition, the 
topographical relation of calcitonin gene-related peptide 
(CGRP)-, galanin-, neuropeptide Y (NPY)- and γ-
aminobutyric acid (GABA)-positive cells of the endocrine 
pancreas and their role in determining the pathogenesis of 
diabetes mellitus is discussed. 
 
The pancreas 
The pancreas is a mixed gland, with a large exocrine and a 
much smaller endocrine gland. The endocrine cells are 
arranged into small islands of cells called the islets of 
Langerhans. The interactive function of both the exocrine 
and the endocrine parts are particularly important for the 
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normal functioning of the body. The endocrine cells 
produce indispensable hormones such as insulin, glucagon, 
somatostatin and pancreatic polypeptide, which are crucial 
to the optimum functioning of body metabolism. The 
pancreas is well innervated by autonomic nerves rich in 
different types of neuropeptides including vasoactive 
intestinal polypeptide (VIP) and NPY;2 galanin, CGRP and 
cholecystokinin; 3 and leucine-enkephaline.4 In addition to 
the presence of neuropeptides, neurotransmitters such as 
serotonin,5 GABA6 or neurotransmitter-regulating enzymes 
such as tyrosine hydroxylase7 and dopamine hydroxylase.8 
have been identified in the pancreas. Many neuropeptides 
such as galanin co-localize with hormones of pancreatic 
beta cells. 9 
 

Islet morphology in diabetes mellitus 
There is selective damage to the beta cells in STZ-induced 
experimental diabetes although macroscopically, the 
pancreas appears normal. Immunohistochemistry technique 
may be used  to identify morphological abnormalities in the 
islet cells of diabetic pancreas. Briefly, normal and diabetic 
rats are anaesthetized with 7% chloral hydrate (given 
intraperitoneally) and the pancreas removed and cut into 
small fragments. The fragments are immersion-fixed in a 
solution containing formaldehyde and glutaraldehyde in 
picric acid for 48 h and processed for 
immunohistochemistry or immunofluorescence. 10 
 

Beta cells 
Insulin-positive cells are the most numerous cell types in 
the normal pancreas. They are located in both the central 
and peripheral parts of the islet and account for about 60-
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70% of the total cell population in a given islet of 
Langerhans.11,12 In experimental diabetes, however, this 
number decreases significantly due to selective damage of 
pancreatic beta cells by STZ (Fig. 1A and B; Figs 3A and 
B).  
 
Alpha cells 
Glucagon-containing cells constitute about 28% of the total 
number of endocrine cells in a normal pancreatic islet.11,12 
They are located in the periphery of the islets in normal 
animals. However, in STZ-diabetic animals many glucagon-
positive cells are seen scattered within the central portion of 
the islets. Representative sections of glucagon 
immunostaining in both normal and diabetic pancreas are 
shown in figures 1C and D. The percentage of glucagon 
positive cells increased significantly in STZ-diabetic 
animals compared to controls.  
 
Delta cells   
The immunostaining of somatostatin is shown in figures 2A 
and B). Somatostatin-immunopositive cells are located 
mainly in the outer part of the islets of normal pancreas with 
a percentage distribution of about 6% (Fig. 2A and B). 
Previous studies have demonstrated significant increases in 
the number of somatostatin-positive cells in diabetic     
rats.3, 11,12  
 
Pancreatic polypeptide (PP) cells  
PP cells are located in the peripheral region of the islet of 
Langerhans in normal rat.3,10,11 The percentage distribution 
of PP cells in normal pancreas is 6%.  The percentage 
distribution of PP cells increases significantly after the onset 
of diabetes (Fig. 2C and D). 
 
Pancreatic neuropeptides in diabetes mellitus 
Neuropeptide-Y  
NPY is present in the endocrine cells of the islets of 
Langerhans as well as in the nerves innervating the pancreas 
of both normal and diabetic rats.2,13 NPY also co-localizes 
with PP in the mammalian pancreas.14 After the onset of 
diabetes, the number of these NPY-positive cells changes, 
in a similar pattern as for PP.2 NPY has a dose-dependent 
stimulatory effect on insulin secretion in normal rat 
pancreas.2 However, it decreases plasma insulin level in 
mouse islet cells.15 In addition NPY also inhibits both basal 
and glucose-stimulated insulin secretion in the in vivo 
normal pig pancreas.16  The  species differences may 
account for the differences in the effect of NPY on insulin 
release.  
 
Calcitonin-gene-related-peptide   
CGRP is a 37-amino acid generated from the alternate 
tissue-specific processing of calcitonin gene pre-mRNA.17,18 
It is synthesized predominantly in the central nervous 
system19 and has been demonstrated in plasma and 
cerebrospinal fluid.20 CGRP also co-localizes with many 
peptides, including calcitonin in para-follicular cells of 
thyroid gland.21 CGRP is present in large numbers of cells 
in the islets of Langerhans of normal rat pancreas. The 
number of CGRP-immunoreactive cells decreased 
significantly in diabetes. CGRP co-localizes with insulin3, 22 

and somatostatin23 in the islets of Langerhans. The presence 
of CGRP in the endocrine cells of the pancreas and the 
subsequent decrease of CGRP in the pancreas of diabetic 
rats demonstrates that CGRP may be involved in the 
synthesis and or release of insulin from secretory granules. 
The presence of CGRP may also indicate a neurotrophic 
role in the pancreas. Other studies have shown that CGRP 
has trophic effects on structures such as myotubules,24 
motoneurons25 and peripheral nerves.26  In addition to the 
endocrine pancreas CGRP has been demonstrated in the 
nerves innervating the pancreas and several other tissues. 
 
CGRP can induce large increases in insulin release from the 
pancreatic tissue of normal rats27and dogs.28 However, 
reports have shown that CGRP inhibits insulin release from 
human,29 calves,30 rat,31 and mouse31 pancreata. Species 
differences may account for the difference between the 
findings. CGRP has also been shown to induce 
hyperglycemia32 and inhibits insulin-stimulated glucose 
uptake33 through a different pathway than cyclic AMP.  
 
Galanin 
Galanin, a brain-gut peptide, is present in the nerves 
innervating the pancreas of normal rats.9,34 It is also present 
in the normal porcine,5 camel12 and bovine endocrine 
pancreas,35where it co-localizes with insulin. The number of 
galanin-positive cells is significantly decreased in    
diabetes.9 The co-localisation of galanin with insulin and 
the near absence of galanin in the pancreatic islets of 
diabetic rats suggest that galanin might indeed influence 
insulin secretion in an autocrine manner. Galanin inhibits 
insulin secretion from the pancreas of normal rat,9 man36 
and dog.37,38 This implies that galanin may be involved in 
the pathophysiology of diabetes. 
 
Pancreatic neurotransmitters in diabetes 
Gamma amino butyric acid  
GABA is present in large quantities in inhibitory neurons of 
the central nervous system.39 It is formed by the 
decarboxylation of L-glutamic acid by glutamic acid 
decarboxylase (GAD). GABA and GAD are present in the 
pancreatic beta cells of normal rat.40 Moreover, GABA-
metabolizing enzymes, such as GABA-Transaminase 
(GABA-T), has been shown to be present in the pancreatic 
beta cells.41 Antibodies against GAD and GABA are present 
in the sera of patients suffering from Type I diabetes, 
epilepsy and stiff-man syndrome.42 GAD, especially the 
GAD65 isoform has been demonstrated to be a target of 
early autoimmune T-cell response associated with beta cell 
destruction in the non-obese-diabetic mouse model of 
insulin-dependent diabetes.43 GABA is present in a large 
number of islet cells in the pancreas of non-diabetic rats.6,40 
The number of GABA-positive cells is decreased 
significantly in the endocrine pancreas of diabetic rats.6 The 
concentration of GABA in the endocrine pancreas is said to 
be comparable to that measured in the central nervous 
system. 44 
 
GABA increases insulin release from the pancreas of 
normal rat.6,45 In contrast,  inhibitory46  and neutral47 effects  
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Figure 1: Micrographs showing the distribution of insulin (INS)-and glucagon (GLU)-positive cells in the pancreatic islet of 
normal and diabetic rats. (A) INS-positive cells in normal rat pancreas; (B) INS-positive cells in diabetic rats; (C) GLU-
positive cells in normal rats and (D) GLU-Immunoreactive cells in the pancreas of diabetic rats. Magnification: X320 

 
Figure 2:  Micrographs showing the distribution of somatostatin (SOMA)- and pancreatic polypeptide (PP)-positive cells in 
the pancreatic islet of normal and diabetic rats. (A) SOMA positive cells in normal rat pancreas; (B) SOMA-positive cells in 
diabetic rats; (C) PP-positive cells in normal rat and (D) PP-immunoreactive cells in the pancreas of diabetic rats. 
Magnification X 320 
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Figure 3: Micrographs showing the distribution of insulin (INS)- and neuropeptide Y (NPY)-positive cells in the pancreatic 
islet of normal and diabetic rats. (A) INS(red) and NPY (green)-positive cells in normal rat pancreas; (B) INS (red) and NPY 
(green)-positive cells in diabetic rats. Magnification: X320 
 
of GABA on insulin release have also been reported. 
GABA-A receptors have been shown to be present on the 
plasma membrane of pancreatic alpha cells, some gastro-
pancreatic neuroendocrine cells and rat insulinoma cell line 
RIN 38.48 GABA-A receptors activate voltage-gated Ca2+ 
channels,48 triggering an increase in intracellular Ca2+. An 
increase in intracellular Ca2+ stimulates exocytosis and 
insulin release.  
 
The co-localisation of GABA with pancreatic beta cells 
indicates that GABA may play a role in the regulation of 
insulin biosynthesis and or function as an alternative energy 
source for the beta cell through the GABA shunt. It may 
also stabilize the insulin molecule. GABA and its 
metabolizing enzyme GAD are also linked to the 
pathogenesis of Type I diabetes.49A high correlation of anti 
GAD titer and incidence of Type 1diabetes has also been 
reported.50 The relationship of GAD and Type 1 diabetes is 
so important that the production of GAD autoantibodies 
precedes other autoantibodies such as, insulin 
autoantibodies and islet cell antibodies.51  
 
Conclusion 
Diabetes mellitus is associated with significant changes in 
the pattern of distribution of insulin-, glucagon-, 
somatostatin- and pancreatic polypeptide-positive cells in 
pancreatic tissue of diabetic animals compared to that of 
normal controls. Neuropeptides and neurotransmitters such 
as NPY, CGRP, galanin and GABA are present in the 
endocrine pancreas and play a role in the metabolism of the 
insulin molecule. These findings suggest that insulin 
metabolism may be regulated by many neuropeptides and 

neurotransmitters in a more complex manner than we 
currently understand.  
References 
1. Adeghate E. Diabetes mellitus-multifactorial in 

aetiology and global in prevalence. Archives of 
Physiology and Biochemistry 2001; 109: 197-199. 

2. Adeghate E, Ponery AS, Pallot DJ, Singh J. 
Distribution of vasoactive intestinal polypeptide, 
neuropeptide-Y and substance P and their effects on 
insulin secretion from the in vitro pancreas of normal 
and diabetic rats. Peptides 2001; 22: 99-107. 

3. Adeghate E. Distribution calcitonin-gene-related 
peptide, neuropeptide-Y, vasoactive intestinal 
polypeptide, cholecystokinin-8, substance P and islet 
peptides in the pancreas of normal and diabetic rat. 
Neuropeptides 1999; 33: 227-235. 

4. Adeghate E, Ember Z, Donáth T, Pallot DJ, Singh J. 
Immunohistochemical identification and effects of 
pancreastatin, leucine-enkephaline and galanin in the 
porcine pancreas. Peptides 1996; 17: 503-509. 

5. Adeghate E, Donáth T. Intramural serotonin 
immunoreactive cells in normal and transplanted 
pancreas. Biogenic Amines 1990; 7: 385-390. 

6. Adeghate E, Ponery AS. GABA in the endocrine 
pancreas: cellular localization and function in 
normal and diabetic rats. Tissue & Cell 2002; 34: 1-
6.  

7. Adeghate E, Ponery AS, Sheen R. Streptozotocin-
induced diabetes mellitus is associated with 
increased pancreatic tissue levels of noradrenaline 



Neuropeptides in diabetes mellitus 
 
 

 5 
 

and adrenaline in the rat. Pancreas 2001; 22: 311-
316. 

8. Adeghate E, Donáth T. Dopamine-beta-hydroxylase-
positive nerves in normal and transplanted tissue in 
the anterior eye-chamber of rats. Journal of Chemical 
Neuroanatomy 1991; 4: 223-227. 

9. Adeghate E, Ponery AS. Large reduction in the 
number of galanin-immunoreactive cells in 
pancreatic islets of diabetic rats. Journal of 
Neuroendocrinology 2001; 13: 706-710. 

10. Adeghate E, Donáth T. Distribution of neuropeptide-
Y and vasoactive intestinal polypeptide 
immunoreactive nerves in normal and transplanted 
pancreatic tissue. Peptides 1990; 11: 1087-1092. 

11. Adeghate E, Donáth T. Morphometric and 
immunohistochemical study on the endocrine cells of 
pancreatic tissue transplants. Experimental and 
Clinical Endocrinology 1991; 98: 193-199. 

12. Adeghate E. Immunohistochemical localisation of 
pancreatic hormones, neuropeptides and cytoskeletal 
proteins in the pancreas of the camel. Journal of 
Morphology 1997; 231: 185-193. 

13. Pettersson M, Ahren B, Lundquist I, Bottcher G, 
Sundler F. Neuropeptide Y: intrapancreatic neuronal 
localization and effects on insulin secretion in the 
mouse. Cell Tissue Res 1987; 248: 43-48. 

14. Wolfe-Coote SA, Louw J, du Toit DF. Preliminary 
observations on the co-existence of regulatory 
peptides in cells of the baboon endocrine pancreas. 
Experientia 1988; 44: 238-240. 

15. Opara EC, Burch WM, Taylor IL, Akwari OE. 
Pancreatic hormone response to neuropeptide Y 
(NPY) perifusion in vitro.  Regul Pept 1991; 34: 
225-233. 

16. Ahren B, Martensson H, Falck B. Effects of 
neuropeptide Y on insulin and glucagon secretion in 
the pig. Neuropeptides 1991; 20: 49-55. 

17. Evans RM, Amara S, Rosenfeld MG. Molecular 
events in developmental regulation of 
neuroendocrine genes: characterization of the novel 
neuropeptide CGRP. Cold Spring Harb Symp Quant 
Biol 1983; 48:413-417. 

18. Steenbergh PH, Hoppener JW, Zandberg J, Visser A, 
Lips CJ, Jansz HS. Structure and expression of the 
human calcitonin/CGRP genes. FEBS Lett 1986; 
209: 97-103. 

19. Takami K, Kawai Y, Shiosaka S, Lee Y, Girgis S, 
Hillyard CJ, et al. Immunohistochemical evidence 
for the coexistence of calcitonin gene-related 
peptide- and choline acetyltransferase-like 
immunoreactivity in neurons of the rat hypoglossal, 
facial and ambiguus nuclei. Brain Res 1985; 
328:386-389. 

20. Wimalawansa SJ, Morris HR, MacIntyre I. Both 
alpha- and beta-calcitonin gene-related peptides are 
present in plasma, cerebrospinal fluid and spinal cord 
in man. J Mol Endocrinol 1989; 3:247-252. 

21. Grunditz T, Ekman R, Hakanson R, Rerup C, 
Sundler F, Uddman R. Calcitonin gene-related 

peptide in thyroid nerve fibers and C cells: effects on 
thyroid hormone secretion and response to 
hypercalcemia. Endocrinology 1986; 119:2313-2324. 

22. Edwin N, Leigh CM. Immunocytochemical 
identification of islet cells containing calcitonin 
gene-related peptide-like immunoreactivity in the 
plains rat pancreas (Pseudomys australis). Singapore 
Med J 1999; 40:528-530 

23. Fujimura M, Greeley GH, Jr, Hancock MB, 
Alwmark A, Santos A, Cooper CW,  etal. 
Colocalization of calcitonin gene-related peptide and 
somatostatin in pancreatic islet cells and inhibition of 
insulin secretion by calcitonin gene-related peptide 
in the rat. Pancreas 1988; 3:49-52. 

24. Changeux JP, Duclert A, Sekine S. Calcitonin gene-
related peptides and neuromuscular interactions. Ann 
N Y Acad Sci 1992; 657:361-378. 

25. Bar PR, Sodaar P. The effect of culture conditions 
and alpha-MSH on CGRP in motoneurons in culture. 
Ann N Y Acad Sci 1992; 657:555-557. 

26. Cooke HJ. Calcitonin gene-related peptides: 
influence on intestinal ion transport. Ann N Y Acad 
Sci 1992; 657:313-318. 

27. Morishita T, Yamaguchi A, Yamatani T, Nakamura 
A, Arima N, Yamashita Y, et al. Effects of islet 
amyloid polypeptide (amylin) and calcitonin gene-
related peptide (CGRP) on glucose metabolism in 
the rat. Diabetes Res Clin Pract 1992; 15: 63-69. 

28. Moore MC, Lin DW, Colburn CA, Goldstein RE, 
Neal DW, Cherrington AD. Insulin- and glucagon-
independent effects of calcitonin gene-related 
peptide in the conscious dog. Metabolism 1999; 
48:603-610. 

29. Ahren B. Effects of galanin and calcitonin gene-
related peptide on insulin and glucagon secretion in 
man. Acta Endocrinol (Copenh) 1990; 123:591-597. 

30. Edwards AV, Bloom SR. Pancreatic endocrine 
responses to substance P and calcitonin gene-related 
peptide in conscious calves. Am J Physiol 1994; 267: 
E847-E852. 

31. Pettersson M, Ahren B, Bottcher G, Sundler F. 
Calcitonin gene-related peptide: occurrence in 
pancreatic islets in the mouse and the rat and 
inhibition of insulin secretion in the mouse. 
Endocrinology 1986; 119:865-869. 

32. Ahren B. Effects of galanin and calcitonin gene-
related peptide on insulin and glucagon secretion in 
man. Acta Endocrinol (Copenh) 1990; 123:591-597. 

33. Kreutter DK, Orena SJ, Torchia AJ, Contillo LG, 
Andrews GC, Stevenson RW. Amylin and CGRP 
induce insulin resistance via a receptor distinct from 
cAMP-coupled CGRP receptor. Am J Physiol 1993; 
264: E606-E613. 

34. Lindskog S, Ahren B, Dunning BE, Sundler F. 
Galanin-immunoreactive nerves in the mouse and rat 
pancreas. Cell Tissue Res 1991; 264:363-368. 

35. Baltazar ET, Kitamura N, Hondo E, Narreto EC, 
Yamada J. Galanin-like immunoreactive endocrine 
cells in the bovine pancreas. J Anat 2000; 196: 285-
291. 



E Adeghate 

 6

36. Ahren B. Effect of galanin and calcitonin gene-
related peptide on insulin and glucagon secretion in 
man. Acta Endocrinol (Copenh) 1990; 123: 591-597. 

37. Lorrain J, Angel I, Eon MT, Oblin A, Langer SZ. 
Inhibition of insulin release induced by galanin in 
dog is not exclusively mediated by activation of 
ATP-sensitive K+ channels. Pharmacology 1993; 46: 
109-114. 

38. Boyle MR, Verchere CB, McKnight G, Mathews S, 
Walker K, Taborsky GJ Jr. Canine galanin: 
sequence, expression and pancreatic effects. Regul 
Pept  1994; 50: 1-11. 

39. Csillag, A. Large GABA cells of chick ectostriatum: 
anatomical evidence suggesting a double 
GABAergic disinhibitory mechanism. An electron 
microscopic immunocytochemical study. J. 
Neurocytol. 1991; 20: 518-528.  

40. Garry DJ, Sorenson RL, Elde RP, Maley BE,  
Madsen A. Immunohistochemical co-localization of 
GABA and insulin in beta cells of rat islet. Diabetes 
1986; 35:1090-1095. 

41. Vincent SR, Hokfelt T, Wu JY, Elde RP, Morgan 
LM, Kimmel JR. Immunohistochemical studies of 
the GABA system in the pancreas. 
Neuroendocrinology 1983; 36: 197-204. 

42. Solimena M, Folli F, Aparisi R, Pozza G, De Camilli 
P. Autoantibodies to GABA-ergic neurons and 
pancreatic beta cells in stiff-man syndrome. N Engl J 
Med 1990; 322: 1555-1560. 

43. Solimena M, Folli F, Denis-Donini S, Comi GC, 
Pozza G, De Camilli P,  et al. Autoantibodies to 
glutamic acid decarboxylase in a patient with stiff-
man syndrome, epilepsy, and type I diabetes 
mellitus. N Engl J Med 1988; 318, 1012-1020. 

44. Kash SF, Condie BG, Baekkeskov S. Glutamate 
decarboxylase and GABA in pancreatic islets:           
lessons from knock out mice. Horm Metab Res 
1999; 31: 340-344.   

45. Cavagnini F, Pinto M, Dubini A, Invitti C, 
Cappelletti G, Polli EE. Effects of gamma 
aminobutyric acid (GABA) and muscimol on 
endocrine pancreatic function in man. Metabolism 
1982; 31:73-77.  

46. Gu XH, Kurose T, Kato S, Masuda K, Tsuda K, 
Ishida H,  et al. Suppressive effect of GABA on 
insulin secretion from the pancreatic beta cells in the 
rat. Life Sci 1993; 52: 687-694.  

47. Gilon P, Bertrand G, Loubatieres-Mariani MM, 
Remacle C, Henquin JC. The influence of gamma-
aminobutyric acid on hormone release by the mouse 
and rat endocrine pancreas. Endocrinology 1991; 
129: 2521-2529. 

48. von Blankenfeld G, Turner J, Ahnert-Hilger G,   
John M,     Enkvist MO, Stephenson F,  et al. 
Expression of functional GABAA receptors in 
neuroendocrine gastro pancreatic cells. Pflugers 
Arch 1995; 430: 381-388. 

49. Baekkeskov S, Aanstoot HJ, Christgau S, Reetz A, 
Solimena M, Cascalho Folli F,  et al. Identification 
of the 64K autoantigen in insulin-dependent diabetes 
mellitus (IDDM) as the GABA-synthesizing enzyme 
glutamic acid decarboxylase. Nature 1990; 347: 151-
156.  

50. Aanstoot HJ, Sigurdsson E, Jaffe M, Shi Y, 
Christgau S, Grobbee D, et al. Value of antibodies to 
GAD65 combined with islet cell cytoplasmic 
antibodies for predicting IDDM in a childhood 
population. Diabetologia 1994; 37: 917-924.  

51. Yokota I, Shima, K. GAD antibody in IDDM. 
Rinsho Byori 1998; 46: 331-337. 




