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Abstract. Aging in mammals has often been associated with decreased insulin secre- 
tion and a subsequent deterioration in the ability to maintain glucose homeostasis. 
However, recent studies have demonstrated that factors such as disease, obesity, and 
physical activity more closely reflect diminished insulin secretion rather than aging 
per se. Thus, the purpose of this article is to review recent studies of how biological 
aging, 1.e. the process independent of disease states such as type Ii diabetes, may 
affect insulin secretion. To this end, this review will address the impact of aging on 
insulin Secretion in terms of In vivo and in vitro assessment, as well as possible 
age-related alterations in the hormonal and neural regulation of insulin secretion. 
Finally, this review describes some evidence that alterations in the functional 
heterogeneity of the P-cell population may represent a means by which the 
endocrine pancreas is able to maintain appropriate insulin Secretion during 
senescence. [P.S.E.B.M. 1995, Vol2091 

ge-related alterations in various endocrine 
processes may have serious consequences A with respect to the maintenance of homeosta- 

sis and can result in cellular senescence. The obser- 
vation that serum glucose and insulin concentration 
increase with age has led some to suggest that a de- 
terioration of glucose homeostasis is a normal conse- 
quence of aging and may even explain, in part, senes- 
cence. Because insulin plays a key role in the mainte- 
nance of glucose homeostasis, the effect of aging on 
insulin secretion has been the subject of extensive 
research. 

The purpose of this article is to review recent stud- 
ies of how biological aging (i.e., the process indepen- 
dent of disease states such as type I1 diabetes) may 
affect insulin secretion. To this end, this review will 
first briefly address the impact of aging on insulin se- 
cretion in terms of in vivo and in vitro assessment. 
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Next, possible age-related alterations in hormonal and 
neural regulation of insulin secretion will be discussed. 
Finally, we will discuss a possible compensatory 
mechanism of the P-cell andlor islet of Langerhans 
that may allow the aging animal to maintain appropri- 
ate insulin secretion during senescence. 

In Vivo Assessment of Insulin Secretion 
The results of investigations using in vivo methods 

(e.g., oral and intravenous glucose administration) to 
assess the effect of aging on insulin secretion have 
been inconsistent. Several reports have documented 
significant age-related diminution of insulin secretion 
(1-3), whereas other studies have been unable to de- 
tect attenuation in the secretory response (4-9). For 
example, Kahn et al. (1) clearly demonstrated a higher 
and more sustained peak of serum glucose, indica- 
tive of attenuated insulin secretion, following an oral 
glucose tolerance test in older versus younger sub- 
jects. On the other hand, Bourey et al. (4) utilized a 
hyperglycemic clamp technique, in which blood glu- 
cose was maintained for 3 hr at 10 mM, to investigate 
the insulin secretory response of young (24 years) and 
older (65 years) subjects. Insulin secretion did not de- 
crease significantly in older subjects with normal glu- 
cose tolerance. 
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The inconsistent results among investigations us- 
ing in vivo techniques to assess insulin secretion most 
likely reflects the inability of these methods to mea- 
sure p-cell insulin secretion directly. This suggestion is 
supported by the observation that serum insulin con- 
centration of older subjects does not, in all cases, cor- 
relate with in vivo measurement of prehepatic insulin 
secretion. To overcome the possible confounding fac- 
tor of differential hepatic insulin metabolism between 
young and old, Pacini et al. (10) and Beccaro et al. (1 1) 
used C-peptide (a cleavage product of proinsulin that 
is secreted in equimolar amounts with insulin but is not 
metabolized by the liver) as a marker for prehepatic 
insulin release. These investigators independently re- 
ported similar serum glucose and insulin concentration 
of older versus younger humans, but the concentration 
of C-peptide in the elderly was much lower than in the 
young subjects, indicating impaired P-cell function 
and/or enhanced C-peptide clearance. The results of 
these two investigations imply that alterations in he- 
patic insulin metabolism may confound conclusions 
based on in vivo assessment of insulin secretion and 
mask possible age-related differences. 

Additional difficulties may arise with interpreta- 
tion of data from in vivo assessment of insulin secre- 
tion in aging subjects if obesity and level of physical 
activity are not considered (1-3). Several investiga- 
tions have demonstrated that insulin secretion during 
in vivo “clamp” and “tolerance” tests does not de- 
cline in nonobese, healthy, or physically active older 
humans. Indeed, extensive research by Reaven and 
colleagues (12-15) has recently led these investigators 
to conclude that aging per se has a relatively minor 
effect on indices of glucose homeostasis, including in- 
sulin secretion. Rather, it is more likely that the age- 
related attenuation of insulin secretion observed in 
some investigations more closely reflects obesity and/ 
or physical inactivity than does biological aging per se .  

In Vitro Assessment of Insulin Secretion 
Although recent investigations suggest that insulin 

secretion in humans does not decline as a function of 
biological aging, lack of control for numerous con- 
founding variables during in vivo assessment of P-cell 
response has left many questions unanswered. To gain 
a better understanding of the effects of aging on insulin 
secretion and to control more precisely for confound- 
ing variables, many investigators have turned to in 
vitro assessment using whole perfused pancreas or is- 
lets of Langerhans isolated from rodents. However, 
similar to results from in vivo assessment of insulin 
secretion in humans, results from in vitro methods 
have been inconsistent. Some have found decreased 
(3, 1&22), increased (23, 24), or unchanged (25-29) 
insulin secretion with age. The various results among 
in vitro studies of insulin secretion most likely reflect 
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Figure 1. Mean glucose-stimulated (1 1.1 mM) insulin secretion 
of female and male Fischer 344 rats as determined using the 
whole perfused pancreas technique. For ease of reading, stan- 
dard error bars are not included. (From Ruhe et al., 1992 [27]; 
copyright, The American Physiological Society.) 

differences in age groups used as comparison for aging 
rats as well as differences in the definition of senes- 
cence in rodents. 

The importance of defining senescence precisely 
in rodents when investigating age-related alterations is 
evident from the work of Reaven and colleagues (21, 
30). These investigators suggested an age-related at- 
tenuation of insulin secretion per P-cell when they 
reported differences between 2- and 12-month-old 
Sprague-Dawley rats. Given that the median life span 
of the Sprague-Dawley rat is 26-28 months, 12 months 
of age would represent only young adulthood. Con- 
versely, a 2-month-old Sprague-Dawley rat is growing 
at an exponential rate, indicating that this age group 
more closely models development rather than adult- 
hood. When more developmentally mature rats and 
true senescent rats (defined as an age beyond the me- 
dian life span for the particular strain) are compared, 
differences in insulin secretion have not been re- 
ported. For example, our laboratory has completed 
several investigations using whole perfused pancreas, 
and isolated islets and p-cells, from 6- (adolescent), 12- 
(young adult), and 26- (senescent) month-old Fischer 



344 rats to describe the effects of aging on insulin se- 
cretion (25-27, 31). In all our investigations, we have 
not found significant differences in insulin secretion 
between the age groups (for example, see Fig. 1). Our 
investigations, as well as those by Starnes et al. (29), 
have led us to conclude that insulin secretion does not 
decline significantly with biological aging. 

The conclusion that insulin secretion does not 
decline with biological aging does not, however, pre- 
clude the possibility that significant alterations in 
islet morphology, the extrinsic regulation of insulin 
secretion, or P-cell metabolism may occur with age. 
For example, Reaven et al. (21) observed that insulin 
secretion per P-cell, but not total insulin secretion, 
was significantly attenuated in older versus younger 
rats. Furthermore, pancreata isolated from older (1 8 
months) Sprague-Dawley rats contained larger islets, 
more p-cells per islet, and more insulin per P-cell com- 
pared with younger rats (32). These findings are con- 
sistent with those of Adelman and colleagues (33), 
who found a greater proportion of larger islets in pan- 
creata isolated from older versus younger rats. Larger 
islets secrete more insulin than do smaller islets re- 
gardless of the age of the rat. Based on these findings, 
Adelman (33) suggests that possible alterations of in- 
sulin secretion during aging may be overcome by the 
capacity of older animals to expand their pool of 
p-cells. This suggestion is consistent with our data (27) 
and implies that the insulin secretory function of the 
endocrine pancreas as a whole does not become im- 
paired with age, but rather adapts to a changing met- 
abolic environment. 

Aging and Hormonal Regulation of 
Insulin Secretion 

The hypothesis that insulin secretion is not im- 
paired with aging but more closely reflects compensa- 
tory changes in response to the senescent metabolic 
environment implies possible alterations in the extrin- 
sic, particularly hormonal, regulation of insulin secre- 
tion. Islets of Langerhans consist primarily of a, P, 
and 6 cells which secrete glucagon, insulin, and so- 
matostatin, respectively. Insulin secretion is stimu- 
lated by glucagon and inhibited by somatostatin (34- 
37). Because the cellular organization of the islet 
places the a and 6 cells in close proximity to the P cell, 
it is reasonable to predict that the secretion of gluca- 
gon and/or somatostatin will have a significant effect 
on insulin secretion, referred to as paracrine regula- 
tion. It is possible, then, that an age-related change in 
the relative proportion of a and/or 6 cells, or loss of 
secretory capacity of these cells, could alter insulin 
secretion. The suggestion that age-related changes in 
paracrine regulation lead to altered insulin secretion is 
consistent with the observations of decreased density, 
mean area, and secretion of aging glucagon-containing 

a cells (38, 39). Casad et al. (40), using the whole 
perfused pancreas technique, observed that the inhib- 
itory action of somatostatin on insulin secretion is in- 
creased with age (40). However, the finding that insu- 
lin secretion during aging is altered through paracrine 
regulation has not been supported by others. For ex- 
ample, Magal et al. (36) and Starnes et al. (29) did not 
report alterations in insulin secretion with age or dif- 
ferences in the regulatory influence of somatostatin on 
insulin secretion among younger and older rats. Adel- 
man et al. (33) have suggested that the differences 
among some of these findings may reflect the size of 
islets used to investigate insulin secretion. Smaller is- 
lets of older versus younger animals are apparently 
more sensitive to the action somatostatin and thus se- 
crete less insulin than do larger islets. Investigations 
reporting greater inhibitory action of somatostatin in 
aging rats may have used a disproportionate number of 
smaller islets. Regardless, Chaudhuri et al. (18) and 
Adelman (33) have suggested that the greater propor- 
tion of larger islets reported in the pancreata of aged 
rats is an adaptation that allows these animals to main- 
tain insulin secretion. 

Although glucagon and somatostatin represent the 
majority of noninsulin hormones secreted by the islet, 
recent evidence suggests that other peptides synthe- 
sized within islets can affect insulin secretion. For ex- 
ample, islet amyloid polypeptide has been shown to be 
localized in the P-cell and is believed to be cosecreted 
with insulin and regulated by the same mechanisms 
that affect insulin secretion (41). Neuropeptide-Y, also 
synthesized within islets, has been suggested to be an 
important intra-islet paracrine hormone (42). Conse- 
quently, the effects of islet amyloid polypeptide and 
neuropeptide-Y on insulin secretion have been inves- 
tigated separately in various species, with conflicting 
and sometimes ambiguous results. In some studies, 
decreases in glucose-stimulated insulin secretion have 
been reported (42-44), while others have suggested 
that these peptides have little effect on insulin secre- 
tion (4543). Although it could be hypothesized that an 
age-related increase in islet amyloid polypeptide and 
neuropeptide-Y release may function to alter insulin 
secretion, this possibility has yet to be investigated. 

Investigations concerned with the effects of aging 
on insulin secretion have also considered how age- 
related changes in other secretory tissues extrinsic to 
the pancreas may influence insulin secretion. Dimin- 
ished gastrointestinal function, previously reported to 
occur with age (49-51), may alter the secretion of gut 
hormones, such as gastric inhibitory peptide, entero- 
glucagon, gastrin, secretin, and cholecystokinin, 
which in turn may effect insulin secretion. Groop (52) 
used gastric inhibitory peptide as a model to examine 
the relationship between insulin secretion, gastrointes- 
tinal hormones, and aging. This investigator reported 
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that gastric inhibitory peptide did not differ between 
younger and older individuals yet insulin secretion was 
significantly greater in the elderly subjects. These find- 
ings suggest that the secretion of gastrointestinal hor- 
mones do not decline with age nor do they have a 
significant impact on insulin secretion. While investi- 
gations into the age-related effects of other gastroin- 
testinal hormones have been limited, the data of Groop 
and others (53) suggest that the contribution of gut 
hormones to possible alterations on insulin secretion 
in the aged may be small. 

Aging and Neural Regulation of Insulin Secretion 
The islets of Langerhans are richly innervated 

with both parasympathetic and sympathetic divisions 
of the central nervous system. Stimulation of the sym- 
pathetic nervous system inhibits insulin secretion, 
while parasympathetic nervous system stimulation po- 
tentiates insulin secretion. Although the importance of 
neural regulation of insulin secretion remains contro- 
versial, its relationship to aging may be significant 
since several investigations have demonstrated an age- 
associated increase in sympathetic nervous system ac- 
tivity (54-56). Young et al. (57) who reported that se- 
rum norepinephrine, the major neurotransmitter of the 
sympathetic nervous system, is greater in older hu- 
mans during an oral glucose tolerance test compared 
to younger subjects. Curry and McDonald (58) suggest 
that the enhanced sympathetic tone observed in aging 
humans during glucose loads may reflect a compensa- 
tory mechanism that works to prevent hyperinsulin- 
emia. Using an in situ innervated perfused pancreas 
preparation in young (5 months) and old (26 months) 
rats, these investigators reported that insulin secretion 
did not differ between age groups when the neural 
tracts were intact. Ablation of the neural tract signifi- 
cantly increased insulin secretion of the older animals 
compared to the younger rats and nonablated younger 
and older rats, suggesting inhibitory control of insulin 
secretion in the older rats. On the other hand, stimu- 
latory control of insulin secretion was demonstrated in 
younger rats as secretion declined significantly follow- 
ing ablation of the neural tract compared with older 
animals. Together, these results indicate that as the 
animal ages, neural regulation of insulin secretion 
“shifts” from stimulatory in younger rats to inhibitory 
during senescence. The “compensatory” mechanism 
that prevents hyperinsulinemia in the older animal 
does not reflect greater sensitivity to norepinephrine 
(31). These results are consistent with the suggestion 
that neural regulation of insulin secretion during aging 
is altered through greater sympathetic tone. 

Although the mechanism associated with the en- 
hanced sympathetic nervous system-mediated inhibi- 
tion of insulin secretion in the older animal has not yet 
been fully elucidated, some have suggested that the 

inhibition reflects a complex interaction between the 
a- and P-adrenergic receptors of the p-cells. The in- 
hibitory actions of catecholamines on insulin secretion 
are mediated principally through the a-adrenergic re- 
ceptor (59). However, some evidence exists suggest- 
ing that epinephrine also enhances insulin secretion 
during stress and/or hyperglycemia via P-adrenergic 
stimulation (60). It is possible, therefore, that an age- 
related decrease in sensitivity to epinephrine, in terms 
of the P-cell’s P-adrenergic receptor, would result in 
relatively unopposed a-adrenergic stimulation during 
stress state (i.e., a relative decrease in insulin secre- 
tion). This is a reasonable hypothesis since numerous 
studies have demonstrated diminished P-adrenergic 
receptor mediated function in several tissues in both 
aged humans and animals (61-63). However, Morrow 
et al. (64) have reported that insulin secretory re- 
sponses to P-adrenergic receptor stimulation in young 
(20-25 years) and old (62-74 years) human subjects did 
not differ significantly. These findings indicate that in- 
sulin secretory response of the P-cell to P-adrenergic 
stimulation is not diminished in the elderly, suggesting 
that sensitivity to epinephrine is not altered with age 
(64). In a subsequent investigation, Morrow and col- 
leagues (65) assessed the responses of insulin secretion 
and insulin action to increasing physiological doses of 
epinephrine in both young (19-26 years) and older (62- 
75 years) adults. The ability of epinephrine to inhibit 
glucose-induced insulin secretion, and the dose- 
response relationship between epinephrine and insulin 
action, were similar in young and old subjects. To- 
gether, these data suggest that P-cell sensitivity to cat- 
echolamines does not decline with age. 

Critical gaps remain in our understanding of how 
hormonal and neural regulation effect insulin secre- 
tion, particularly with respect to aging. The investiga- 
tions completed to date, although not conclusive, 
strongly imply that the action of these two regulatory 
systems does not result in diminished insulin secretion 
during aging. Rather, data are beginning to accumulate 
suggesting that hormonal and neural regulation of 
P-cell function during aging act to compensate for al- 
terations in the metabolism of the senescent animal. In 
turn, this ‘‘compensatory regulation” helps to main- 
tain appropriate insulin secretion during aging. 

Aging and Insulin Biosynthesis 
There is little evidence to suggest that any age- 

related changes in P-cell function occur at the level of 
transcription. Microscopic analysis of 30-month-old 
rat p-cell nuclei reveals that with age, the relative vol- 
ume of the condensed (nontranscribable) chromatin in- 
creases progressively at the expense of the dispersed 
(transcribable) form, suggesting that transcriptional 
activity could be reduced in these aged cells (66). It 
was noted in this study, however, that under nonphys- 
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iological in vitro conditions, old p-cell nuclei are able 
to react in the same way as young ones with respect to 
chromatin redistribution and nuclear size increase, 
suggesting that the machinery for transcription re- 
mains fully functional in the older cells. In a study of 
isolated islets from young and old Fischer rats (67), it 
was determined that the levels of preproinsulin 
mRNA, the direct product of transcription, did not 
change with age. These data strongly suggest that any 
alteration in the insulin synthesis/secretion pathway is 
post-transcriptional. 

In studies using the isolated islet preparation (67), 
it was demonstrated that although preproinsulin 
mRNA levels remained the same, glucose-stimulated 
proinsulin biosynthesis was decreased in islets of old 
animals, suggesting impaired translation. It was not 
determined if the impairment was due to a defect in the 
signaling mechanism or to degeneration of the biosyn- 
thetic apparatus. Evidence for the latter was provided 
by DeClercq et al. (66) who observed, in freshly iso- 
lated islets, a decrease with age in the volume density 
of rough endoplamic reticulum and Golgi complex, 
changes that could affect proinsulin biosynthesis. 
However, total insulin content of islets has been 
shown not to decline with age, suggesting no alteration 
in biosynthetic capacity (27, 67, 68). Altogether, cur- 
rent data do not provide enough evidence to draw any 
sound conclusion regarding the existence of age- 
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related changes in P-cell function at the level of 
biosynthesis. 

Aging and the Stimulus-Secretion Coupling 
Mechanism of Insulin Secretion 

The preponderance of evidence now suggests that 
postdevelopmental aging per se does not result in sig- 
nificantly decreased insulin secretory capacity of the 
whole endocrine pancreas. As discussed above, ex- 
trinsic regulation of insulin secretion (i.e., hormonal 
and neural regulation) appears to be compensatory. 
However, it is also possible that changes intrinsic to 
the P-cell are equally responsible for maintaining in- 
sulin secretion in the aging animal. 

Within the P-cell, insulin secretion is dependent 
upon the stimulus-secretion coupling mechanism, the 
series of events that link the rise in serum glucose 
concentration to insulin secretion. This mechanism is 
unique among the endocrine tissues in that the princi- 
pal agonist, glucose, produces its effect by its own 
oxidation (Fig. 2). Glucose oxidation in the p-cell gen- 
erates ATP and increases the intracellular ATP/ADP 
ratio, which is most likely responsible for the closure 
of the ATP-sensitive potassium channels (69-71) and 
subsequent membrane depolarization (72). Voltage- 
dependent calcium channels open in response to mem- 
brane depolarization, allowing an influx of extracellu- 
lar calcium necessary for insulin secretion to occur. 
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Figure 2. Schematic representation of the stimulus-secretion coupling mechanism of the p-cell. Arrows indicate direction of the 
signal. (From Ruhe RC, McDonald RB. Aging, insulin secretion, and cellular senescence. In: Watson RR, Ed. Handbook of Nutrition 
in the Aged. (2nd ed). Boca Raton: CRC Press, pp 73-98, 1992; copyright, CRC Press, Inc.) 
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Because glucose oxidation and ion channel activity are 
well established as crucial to insulin secretion, most 
investigations of the affects of aging on the stimulus- 
secretion coupling mechanism have focused on these 
events. 

Glucose Oxidation, Insulin Secretion, and Aging 
The close relationship between glucose oxidation 

and insulin release (73, 74) has influenced several in- 
vestigators to examine the affects of aging on P-cell 
glucose oxidation. Investigations by Elahi et al. (79, 
Reaven and Reaven (76), Sartin et al. (77), and Castro 
(17), have demonstrated attenuated glucose oxidation 
concomitant with diminished insulin secretion in islets 
isolated from older versus younger rats. In contrast, 
Ammon et al. (78) reported no differences in glucose 
utilization nor in NADPH production in islets from old 
rats as compared to islets from younger animals. 
Burch et al. (23) observed an increased glucose oxida- 
tion rate which was associated with enhanced glucoki- 
nase, phosphofructokinase, and glucose-6-phosphate 
dehydrogenase activity in islets of 18-month-old rats 
compared with 8-month-old animals. A similar in- 
crease in glucose oxidation was found by Leiter et al. 
(24) of islets isolated from the C57BL/6J mouse. In a 
recent study using islets of Langerhans isolated from 
male Fischer 344 rats, Ruhe et al. (27) observed 
slightly greater rates of glucose oxidation in islets of 
older (26 months) animals as compared to islets from 
younger (6 months) animals. Having demonstrated 
that glucose sensitivity of the islets is not decreased 
with age, these researchers proposed that any age- 
related alteration in the stimulus-secretion coupling 
mechanism that may serve to maintain glucose- 
stimulated insulin secretion is at a step distal to glu- 
cose oxidation. 

P-Cell Ion Channel Activity and Aging 
In the P-cell, as in other excitable cells, the resting 

membrane potential is determined by the transmem- 
brane K +  gradient and the degree of K +  permeability, 
which in the P-cell is regulated by the presence of 
ATP-sensitive K + (KATp) channels. There remains 
some debate about the precise coupling between sub- 
strate metabolism and KA, channel closure, although 
it is currently thought that this is predominantly me- 
diated through alterations in the cytoplasmic ATP/ 
ADP ratio (79, 80). In any event, it is evident that ion 
movements and changes in membrane potential are 
critical to the insulin secretory process, so alterations 
in ion channel activity with age would almost certainly 
affect insulin secretion. Studies of ion movements in 
human and mice lymphocytes (81, 82), as well as neu- 
rons of various animals models (83-85), have demon- 
strated an age-related decrease in K + channel respon- 
siveness and/or decreased membrane potential. Some 

authors suggest that changes in membrane phospho- 
lipid composition and lipid fluidity may modify the 
opening of these channels, modifications which may 
be associated with the noted age-related dysfunction 
of the immune system and altered neuronal functions. 
It is thus reasonable to examine the possibility that 
similar modifications may occur in all excitable cells, 
including the P-cell. Using male Wistar rats, Ammon 
et al. (86) observed attenuated K +  movement, as mea- 
sured by 86Rb + efflux, and decreased insulin secretion 
in response to glucose stimulation of islets isolated 
from 24- vs. 3-month-old animals. The authors con- 
cluded that the capacity of the p-cell to inhibit K +  
efflux in response to glucose is decreased in old age. 
The implications of this study are unclear, however, as 
a developmentally mature age group was not included. 

Islet glucose oxidation is related directly to ATP 
production, and intracellular ATP/ADP ratio is related 
directly to K + channel closure. Consequently, if glu- 
cose oxidation is maintained in islets of aging animals, 
as implied from the studies discussed previously, then 
any change in the responsiveness of KATp channels is 
likely due to ATP sensitivity of the KATp channels, 
rather than to a decreased availability of ATP. Draznin 
et al. (87) investigated this possibility using glyburide, 
a substance that closes K A p  channels in a manner 
similar to ATP but independent of glucose oxidation, 
and observed similar rates of insulin secretion between 
islets of older and younger F344 rats. Consistent with 
these data, Ruhe et al. (28) used islets isolated from 6-, 
12-, and 26-month-old male F344 rats and found that 
insulin secretion of islets incubated in the presence of 
a nonstimulatory (1.7 mM) or a stimulatory (1 1.1 mM) 
concentration of glucose and glyburide did not differ 
significantly among age groups. Taken together, these 
studies imply that if an adaptive alteration in the P-cell 
stimulus-secretion coupling mechanism occurs in the 
older rat, it does so at a step distal to glucose oxidation 
and KA-p channel-mediated response. 

Calcium and Second Messengers of 
Insulin Secretion 

The mechanisms of stimulus-secretion coupling 
requiring increased intracellular calcium are not com- 
pletely understood, and the effects of age on these 
mechanisms are even less clear. It is generally ac- 
cepted that an increase in intracellular free calcium 
concentration ([Ca2+Ii) is a crucial event in the trig- 
gering of insulin release by nutrients (8tL91). Further- 
more, the increase in [Ca2+Ii occurs via the influx of 
Ca2 + through voltage-gated calcium channels as dem- 
onstrated with rodent islets (92,93), human islets (94), 
and in single isolated p-cells (90, 95-97). 

There is evidence to suggest that increased [Ca2+Ii 
from the influx of extracellular calcium activates cal- 
cium-calmodulin-sensitive enzymes (9S100) and pro- 
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tein kinase (PKC) (101-103), which have been re- 
ported to promote insulin release from the @-cell. 
Moreover, intracellular free calcium, in concert with 
other second messengers (diacylglycerol, CAMP and/ 
or as yet uncharacterized modulators), may initiate the 
phosphorylation of key proteins involved in exocyto- 
sis. However, several recent studies have indicated 
that pKC (1O4-106), diacylglycerol (107), and calmod- 
ulin (108) may not be important mediators of glucose 
stimulated insulin secretion. The work of Yaney et al. 
(108) appears to support the suggestion of previous 
investigators that cAMP/calmodulin play a role in am- 
plifying stimulus-secretion coupling and are not essen- 
tial to basal function. Similarly, Ashcroft et al. (109) 
have proposed that protein kinase activation potenti- 
ates insulin secretion indirectly by sensitizing the 
secretory mechanism to intracellular calcium and by 
promoting amplification of the secretory response. 
Additionally, Arkhammar et al. (1 10) recently demon- 
strated that PKC may be tonically active and effective 
in the maintenance of the phosphorylation state of the 
voltage-gated calcium channels, enabling an appropri- 
ate function of these channels in the insulin secretory 
process. 

Given the importance of [Ca2+Ii to insulin secre- 
tion, it has been hypothesized that the maintenance of 
insulin secretion by the aging endocrine pancreas re- 
flects an alteration in p-cell regulation of [Ca2 + li. US- 
ing single-cell microspectrofluorimetry to examine dif- 
ferences in [Ca2'Ii among individual p-cells, our lab- 
oratory has recently observed that the change in 
[Ca2+Ii upon glucose stimulation did not differ signif- 
icantly between @cells from young and old rats (un- 
published results). These data suggest that the main- 
tenance of insulin secretion by the senescent animal 
cannot be attributed to alterations in the regulation of 
[Ca2'Ii by the p-cell. 

Aging and P-Cell Response Heterogeneity 
It is now well recognized that the secretory re- 

sponse of the pancreatic p-cells to glucose stimulation 
is heterogeneous in nature (111-113). That is, in any 
given population of isolated p-cells, only about 70% of 
the cells are responsive to glucose in terms of insulin 
secretion. Direct evidence of functional heterogeneity 
among p-cells comes from autoradiographs of isolated 
rat islet p-cells in which newly synthesized proteins 
had been labeled at different glucose concentrations 
(1 14). In addition, numerous experiments with single 
p-cells indicate the existence of intercellular differ- 
ences in responsiveness to glucose (1 11, 113, 115-1 18). 
Given these recent findings, we hypothesized that the 
ability of the senescent animal to maintain insulin se- 
cretion reflects altered functional heterogeneity of the 
pancreatic @-cell population. That is, in order to main- 
tain insulin secretion during aging, more p-cells in 

older versus younger rats are responsive to glucose. 
Our laboratory has now completed preliminary inves- 
tigations that support this hypothesis. We compared 
the responsiveness to glucose of p-cells isolated from 
6-, 12-, and 26-month-old rats, with responsiveness de- 
fined as a change in [Ca2+Ii of at least 50% greater than 
[Ca2'Ii at the nonstimulatory glucose concentration of 
5.5 mM. Approximately 76% of the p-cells isolated 
from the 26-month-old rats were responsive to glucose 
at concentrations 27.5 mM. For the 6- and 12-month- 
old animals, approximately 63% and 65%, respec- 
tively, of their p-cells were responsive to the stimula- 
tory glucose concentrations (Table I). These results 
suggest that in the senescent rat, the secretory capac- 
ity of the islet is maintained, in part, through a change 
in the functional heterogeneity of the p-cell population 
(i.e., an increase in the percentage of p-cells that are 
responsive to glucose). 

Summary and Conclusion 
Aging in mammals has often been associated with 

decreased insulin secretion and a subsequent deterio- 
ration in the ability to maintain glucose homeostasis. 
However, recent studies using in vivo and in vitro 
techniques to assess glucose-stimulated insulin secre- 
tion have demonstrated that factors such as disease, 
obesity, and physical activity more closely reflect di- 
minished insulin secretion rather than aging per se.  In 
the absence of specific pathologies or environmental 
factors, biological aging is not associated with dimin- 
ished insulin secretion. 

The ability of the senescent animal to maintain 
insulin secretory capacity at a level comparable to that 
of younger animals is apparently the result of a com- 

Table 1. Responsiveness and Sensitivity to 
Glucose Stimuli of Pancreatic p-Cells Isolated 

from F344 Rats of Different Ages 

Responsive cells 

Age cells responsive cells) 
Nonresponsive (?h of glucose- 

(months) 
(% of all cells) 7.5 mM 11.1 mM 

glucose glucose 

6 

12 

26 

(n = 84) 36.9" 57.5" 46.6' 

(n = 82) 35.4" 60.0" 40.0" 

(n = 125) 24.0b 72.4b 27.6b 

Note. Individual p-cells were grouped into three categories 
based on changes in [Ca2+], following glucose stimulation: Glu- 
cose-nonresponsive, responsive at 7.5 mM glucose, and respon- 
sive 11.1 mM glucose. The criterion for responsiveness was a 
>50% increase in [Ca2+], over basal [Ca2+], at 5.5 mM glucose. 
Within a column, values not sharing a common letter super- 
script are significantly different by chi-square test (P < 0.05) 
(Unpublished results). 
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plex interaction of factors extrinsic and intrinsic to the 
islets of Langerhans. Several studies have demon- 
strated that extrinsic regulators of insulin secretion 
(e.g., hormonal and neural) undergo age-related alter- 
ations that may compensate for physiologic and met- 
abolic changes in the senescent animal. Age-related 
changes intrinsic to the islets may also play a role in 
maintaining insulin secretion. Although no functional 
changes specific to the p-cell have been observed, ag- 
ing does appear to alter the functional heterogeneity 
among p-cells within the islet. That is, the percentage 
of p-cells that are glucose-responsive, as well as the 
glucose sensitivity of the responsive cells, were re- 
cently shown to be greater in islets of the senescent rat 
compared with islets of younger animals. It is possible 
that altering functional heterogeneity of the P-cell pop- 
ulation may represent a means by which the endocrine 
pancreas is able to maintain appropriate insulin secre- 
tion during senescence. 

Some of the work presented in this article was supported, in 
part, by National Institutes of Health Grants AGO0429 and 
AG06665, and through a slft from The Sugar Association, Inc. 

~~ 

1. Kahn SE, Larson VG, Beard JC, Cain KC, Abrass IB. Effect 
of exercise on insulin action, glucose tolerance, and insulin 
secretion in aging. Am J Physiol 258:E937-E943, 1990. 

2. Gumbiner B, Polonsky KS, Beltz WF, Wallace P, Brechtel G, 
Fink RI. Effects of aging on insulin secretion. Diabetes 
38:1549-1556, 1989. 

3. Chen M, Bergman RN, Pacini G, Porte D. Pathogenesis of 
age-related glucose intolerance in man: Insulin resistance and 
decreased b-cell function. J Clin Endocrinol Metab 60: 13-20, 
1985. 

4. Bourey RE, Kohrt WM, Kirwan JP, Staten MA, King DS, 
Holloszy JO. Relationship between glucose tolerance and glu- 
cose-stimulated insulin response in 65-year-olds. J Gerontol 

5. Davidson MB. The effect of aging on carbohydrate metabo- 
lism: A comprehensive review and a practical approach to the 
clinical problem. In: Korenman SG, Ed. Endocrine aspects of 
aging. New York: Elsevier Biomedical, pp 87-103, 1982. 

6. DeFronzo RA. Glucose intolerance and aging: Evidence for 
tissue insensitivity to insulin. Diabetes 28: 1095-1 101, 1979. 

7. Kalant N, Leiborici D, Leibovici T, Fukushima N. Effect of 
age on glucose utilization and responsiveness to insulin in fore- 
arm muscle. J Am Geriatr SOC 28:30&307, 1980. 

8. McConnell JG, Buchanan KD, Ardill J, Stout RW. Glucose 
tolerance in the elderly: The role of insulin and its receptor. 
Eur J Clin Invest 12:55-61, 1982. 

9. Ratzmann KP, Witt S, Heinke P, Shulz B. The effect of ageing 
on insulin sensitivity and insulin secretion in non-obese healthy 
subjects. Acta Endocrinologica 100543-549, 1982. 

10. Pacini G, Beccaro F, Valerio A, Nosadini R, Crepaldi G. Re- 
duced beta-cell secretion and insulin hepatic extraction in 
healthy elderly subjects. J Am Geriatr SOC 38:1283-1289, 1990. 

11. Beccaro F, Pacini G, Valerio A, Nosadini R, Crepaldi G. Age 
and glucose tolerance in healthy subjects. Aging 2:227-282, 
1990. 

12. Fraze E ,  Chiou Y-AM, Chen Y-DI, Reaven GM. Age-related 
changes in postprandial plasma glucose, insulin, and free fatty 
acid concentrations in nondiabetic individuals. J Am Geriatr 
SOC 35224-228, 1987. 

13. Hollenbeck CB, Haskell W, Rosenthal M, Reaven GM. Effect 
of habitual physical activity on regulation of insulin-stimulated 

48(4) :M 122-M 127, 1993. 

glucose disposal in older males. J Am Geriatr SOC 33:273-277, 
1984. 

14. Reaven GM, Chen N, Hollenbeck C, Chen Y-DI. Effect of age 
on glucose tolerance and glucose uptake in healthy individuals. 
J Am Geriatr SOC 37:735-740, 1989. 

15. Wang JT, Ho LT, Tang K, Wang LM, Chen Y-DI, Reaven 
GM. Effect of habitual physical activity on age-related glucose 
intolerance. J Am Geriatr SOC 37:203-209, 1989. 

16. Bergamini E, Bombara M, Fierabracci V, Masiello P, Novelli 
M. Effects of different regimens of dietary restriction on the 
age-related decline in insulin secretory response of isolated rat 
pancreatic islets. Ann NY Acad Sci 621:327-336, 1991. 

17. Castro M, Pedrosa D, Osuna JI. Impaired insulin release in 
aging rats: Metabolic and ionic events. Experientia 49:850-853, 
1993. 

18. Chaudhuri M, Sartin JL, Adelman RC. A role for somatostatin 
in the impaired insulin secretory response to glucose by islets 
from aging rats. J Gerontol 38:431435, 1983. 

19. Molina JM, Premdas FH, Lipson LG. Insulin release in aging: 
Dynamic response of isolated islets of Langerhans of the rat to 
D-glucose and D-glyceraldehyde. Endocrinology 116:821-826, 
1985. 

20. Reaven EP, Gold G, Reaven GM. Effect of age on leucine 
induced secretion by the beta cell. J Gerontol 35324328, 
1980. 

21. Reaven E, Wright D, Mondon CE, Solomon R, Ho H, Reaven 
GM. Effect of age and diet on insulin secretion and insulin 
action in the rat. Diabetes 32:175-180, 1983. 

22. Tsuchiyama S, Tanigawa K, Kato Y. Effect of aging on the 
sensitivity of pancreatic beta-cells to insulin secretagogues in 
rats. Endocrinol Jpn 38(5):551-557, 1991. 

23. Burch B, Berner DK, Leontire A, Vogin A, Matschinsky BM, 
Matschinsky FM. Metabolic adaptation of pancreatic islet tis- 
sue in aging rats. J Gerontol39:24, 1984. 

24. Leiter EH, Premdas F, Harrison DE, Lipson LG. Aging and 
glucose homeostasis in C57BL/6J male mice. FASEB J 2:2807- 
2811, 1988. 

25. Hara SL, Ruhe RC, Curry DL, McDonald RB. Dietary sucrose 
enhances insulin secretion of aging in Fischer 344 rats. J Nutr 
122:2196-2203, 1992. 

26. McDonald RB. Effect of age and diet on glucose tolerance in 
Sprague-Dawley rats. J Nutr 120:598-601, 1990. 

27. Ruhe RC, Curry DL, Herrmann S, McDonald RB. Age and 
gender effects on insulin secretion and glucose sensitivity of 
the endocrine pancreas. Am J Physiol262:R671-R676, 1992. 

28. Ruhe RC, Curry DL, McDonald RB. Stimulus-secretion cou- 
pling and insulin secretion in aging: Evaluation of glucose ox- 
idation and ATP-sensitive potassium channel responsiveness. 
Mech Ageing Dev 71:161-167, 1993. 

29. Starnes JW, Cheong E, Matschinsky FM. Hormone secretion 
by isolated perfused pancreas of aging Fischer 344 rats. Am J 
Physiol260:E59-E66, 1991. 

30. Reaven E, Curry D, Moore J, Reaven G. Effect of age and 
environmental factors on insulin release from perifused pan- 
creas of the rat. J Clin Invest 71:345-358, 1983. 

31. McDonald RB, Herrmann S, Curry DL. Norepinephrine sen- 
sitivity of the endocrine pancreas in aging F344 rats. Aging Clin 
Exp Res 4:227-230, 1992. 

32. Reaven EP, Gold G, Reaven G. Effect of age on glucose- 
stimulated insulin release by the beta cell of the rat. J Clin 
Invest 64591-597, 1979. 

33. Adelman RC. Secretion of insulin during aging. J Am Geriatr 

34. Alberti KGMM, Christensen NJ, Christensen SE, Hansen AP, 
Iversen J, Lundbaeck K, Seyer-Hansen K, Orskov H. Inhibi- 
tion of insulin secretion by somatostatin. Lancet 2:1299-1301, 
1973. 

35. Korker DJ, Ruch W, Chideckel E, Palmer J, Goodner CJ, 
Ensinck J, Gale CC. Somatostatin: Hypothalamic inhibitor of 
the endocrine pancreas. Science 184:482-484, 1984. 

36. Magal E, Chaudhuri M, Adelman RC. The capability for reg- 
ulation of insulin secretion by somatostatin in purified pancre- 
atic islet B cells during aging. Mech Ageing Dev 33:139-146, 
1986. 

SOC 37~983-990, 1989. 

220 AGING AND INSULIN SECRETION 



37. Weir GC, Samols E, Ramseur R, Day JA, Pate1 YC. Influence 
of glucose and glucagon upon somatostatin secretion from the 
isolated perfused canine pancreas. Clin Res 25:403A409A, 
1977. 

38. Klug TL, Freeman C, Karoly K, Adelman RC. Altered regu- 
lation of pancreatic glucagon in male rats during aging. Bio- 
chem Biophys Res Commun 89907-912, 1979. 

39. Slavin BG, Lerner SP. Age-related immunohistochemical stud- 
ies of A and D cells in pancreatic islets of C57BL/6J. Anatom 
Record 22853-57, 1990. 

40. Casad RC, Adelman RC. Aging enhances inhibitory action of 
somatostatin in rat pancreas. Endocrinology 130:242&2422, 
1992. 

41. Stridsberg M, Sandler S, Wilander E. Cosecretion of islet amy- 
loid polypeptide and insulin from isolated rat pancreatic islets 
following stimulation or inhibition of b-cell function. Regul 
Pept 45363-370, 1993. 

42. Wang ZL, Bennet WM, Wang RM, Ghatel MA, Bloom SR. 
Evidence of a paracrine role of neuropeptide-Y in the regula- 
tion of insulin release from pancreatic islets of normal and 
dexamethasone-treated rats. Endocrinology 135200-206, 
1994. 

43. Kogire M, Ishizuka J, Thompson JC, Greely GH Jr. Inhibitory 
action of islet amyloid polypeptide and calcitonin gene-related 
peptide on release of insulin from the isolated perfused rat 
pancreas. Pancreas 6:459463, 1991. 

44. Pettersson M, Ahren B. Insulin secretion in rats: effects of 
neuropeptide Y and noradrenaline. Diabetes Res 13:3542, 
1990. 

45. Broderick CL, Brooke GS, DiMarchi RD, Gold G. Human and 
rat amylin have no effects on insulin secretion in isolated rat 
pancreatic islets. Biochem Biophys Res Commun 177:932-938, 
1991. 

46. Dunning BE, Ahren B, Sundler F, Bottcher G, Taborsky GJ. 
The presence and actions of NPY in the canine endocrine pan- 
creas. Regul Pept 18:253-265, 1987. 

47. Holst JJ, Orskov C, Knuhtsen S, Sheikh S, Nielsen OV. On 
the regulatory functions of neuropeptide Y with respect to vas- 
cular resistance and exocrine and endocrine secretion in the 
pig pancreas. Acta Physiol Scand 136519-526, 1989. 

48. Nagamatsu S, Carrol RJ, Grodsky GM, Steiner DF. Lack of 
islet amyloid polypeptide regulation of insulin biosynthesis or 
secretion in normal rat islets. Diabetes 39:871-874, 1990. 

49. Chen TS, Currier GJ, Wabner CL. Intestinal transport during 
the life span of mouse. J Gerontol45:B129-B133, 1990. 

50. Holt PR, Kitler DP. Adaptative changes of intestinal enzymes 
to nutritional intake in the aging rat. Gastroenterology 93:295- 
300, 1987. 

51. Vellas BJ, Albarede J-L, Gany PJ. Disease and aging: patterns 
of morbidity with age; Relationship between aging and age- 
associated diseases. Am J Clin Nutr 55(Suppl): 1225S-l23OS, 
1992. 

52. Groop P-H. The influence of body weight, age, and glucose 
tolerance on the relationship between GIP secretion and beta- 
cell function in man. Scand J Clin Lab Invest 49:367-379, 1989. 

53. Elahi D, Andersen DK, Muller DC, Tobin JD, Brown JC, An- 
dres R. The enteric enhancement of glucose-stimulated insulin 
release. The role of GIP in aging, obesity, and non-insulin- 
dependent diabetes mellitus. Diabetes 33:95&957, 1984. 

54. Rowe JW, Troen BR. Sympathetic nervous system and aging 
in man. Endocrinol Rev 1:167-178, 1980. 

55. Stromberg JS, Linares OA, Supiano MA, Smith MJ, Foster 
AH, Halter JB. Effect of despiramine on norepinephrine me- 
tabolism in humans: Interaction with aging. Am J Physiol 
261:R14841490, 1991. 

56. Supiano MA, Hogikyan RV, Stoltz AM, Orstan N, Halter JB. 
Regulation of venous alpha-adrenergic responses in older hu- 
mans. Am J Physiol260:E599-E607, 1991. 

57. Young JB, Rowe JW, Pallotta JA, Sparrow D, Landsberg L. 
Enhanced plasma norepinephrine response to upright posture 
and oral glucose administration in elderly human subjects. Me- 
tabolism 29532-539, 1980. 

58.  Curry DL, McDonald RB. Neural regulation of glucose- 

stimulated insulin secretion in younger and older Fischer 344 
rats. Proc SOC Exp Biol Med 197:15&164, 1991. 

59. Wang SY, Pilkey DT. Identification in islets of Langerhans of 
a new rat alpha-Zadrenergic receptor. Diabetes 43: 127-136, 
1994. 

60. Halter JB, Beard JC, Porte D. Islet function and stress hyper- 
glycemia: Plasma glucose and epinephrine interaction. Am J 
Physiol247:E47-E52, 1984. 

61. O’Connor SW, Scarpace PJ, Abrass IB. Age-associated de- 
crease of adenylate cyclase activity in rat myocardium. Mech 
Ageing Dev 16:91-95, 1981. 

62. Vestal RE, Wood AJJ, Shand DG. Reduced beta-adrenoceptor 
sensitivity in the elderly. Clin Pharmacol Ther 26:181-186, 
1979. 

63. Scarpace PJ. Decreased beta-adrenergic responsiveness during 
senescence. Fed Proc 4551-54, 1986. 

64. Morrow LA, Rosen SG, Halter JB. Beta-adrenergic regulation 
of insulin secretion: evidence of tissue heterogeneity of beta- 
adrenergic responsiveness in the elderly. J Gerontol 46(4): 
M108-Ml13, 1991. 

65. Morrow LA, Morganroth GS, Herman WH, Bergman RN, 
Halter JB. Effects of epinephrine on insulin secretion and ac- 
tion in humans. Diabetes 42:307-315, 1993. 

66. DeClercq L, Delaere P, Remacle C. The aging of the endocrine 
pancreas of the rat. 11. Cytoplasmic parameters of the B-cell, 
including insulin synthesis and secretion. Mech Ageing Dev 

67. Wang SY, Halban PA, Rowe JW. Effects of aging on insulin 
synthesis and secretion: Differential effects on preproinsulin 
messenger RNA levels, proinsulin biosynthesis, and secretion 
of newly made and preformed insulin in the rat. J Clin Invest 
81:17&183, 1988. 

68. Gold G, Reaven GM, Reaven EP. Effect of age on proinsulin 
and insulin secretory pattern in isolated rat islets. Diabetes 
30:77-87, 1981. 

69. Duchen MR, Smith PA, Ashcroft FM. Substrate-dependent 
changes in mitochondrial function, intracellular free calcium 
concentration and membrane channels in pancreatic beta-cells. 
Biochem J 294:3542, 1993. 

70. Ashcroft FM, Rorsman P. ATP-sensitive K +  channels: A link 
between B-cell metabolism and insulin secretion. Biochem SOC 
Transact 18: 109-1 11, 1990. 

71. Ashcroft FM, Harrison DE, Ashcroft SJH. Glucose induces 
closure of single potassium channels in isolated rat pancreatic 
b-cells. Nature (London) 312:446448, 1984. 

72. Henquin JC, Meissner HP. Significance of ionic fluxes and 
changes in membrane potential for stimulus-secretion coupling 
in pancreatic b-cells. Experientia 40: 1043-1052, 1984. 

73. Ashcroft SJH, Hedeskov CJ, Randle PJ. Glucose metabolism 
in mouse pancreatic islets. Biochem J 118:143-154, 1970. 

74. Ashcroft SJH, Weerasinghe CC, Randle PJ. Interrelationship 
of islet metabolism, adenosine triphosphate content, and insu- 
lin release. Biochem J 132:223-231, 1973. 

75. Elahi D, Muller DC, Anderson DK, Tobin JD, Andres R. The 
effect of age and glucose concentration on insulin secretion by 
the isolated perifused rat pancreas. Endocrinology 116: 11-16, 
1985. 

76. Reaven G, Reaven E. Effect of age on glucose oxidation by 
isolated rat islets. 18:69-71, 1980. 

77. Sartin JL, Chaudhuri M, Farina S, Adelman RC. Regulation of 
insulin secretion by glucose during aging. J Gerontol41:3&35, 
1986. 

78. Ammon HPT, Amm U, Eujen R, Hoppe E, Trier G, Verspohl 
EJ. The role of old age in the effects of glucose on insulin 
secretion, pentosephosphate shunt activity, pyridine nucle- 
otides and glutathione of rat pancreatic islets. Life Sci 34:247- 
257, 1984. 

79. Ashcroft FM. Adenosine 5’ triphosphate-sensitive potassium 
channels. Annu Rev Neurosci 11:97-118, 1988. 

80. Petersen OH, Findlay I. Electrophysiology of the pancreas. 
Physiol Rev 67:1054-1116, 1987. 

81. Damjanovich S, Pieri C. Electroimmunology: Membrane po- 
tential, ion-channel activities, and stimulatory signal transduc- 

43: 11-29, 1988. 

AGING AND INSULIN SECRETION 221 



tion in human T lymphocytes from young and elderly. Ann NY 
Acad Sci 568:29-39, 1989. 

82. Witkowski JM, Micklem HS. Transmembrane electrical poten- 
tial of lymphocytes in ageing mice. Flow cytometric analysis of 
mitogen-stimulated cells. Mech Ageing Dev 62: 167-179, 1992. 

83. Ando S Tanaka Y. Synaptic membrane aging in the central 
nervous system. Gerontol X(Supp1 1): 1b14, 1990. 

84. Frolkis VV, Martynenko OA, Timchenko AN. Age-related 
changes in the function of somatic membrane potassium chan- 
nels of neurons in the mollusc Lymnaea stagnalis. Mech Aging 
Dev 47:47-54, 1989. 

85. Tanaka Y, Ando S. Synaptic aging as revealed by changes in 
membrane potential and decreased activity of Na+ ,K + - 
ATPase. Brain Res 506:4&52, 1990. 

86. Ammon HPT, Fahmy A, Mark M, Wahl MA, Youssif N. The 
effect of glucose on insulin release and ion movements in iso- 
lated pancreatic islets of rats in old age. J Physiol384:347-354, 
1987. 

87. Draznin B, Steinberg JP, Leitner JW, Sussman KE. The nature 
of insulin secretory defect in aging rats. Diabetes 34:116tL 
1173, 1985. 

88. Arkhammar P, Nilsson T, Rorsman P, Berggren P-0. Inhibi- 
tion of ATP-regulated K + channels precedes depolarization- 
induced increase in cytoplasmic free Ca+ + concentration in 
pancreatic b-cells. J Biol Chem 262544tL5454, 1987. 

89. Hoenig M, Sharp GWG. Calcium induces insulin release and a 
rise in cytosolic calcium concentration in a transplantable rat 
insulinoma. Endocrinology 119:2502-2507, 1986. 

90. Pralong W-F, Bartley C, Wollheim CB. Single islet b-cell stim- 
ulation by nutrients: Relationship between pyridine nucle- 
otides, cytosolic Ca2+, and secretion. EMBO J 9:53-60, 1990. 

91. Wollheim CB, Pozzan T. Correlation between cytosolic free 
Ca+ + and insulin release in an insulin-secreting cell line. J Biol 
Chem 259:2262-2267, 1984. 

92. Santos RM, Rosario LM, Nadal A, Garcia-Sancho J, Soria B, 
Valdeolmillos M. Widespread synchronous [Ca' +]i oscilla- 
tions due to bursting electrical activity in single pancreatic is- 
lets. European J Physiol 418:417422, 1991. 

93. Valdeolmillos M, Santos R, Contreras D, Soria B, Rosario L. 
Glucose-induced oscillations of intracellular Ca+ + concentra- 
tion resembling bursting electrical activity in single mouse is- 
lets of Langerhans. FEBS 259:19-23, 1989. 

94. Kindmark H, Kohler M, Nilsson T, Arkhammar P, Wiechel K, 
Rorsman P, Efendie S, Berggren P. Measurements of cytoplas- 
mic free Ca+ + concentration in human pancreatic islets and 
insulinoma cells. FEBS 291(2):31@314, 1991. 

95. Rutter GA, Theler J, Murgia M, Wollheim CB, Pozzan T, Riz- 
zuto R. Stimulated C a + +  influx raises mitochondria1 free 
Ca+ + to supramicromolar levels in a pancreatic B-cell line. J 
Biol Chem 268(30):22385-22390, 1993. 

96. Schlegel W, Mollard P, Demaurex N, Theler J, Chiavaroli C, 
Guerineau N, Vacher P, Mayr G, Krause K, Wollheim CB, 
Lew D. Calcium signalling: Comparison of the role of calcium 
influx in excitable endocrine and non-excitable myeloid cells. 
In: Dobson BBaP, Ed. Advances in Second Messenger and 
Phosphoprotein Research. New York: Raven Press, pp 143- 
152, 1993. 

97. Theler J, Mollard P, Guerineau N, Vacher P, Pralong WF, 
Schlegel W, Wollheim CB. Video imaging of cytosolic Ca+ + in 
pancreatic B-cells stimulated by glucose, carbachol, and ATP. 
J Biol Chem 267(25): 181 10-181 17, 1992. 

98. Oberwetter JM, Boyd AE. High K +  rapidly stimulates Ca2+- 
dependent phosphorylation of three proteins concomitant with 
insulin secretion. Diabetes 36:864-871, 1987. 

99. Schubart UK, Erlichman J,  Fleisher N. The role of calmodulin 
in protein phosphorylation and insulin release in hamster insu- 
linoma cells. J Biol Chem 255:412&4124, 1980. 

100. Steinberg JP, Leitner JW, Drazin B, Sussman KE. Calmodulin 

and cyclic AMP: Possible different sites of action of these two 
regulatory agents in exocytotic hormone release. Diabetes 
33:339-346, 1984. 

101. Hubinont CJ, Best L, Sener A, Malaisse WJ. Activation of 
protein kinase C by a tumor promoting phorbol ester in pan- 
creatic islets. FEBS Lett 170:247-253, 1980. 

102. Malaisse WJ, Dunlop ME, Mathias PCF, Malaise-Lagae F, 
Sener A. Stimulation of protein kinase C and insulin release by 
1-oleoyl-2-acetyl-glycerol. Eur J Biochem 149:23-27, 1985. 

103. Zawalich W, Brown C, Rasmussen H. Insulin secretion: Com- 
bined effects of phorbol ester and A23187. Biochem Biophys 
Res Commun 117:448455, 1983. 

104. Goudong L, Regazzi R, Ullrich S, Pralong W-F, Wollheim CB. 
Potentiation of stimulus-induced insulin secretion in protein 
kinase C-deficient RINm5F cells. Biochem J 272:637445, 
1990. 

105. Howell SL, Jones PM, Persaud SJ. Protein kinase C and the 
regulation of insulin secretion. Biochem SOC Transact 18: 1 14- 
116, 1990. 

106. Yamatani T, Yamaguchi A, Nakamura A, Morishita T, Kad- 
owaki S, Funita T, Chiba T. Activation of PKC inhibits NaF- 
induced inositol phospholipid turnover in rat insulinoma cells. 
Am J Physiol259:E73-E79, 1990. 

107. Regazzi R, Guodong L, Deshusses J,  Wollheim CB. Stimulus- 
response coupling in insulin-secreting HIT cells: Effects of 
secretagogues on cytosolic Ca*+, diacylglycerol, and protein 
kinase C activity. J Biol Chem 26515003-15009, 1990. 

108. Yaney GC, Sharp GWG. Calmodulin and insulin secretion: 
Use of naphthalenesulfonamide compounds. Am J Physiol 
259:E856-E864, 1990. 

109. Ashcroft SJH, Hughes SJ. Protein phosphorylation in the reg- 
ulation of insulin secretion and biosynthesis. Biochem SOC 
Transact 18:116-118, 1990. 

110. Arkhammar P, Juntti-Berggren L, Larsson 0, Welsh M, Nan- 
berg E, Sjoholm A, Kohler M, Berggren P. Protein kinase C 
modulates the insulin secretory process by maintaining a 
proper function of the beta-cell voltage-activated Ca+ + chan- 
nels. J Biol Chem 269(4):2743-2749, 1994. 

11 1. Pipeleers D. Heterogeneity in pancreatic B-cell population. Di- 
abetes 41:777-781, 1992. 

112. Van Schravendijk C, Heylen L, Kiekens R, Pipeleers D. Het- 
erogeneity in the secretory response of pancreatic B cells. (ab- 
stract) Diabetes 4O(Suppl 1): 177A, 1991. 

1 13. Van Schravendijk C, Kiekens R, Pipeleers D. Pancreatic B-cell 
heterogeneity in glucose-induced insulin secretion. J Biol 
Chem 267(30):2 134421348, 1992. 

114. Schuit F,  Int Veld P, Pipeleers D. Glucose stimulates proinsu- 
lin biosynthesis by a dose-dependent recruitment of pancreatic 
beta-cells. Proc Natl Acad Sci USA 85:3865-3869, 1988. 

115. Bosco D, Meda P. Actively synthesizing p-cells secrete pref- 
erentially after glucose stimulation. Endocrinology 129:3 157- 
3166, 1991. 

116. Heimberg H, De Vos A, Vandercammen A, Van Schaftingen 
E, Pipeleers D, Schuit F. Heterogeneity in glucose sensitivity 
among pancreatic B-cells is correlated to differences in glucose 
phosphorylation rather than glucose transport. EMBO J 12(7): 

117. Kiekens R, Int Veld P, Mahler T, Schuit F,  Van De Winkel M, 
Pipeleers D. Differences in glucose recognition by individual 
rat pancreatic B-cells are associated with intercellular differ- 
ences in glucose-induced biosynthetic activity. J Clin Invest 

1 18. Van De Winkel M, Pipeleers D. Autofluorescence-activated 
cell sorting of pancreatic islet cells: Purification of insulin- 
containing B-cells according to glucose-induced changes in cel- 
lular redox state. Biochem Biophys Res Commun 114(2):835- 
842, 1983. 

2873-2879, 1993. 

89:117-125, 1992. 

222 AGING AND INSULIN SECRETION 


