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Abstract In human diabetes, inherent impaired insulin secretion can be exacerbated by desensitization of the @ 
cell by chronic hyperglycemia. Interest in this phenomenon has generated extensive studies in genetic or experimentally 
induced diabetes in animals and in fully in vitro systems, with often conflicting results. In general, although chronic 
glucose causes decreased @-cell response to this carbohydrate, basal response and response to alternate stimulating 
agents are enhanced. Glucose-stimulated insulin synthesis can be increased or decreased depending on the system 
studied. Using a two-compartment @-cell model of phasic insulin secretion, a unifying hypothesis is described which 
can explain some of the apparent conflicting data. This hypothesis suggests that glucose-desensitization is caused by an 
impairment in stimulation of a hypothetical potentiator singularly responsible for: 1 ) some of the characteristic phases 
of insulin secretion; 2) basal release; 3) potentiation of non-glucose stimulators; and 4) apparent "recovery" from 
desensitization. Review of some of the pathways that regulate insulin secretion suggest that phosphoinositol metabo- 
lism and protein kinase-C production are regulated similarly to the theoretical potentiator and their impairment is  a 
major contributor to glucose desensitization in the @ cell. 
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Impaired @-cell secretion in the face of chronic 
hyperglycemia is characteristic of non-insulin- 
dependent, and early stages of insulin-depen- 
dent, diabetes [ 11. Reduction of the blood sugar 
with insulin, sulfonylureas, or diet improves 
insulin release and glucose homeostasis [2] , indi- 
cating that glucose-induced desensitization is a 
contributory factor in addition to the underlin- 
ing @-cell lesion or insulin resistance character- 
istic of these disease states [ 11. Desensitization 
of the @ cell also occurs with continuous stimula- 
tion by other secretagogues, but given the impor- 
tance of glucose as a key physiological regulator 
of @-cell secretion, many studies have focused on 
@-cell desensitization to this fuel carbohydrate 
[31. 

For the most part, @-cell function has been 
investigated in the isolated perfused pancreas or 
islets from animals with hyperglycemia caused 
by genetic or experimental lesions in the pan- 
creas, or in freshly isolated normal islets contin- 
uously stimulated with glucose [4,5-91. The char- 
acteristics of @-cell desensitization derived from 
these experimental studies is the subject of this 
review. 
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DESENSITIZATION TO GLUCOSE IN VlVO 

Genetic models used to study hyperglycemic 
animals include the obese SHR-N-cp [81 and the 
Zucker falfa [lo] rats. The most common mod- 
els with experimentally induced hyperglycemia 
are adult mildly hyperglycemic rats, given a low 
dose of streptozotocin neonatally, or partially 
pancreatectomized rats [9,11,121. Because of in- 
herent complexities, it is not always possible to  
distinguish effects of desensitization by hyper- 
glycemia per se from the inherent @-cell lesions 
in the model [131. Nevertheless, these models 
are still useful since genetic, environmental, and 
hyperglycemic effects are variable contributors 
to human diabetes. As a further complexity, 
isolated islets from these animals are required 
for most metabolic studies rather than the in- 
tact pancreas, which is 99% acinar tissue. Since 
impaired response to glucose in islets from hyper- 
glycemic animals can be partially reversed by 
surprisingly brief periods of low glucose (1-2 h) 
[8,12,14], results with islets are highly depen- 
dent on the ambient glucose and possibly other 
factors in media used during the isolation proce- 
dure [151. 

Notwithstanding the different models investi- 
gated, some @-cell functional changes in these 
chronic hyperglycemic states are consistently 
observed [8,9,11,16,17]. Insulin secretion, in re- 
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sponse to glucose, either as a direct stimulus or 
as a time-dependent priming agent, is severely 
reduced or absent. Paradoxically, there is an 
increased basal release in low glucose and an 
exaggerated response to alternate secretagogues 
known to require glucose as a potentiator of 
their action (e.g., arginine, carbachol, a-ketoiso- 
caproic acid). Thus, while a specific defect in 
glucose recognition occurs during glucose-in- 
duced desensitization, the potentiating features 
of glucose action are retained or enhanced. 

Glucose normally increases insulinogenesis 
both at the translational (minutes) and transcrip- 
tional (hours) levels. Though results are con- 
flicting, insulinogenesis and insulin m-RNA pro- 
duction are usually impaired in genetic or 
experimentally induced hyperglycemic animal 
models [9,18,191. 

Reversal of desensitization in these animal 
models requires days of experimentally induced 
euglycemia [9,11,20]. This may reflect the impor- 
tant clinical observation in humans that a pe- 
riod of intense glucose normalization for several 
days can improve p-cell function for extended 
periods [1,21. In sharp contrast is the observa- 
tion that glucose sensitivity of the isolated pan- 
creas from these models can be partially recov- 
ered in only an hour of low glucose in vitro 
[12,14]. As noted later, however, this in vitro 
recovery” could be a measure of the residual 

time-dependent potentiation caused by glucose, 
rather than an improvement in glucose-regu- 
lated terminal secretion. 

As an alternate to the use of hyperglycemic 
animals with induced or genetic p-cell defects, 
investigators have studied desensitization of in- 
sulin secretion from normal, ambulatory rats 
made hyperglycemic by continuous infusion of 
glucose [14,15,21]. This model permits evalua- 
tion of the effects of glucose per se, on normal p 
cells. (Although the actual impact is unknown, it 
is recognized that the amount of glucose infused 
is calorically sufficient to interfere with normal 
food consumption which in turn could indirectly 
affect results.) In these models, hyperglycemia 
again results in islet or pancreas desensitization 
t o  glucose, increased basal secretion, and poten- 
tiation of alternate secretagogues. Onset of these 
effects is not immediate, but requires 24-48 h of 
continuous hyperglycemia [21]. In contrast to 
the other animal models, chronic glucose in 
normal rats causes increased insulinogenesis 
[22,23]. This observation suggests that im- 
paired insulinogenesis, when observed, is charac- 
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teristic of underlying @-cell lesions and not the 
hyperglycemia [191. Thus, as in fully in vitro 
preparations (discussed later), glucose-induced 
desensitization of the p cell is at the level of 
insulin release, not synthesis. 

DESENSITIZATION IN VITRO 
Phasic Insulin Secretion and Synthesis 

In fully in vitro systems using perifused or 
batch-incubated islets [41, the insulin secretory 
response to constant glucose stimulation is char- 
acterized by a brief, first-phase release followed 
by a progressively increasing second phase, gen- 
erally peaking at  1.5-3 h (Fig. 1). This gradually 
increasing phase of secretion reflects the ability 
of glucose (and other secretagogues) to amplify 
its own signal and is referred to as time-depen- 
dent potentiation or priming [3,24,25,26]. Third- 
phase, or desensitized, secretion ensues with a 
spontaneous decline to low levels which are 
sustained at 15-25% peak secretion for at least 
48 h [27]. Since secretion from islets may reflect 
artifacts of preparation, it is important to note 
that the third phase of insulin secretion is also 
seen in the isolated perfused pancreas [5,281. In 
contrast to the observations with hyperglycemic 
animals, onset of desensitization (third phase) 
in fully in vitro systems is relatively rapid (Fig. 
1). However, recovery of secretory function after 
reducing glucose is long, requiring more than 3 
h (unpublished observations) and may be simi- 
lar to the hours of normalization required to 
reverse desensitization in the intact diabetic an- 
imal and the human diabetic [reviewed in 13. 
Some reduction of secretion from isolated islets 
can be attributed solely to time in culture result- 
ing in diminution of the total secretory response 
[4,5,291, but the phasic patterns are retained 
131. 

Over 24 h of chronic glucose there is little 
change in the rate of insulin synthesis measured 
by 3H-leucine incorporation [301. Similarly, glu- 
cose-regulated proinsulin to insulin conversion 
does not decline during third-phase secretion 
1301. Thus, glucose-induced desensitization is 
specific to the secretory mechanism, and other 
glucose-regulated steps in insulin production in 
the p cell are not desensitized. Since synthesis is 
maintained, or increased with time, and en- 
zymes regulating glucose metabolism (e.g., glu- 
cokinase) can be induced [311, extended culture 
of islets for days or weeks can result in improved 
release of insulin and compensation for desensi- 
tization [ 11,32,33]. Similar improvement per- 
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Schematic of the characteristic three phases of insulin secretion during constant stimulation of islets with 

haps would not be expected in animals or hu- 
mans with an additional genetic or experi- 
mentally induced P-cell lesion. 

It is unlikely that, in fully in vitro conditions, 
desensitization of secretion can be attributed to 
depletion of total islet content; depending on the 
glucose concentration, the magnitude of the 
secretory decline to third phase is 2-3 times the 
decline in total islet insulin content ([4,271 and 
Fig. 1). Islets stimulated with different glucose 
concentrations show similar temporal secretory 
patterns of stimulation-desensitization differing 
only in total amounts of insulin secreted 131. 
Thus, depletion of a single finite compartment is 
not indicated. A possible interpretation of such 
secretory patterns which cannot as yet be ex- 
cluded is that third-phase release reflects deple- 
tion of threshold-sensitive P cells which are re- 
cruited in increasing numbers by increasing 
glucose concentrations. Glucose-dependent re- 
cruitment of heterogeneous @-cell populations 
has been theoretically modeled [24] and ele- 
gantly demonstrated 1341. Nevertheless, the 
most likely possibility is that desensitization is 
caused by down regulation of signal-related func- 
tions controlling insulin release. Since many 
non-glucose secretagogues cause third-phase in- 
sulin release, it is probable that the function 
involved is inherent in the basic secretory pro- 
cess. 

Pulsatile Stimulation 

In a limited study, presentation of glucose in 
vitro as pulses has not prevented third-phase 

secretion [4]. However, the potential role of 
oscillatory stimulation to prevent desensitiza- 
tion cannot be discounted given the extreme 
sensitivity of secretory systems to specific 
changes in amplitude and frequency of the secre- 
tory signal, and particularly since endogenous 
insulin secretion oscillates at a much higher 
frequency than the pattern tested 1351. 

Role of Paracrine Hormones 

It is unlikely that in the intact pancreas, gluca- 
gon or somatostatin from peripheral 01 or 6 cells 
reach the core 0 cells since islet afferent circula- 
tion, in situ, flows from the core to the periphery 
[36]. Thus, although paracrine effects on third- 
phase insulin secretion are probably of little 
import in vivo, such a role should be considered 
in isolated islet preparations where glucagon or 
somatostatin can reach the p cell by simple 
diffusion. With continuous glucose, somatosta- 
tin secretion declines, not increases, indicating 
that low third-phase insulin secretion (Fig. 1) is 
not caused by an inhibition coincident with ele- 
vated somatostatin [37]. Additionally, cells 
show no increased sensitivity to somatostatin 
since responses to acute somatostatin chal- 
lenges are similar in fresh or desensitized islets. 
Though glucagon secretion also declines during 
chronic glucose, which can account for the dimin- 
ished third-phase insulin secretion, coinfusion 
of excess glucagon is not preventative nor is a 
decreased sensitivity of @ cells to glucagon de- 
monstrable [37]. The recent report that chronic 
glucose produces third-phase desensitization of 
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Fig. 2. Major pathways by which glucose or modulators regulate insulin secretion Stimulators can provide 
cytosolic Cat+ by increasing extracellular uptake or by mobilizing organelle stores. Ca, in turn, positively regulates 
the pathways at various sites as indicated, Ca”’ 

insulin secretion in a pure p-cell preparation [7] 
further suggests that desensitization is not me- 
diated by paracrine hormones. Though periph- 
eral to  this review, the decline in glucagon or 
somatostatin secretion during their chronic stim- 
ulation emphasizes that desensitization phenom- 
ena will become a consideration also for the 
regulation of the non-p cells in islets. 

MODEL ANALYSIS OF 
STIMULATION-DESENSITIZATION 

The metabolic functions controlling insulin 
secretion are both complex and interrelating 
(Fig. 2). Since it is clearly impractical for any 
laboratory to simultaneously monitor all of the 
involved pathways and their interrelationships, 
clarification of the kinetic characteristics re- 
quired for a modulator of insulin secretion may 
help establish which pathway or intermediate 
predominates in a given metabolic circum- 
stance. 

Previously, a two-compartmental mathemati- 
cal model was developed which quantitatively 
duplicates first- and second-phase insulin re- 
lease when tested in the perfused pancreas by a 
variety of stimulating conditions and kinetic 
patterns of glucose presentation [24,38]. A sche- 
matic of this model is shown in Figure 3 which 
describes the different phases of insulin secre- 
tion illustrated in Figure 1. The compartments 
are shown as containing insulin although they 
could also represent a secretion signal used up 
in the secretion process. First-phase release is 
the result of a rapid emptying of the small 

compartment of stored insulin and is complete 
within 5-10 min of the initial stimulation. The 
second phase is driven by a hypothetical potenti- 
ating agent, P, which accumulates during con- 
stant stimulation and thereby produces a propor- 
tional increase in secretion during the first 2 to 
3 h. An important feature of the potentiator P is 
that it is not used up during secretion but is 
degraded independently of glucose concentra- 
tion with a half-life of 20 to 60 min. When 
glucose stimulation is stopped both insulin re- 
lease and production of P is arrested. However, 
P, though decreasing with time, continues to 
cause accumulation of insulin in the small com- 
partment. Thus, residual P produces a memory 
factor in the p cell; after a brief rest, restimula- 
tion can produce a hyperinsulin release. This 
memory function has long been recognized as an 
important action of glucose in the p cell and is 
referred to as time-dependent potentiation or 
priming [25,38]. 

Although experiments appear similar amongst 
laboratories, there is disagreement as to whether 
chronic glucose for 1 to 2 days actually causes 
desensitization of insulin secretion from the p 
cell in fully in vitro islet preparations [6,7,13,15]. 
Usually fresh islets are stimulated for test peri- 
ods with glucose or alternate secretagogues for 
30 min to 2 h, then cultured with high or low 
glucose. Afterwards the islets are washed and 
retested with the original test stimulation. When 
taken in context of the compartmental model, 
conclusions based on such “before” and “after” 
tests can be highly dependent on the experimen- 
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Fig. 3. Schematic representations of a two compartmental model of insulin secretion [for mathematical develop- 
ment see 24,381. Model assumes glucose stimulates insulin secretion from the smafl labile compartment and also 
increases a potentiating signal, P, which provides additional insulin from the large compartment. A At 1 h, the small 
compartment has partially emptied (first phase secretion) and P is  increasing (second-phase secretion). B: At 2-3 h, P 
and second-phase secretion is maximized. C: At 20-24 h, po+ated defect in production of P has resulted in 
third-phase insulin secretion (desensitization) as indicated by ;%. D: During a rest period at low glucose, insulin 
secretion and production of P stops but residual P continues to provide insulin to the small compartment, resulting 
for a time in overfilling. On restimulation, a hyperresponse of particularly first-phase secretion occurs (not shown). 

tal design. Thus, the length of the test periods 
can be critical-with longer periods, total insu- 
lin release is a greater reflection of the normally 
increasing potentiator P. The initial test period 
is also dependent on the stabilization time used 
after the rigorous techniques required for isola- 
tion. Most importantly, when islets are rested 
(washed a t  low glucose) and retested after 
chronic glucose, results are exquisitely sensitive 
to the usually arbitrary rest periods selected. 
Figure 4 shows that islets cultured with glucose 
and stimulated after a 30-min rest produce a 
characteristic hyperinsulin response greater 
than that of the initial test stimulation at h 1. 
When rest periods are extended, secretion pro- 
gressively declines to that seen previously at h 
20-22. This level may be equivalent to (as shown 
in Fig. 4) or even lower 141 than for the original 
stimulus. Thus, depending on the rest periods 
chosen, glucose test restimulations can cause 
more (potentiation) or less (desensitization) in- 
sulin release than the initial test stimulus. These 
declining responses with increasing length of 

rest periods correspond in the model to the 
residual potentiating factor P and its slow degra- 
dation with time during a wash in the absence of 
glucose. We emphasize that these wash-retest 
experiments actually evaluate residual time- 
dependent potentiation, not desensitization. A 
similar residual potentiation can explain the 
hyperresponse to other secretagogues (e.g., argi- 
nine or a-ketoisocaproic acid) [4,6,91 when tested 
after chronic glucose. It also may explain the 
improved response of the perfused pancreas to 
glucose when rapidly removed from hyperglyce- 
mic animals and stimulated after 30-60 min of 
low glucose, an observation usually interpreted 
as reversal of desensitization [ 12,141. With islets 
exposed to chronic low glucose, P is theoretically 
not elevated and restimulation test responses 
are always comparatively small and less depen- 
dent on the rest periods employed (Figs. 3,4). 

Basal release during the rest periods after 
chronic elevated glucose is high ([7,151 and Fig. 
4). From the model it is our contention that 
basal release is also driven by the residual poten- 
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Fig. 4. Effect of test stimulations on isolated islets before and after chronic glucose. Lines are insulin release during 
chronic high (22 mM, -) and low (2 rnM, - - -) glucose. Bars are insulin release during 1 h tests with 22 rnM 
glucose before and at different rest periods after chronic stimulation [from 641. 

tiation and that release is being provided by 
minor insulin secretagogues in the culture me- 
dia. 

Regardless of the time periods employed, if 
the restimulation response is compared to peak 
secretion at h 2-3 (Fig. 4), it is obvious that 
insulin secretion, in response to continuous glu- 
cose, is severely reduced during the third phase 
of insulin secretion. Model analysis suggests 
that this decline is caused by a decreased ability 
of glucose to produce potentiator. Therefore, 
practically all the characteristics of desensitiza- 
tion studied in vitro or with animal models, 
including time-dependent potentiation, desensi- 
tization, high basals, and declining response to 
test stimuli with increasing rest periods, are 
modulated by the hypothetical potentiator, P. 
This hypothesis can be tested further by examin- 
ing minute-to-minute phasic insulin release dur- 
ing the wash-retest stimulation after chronic 
glucose. From the model, it would be predicted 
that the superfilled first compartment would 
result in an enhanced first phase, whereas the 
inability for glucose, in the desensitized islets, to 
produce P normally, would result in a poor 
second phase. That this is the case has been 
recently reported [12,391. 

POSSIBLE METABOLIC SITES OF 
DESENSITIZATION 

Multiple metabolic events contribute to the 
stimulus-secretion coupled cascade and are po- 
tential sites for regulation and desensitization 
of secretion (Fig. 2). Some of these include: 1) 
glucose transport and metabolism; 2) intracellu- 

lar Ca generated by plasma membrane Ca flux 
or mobilization from intracellular stores; 3) 
CAMP production; and 4) membrane phospho- 
lipid hydrolysis with subsequent elucidation of 
diacylglycerols, inositol polyphosphates, phos- 
phatidic acid, and arachadonic acid. 

Glucose Transport and Metabolism 

Glucose transport into the normal p cell, al- 
though the obligate first step in glucose metabo- 
lism required for secretion, is normally not rate 
limiting; decrements to 1-10% of normal are 
probably required to effectively reduce glucose 
availability. Nevertheless, changes in the glu- 
cose uptake machinery of the p cell may occur 
during extended exposure to high glucose and 
contribute to observed desensitization of insulin 
secretion. In several diabetic animal models such 
as the BB or the Zucker faifa rats, the onset of 
diabetes is marked by decreased glucose uptake 
by the p cell as well as decreased expression of 
mRNA for the p cell specific glucose transporter 
11 [reviewed in 101. However, glucose uptake is 
not decreased in pancreas from rats made hyper- 
glycemic by neonatal streptozotocin treatment 
[40,411 or by glucose infusion for 2-7 days [421. 
In normal isolated rat islets whose secretion is 
desensitized by chronic glucose in vitro, 3-0 
methyl glucose uptake is not changed from fresh 
islets or saturated at 22 mM glucose (Fig. 5). 
Thus, impaired glucose transport may contrib- 
ute to diminished secretory states in some in- 
stances of genetic diabetes but does not appear 
to be a consistent factor in glucose-induced de- 
sensitization or related to the putative potentia- 
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Fig. 5. Comparison of 'H 3-0-methyl glucose uptake in islets 
chronically incubated for 0, 3, or 20 h with glucose (A = 2 
mM, 8 = 22 mM) Times correspond to early, maximal, and 
desensitized insulin secretion (Fig 1) Uptake was measured 
afier 5 rnin of incubation in Krebs-Ringer bicarbonate buffer 
with 'H 3-0-methyl glucose in the presenceof 2 (0) or 22 (0) 
mM glucose [For technical details, see 65 ] 

tor, P. The possibility that a defect in mitochon- 
drial oxidation of glucose is involved in desensi- 
tization has been suggested [411. 

Calcium 

Changes in Ca uptake and intracellular free 
Ca are considered to be key in 0-cell signal 
transduction at several metabolic levels ([43,44] 
and Fig. 2) and could be involved in glucose- 
induced desensitization. Unfortunately, mea- 
surements of free Ca with sensitive techniques 
using Fura or Indo dyes are restricted to studies 
with dispersed 0-cell preparations which may 
not retain normal desensitization features. 

Direct measurement of Ca uptake in islets has 
shown little change after 3 h of glucose, when 
secretory rates are near maximum [45], or after 
24 h when insulin secretion is desensitized 
[46,47]. Although Purrello et al. find that 
K-channel flux (measured by Rb efflux) is en- 
hanced in glucose-desensitized islets [48], an 
effect which should inhibit voltage-dependent 
Ca channels, Ca currents are actually main- 
tained [49]. Furthermore, in islets already desen- 
sitized to glucose, voltage-dependent Ca chan- 
nels are still sensitive to acute inhibition by 
channel blockers such as verapamil [451. Thus, 
gross changes in Ca-channel activity are proba- 
bly not the cause of glucose-induced desensitiza- 
tion. However, other aspects of Ca metabolism, 

including changes in intracellular distribution 
or decreased cellular Ca sensitivity, should still 
be considered [501. 

Because of its ubiquitous role in @-cell metab- 
olism, Ca is probably involved in the steps regu- 
lating the potentiator (Fig. 3), but its identifica- 
tion as the potentiator itself is less likely. 

CAMP 

Since CAMP is such an important potentiator 
of insulin secretion (Fig. 21, its role in glucose- 
induced desensitization has been evaluated. Ad- 
dition of IBMX or forskolin chronically with 
glucose does not prevent or delay third-phase 
release from normal islets and sensitivity to 
these agents is similar in fresh or desensitized 
islets (4). Furthermore, response to these CAMP 
enhancers is usually not impaired in the per- 
fused pancreas from hyperglycemic animal mod- 
els [12,171. Thus, a major role for this second 
messenger in mediating third-phase secretion is 
not likely. Glycogen levels in 0 cells with hyper- 
glycemia are increased and the possibility that 
glucose metabolism during desensitization is di- 
verted to synthesis of glycogen which can be 
mobilized for potentiation has been suggested 
[141. 

Protein Kinase C 

The role of protein-kinase-C (PKC) in glucose- 
stimulated insulin secretion has been the sub- 
ject of intense recent investigation and of some 
controversy [51-531. However, evidence is strong 
that induction of membrane phosphatidylinosi- 
to1 (PI) hydrolysis, which mediates 1,4,5 inositol 
trisphosphate (IP,) and diacylglycerol (DAG) pro- 
duction, and the subsequent activation of PKC, 
is important for amplifying insulin secretion. 
The disagreement lies in whether glucose itself 
is sufficient to initiate PI hydrolysis and activa- 
tion of PKC, or if additional potentiators such as 
carbachol or cholecystokinin are required. Part 
of the controversy may arise from the compari- 
son of data obtained with fresh islets opposed to 
those cultured overnight with glucose and possi- 
bly already desensitized. It is reported that in 
freshly isolated islets, glucose stimulates PI turn- 
over E541 and PKC translocation to the plasma 
membrane [551, and that added carbachol stim- 
ulates this reaction further. In islets cultured 
overnight (desensitized?), the addition of poten- 
tiators with glucose appears to be necessary to 



10 Crodsky and Boiaffi 

detect PI hydrolysis, generation of DAG, or PKC 
activation [51,56,571. 

There is further substantial evidence suggest- 
ing that the PKC pathway is an important poten- 
tiator of the rising, second phase of insulin secre- 
tion and that loss of ability of glucose to activate 
this pathway may contribute to glucose-desensi- 
tized secretion. PI turnover diminishes concom- 
itant with third-phase insulin secretion in islets 
continuously stimulated with glucose 1581. In 
the presence of added carbachol, the decline of 
second-phase secretion may be associated with a 
depletion of endogenous enzyme [59-611. In 
third phase, insulin secretion loses responsive- 
ness to stimulation of PKC by phorbol ester and 
to inhibition by staurosporine [45,621. Thus the 
ability to activate PKC is suppressed in glucose- 
desensitized islets. This may reflect changes in 
intracellular levels of Ca or other regulatory 
elements, particularly DAG or its precursor phos- 
phatidic acid, both generated from glucose- 
derived trioses [57,63]. The complexity of the PI 
pathway is underscored by the observation that 
PI hydrolysis is still capable of stimulation by 
carbachol sufficient to elicit unimpaired insulin 
responses in glucose desensitized islets [451. Re- 
gardless, a product(s) of the phosphoinositol 
pathway (DAG?, IP,?) is an attractive candidate 
to be the potentiator of second-phase insulin 
release and the site of desensitization (Fig. 3) .  

GENERAL DESENSITIZATION TO 
STIMUIATORY AND INHIBITORY AGENTS 

In this review we have evaluated several as- 
pects of glucose-induced desensitization and pro- 
pose a model to explain current information on 
this subject. However, a last interesting aspect 
of P-cell secretion is of note. Glucose-stimulated 
insulin secretion of islets not only desensitizes 
to continuous perifusion with stimulatory agents 
such as glucagon or carbachol[371, but to inhib- 
itory agents as well. Yet these agents are fully 
active if added acutely at a time when their 
chronic effect would have waned. This is illus- 
trated in Figure 6 [45] where the inhibitory 
effect of verapamil (presumably on the voltage- 
dependent Ca channel) is lost with continuous, 
but not acute, administration. Similarly, the 
inhibitory effect of somatostatin diminishes dur- 
ing chronic exposure while inhibition by an acute 
challenge is retained [37]. This phenomenon is 
not universally observed since inhibition to tri- 
fluoroperazine is retained even after 20 h of 
continuous administration [45]. Thus, the p cell 

i r l  

0 11 mM Glucose 
11 mM Glu + ‘OpM Vpml, hr 21-22 

13 11mM Giu + 10uM Vpml, hr 7-22 1 
acute I verapamil 

ir 3 hr 21 
Time 

Fig. 6. Comparison of chronic vs. acute administration of 
verapamil on glucose-stimulated insulin secretion from isolated 
islets. Islets were continuously exposed to glucose, 11 mM. 
Verapamil inhibits insulin secretion during the first 3 h of 
chronic exposure but was no longer inhibitory at 21 h. lslets 
were still sensitive to verapamil if exposed for the first time at 
21 h [data from 451. 

has the ability to desensitize to both positive and 
negative regulators of cell function at the level 
of stimulus-secretion coupled activity. It is prob- 
able that a and 6, as well as other non-islet 
secretory cells, similarly maintain modulated 
secretory rates. The adaptive value of such ho- 
meostatic activity is clear. The underlying mech- 
anisms, however, are difficult to disentangle but 
can be the basis of important future studies in 
islet physiology. 
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