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in isolated spiny mouse (Acomys cahirinus) islets: 
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Summary. The spiny mouse (Acomys cahirinus) exhibits low 
insulin responsiveness to glucose with a nearly absent early 
phase release. The alternative fuel-secretagogue glyceralde- 
hyde (10 retool/l) produced a maximal early insulin response 
in rat islets but failed to affect early response in Acomys; how- 
ever, it potentiated the late insulin response in both species 
alike. Glucagon (1.5 ~mol/1) potentiated the early insulin re- 
sponse to intermediate (8.3 retool/l) glucose in rat and Aeomys 
islets by two- and four-fold, respectively. Glucose doubled cy- 
clic AMP levels in rat islets but no significant response was 
noted in Aeomys islets. Isobutylmethylxanthine (0.1 retool/l) 
and forskolin (25 ~mol/1) caused a significant rise in islet cy- 
clic AMP levels in both types of islets; however, neither agent 
restored the glucose stimulation of cyclic AMP in spiny mouse 
islets. Forskolin and isobutylmethylxanthine potentiated early 

and late phase insulin release in both species; however, 
neither augmented the early response in the Acomys to the de- 
gree observed in rat islets. Thus: (1) A deficient link exists in 
Aeomys between glycolysis and subsequent signals. (2) These 
islets contain a glucose-insensitive adenylate cyclase. (3)The 
early insulin response may be potentiated by direct activation 
of adenylate cyclase. (4) The glucose effects on early and late 
phase insulin release are probably mediated by distinct path- 
ways. (5) In the spiny mouse the signals mediating the early re- 
sponse are deranged to a greater extent than those activating 
the late phase insulin release. 
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The exocytotic event that results in insulin release from 
pancreatic B ceils is under the control of complex meta- 
bolic signals [1]. Upon stimulation with glucose, normal 
islets exhibit biphasic dynamics of insulin release, rep- 
resenting the net expression of the interaction between 
several regulatory events, including time-dependent in- 
hibitory and potentiating signals [1-10]. Limited infor- 
mation exists regarding the nature of these regulatory 
signals. 

The early stages of  glucose intolerance in man are 
characterized by severe reduction in early phase in- 
sulin response to glucose, and a delayed and often re- 
duced late phase response. The nature of the metabo- 
lic defect(s) responsible for the poor responsiveness of 
the B cell is unknown. The spiny mouse, Aeomys ca- 
hirinus, exhibits such diabetic-like kinetics of insulin 
response to glucose in vivo and in vitro [11-15], and 
often develops glucose intolerance when raised in cap- 
tivity. The spiny mouse is, therefore, a convenient ani- 
mal model for mild Type 2 (non-insulin-dependent) 
diabetes. Using islets from this animal, it could thus be 
shown that the early phase of insulin release is more 
reduced than the late response [12, 14, 15], and that a 

first phase insulin response can be partially restored 
by priming the islets with glucose for 20-60 min, a 
finding that is pertinent also for glucose intolerant 
man [16, 17]. 

Cumulative evidence suggests that a normal first 
phase insulin response necessitates activation of B cell 
adenylate cyclase by glucose stimulation, resulting in a 
normal cyclic AMP response [1, 4, 18, 19]. The cyclic 
AMP response of Acomys islets to glucose was found 
deficient [20]. In the present study we examined further 
the responsiveness of Acomys islets to a variety of secre- 
tagogues in an attempt to define the nature of the defi- 
cient signal that causes a low insulin response to glu- 
cose, with emphasis on agents that elevate the islet 
cyclic AMP concentration. The spiny mouse belongs to 
rodent species unrelated to any common laboratory 
animal. In previous studies we examined the overall 
rates of insulin response as well as its dynamics in this 
species and compared it to those seen in the rat and the 
mouse [11-15, 17]. In the present study emphasis is 
given to the kinetics of insulin release rather than to its 
absolute magnitude when comparing results obtained 
in Acomys and in the control rat islets. 
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Fig.l. Effect of glyceraldehyde (glycer) on early (initial 10 rain) and 
late (subsequent 50 rain) insulin responses in rat (hatched bars) and 
Aeomys (open bars) islets. Each bar represents mean ( _  SEM) of 
6-124 observations of single islets incubated at basal (B, 3.3 mmol/1) 
glucose: high (H, 16.7mmol/l) glucose, or where indicated, 
10mmol/1 glyceraldehyde was added. Statistical significance is 
denoted by: (a) designates p<  0.01 compared to basal, and (b) is 
p<  0.01 compared to high glucose stimulus 
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Fig.2. Effect ofglueagon (glcn) on early(initial 10 min) and late(sub- 
sequent 50 rain) insulin response in rat (hatched bars) and Acomys 
(open bars) islets. Each bar represents mean (+_ SEM) of 11-124 ob- 
servations of single islets incubated at intermediate (I, 8.3 retool/l) 
glucose, high (H, 16.7 retool/l) glucose, or where indicated, together 
with 1.5 lxmol/1 glucagon. Statistical significance is denoted by: (a) 
designates p <  0.01 compared to interm; (b) is p <  0.05 compared to 
interm; (c) is p <  0.01 compared to high; and (d) is p<  0.05 compared 
to high glucose stimulus 
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Fig,3. Effect of isobutylmethylxanthine (IBMX) on early (initial 
10 rain) and late (subsequent 50 min) insulin response in rat (hatched 
bars) and Acomys (open bars) islets. Each bar represents mean 
(+ SEM) of 11-124 observations of single islets incubated at basal (B, 
3.3mmol/l) glucose; high (H, 16.7mmol/1) or where indicated, 
together with 0.1 mmol/1 isobutylmethylxanthine. Statistical signific- 
ance is denoted by: (a) designates p < 0.05; and (b) p < 0.01 compared 
to basal; (e)p< 0.05 compared to high; and (d)p< 0.01 compared to 
high glucose stimulus 

Islets of Langerhans were obtained by collagenase digestion [21] from 
male Sabra rats weighing 150-250 g and from male or female Aeomys 
eahirinus aged 8-15 months. The morning non-fasted plasma glucose 
levels in both rats and spiny mice ranged between 5.0-8.9 mmol/1. All 
animals were bred and raised at the Hebrew University Animal Farm 
and maintained on free laboratory chow. The isolated islets were 
washed at 4~ in Hank's buffer saturated with O2/CO2 (95%:5%), 
preincubated for 40 min at 37 ~ C in Krebs Ringer bicarbonate buffer 
(KRB) containing 0.5% bovine serum albumin (BSA, fraction V, 
Sigma Chemicals Co., St. Louis, My, USA), and 3.3 retool/1 glucose, 
after which single islets were transferred to tubes containing 1.0 ml 
KRB, and incubated for 10 or 60min in the presence of low 
(3.3 retool/l), intermediate (8.3 mmol/l), or high (16.7 mmol/l) con- 
centration of glucose, with or without addition of the indicated agents. 
The incubation was terminated by reducing the temperature to 4~ 
the tubes were then centrifuged at 500 g for 2 rain, and the supernatant 
taken into tubes containing EDTA (final concentration 10 retool/l). 
The samples were stored at - 20 ~ C until assayed. 

Islet cyclic AMP levels we.re determined in parallel experiments, in 
which 10-20 islets were incubated under similar conditions for 5 rain. 
The buffer was then removed, 0.3 ml of 50 mmol/1 sodium acetate 
buffer (pH 5.8) added and cyclic AMP extracted by boiling the islets 
for 2 min. A commercial cyclic AMP radioimmunoassay kit (Amer- 
sham International, Amersham, Buckinghamshire, U.K.), modified 
by acetylation to increase sensitivity, was used. The routinely obtained 
minimal detectable level ranged between 0.7 and 1.0 femtomol/tube. 

Insulin was determined by standard radioimmunoassay using 
goat anti-guinea pig serum to separate bound and free insulin. Human 
insulin was used as standard in the Acomys assay, and rat insulin in 
the rat assay (both from Novo Research Laboratories, Bagsvaerd, 
Denmark) [11 15, 17]. The minimal detectable dose for both assays 
ranged between 0.7-3 ~tU/ml. 

Insulin and cyclic AMP radioimmunoassays were processed using 
a four parameter sigmoid curve fitting programme. Late phase insulin 
response was expressed as values obtained over 60 min minus the 
amount released during the initial 10 min of incubation. 

Statistical analysis 

Statistical analysis was performed using one-way ANOVA followed 
by Dunnett's comparison at 95% or 99% confidence level. 

Results 

The decreased responsiveness of Acomys islets to glu- 
cose (16.7 mmol/1) is illustrated in Figure 1: first phase 
response was 19%, second phase release 37% that of rat 
islets (both p < 0.01). The early insulin response in the 
spiny mouse islets was usually 10 times the release rate 
observed at basal glucose, while rat islets normally re- 
sponded to high glucose by a 30-fold rise. Glyceralde- 
hyde (10 mmol/1) in combination with 3.3 mmol/1 glu- 
cose produced maximal early insulin response in rat 
islets. In contrast, in the spiny mouse islets the triose 
failed to significantly augment the early insulin re- 
sponse, and no significant amplification of the stimula- 
tory effect of 16.7 mmol/1 glucose could be demon- 
strated (Fig. 1). 

A different picture emerged during late phase in- 
sulin secretion: glyceraldehyde induced significant in- 
sulin release in the presence of basal glucose concentra- 
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tion, and amplified the late insulin response to 
16.7retool/1 glucose both in the rat and the spiny 
mouse islets (Fig. 1); however, in absolute terms the re- 
sponse of Acomys islets to the combined glucose-glycer- 
aldehyde stimulus was still only 30% that of rat islets 
(p< 0.01). 

Several non-metabolizable secretagogues exert syn- 
ergistic effects with glucose on insulin secretion, which 
is particularly marked during first phase response [1-3, 
10]. Thus, arginine (5 retool/l) increased the early in- 
sulin response of rat islets to 8.3 mmol / l  glucose by 30% 
and to 16.7 mmol/1 by 60%; the amino acid was ineffec- 
tive, however, in augmenting the early or late insulin re- 
sponse in Acomys islets at either glucose concentration 
(data not shown). Results were different when glucagon 
(1.5 ~tmol/1) was used to stimulate the islets (Fig.2). 
Glucagon amplified the early insulin response to 
8.3 retool/1 glucose in rat and spiny mouse islets by 2- 
and 4-fold respectively (p< 0.01 for rat and p <  0.05 for 
Acomys islets). At 16.7 mmol/1 glucose, the effect of 
glucagon was modest and statistically not significant 
(20% increase in rat and 40% increase in Acomys islets). 
Glucagon also exerted a potentiating effect on glucose- 
induced late insulin response in both species; however, 
while rat islets responded to a glucagon stimulus with 
1.6-fold potentiation of late insulin response to 
8.3mmol/1 glucose and 2.3-fold augmentation to 
16.7 mmol/1 glucose (p< 0.01 in both cases), Acomys 
islets failed to respond to glucagon when added to inter- 
mediate (8.3 mmol/1) glucose and demonstrated only 
40% potentiation of the insulin response to high 
(16.7 mmol/1) glucose (t7< 0.05) (Fig. 2). 

Glucagon is believed to induce insulin release pri- 
marily by raising the B cell cyclic AMP level. Therefore, 
the ability of cyclic AMP to augment glucose-mediated 
insulin release in Acomys islets was further examined. 
Table t shows that rat islets responded to a glucose 
stimulus by doubling their cyclic AMP content 
(p< 0.01); no significant response to glucose could be 

Table 1. Cyclic AMP levels in isolated rat and Acomys islets stimu- 
lated with glucose, isobutylmethylxanthine (IBMX) and forskolin 

Ambient glucose Significance of 
glucose effect 

3.3 mmol/l  16.7 mmol/1 
(femtomol/islet �9 5 ra in-  1) 

Rat 
Control 2.9+ 0.3 a 5.3+ 0.9 p<0.01 
IBMX 6.9_+ 0.6 9.2+ 0.8 p<0.05 
Forskolin 79.2 + 28.0 81.3 + 22.1 NS 

Aeonays 
Control 2.6 + 0.2 2.9 + 0.7 NS 
IBMX 13.9+ 2.1 16.4+ 3.0 NS 
Forskolin 68.1 + 13.3 62.3 + 4.2 NS 

(a) Values are mean (+  SEM) of 6-12 observations in which 10-20 is- 
lets were incubated for 5 rain with or without IBMX (0.1 retool/l) or 
forskolin (25 ~tmol/l) in low or high glucose. Significance was tested 
for glucose effect (shown) and for the IBMX and forskolin effect vs 
untreated control islets, which was significant in all experiments 
(p< 0.05 or less) 
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Fig.4. Effect of forskolin (forsk) on early (initial 10 rain) and late 
(subsequent 50 rain) insulin response in rat (hatched bars) and Aeo- 
nays (open bars) islets. Each bar represents mean (+  SEM) of 13-124 
observations of single islets incubated at basal (B, 3.3 mmol/1) glu- 
cose; high (H, 16.7mmol/1) or where indicated, together with 
25 ~mol/1 forskolin. Statistical significance is denoted by: (a) desig- 
nates p<  0.01 compared to basal; (b)p< 0.0t compared to high glu- 
cose stimulus 

demonstrated in Acomys islets. Glucagon together with 
intermediate (8.3 mmol/1) glucose induced only small 
and statistically insignificant increase in cyclic AMP le- 
vels compared to the effect of glucose alone (7.47 + 0.79 
vs 5.53 ___0.54 femtomol/islet .  5 rain -1 in rat islets and 
3.48___0.17 vs 2.96+0.37 femtomol/ is let .5 min -1 in 
Acomys islets). The phosphodiesterase inhibitor isobu- 
tyl methylxanthine (IBMX) increased the cyclic AMP 
content at basal glucose in both types of islets (Table 1); 
however, it failed to affect the Acomys islet cyclic AMP 
response to glucose. IBMX also significantly stimulated 
both early and late insulin response to glucose 
(16.7 retool/l) in rat as well as Acomys islets, the ampli- 
fication being of similar magnitude in both cases (50%, 
p <  0.05 or less) (Fig. 3). Finally, maximal stimulation of 
the adenylate cyclase system by forskolin (25 ~tmol/1) 
resulted in an approximately 25-fold increase in basal 
cyclic AMP levels in rat and Acomys islets (Table 1). As 
shown in Figure 4, this was accompanied by significant 
potentiation of the early (2-fold) and late (2.3-fold) in- 
sulin responses to 16.7 mmol/1 glucose in Acomys islets 
(p< 0.01 in both cases). Despite this, the absolute early 
insulin secretion rates in the spiny mouse islets were still 
significantly less than those obtained in rat islets with 
glucose alone. Late insulin response to the combined 
glucose-forskolin stimulus reached levels observed in 
rat islets stimulated by glucose alone, while remaining 
at 40% of the response to combined glucose-forskolin 
stimulus. 

Discussion 

The spiny mouse (Acomys cahirinus) has attracted con- 
siderable interest as an animal model for Type2 
diabetes, since this rodent tends to develop obesity 
and glucose intolerance in captivity, some animals 
presenting with non-ketotic moderate hyperglycaemia 
[11-15, 17]. An interesting feature of these animals, 
and in this respect they differ markedly from other 
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obese rodents, is the low insulin response to glucose 
observed both in vivo [13-15] and in vitro [14, 15, 17]. 
The pancreatic islets of Acomys contain normal or 
supranormal amounts of insulin [14, 15], yet, the rate 
of hormone release is reduced compared to rat and 
mouse islets [11-17]. More important, the dynamics of 
insulin release are strikingly reminiscent of those seen 
in glucose intolerant man [15, 17, 20], in that first 
phase response to glucose is grossly reduced, while 
second phase response is less impaired [17]. We have 
previously shown that if Acomys islets are primed with 
glucose to generate time-dependent potentiation, the 
kinetics of the insulin response to a subsequent glu- 
cose stimulus are markedly improved, a near-normal 
first phase release being elicited [17]. It seems, there- 
fore, that the deficient first phase release of the Aco- 
mys B cell is the reflection of a deficiency in the glu- 
cose stimulus-secretion coupling which is amenable to 
correction under certain conditions. 

It is generally accepted that the stimulation of in- 
sulin release by glucose is mediated by factors linked to 
the metabolism of the hexose in the B cell [1]. The lack 
of stimulation of first phase release in Acomys islets by 
glyceraldehyde, shown here, indicates that the defective 
coupling in these islets is not at the level of hexose trans- 
port or phosphorylation but beyond the triose step. As 
would be expected from previous observations that sec- 
ond phase response to glucose was less deranged [17], 
late insulin release is markedly stimulated during pro- 
longed exposure (60 min) of Acomys islets to glyceral- 
dehyde. Such findings as well as other observations 
from our group [2, 5, 7] and others [3, 4, 8, 9] suggest that 
the mechanisms that control first and second phase in- 
sulin release are distinct and dissociable. 

It is presently believed that cyclic AMP plays a key 
role as gain modulator of metabolic sequences leading 
to insulin release, possibly by sensitizing them to small 
changes in cytosolic Ca 2+ levels [3, 4, 19]. Work from 
this laboratory [23] and elsewhere [4, 24-26] presented 
evidence to suggest that the stimulation of B cell cyclic 
AMP levels by glucose is particularly important for the 
expression of normal first phase insulin release. By the 
present direct measurements of islet cyclic AMP we 
were able to confirm earlier observations using prela- 
belling of islets with 3H-adenine [20], that the adenylate 
cyclase system of the spiny mouse is essentially glucose- 
insensitive, in keeping with the blunted first phase in- 
sulin response to the sugar. Although cyclic AMP levels 
could be raised by the phosphodiesterase inhibitor 
IBMX and the adenylate cyclase stimulator forskolin in 
Acomys islets to the same extent as in rat islets, com- 
plete insensitivity of the enzyme to glucose was retained 
in either case. 

Failure of glucose to elevate the islet cyclic AMP 
content is obviously not the sole reason for the glucose 
insensitivity of the insulin release, since in the presence 
of IBMX Acomys islets contained as much cyclic AMP 
as glucose-stimulated rat islets without, however, elicit- 
ing a corresponding first phase insulin response. When 

extreme elevation of islet cyclic AMP was induced by 
forskolin or by dibutyryl cyclic AMP (data not shown), 
first phase release could, however, be elicited. Thus, the 
secretory mechanisms in these islets are capable of re- 
sponding to the amplifying effect of cyclic AMP. This 
may reflect the fact that the glucose signal for first phase 
release is extremely weak in Aeomys B cells, and there- 
fore only supraphysiologic cyclic AMP levels may am- 
plify it sufficiently to reach the threshold for secretion. 
Another possibility is that the sensitivity of the secretory 
mechanisms to cyclic AMP is reduced in these B cells. 
In preliminary experiments, we have tested this possi- 
bility by overnight exposure of spiny mouse islets to 
dibutyryl cyclic A M P +  IBMX, then subjecting them to 
a glucose stimulus; no improvement in insulin response 
could be demonstrated (unpublished observations). 

Glucagon is also believed to stimulate insulin re- 
lease by the activation of B cell adenylate cyclase [22]. 
In our hands, glucagon augmented the islet cyclic AMP 
level by only 20-30%. Despite this insignificant stimula- 
tion, and in contrast with the results of incubations in 
the presence of IBMX where a major elevation of islet 
cyclic AMP was obtained, glucagon amplified marked- 
ly the first phase insulin response in Acomys islets. We 
have no explanation for this discrepancy, other than 
that glucagon may have non-cyclic AMP mediated ef- 
fects such as the activation of membrane phosphoino- 
sitide hydrolysis and generation of inositol 1, 4, 5 tri- 
phesphate [1, 3, 4], or alternatively that a small, for 
insulin release critically specific, cyclic AMP pool is 
stimulated by the hormone. 

It is evident from the above discussion that the exact 
nature of the deficient coupling of glucose metabolism 
to first phase insulin release in Acomys B cells is still 
unclear. Data presented in this paper identifies at least 
one site of derangement in signal transmission, namely 
the link between glycolysis and adenylate cyclase. The 
adequate cyclic AMP response to IBMX and to for- 
skolin indicates that sufficient amounts of the enzyme 
are present. Although other metabolic aberrations in 
distal stages of the stimulus secretion coupling cannot 
be ruled out, it is possible that a single, common aber- 
rant post-glycolytic signal is responsible for the defi- 
cient activation of B cell adenylate cyclase as well as of 
a parallel sequence leading to insulin release, cyclic 
AMP amplifying the "read-out" of this signal [3, 4]. One 
such common defect may be the inability of glucose to 
raise the B cell cytosolic Ca 2+ level. Indeed, both glu- 
cose-induced insulin release and cyclic AMP stimula- 
tion depend on Ca 2+ [1, 2, 4, 18, 19]. Furthermore, high 
cyclic AMP levels (induced by e.g. forskolin) may fa- 
cilitate the effect of glucose on cytosol C a  2+ [], 2, 4, ]8 ,  
19] hence the potentiation of first phase release ob- 
served in our experiments. Obviously, direct measure- 
ments of B cell cytosolic C a  2+ levels are needed to vali- 
date such a hypothesis. 

Acomys islets demonstrate a reasonable rate of late 
insulin response to glucose as well as to most other sec- 
retagogues. Although the late insulin response critically 
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depends on ambient glucose levels, and is similarly sen- 
sitive to cyclic AMP [271 it is clearly activated by a dif- 
ferent mechanism than the early insulin response [1-5, 
8, 24-26, 28], and in the present study, no attempt was 
made to relate it to cyclic AMP levels. We have recently 
proposed that the late response is the expression of the 
effect of a time-dependent regulatory loop on insulin re- 
lease [2] and have demonstrated that this loop is func- 
tionally intact in islets from the spiny mouse [17], as it 
seems to be in glucose intolerant people [16]. The activa- 
tion of protein kinase C by diacylglycerol has been pro- 
posed to be important for late phase insulin release and 
time-dependent potentiation [3, 4, 29]. In the case of 
Acomys islets, the previous activation of diacylglycerol- 
dependent protein kinase C by glucose priming could, 
therefore, be the factor that improves the insulin re- 
sponse, bypassing the defective signal for first phase re- 
lease. Studies have been initiated to test this hypothesis. 
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