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Summary Insulin secretion and glucose metabolism
were compared in islets isolated from GK Wistar rats
(a non-obese, spontaneous model of non-insulin-de-
pendent diabetes mellitus) and control Wistars aged 8
and 14 weeks. By 8 weeks of age, GK Wistar rats were
clearly diabetic as indicated by non-fasting plasma
glucose concentrations and impaired glucose toler-
ance. Islet insulin content was not significantly differ-
ent to controls at either age. In islets from 14-week-old
GK Wistar rats glucose-stimulated insulin release (6—
16 mmol/l glucose) was significantly reduced to 25—
50% of controls in static incubations (p < 0.001). In
perifusion, glucose-stimulated insulin release was re-
duced by 90 % for first phase (p < 0.01) and by 75 %
for second phase (p < 0.05). The responses to arginine
and 2o Ketoisocaproate in islets were similar to those
in controls. In contrast, islets isolated from 8-week-old
GK Wistar rats exhibited no significant reduction in
glucose-stimulated insulin secretion in static incuba-
tions. In perifusion, although both first and second
phases of glucose-stimulated insulin release were
slightly reduced, these were not significantly different
to controls. Islets from 8-week-old GK Wistar rats
failed however to respond to stimulation by glycer-
aldehyde. Raising the medium glucose concentration

to 16 mmol/l significantly increased rates of glucose
utilisation ([*H] H,O production from 5-[*H] glucose)
and oxidation (['*C] CO, production from U-[*C]
glucose) in islets isolated from 8-week-old control and
GK Wistar rats, respectively. The rates of oxidation
were not significantly different at stimulatory glucose
concentrations whereas the rates of utilisation were
significantly higher in islets from the diabetic animals
(p <0.05). Production of [*H] H,O from 2-[*H] gly-
cerol metabolism was increased (p < 0.05) at 2 mmol/l
glucose but was not significantly different to controls
at 16 mmol/l glucose in islets from 8-week-old GK
Wistar rats. This data would suggest that abnormalities
in islet function are present in 8-week-old diabetic an-
imals although these do not seriously impair glucose-
stimulated insulin release from isolated islets. This in
turn would indicate that a defect in the glucose signal-
ling pathway in beta cells is not a primary cause of the
diabetes of GK Wistar rats and that deterioration of
the secretory response is the consequence of some
factor associated with the diabetic condition. [Dia-
betologia (1994) 37: 863-870]
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Type 2 or non-insulin-dependent diabetes mellitus
(NIDDM) is characterised by both insulin resistance
in target tissues and impaired insulin secretion from
pancreatic beta cells; the location of the primary defect
remains the source of much debate [1-3]. The defectin
secretion may be specific for glucose and has been
shown to affect the normal biphasic secretory pattern
with loss of first phase release. In contrast, the re-
sponse to non-nutrient secretagogues is retained [3].
Our current understanding is that in order for glucose



864

to stimulate insulin release it must first enter the pan-
creatic beta cells (by GLUT 2 transporters) and be
metabolised via the glycolytic and mitochondrial oxi-
dative pathways. The resulting ATP generated is
thought to close ATP-sensitive K+ channels which in
turn triggers membrane depolarisation, Ca** entry and
hence exocytosis [4-6]. It is not clear however, how in-
creased flux through the metabolic pathway and the
ensuing changes are related to the biphasic secretory
characteristic produced by glucose stimulation. In the
present study, we have examined the GK (Goto-Kaki-
zaki) Wistar rat, a non-obese, spontaneous model of
NIDDM which was derived from normal Wistar rats
by using impaired glucose tolerance as a selection in-
dex [7, 8]. These animals have been shown to exhibit
impaired insulin secretion in vivo or in vitro using the
perfused pancreas technique and isolated pancreatic
islets [7-10]. We have characterised insulin secretion
from isolated pancreatic islets in response to nutrient
and non-nutrient secretagogues. To investigate the
role of impaired islet function in the development of
diabetesin thismodel, we have examined the secretory
responses fromisletsisolated from animals at different
ages. Our approach was to first characterise insulin se-
cretioninislets from adult-diabetic GK Wistar rats and
then study islet function in islets isolated from pro-
gressively younger animals. The surprising finding in
the first group studied at 8§ weeks of age was that the
secretory response to glucose was normal.

Materials and methods

Materials. Bovine serum albumin (BSA), hexokinase, glucose
6-phosphate dehydrogenase, ATP and NADP were supplied by
Bochringer Mannheim Ltd. (Lewes, East Sussex, UK). Col-
lagenase type 1A, glycerol, Hanks’ balanced salts solution, U-
[1*C] glucose (370 mCi/mmol), p-glyceraldehyde, KIC and me-
thyl benzethonium hydroxide were all supplied by Sigma Che-
mical Co., (Poole, Dorset, UK). [*’I] insulin (100 uCi/ug), 2-
[*H] glycerol (1.0 Ci/mmol) and 5-[*H] glucose (15.7 Ci/mmol)
were supplied by Amersham International ple, (Aylesbury,
Bucks., UK). Millicell culture inserts were supplied by Milli-
pore, (Milton Keynes, Bucks., UK). Coomassie Blue dye-re-
agent for protein determination was supplied by Biorad La-
boratories Ltd., (Watford, Herts, UK). Sagatal was supplied by
Southern Veterinary Supplies, (Lewes, East Sussex, UK). Anti-
rat insulin antibody was generously provided by Dr. R. Turner,
(University of Oxford, Oxford, UK).

Animals. A colony of GK Wistar rats was established at the an-
imal facility, St. Mary’s Hospital Medical School in September
1992 from two male and seven female animals supplied by Dr.
K.-I. Suzuki, (Tohoku Medical School, Sendai, Japan). Animals
were selected at either 8 or 14 weeks of age for the experiments
outlined below. Controls were age-matched Wistar rats sup-
plied by Harlan Olac Bicester, Oxon, UK. All animals were al-
lowed free access to food and drink.

Glucose tolerance test. An intraperitoneal glucose tolerance test
was performed on rats that had been fasted overnight using a
dose of 2 g glucose per kg body weight. Rats were anaesthetised
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with 0.4 mlsagatal and blood samples (50 ul) collected from cut
tail tips at intervals up to 2 h. These were mixed with ice cold
perchloric acid at a final concentration of 3.84 % (v/v), cen-
trifuged for 5 min at 2500 g and supernatant samples collected
and stored at— 20 °C prior to assay using the hexokinase method
on a Cobas Bio auto-analyser (Roche, Welwyn Garden City,
UK). Atthe end of the 2-h period the rats were killed by cervical
dislocation.

Islet isolation. Islets of Langerhans were prepared by col-
lagenase digestion following injection of collagenase solution
into the pancreas through the bile duct [11]. Rats were first an-
aesthetised with 0.4 ml sagatal (intraperitoneal) and killed by
exsanguination which facilitated collection of blood samples for
glucose determination. Free islets were collected under a dis-
secting microscope with a 20-ul pipette into Hepes-buffered
Hanks’ medium containing 0.5 % bovine serum albumin. The
protein content of the islets was determined using the Biorad
method [12].

Insulin release. Insulin release from freshly isolated islets was
measured in a perifusion system as described elsewhere [13].
Islets (50) were housed in small chambers on Millicell culture
inserts and perifused in basal medium (Krebs Ringer containing
20 mmol/l Hepes, pH 7.4, 5 mg/mi BSA and 2 mmol/l glucose)
for 60 min at a flow rate of 1 ml/min at 37 °C prior to collection
of fractions. Test agents were added as indicated. Fractions
(2 ml) were collected at 2-min intervals and stored at —20°C
prior to assay for insulin by RIA [14]. At the end of the perifu-
sion islet insulin was released by sonication and samples col-
lected and stored for determination of total insulin content.

Insulin release in static incubations was measured from five
islets in tubes containing 0.6 ml of Hepes-buffered Krebs Ring-
er buffer containing 2 mg/ml BSA and various glucose con-
centrations. Incubations were stopped after 1 h at 37°C by
cooling on ice and after centrifugation, aliquots were collected
for insulin assay.

Glucose metabolism in isolated islets. The rate of glucose meta-
bolism was measured in 10 islets in Hepes-buffered Krebs
Ringer buffer containing 2 mg/ml BSA at various glucose con-
centrations. Glucose utilisation and glucose oxidation were
measured using 5-[*°H| glucose and U-["*C] glucose, respectively
as previously described [15].

2-PH] Glycerol metabolism in isolated islets. The rate of 2-[*H]
glycerol metabolism (final concentration, 200 umol/l) to [*H]
H,O was measured in 10 islets in Hepes-buffered Krebs Ringer
buffer containing 2 mg/ml BSA at 2 and 16 mmol/l glucose
concentrations as described by Giroix et al. [16]. [PH] H,O was
collected as described previously {15].

Statistical analysis

Data are presented as the mean = SEM for the number of ex-
periments indicated. Statistical analysis was carried out using
Student’s #test.

Results

Animals. The characteristics of the rats used in this
study are summarised in Table 1. The body weights of
GK Wistar rats were similar to controls at 8 weeks of
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Table 1. Characteristics of control and GK Wistar rats
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Control Wistar GK Wistar
Young Old Young Old
Number of animals 12 15 15 15
Age (weeks) 83+0.1 147+ 0.4 82+02 141£05
Body weight (g) 240+ 12 344+ 9 235+6 301 +52
Non-fasting plasma glucose (mmol/l) 108+1.2 10.8+0.7 21.4+2.12 222+0.32
2 p < 0.001 compared to controls
Table 2. Insulin and protein content of isolated islets
Control Wistar GK Wistar
Age (weeks) 8 14 8 14
Insulin content
(mU/islet) 2.06+£0.23 3.26 £0.25° 2.24+0.30 4.03 £0.35°
n 8 7 9 12
Protein content
(ngfislet) 0.39£0.04 - 0.41+0.06 -
n 5 4
2 p < 0.01 compared to insulin content of islets from young rats
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Fig.1. Glucose tolerance in response to administration of glu-
cose (2 g/kg body weight, i.p.) in either control (@, A) or GK
Wistar rats (O, A)at 8 (@, 0) or 14 weeks of age (A, A) Wistar
rats. Data represent the mean + SEM of data from 4-5 animals.
* p < 0.05, ** p < 0.01 compared to 8-week-old GK Wistar rats
(Student’s t-test)

age but were significantly reduced by 14 weeks of age.
Fasting and non-fasting plasma glucose levels of GK
Wistar rats were significantly higher than in controls at
either age (Table 1 and Fig.1). The high plasma glu-
cose levels in both control and diabetic animals reflect
the fact that the animals were maintained under an-
aesthetic or had undergone surgery as part of the islet
isolation procedure prior to collection of samples.
After intraperitoneal administration of glucose solu-
tion (2 g/kg body weight), blood glucose in GK Wistar
rats increased to significantly higher levels than in
control animals and did not return to basal values.
Blood glucose levels of 14-week-old GK Wistar rats
were significantly higher than those of 8-week-old GK
Wistar rats during the glucose tolerance test.

Fig.2. Glucose induced-insulin release in islets from control
and GK Wistar rats aged 8 and 14 weeks. Islets (5) from control
(m) or GK Wistar rats ([0) were incubated with various con-
centrations of glucose for 1 h at 37°C. Results are presented as
wU of insulin released per islet per h and represent the
mean + SEM of 16-18 observations from four separate experi-
ments. * p <0.001 compared to control insulin release at the
same glucose concentration; NS, not significant (Student’s ¢-
test)

Insulin release. Islets collected from pancreatic digests
of GK Wistar rats were similar in size to those from
controls on visual inspection and this was confirmed
by determination of the protein and insulin content
both of which were similar in GK Wistar and control
islets (Table 2). Insulin content significantly increased
with age in both control and GK Wistar rat-islets
(p <0.01). Insulin release was assessed in static in-
cubations in response to varying medium glucose
concentrations (Fig.2). Raising the medium glucose
concentration increased insulin release above basal
secretion in a dose-dependent manner. Maximal re-
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lease was 25 and 40 fold greater than basal in islets
isolated from 8 and 14-week-old control rats, respec-
tively. In islets isolated from 14-week-old GK Wistar
rats, glucose stimulated insulin release was sig-
nificantly impaired at all stimulatory concentrations
tested. The insulin released ranged between 25-52 %
of that secreted by control islets. In contrast, in islets
from 8-week-old GK Wistar rats, insulin secretion was
not significantly different to that of controls when the
glucose concentration in the incubation medium was
either 6, 10 or 16 mmol/l. However, at the basal glu-
cose concentration (2 mmol/l), insulin secretion was
significantly two times higher than in control islets.
The responses of perifused islets from control and
GK Wistar rats to stimulation by nutrient secretago-
gues are shown in Figure 3. Stimulation with glucose
(10 mmol/l) elicited a biphasic secretory response in
islets from either 8 or 14-week-old control rats; first
phase release peaking 6-8 min after exposure to the
hexose at 20 times greater than basal secretion. The
rising second phase of release was sustained for the
duration of exposure to glucose and total insulin re-
leased during this period was 10 times greater than
that released during the first phase. Data from islets of
8-week-old controls only are presented. In islets iso-
lated from 14-week-old GK Wistar rats, the secretory
response to glucose was significantly impaired with
loss of both first phase (0.4 £ 0.1 in GK compared with
4.3+ 1.3 uU per islet in controls during 0-10 min sti-
mulatory period, p <0.01) and second phase release
(13.0 £ 1.2 in GK compared with 54.4 +15.1 uU per is-
let in controls during the 11-35 min stimulatory peri-
od, p <0.05). The response to a second stimulation
with arginine (19 mmol/l) was similar to that of islets
from 14-week-old control animals. In contrast, the se-
cretory response to stimulation with glucose in islets
from 8-week-old GK Wistar rats was not significantly
different to that seen in control islets. These were
2.1 £0.6in GK compared with 3.3 = 1.4 uU per isletin
controls during the 0-10 min stimulatory period and
26.4 £ 6.0 in GK compared with 39.9 +7.4 uU per islet
in controls during the 11-35 min stimulatory period.
The secretory responses to perifusion with medium
containing p-glyceraldehyde (10 mmol/l) or KIC
(10 mmol/l) are also shown in Figure 3, panel B. In is-
lets isolated from 14-week-old GK Wistar rats, KIC
elicited a biphasic secretory response similar to that
observed in controls. In contrast, the secretory re-
sponse to stimulation by glyceraldehyde was virtually
absent in islets isolated from either 14-week-old (data
not shown) or 8-week-old diabetic animals (Fig.3).

Glucose metabolism. The effect of changing the med-
ium glucose concentration on the rate of glucose utili-
sation and oxidation in islets is shown in Figure 4.
Raising the medium glucose concentration to
16 mmol/l significantly increased rates of glucose uti-
lisation and oxidation in islets isolated from 8-week-
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Fig.3. (A, B) Insulin release in response to nutrient secretago-
gues in perifused islets from control and GK Wistar rats aged
either 8 or 14 weeks. 50 islets from either 8 (O) or 14-week-old
(A) GK Wistar rats or 8-week-old controls ( ® ) were perifused
with basal medium at 2 mmol/l glucose for 65 min prior to sti-
mulation with 10 mmol/l glucose followed by 19 mmol/l argi-
nine {panel A). The responses to stimulation by 10 mmol/l gly-
ceraldehyde in islets from 8-week-old control ( ® ) or GK Wistar
rats (O) and to stimulation by 10 mmol/l KIC in islets from 14-
week-old control (@) or GK Wistar rats (A) are shown in panel
B. Data are expressed uU insulin released per min and re-
present the mean £ SEM for 3-6 separate experiments

old control and GK Wistar rats, respectively. In islets
from GK Wistar rats, the rates of glucose utilisation
were significantly higher at all glucose concentrations
tested whereas the rates of glucose oxidation were not
significantly different with the exception of incuba-
tions at basal glucose (2 mmol/l) where the rate was
significantly (50 %) higher than in control islets. When
the data were expressed as percentage paired ratio
(rate of oxidation/rate of utilisation), the values were
significantly lower in islets from GK Wistar rats at all
glucose concentrations tested. Raising the medium
glucose concentration above 2 mmol/l significantly
increased the paired ratio in islets from controls at all
stimulatory glucose concentrations whereas this effect
was only observed at 6 mmol/l glucose in islets from
GK Wistar rats.
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Fig.4 (A-C) Glucose metabolism in islets from 8-week-old
control and GK Wistar rats. Groups of 10 islets isolated from
control (M) or GK Wistar rats () were incubated for 2 h at
37°C with various concentrations of glucose and 5-[*H] glucose
and U-["C] glucose to measure glucose utilisation (panel A) or
oxidation (panel B), respectively. Data are expressed as pmoles
produced per islet per h and represent the mean + SEM of 10—
12 observations from three separate experiments. In panel C
data are presented as the percentage paired ratio (rate of oxi-
dation/rate of utilisation). * p < 0.05, ** p < 0.001 compared to
controls; I p <0.05, 9 p <0.01 compared to 2 mmol/l glucose
(Student’s r-test)

2-FPH] Glycerol metabolism. The effect of increasing
the medium glucose concentration from 2 to 16 mmol/l
on the rate of 2-[*H] glycerol conversion to *H,O in
isolated islets from 8-week-old control and GK Wistar
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Fig.5. Glycerol metabolism in islets from 8-week-old control
and GK Wistar rats. Groups of 10 islets isolated from control
(W) or GK Wistar rats (1) were incubated for 2 h at 37 °C with
either 2 or 16 mmol/l glucose and 2-[*H] glycerol (0.2 mmol/l).
Data are expressed as pmoles [*H]-H,0O produced per islet per
hour and represent the mean + SEM of eight observations from
four separate experiments. * p < 0.05, compared to controls at
2 mmol/] glucose; (Student’s ¢-test)

rats is shown in Figure 5. 2-[*H] glycerol metabolism
was increased by raising the medium glucose con-
centration in islets from both control and GK Wistar
rats although this was only significant in the case of the
controls. The rate of 2-[°H] glycerol metabolism at
2 mmol/l glucose was significantly higher in islets from
GK Wistar rats than in controls.

Discussion

It has previously been demonstrated in animal models
of NIDDM that hyperglycaemia or some factor asso-
ciated with the diabetic condition perturbs metabolic
function in pancreatic islets [1, 17-19]. In studies to
identify defective processes responsible for the devel-
opment of diabetes in these models it is therefore im-
portant to determine whether the expression of the
defect precedes or is a consequence of the diabetic
state. A major finding in the present study is that in
islets isolated from young GK Wistar rats aged
8 weeks, an almost normal secretory response to glu-
cose was observed in both perifusion and static in-
cubations. This was found despite the fact that dia-
betes is already clearly established in these animals [7,
20] and is present from the age of 4 weeks atleast[7,9].
These observations would suggest that an intrinsic is-
let defect in the glucose stimulus-secretory pathway is
not a primary factor in the pathogenesis of the dia-
betes of GK Wistar rats.

Our finding of normal secretory function may seem
incompatable with the presence of normal insulin
content in islets of diabetic 8-week-old GK Wistar rats
since hyperglycaemia should chronically stimulate
and deplete insulin stores in the islets. These observa-
tions may be reconciled by the finding that islets from
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GK Wistar rats exhibit increased pro-insulin synthesis
[21] which may maintain their insulin content. Ad-
ditionally, it has been shown that glucose-stimulated
insulin secretion in the perfused pancreas is more se-
verely impaired than in isolated islets in models of
diabetes including the GK Wistar rat [10, 22]. This in
turn suggests that circulatory or intra-pancreatic fac-
tors contribute to the inhibition of insulin release [22]
and that this effect is lost on isolation of islets. Thus,
the function of islets in situ may be impaired in com-
parison with isolated islets. It follows from this that our
findings do not necessarily conflict with the data pre-
sented by Ohneda and coworkers [20] who showed
that insulin release in response to stimulation by glu-
cose was impaired in perfused pancreas from 8-week-
old GK Wistar rats. Additionally, these authors
showed that islet volume per pancreas in 12-week-old
GK Wistar rats was half that of controls. This in turn is
consistent with our own observation that digestion of
pancreata of GK Wistar rats of all ages yields a re-
duced number of islets compared to controls
(S.J.Hughes, unpublished observations). Further-
more, the total pancreatic-insulin content has pre-
viously been shown to be reduced in 10-week-old GK
Wistar rats [9]. Taken together these observations
suggest that reduced pancreatic islet content may
contribute to the reduced insulin output in perfused
pancreata of 8-week-old GK Wistar rats [20] rather
than impaired secretory function of individual islets.
Thus, reduced insulin output may play an important
contribution in the development of diabetes in these
rats despite normal islet function.

Recent studies have documented the impaired se-
cretory responses of islets isolated from GK Wistar
rats in static incubations [10, 21] whereas here we also
report experiments using perifused islets. Our experi-
ments with islets isolated from adult 14-week-old GK
Wistar rats in static incubations confirm that glucose
in unable to elicit a normal secretory response in older
animals [21]. In one study [10] however, secretory re-
sponses were impaired in islets isolated from GK
Wistar rats of unspecified age but weighing 200-250 g
which coincides with the weights of 8-week-old ani-
mals used in this study. The reason for the apparent
discrepancy in the secretory data is unclear; the max-
imal secretory responses to stimulation with 16 mmol/l
glucose were 2 and S fold greater than basal in islets
from diabetic and control animals, respectively, in this
study [10]. In the present study, the maximal response
was 19 times greater than basal in islets from 14-week-
old animals although this was considerably poorer
than the 45 fold stimulation of secretion observed in
control islets. No study to date however, including this
one has measured insulin release in islets challenged
with the maximally stimulating glucose concentration
(30 mmol/l) in order to assess the maximum velocity
of the secretory rate. The perifusion studies show that
the defect in glucose-stimulated insulin release re-
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duces both first and second phases of secretion al-
though the first phase appeared more severely af-
fected. This impairment is clearly not related to re-
duced insulin content of islets since in the present
study insulin content was similar in control and GK
Wistar rat islets at variance with previous findings [10,
21]. This discrepancy probably arises because in these
studies smaller islets were isolated from GK Wistar
rats than from controls as indicated by DNA content
[10, 21]. This in turn may result from different islet
isolation protocols in comparison with the one used
here. In addition, islets from 14-week-old GK Wistar
rats were able to respond normally to stimulation by
the non-nutrient secretagogue arginine and the nu-
trient secretagogue KIC. This latter finding supports
the conclusion of Giroix et al. [21] that islets from GK
Wistar rats do not exhibit a generalised impairment in
mitochondrial function although these authors have
proposed that impaired electron transport chain
function may prevail in the islet mitochondria.

Islets isolated from 17-week-old GK Wistar rats
exhibit impaired mitochondrial oxidation of glucose
[21,23]. In islets isolated from 8-week-old control and
GK Wistar rats no difference in the rate of glucose
oxidation was apparent across the range of stimula-
tory glucose concentrations tested. In the present
study U-[*C] glucose was used to assess glucose oxi-
dation as used in one other study [10] rather than 6-
['*C] glucose [21, 23]. Using 6-[**C] glucose allows as-
sessment of the oxidation in the Krebs cycle of glu-
cose-derived acetyl residues. Using U-[**C] glucose
also allows measurement of the decarboxylation of
pyruvate and thus reflects the total oxidative capacity
of glucose. Surprisingly, the rates of glucose utilisation
at all incubation conditions were significantly higher
in islets from diabetic animals. This agrees with one of
the studies above [10] in which elevated glucose utili-
sation was attributed to increased anaerobic glucose
metabolism. When our data were expressed as a
paired ratio (rate of oxidation/rate of utilisation), the
values for GK Wistar rat islets were significantly re-
duced - an observation which reflects the high rates of
utilisation. It could be argued that islets from these
animals fail to metabolise via mitochondrial oxidation
the normal percentage of glycolytic products. This
might suggest an impairment in mitochondrial func-
tion. It should be emphasised however that (theore-
tically) islets from GK Wistar rats should generate
sufficient ATP (a key metabolic coupling factor) to
sustain normal glucose-stimulated insulin secretion.
Indeed, it might be expected that the higher than nor-
mal rates of glycolysis (as indicated by the higher rates
of glucose utilisation) in these islets would sustain
higher rates of secretion than in controls. The rather
poorer rates of glucose-stimulated insulin secretion
actually observed in perifusion experiments might in-
dicate that coupling of glucose metabolism to mem-
brane depolarisation and insulin secretion is not fully
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intact in islets from 8-week-old GK Wistar rats. This
may reflect the increased glucose cycling previously
reported [10]. Alternatively, it has been suggested that
the impaired mitochondrial oxidation of glucose re-
sults at least in part from reduced activity of FAD-
linked glycerophosphate dehydrogenase [24]. The
finding in the present study that glyceraldehyde fails
to promote any secretion of insulin in islets from these
animals might reflect an impairment in this pathway.
Measurement of 2-[*H] glycerol metabolism in islets
from 8-week-old GK Wistar rats indicated that gly-
cerol phosphate shuttle activity was not impaired in
islets from the diabetic animals. In fact, 2-[*H] glycerol
metabolism was significantly higher in incubations
under basal conditions paralleling the increased rate
of glucose utilisation in the islets. The impaired re-
sponse to glyceraldehyde may alternatively result
from a defect in glycolysis distal to glyceraldehyde 3-
phosphate although given the either high or normal
rates of glucose utilisation reported here and else-
where [10, 21, 23], this seems unlikely. It is more plau-
sible that the failure of glyceraldehyde to stimulate
insulin release in these islets results from a failure of
the triose to enter the glycolytic pathway and hence
metabolism because of an impairment in the function
of the enzyme-triose kinase.

A defect in FAD-linked glycerophosphate dehy-
drogenase has been identified in islets of other models
of diabetes such as rats injected with streptozotocin in
the neonatal period [25] and db/db mice [26]. As this
abnormality appears in several models of diabetes
which result from either distinctive genetic back-
grounds or chemical treatment, it is possible that the
defect is the result of some factor associated with dia-
betes rather than a primary cause. The measurements
made in the present study of glycerol phosphate shut-
tle activity in islets from 8-week-old GK Wistar rats
support this conclusion. Similarly, reduced expression
of GLUT 2 transporters has also been found in islets
from several models of diabetes including rats injected
with streptozotocin as neonates, male Zucker diabetic
(ZDF/Drt-fa[F10]) rats and GK Wistar rats [20, 27,
28]. In the latter case, it was concluded that the reduc-
tion in expression of transporters was of insufficient
magnitude to perturb glucose metabolism and insulin
secretion in the islets [20]. In the present study, the
deterioration in the secretory response to glucose with
age in GK Wistar rats suggests that abnormalities in
islet function develop as a consequence of the pre-
vailing diabetic state which in turn leads to impaired
insulin release. This would then contribute to the in-
creasing hyperglycaemia as indicated by the poorer
glucose tolerance observed in older rats seen here and
previously [9].

In summary, we have characterised the insulin se-
cretory responses of islets isolated from control and
GK Wistar rats aged 8 and 14 weeks. The data show
that in islets of older animals the secretory response to
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glucose 18 impaired with loss of first and second phase
release whereas the responses to other non-nutrient
(arginine) and nutrient (KIC) secretagogues remain
intact. In islets from 8-week-old GK Wistar rats, the
secretory response to glucose was marginally poorer
but not significantly different to that seen in controls
despite the fact that these animals were diabetic. Thus,
the reduced insulin output from perfused pancreata of
8-week-old GK Wistar rats [20] probably results from
reduced pancreatic islet content rather than impaired
secretion of individual islets or the inhibitory effects of
extrapancreatic factors which are lost on islet isolation
[10, 22]. Abnormalities in function were apparent in
islets from 8-week-old animals. These were an im-
paired secretory response to glyceraldehyde and high
rates of glucose utilisation concomitant with unim-
paired glucose oxidation and glycerol phosphate
shuttle activity. The enhanced rate of glucose utilisa-
tion probably reflects increased anaerobic metabo-
lism [10] whereas the defective glyceraldehyde re-
sponse probably reflects impaired entry of the triose
into glycolysis. Our data would suggest that a defect in
the glucose signalling pathway in beta cells is not a
primary cause of the diabetes of GK Wistar rats and
that deterioration of the secretory response is the
consequence of some factor associated with the dia-
betic state.
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