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Summary. Glucose tolerance and insulin secretion were stud-
ied in non-diabetic littermates (n = 154) of BB diabetic rats,
aged 4-6 months. Initial screening involved two intraperito-
neal glucose tolerance tests (0.2g/100g body weight) per-
formed one week apart. Nineteen rats (12%) were found to
have impaired tolerance which persisted in 14 (74%) (group 1)
and was transient in five animals (group 2). Seven rats pro-
gressed to overt diabetes in group1, but none in group 2.
Group 1 was characterized by (a) sustained abnormalities in
glucose response to oral and intraperitoneal glucose, as well
as intraperitoneal tolbutamide and arginine; (b) fasting hypo-
insulinaemia; (c) decreased insulin response to glucose and
tolbutamide; (d) suppression of the early and late phases of

immunoreactive insulin response to intravenous glucose; (e)
no systematic abnormalities in glucagon secretion; and (f) the
presence of significant insulitis. The group 2 rats had (a) nor-
mal glycaemic response to oral and intraperitoneal glucose,
tolbutamide and arginine on further testing; (b) normal fast-
ing insulin but excessive insulin response to glucose and tol-
butamide, but not to arginine, and (c) mainly normal islet
morphology. Thus, impaired glucose tolerance may occur in
BB rats with either hypoinsulinaemia or hyperinsulinaemia.
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The spontaneously diabetic BB Wistar rat displays a
diabetic syndrome akin to that of human insulin-de-
pendent diabetes [1-5]. Typically, an extensive insulitis
causes almost total destruction of pancreatic B cells, re-
sulting in insulin deficiency and its expected metabolic
consequences. Genetic and immune factors have been
implicated in the aetiology of the islet lesion [reviewed
in 5]. Earlier stages and/or milder degrees of the same
process are demonstrable in BB rats without total insu-
lin lack [3-5]). Thus, rats with sustained impairment of
intragastric or intraperitoneal glucose tolerance are
found, as well as some with transient glycosuria. A peri-
od of impaired glucose tolerance (IGT) may precede in-
sulin-dependent diabetes, and may be associated with
increased, normal or decreased insulin responses to glu-
cose stimulation [2, 4, 5]. The frequency of IGT appears
to vary from 10 to 25% in individual litters.

The present study was designed to evaluate the time
course of IGT, to define whether this state may be tran-
sient, sustained indefinitely, or a stage in the develop-
ment of overt diabetes. To determine the nature of pos-
sible defects in control of insulin and glucagon release,
we used repeated intragastric and intraperitoneal glu-
cose, and intraperitoneal arginine and tolbutamide
challenges. Furthermore, to detail whether the defects
found were specific to early versus later phases of secre-
tion, we used a pancreas preparation in situ employing
portal vein catheterization.
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Materials and Methods

One hundred and fifty-four BB rats from 35 litters (114 males and 40
females), aged 4-6 months, were obtained from Dr. A.A.Like (De-
partment of Pathology, University of Massachusetts, Worcester, Mas-
sachusetts, USA) and from Dr. P.Thibert (Animal Resources Divi-
sion, Health Protection Branch, Ottawa, Ontario, Canada). These rats
were the ‘non-diabetic’ members of litters which had produced over-
tly diabetic rats (average incidence 22 * 6%). The rats were housed
under light and climate-controlled conditions and fed powdered Puri-
na lab chow (Ralston-Purina, Woodstock, Ontario, Canada) and wa-
ter ad libitum.

All rats were screened initially using two IP glucose tolerance tests
(0.2 g/100 g body weight) performed one week apart in the morning
and following an 18-20 h fast. Blood samples were obtained from the
tail vein without anaesthesia before and 1h after glucose injection.
More detailed studies were then performed on rats that showed two
consecutive abnormal IP glucose tolerance tests (1-h glucose value
> 14 mmol/1). These animals were further challenged with glucose
administered either by gavage (oral glucose tolerance test, 0.25g/
100 g body weight) or IP (0.2 g/100 g body weight); with IP sodium
tolbutamide (10 mg/100 g body weight); and with IP arginine mono-
hydrochloride (210 mg/100 g body weight, pH 7.4). The glucose and
arginine challenges were performed on the morning after an over-
night fast (18-20h) and the totbutamide test after a 6-h fast from
09.00-15.00 h.

Blood was sampled from the orbital sinus under light ether
anaesthesia and the plasma assayed for glucose, immunoreactive in-
sulin (IRI) and immunoreactive glucagon. A 7-10 day recovery inter-
val was introduced between tests. Littermates of the rats found to dis-
play IGT, that had shown two normal consecutive IP glucose toler-
ance tests during the screening tests were used as controls. Finally, 12
rats (six with IGT, six controls) were studied further for islet hormone
secretion with an in vivo method which we have designated the ‘in situ
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Fig.1. Mean plasma glucose, insulin (IRI) and glucagon responses
(upper panel) during oral glucose tolerance tests (0.25g/100 g body
weight) and (lower panel) IP glucose tolerance tests (0.2 g/100 g body
weight), in control (@—®, n = 16), group 1 (@®---@, n = 13) and
group2 (@ --- @, n = 5) rats with impaired glucose tolerance.
Large circles denote the values in groups 1 and 2 that are significantly
different from the corresponding values in the control group (p <
0.05). Values are shown as mean + SEM
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Fig.2. Mean plasma glucose, insulin (IRI) and glucagon responses
(upper panel) to IP sodium tolbutamide (10 mg/100 g body weight),
and (lower panel) to arginine hydrochloride (210 mg/100g body
weight) in control (@—@®, n = 14) and group 1 (@---@, n = 12)
and group2 (@ - - - - @, n = 5) rats with impaired glucose tolerance.
Data are presented as in Figure 1
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pancreas preparation’. This method has been employed previously [6].
Briefly, under pentothal anaesthesia, catheters were introduced into
the jugular vein and portal vein. The latter followed removal of all the
small and large intestine from the level of the ligament of Treitz to the
rectum. This allowed for collection of portal blood draining only
stomach, spleen, proximal small intestine, and pancreas. The ab-
domen was closed, body temperature maintained constant at 37 °C by
a warming device, and the rat allowed to breathe oxygen-enriched air
spontaneously. Arterial pH and PaCO, were shown to be adequately
maintained in this manner. Blood volume was replaced quantitatively
after each sampling using blood from a normal rat donor. Catheter
placement was verified at the end of each experiment. After a control
period of 20 min for stabilization following the surgical preparation,
an IV glucose bolus (1 g/kg body weight) was administered into the
jugular vein followed by frequent blood sampling for a period of
60 min. A priming bolus of arginine-hydrochloride (312.5 pmol) was
then administered followed by a constant infusion of 62.5 umol/min
over 15 min, with blood sampling for a further period of 60 min.

At sacrifice, the pancreas of each animal was removed immediate-
ly and fixed in Bouin’s solution. For light microscopic examination,
paraffin-embedded sections were stained with haematoxylin and eo-
sin and with glutaraldehyde/fuchsin.

Plasma glucose was estimated using the glucose oxidase method
of the Beckman Glucose Analyzer II (Model 6517, Beckman Instru-
ments, Fullerton, California, USA). IRI was estimated by a single-
antibody, charcoal-separation method, using rat insulin standard [1,
2]. This assay is sensitive to a lower level of 2.5 mU/1, and has a coeffi-
cient of variation of 5%. Immunoreactive glucagon was estimated in
plasma containing aprotinin (Trasylol, Miles Pharmaceuticals, Rex-
dale, Ontario, Canada) using Unger 30K antiserum [1, 2}. Infused glu-
cose was a commercial 50% dextrose in water preparation whose con-
centration was verified. Arginine hydrochloride was obtained from
Sigma Chemicals, St. Louis, Missouri, USA, and sodium tolbutamide
solution from Hoechst Pharmaceuticals, Montreal, Quebec, Canada.

Unless otherwise indicated all values are expressed as mean =+
SEM.

Results

Frequency of Impaired Glucose Tolerance

Of the 154 rats studied, 19 rats (12%) were considered to
have IGT with normal fasting glucose values (5.17 =+
0.11 mmol/1) but abnormal post-challenge values of
20.7 + 1.0 and 17.9 + 1.3 mmol/1 during the two con-
secutive screening IP glucose tolerance tests (normal:
10.4 = 1.1 mmol/1). These post-challenge values were
greater than two standard deviations above the mean
normal values. With further testing, the IGT rats fell in-
to two groups. In rats designated group 1 (n = 14, eight
males and six females), the animals continued to exhibit
hyperglycaemic responses to the subsequent challenge
tests reported below. In those designated group 2 (n =
5, all males), the glucose responses reverted to normal.
In group 1, seven of the 14 rats progressed to overt dia-
betes within 1-20 weeks after the commencement of the
study. None of the group 2 animals or those designated
as control littermates, became diabetic. Weights of all
IGT animals were not distinguishable from those of lit-
termate controls, except upon later occurrence of overt
diabetes.

Oral Glucose Tolerance Test (Fig 1)

In group 1, fasting plasma glucose was normal but rose
to significantly higher than control levels at 60 and
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Fig.3. Portal vein plasma glucose, insulin and glucagon responses of
control (@ - - - - @, n = 6) and group 1 rats (@—@, n = 4) with im-
paired glucose tolerance to an IV bolus of glucose (1g/kg body
weight). Hormone responses are presented as a percentage increment
above control values. Large circles denote values significantly differ-
ent between control and group 1 rats (p < 0.05)

120 min (p < 0.05). Unexpectedly, fasting plasma IRI
was significantly lower (p < 0.05) but post-challenge
values rose to within the normal range. In group 2, the
glucose response was normal. Mean plasma IRI at
60 min was somewhat higher though not significantly so
(with very high values in some individual rats) but with-
in the normal range at 120 min. Fasting plasma gluca-
gon was normal in both IGT groups, and glucose chal-
lenge caused no variation in any of the rats.

Intraperitoneal Glucose Tolerance Test (Fig 1)

In group 1, the post-glucose hyperglycaemia was con-
siderably greater at both 60 and 120 min than with the
oral challenge. Again plasma IRI was significantly low-
er than in control rats at time 0, but in this case it re-
mained lower at 60 min. In group 2, although the glu-
cose levels were not different from those of the control
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rats, the plasma IRI values at 60 min were threefold
higher. Immunoreactive glucagon was again similar in
all groups and showed no post-glucose response.

Intraperitoneal Tolbutamide Test (Fig 2)

The normal rats responded with a fall in glucose levels
and a rise in IRI at 30 min. Surprisingly in group 1, gly-
caemia increased progressively after tolbutamide ad-
ministration to 10.3 + 0.9 and 14.9 + 1.4 mmol/1 at 30
and 60 min, respectively. Plasma IRI, both fasting and
post-challenge, was significantly lower than control lev-
els. Immunoreactive glucagon showed no response in
either normal or group1 rats. In group 2, mean gly-
caemia decreased normally to 4.9 mmol/1 at 30 min, but
as with the 1P glucose tolerance tests plasma IRI levels
were significantly higher than in control rats. Immuno-
reactive glucagon in group 2 showed a small but non-
significant upward trend. The higher fasting IRT values
observed for all the rats in this test is due to the length of
the fasting period before sampling being only 6 h.

Intraperitoneal Arginine-HCl Test (Fig 2)

The normal rats showed a progressive increase in gly-
caemia, and a transient IRI response at 30 min. Both
fasting and post-challenge glucose values in group1
were significantly higher than in the control rats (p <
0.001). In contrast to the previous challenges, plasma
IRI responded in a similar manner to the controls. The
greater glycaemic rise was associated with plasma glu-
cagon increments which showed no differences be-
tween controls and group 1. In group 2, the responses of
glucose, IRI and glucagon were similar to those of the
controls.

Dynamics of Insulin and Glucagon Secretion
(Figs 3 and 4)

Hormone responses are presented as percentage incre-
ment over control values because the ‘in situ pancreas
preparation’ shows considerable inter-individual varia-
tion in absolute values both before and following chal-
lenges. After an IV glucose bolus (Fig 3), glucose disap-
pearance was significantly reduced in the group 1 rats
with mean K, of 2.12 & 0.74%/min compared with 5.30
+ 0.72%/min in control rats (p < 0.05). From a mean
pre-infusion IR value of 137.2 £ 58.2 mU/ml, the con-
trol rats showed a typical biphasic response with a peak
increment of 1000 + 370% during the early phase and
690 + 149% during the plateau of the late phase. In
group 1 rats, the pre-glucose insulin value was 395
162mU/1 and a markedly attenuated response to glu-
cose was found during both phases of secretion. The
glucagon response was similar in both groups. From
comparable mean pre-infusion values (controls: 1.47 +
0.19 ng/ml, group1: 2.84 + 1.04 ng/ml), it decreased
transiently during the first 20min by 50% in both
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Fig.4. Portal vein plasma glucose, insulin and glucagon responses of
control (@ - - - - @, n = 6) and group 1 rats (@—@, n = 4) with im-
paired glucose tolerance to a 15 min primed IV infusion of arginine
hydrochloride. Data are presented as in Figure 3

groups. In the control rats, a significant rebound above
pre-glucose values was observed between 45 and 60 min
(p < 0.05); this was not seen in the group 1 rats. Two
rats from group 2 were studied in this manner. Although
their K, values were abnormal (2.66 and 2.77%/min),
the insulin response was excessive in one and within the
normal range in the other (data not shown).

During arginine infuston (Fig 4), the glucose values
did not change in either control or group1 rats. In
group 1, the pre-infusion values appeared somewhat
higher, possibly reflecting the residual hyperglyceamia
from the preceding IV glucose bolus given 60 min ear-
lier. Insulin levels were comparable before the infu-
sion (control: 132.8 + 49.2mU/l, group1: 177.0
90.2mU/1). Although the group1 response appeared
delayed and somewhat diminished, these differences
were not significant. A distinct early phase response
was not observed. Immunoreactive glucagon values
showed a biphasic response, which was similar in both
groups, though with a delayed early peak in group 1.
The mean pre-infusion values were 1.71 = 0.30 and
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2.64 = 1.73 ng/ml for control and group 2 rats, respec-
tively. In the two group 2 rats, the insulin response was
analogous to that during the IV glucose tolerance test,
being excessive in the same rat and normal in the other.
Glucagon response was normal (data not shown).

Pancreatic Morphology

The pancreases of rats from group 1 were all abnormal.
Of the 11 rats studied, four had developed insulin-de-
pendent diabetes and showed only ‘end stage’ islets:
small and few in number, most with no residual inflam-
matory cells, and with few or no cells staining with glu-
taraldehyde/fuchsin. All seven rats which remained
glucose intolerant showed active insulitis, of variable in-
tensity. In all pancreases positive glutaraldehyde/fuch-
sin-staining cells were found, but either with an appar-
ent reduction in numbers in all islets, or with some islets
completely spared and others completely negative. In
group 2, of the three pancreases available for study, two
were normal and the third showed a mixed picture with
most islets normal but some displaying moderate
mononuclear cell infiltration. Islets from 12 control rats
were all normal.

Discussion

Based upon earlier characterizations of this diabetic
syndrome [1-3, 7, 8], the islet lesion presents with vary-
ing degrees of severity and differing time-courses [4, 5].
An immunological disorder in genetically susceptible
animals is associated with insulitis which may be over-
whelming and destroy virtually all B cells, severe but
transient, or with variable sparing of islets or regenera-
tion of affected ones. All variants of the metabolic de-
rangement and islet lesion have been described [1-5],
but control of hormone secretion corresponding to each
has not been hitherto detailed. In the overt diabetic
state, essentially no insulin response to glucose, tolbuta-
mide or arginine is found [1, 3].

The present study emphasizes (a) the frequency with
which IGT may be found, (b) the need to test for it
among littermates of rats with insulin-dependent dia-
betes in order to establish the true frequency of the
phenotype(s), and (c¢) that many rats with IGT progress
to insulin-dependent diabetes. These findings, in addi-
tion to our recent observations on the prevalence of
lymphopenia in all clinical forms and its possible utility
as a marker for susceptibility [9, 10], demonstrate that
compelling genetic studies will require more than rou-
tine testing for glycosuria and hyperglycaemia. Such
lymphopenia has been confirmed by others [11].

In addition, this study has demonstrated several fea-
tures of hormone secretion in IGT. The group1 IGT
rats showed (a) sustained abnormality of glucose toler-
ance, [P and orally (b) paradoxical hyperglycaemic re-
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sponse to tolbutamide, (c¢) fasting hypoinsulinaemia
and subnormal IRI response to glucose and tolbuta-
mide, (d) exaggerated glycaemic response to IP argi-
nine, with concurrent normal IRI response, (¢) attenua-
tion of both early and late phases of IRI response to in-
travenous glucose, (f) only slight decrease in IRI re-
sponse to arginine, (g) no systematic abnormality in glu-
cagon secretion, and (h) all showed significant insulitis.

Many of the foregoing results in group 1 could be
explained by the islet lesion destroying a sufficient pro-
portion of B cells to result in decreased total secretory
capacity. The fasting euglycaemia in the face of de-
creased IRI implies increased insulin sensitivity [12]. An
alternate hypothesis would be that the total secretory
capacity is decreased by virtue of altered function of B
cells, but with a larger number of surviving cells. The
only exception to the general insulin secretory failure
appears to be in the responses to arginine. In both in-
traperitoneal and intravenous arginine studies, how-
ever, higher glycaemic values prevailed. Interaction of
hyperglycaemia with arginine [13] or potentiation of the
response to arginine by concurrent hyperglycaemia [14]
cannot be excluded. Similar findings have been report-
ed in perfused pancreases of rats given streptozotocin in
the neonatal period then studied several weeks later
[15].

In contrast to the IGT rats of group1, those of
group 2 showed (a) normal glycaemic responses to glu-
cose, tolbutamide and arginine, and (b) normal fasting
IRI, but excessive insulin responses to glucose and tol-
butamide, but not to arginine. The islets in three pan-
creases showed no gross alterations, suggesting that al-
tered pancreatic function in this group of rats may be
due either to the presence of abnormal molecular forms
of insulin and/or abnormal regulation of its secretion.

This study has identified types and/or stages of the
syndrome other than overt diabetes. With the possibility
of identification of susceptible rats by the presence of
lymphopenia [9-11], and their testing for IGT, very pre-
cise evaluation of, and correlation between, structural
and functional abnormalities is now possible. In the
past, sequential testing of relatives of diabetic patients
has not given conclusive evidence for insulin secretory
or glucoregulatory abnormalities before the occurrence
of diabetes [16, 17]. However, more recently, Hollander
et al. have shown that HLA-identical siblings of chil-
dren with Type 1 diabetes show both glucose intoler-
ance and hyperinsulinaemia [18]. These findings give
added relevance to the detailed pursuit of mechanisms
of abnormalities seen in the BB rat.
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