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To gain insight into the mechanisms responsible for the loss of the glucagon response to insulin-induced hypoglycemia in
type 1 diabetes, glucagon responses to 4 different stimuli were examined over 3 months of diabetes in alloxan-treated mice.
At 1, 6, and 12 weeks after alloxan (60 mg/kg), phloridzin (0.1 g/kg) was administered to overnight fasted diabetic mice to
match the glucose levels of those in nondiabetic control mice before administration of the acute stimuli. Despite the elevation
of baseline glucagon levels produced by the phloridzin treatment, the glucagon responses to insulin (2 U/kg intraperitoneally
[IP])-induced hypoglycemia was not impaired at 1 week. However, the response was reduced by greater than 60% after 6 and
12 weeks of diabetes (P < .05). In contrast, the glucagon response to arginine (0.25 g/kg intravenously [IV]) was not reduced
after 1, 6, or 12 weeks of diabetes, ruling out a generalized impairment of the A-cell responses. The glucagon response to the
neuroglucopenic agent, 2-deoxyglucose (2-DG; 500 mg/kg IV) was impaired, like that to insulin-induced hypoglycemia, after
6 and 12 weeks of diabetes (P < .05), suggesting that supersensitivity to the potential inhibitory effects of exogenous insulin
is not the mechanism responsible for the impairment. Finally, the glucagon response to the cholinergic agonist, carbachol
(0.53 wmol/kg IV), was not impaired in the diabetic animals, arguing against a defect in the A-cell's responsiveness to
autonomic stimulation. The data suggest that the impairment of the glucagon response to insulin-induced hypoglycemia in
alloxan diabetic mice is not due to a generalized impairment of A-cell responsiveness, to desensitization by a suppressive
action of insulin, or to impairment of the A-cell response to autonomic stimuli. The remaining mechanisms which are likely
to explain the late loss of the glucagon response to insulin-induced hypoglycemia include (1) a defect in the A-cell recognition
of glucopenic stimuli, or (2) a defect in the autonomic inputs to the A cell that are known to be activated by glucopenic stimuli.
Copyright © 2002 by W.B. Saunders Company

T IS WELL ESTABLISHED that increased glucagon secre-  Although thoroughly testing each possible mechanism is a
tion during acute hypoglycemia is an important factor for Herculean task, it is possible to gain significant insight into the

the restoration of euglycemig It is also established that the plausibility of certain mechanisms by examining the glucagon
glucagon response to insulin-induced hypoglycemia is im-response to different stimuli over time after the onset of dia-
paired in diabete%2 This impairment is of clinical importance, betes. Therefore, we conducted such a study examining the
since defective glucagon secretion increases the risk of severgucagon response to 4 different stimuli in alloxan-diabetic
hypoglycemia during insulin treatment of type 1 diabét&se  mice at different time points after induction of insulin-deficient
glucagon response to insulin-induced hypoglycemia is alsaliabetes. A dose of alloxan was employed (60 mg/kg intrave-
impaired in rodents with experimentally induced diabetes, al-nously [IV]) which induces a stable and permanent diabetes
though the impairment occurs more rapidly than in hunfais. that does not require insulin treatment to prevent ketoacido-

Several mechanisms have been proposed to explain the insis1® This latter point makes it unlikely that any impairment of
paired glucagon response to insulin-induced hypoglycemia irthe glucagon responses observed would be due to hypoglyce-
type 1 diabete$® These possible mechanisms include (1) amia-associated autonomic failure (HAAF), because such prior
generalized impairment of A-cell responses to external stimuli;hypoglycemia usually requires administration of exogenous
(2) a supersensitivity of the A cell to the suppressive effects ofinsulin20.21 Another important factor in the study design was
exogenous insul#®-17% (3) an impairment of the A-cell respon- that the glycemia was normalized in the diabetic mice on the
siveness to autonomic stimuli; (4) impaired activation of theday of each study, before administration of any of the 4
autonomic inputs to the pancrégsand (5) a specific defect in  glucagon stimuli. Thus, the variability in the baseline glucose
the ability of the A celt or the islet8 to recognize and respond levels that could potentially confound the comparisons of the
to glucopenic stimuli. glucagon responses between the diabetic and nondiabetic mice
was eliminated. The treatment used to acutely reverse the
diabetic hyperglycemia was phloridzin. Phloridzin reduces cir-
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on the A cells might be responsible for the impairment of thebound radioactivity was separated by use of an anti-IgG (goat anti-
glucagon response to insulin-induced hypoglycemia, the gluguinea pig) antibody (Linco). Plasma glucose concentrations were
cagon response to another glucopenic stimulus, not associatélgtermined with the glucose oxidase technique.

with markedly increased insulin levels, was examined. This . -

alternative glucopenic stimulus was the glucose analog, 2-de(-:a|CU|';“1tIonS and Stafistics
oxyglucose (2-DG), which produces intracellular glucopenia by Means* SEM are shown. The area under the curve (AUC) above

competing with glucose for membrane transport and intracelbasfe””e glucagon levels from 0 to 60_minutes after in_sglin adminis-

lular phosphorylatio# The resulting central neuroglucopenia tration was calcula_ted by the trape20|d.method. Statistical analyses
activates the autonomic nervous system, thereby increa\singere performed with the SPSS for Windows system (SPSS, Inc,

| n seretion. without lowerina circulatin | n hicago, IL). Statistical comparisons for the change in glucagon levels
glucagon seretion, out lowering circulating glucose Con-y, o,qp, experiment between alloxan-diabetic and control mice were

centrations or, in alloxan-induced diabetes, increasing the ©X5erformed by the use of Student's unpaifetist with Bonferroni's
posure of the A cell to insulin. Finally, to determine if the correction for multiple comparisons.

responsiveness of the A cell to cholinergic stimulation might be

impaired, we examined the glucagon response to the cholin- RESULTS

ergic agonist, carbachol. Baseline Values

MATERIALS AND METHODS Fasting plasma glucose and insulin levels before the first

Animals and Study Design admlms'Fratlon_ of phloridzin or vehicle _and after 4 hour_s qf
) ] ) phloridzin/vehicle treatment are shown in Table 1. Phloridzin
BrFe?sle r::jceROf ther T"%R'nf:ra'; WeDre:r:ti';edtfzom Blc(’mh]f’ltgaafhtreatment reduced circulating glucose levels in alloxan-diabetic
eeding & esearch Lentre, Ry, Jenmark, at 4 Weeks of age. |%ice, resulting in glucose levels similar to those in the nondi-

animals were fed a standard pellet diet and tapwater ad libitum. One beti trol animals at the i f h . t (Table 2
week after arrival, ie, at the age of 5 weeks, animals were injected | etic control animals at the time of each experiment (Table

with alloxan monohydrate (Sigma Chemical Co, St Louis, MO; 60 @nd Fig. 1). Plasma insulin levels were lower in alloxan-
mg/kg); controls were injected with saline. The experiments werediabetic mice than in control mice 1 week after alloxan admin-
performed at 1, 6, and 12 weeks later in conscious animals. Eacfistration, with no progressive reduction in insulin levels over
animal therefore underwent 3 experiments. The animals were nothe 12-week study period.

treated with insulin during the 12 weeks of the study. The study was

approved by the Animal Ethics Committee at Lund University. Insulin-Induced Hypoglycemia

Plasma glucose and glucagon levels immediately before and
) ) ) ~ for 1 hour after IP insulin administration in control and phlo-
Following an overnight fast, a blood sample was rapidly obtained ;j47in_treated alloxan-diabetic animals at 1, 6, or 12 weeks after

from the intraorbital, retrobulbar plexus ata®1. Thereafter, the dia- diabetes induction are illustrated in Fig 1. Plasma glucose
betic animals were injected intraperitoneally (IP) with phloridzin (Sigma; levels were reduced similarly in response to insulin adminis-

0.1 g/kg; dissolved in 10% dimethyl-sulfoxide [DMSQ]); controls were - ) > X i .
given an equal volume of DMSO. The injections were repeatedat 9 tration in control and aIonan-dlapetlc ammalg Wlth a nadllr.of
10Am, and 11am. At noon, ie, 4 hours after the first phloridzin/vehicle @PProximately 1 mmol/L at 30 minutes after insulin adminis-
injection, a new blood sample was taken and the mice were injectedration. In both control and alloxan-diabetic animals, a coun-
with either human insulin (Actrapid, Novo Nordisk, Bagsvaerd, Den- terregulatory glucagon response was induced with a maximal
mark; 2 U/kg IP), the amino acid,-arginine hydrochloride (Sigma; increase observed at either 15 or 30 minutes after insulin
0.25 g/kg 1V), the glucose analog, 2-DG (Sigma; 0.5 g/kg V), or the administration. The hypoglycemia-induced increase in gluca-
cholinergic agonist, carbachol (Sigma; 0.aB10l/kg IV). New blood  gon |evels was not significantly different between control and
samples were then taken after 15, 30, 45, and 60 minutes (insuliyigpetic animals after 1 week of diabetes. However, the in-
experiments) or after 2 minutes (2-DG, arginine, and carbachol expery, o 50 i glucagon levels was smaller in the diabetic animals at
iments). The doses of these agents and the 2-minute time point f

(0] . . . . .
sampling after administration of 2-DG, arginine, or carbachol Were_é or 12 weeks after diabetes induction than in the controls. This

selected to achieve a rapid glucagon response, as shown in previod§ illustrated in Fig 2, which shows t_hg AU_C in the 2 groups at
experiment&-28 (Ahrén, unpublished data). After blood sampling, 1.6, 0r 12 weeks after alloxan administration. The AUC in the

plasma was immediately separated following a centrifugation at 4°cdiabetic animals was not significantly reduced at 1 week after

Experiments

and stored at-20°C until analysis. alloxan administration, but was reduced by 60% after 6 weeks
_ (P = .021) and by 70% after 12 weekB & .008). Thus, the
Analysis A-cell response to insulin-induced hypoglycemia becomes im-

Plasma glucagon was determined radioimmunochemically with thepaired over the course of 12 weeks of alloxan-induced diabetes
use of guinea pig antiglucagon antibodies specific for pancreatic gluin mice.
cagon,*?3-labeled glucagon as tracer, and glucagon standard (Linco
Research, St Charles, MO). Free and bound radioactivity was separatedrginine

by use .Of an anti-lgG (goat anti-guinea pig) ant_|b_ody (L'”C‘?)-, Th.e To determine whether there is a generalized impairment of
sensitivity of the assay is 7.5 pg/mL and the coefficient of variation is

less than 9%. The antibody is specific for pancreatic glucagon andl'\_c,e” f‘%f‘c“on in aIonan-lndchd diabetes or whether there is
exhibits cross-reactivity with gut-derived glucagon molecules of less@" inability of the A cells to elicit a full glucagon response due
than 0.1% (Linco). Plasma insulin was determined by radioimmuno-t0 the elevated baseline glucagon levels, we also examined the
assay with the use of a guinea pig anti-rat insulin antibdti-labeled  glucagon responses to the amino acidyginine. The glucagon
porcine insulin as tracer, and rat insulin as standard (Linco). Free andesponses to arginine at 1, 6, and 12 weeks after diabetes
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Table 1. Plasma Glucose and Insulin Levels After an Overnight Fast and After an Additional 4-Hour Treatment of Control Animals With
Vehicle or of Alloxan (60 mg/kg IV)-Diabetic Animals With Phloridzin

1 Week 6 Weeks 12 Weeks
Controls Alloxan-Diabetes Controls Alloxan-Diabetes Controls Alloxan-Diabetes

No. of animals 44 44 44 42 38 36
Fasting glucose (mmol/L) 48 0.3 15.7 = 1.3* 39+04 126 + 1.4 4.0+ 0.3 14.6 + 1.7*
Fasting insulin (pmol/L) 152 + 32 36 = 5% 146 =7 32 + 3% 114 = 11 38 + 6*
Post vehicle (controls) or

phloridzin (diabetics)

glucose (mmol/L) 3.5 +0.2 3.6 £ 0.2 (NS) 3.5+ 0.3 3.3 + 0.4 (NS) 3.8+0.3 3.7 £ 0.4 (NS)
Post vehicle (controls) or

phloridzin (diabetics)

glucagon (pg/mL) 51+3 245 + 30* 52 +5 586 + 93* 53+ 4 696 = 101*

NOTE. Means = SEM are shown.
Abbreviation: NS, not significant.
*Probability level of random difference between groups, P < .001.

induction in the mice are shown in Fig 3. There was noanimals P = .026 and® = .022, respectively). 2-DG increased
difference in the glucagon response to arginine between nonplasma insulin levels in controls, but not in alloxan-diabetic
diabetic and alloxan diabetic mice at any of the time pointsmice (Table 2). Therefore, the glucagon response to 2-DG was
studied. Therefore, there is no generalized impairment of A-celimpaired at 6 to 12 weeks after induction of diabetes by
function in alloxan-induced diabetes. Arginine increasedalloxan, like that to insulin-induced hypoglycemia.

plasma insulin levels in controls but not in alloxan-diabetic

mice (Table 2). Carbachol

Both insulin-induced hypoglycemia and 2-DG—induced neu-

2-DG roglucopenia are known to activate the parasympathetic nerves

Since the impairment of the glucagon response to insulininnervating the pancreas, and to stimulate glucagon secretion
induced hypoglycemia in diabetes may be due to supersensby an atropine-sensitive mechani8@?. To examine whether
tivity of the A cell to the suppressive effect of insulin, we the impairment of 2-DG—induced glucagon secretion in alloxan-
examined whether the glucagon response to another glucopendtiabetic mice might be due to an impairment of the A cells
stimulus is also impaired. We thus administered the glucoseesponse to cholinergic activation, we administered the cholin-
analog, 2-DG, to the mice, since the stimulation of glucagonergic agonist, carbachol, at 1, 6, and 12 weeks after diabetes
secretion by 2-DG is achieved in the alloxan-diabetic animalsnduction. As is seen in Fig 5, the glucagon response to carba-
without any concomitant increase in circulating insulin. Figure chol was larger in alloxan-diabetic animals when compared
4 shows the 2-DG—-induced glucagon response at 1, 6, and 1®ith the controls after 1, 6, or 12 weeks after diabetes (®5
weeks after alloxan or saline. At 1 week, the glucagon responser less). Carbachol increased plasma insulin levels in controls
to 2-DG did not differ between the diabetic and control ani- but not in alloxan-diabetic mice (Table 2). Therefore, the
mals, whereas after 6 or 12 weeks, the 2-DG-induced glucagoresponsiveness of the A cells to cholinergic activation is not
response was impaired by approximately 60% in the diabeticeduced in alloxan-induced diabetes.

Table 2. Plasma Glucose Levels After an Overnight Fast Before and After IV Administration of 2-DG (0.5 g/kg), Arginine (0.25 g/kg), or
Carbachol (0.53 umol/kg), and the Insulin Response to 2-DG, Arginine or Carbachol

1 Week 6 Weeks 12 Weeks
Controls Alloxan-Diabetes Controls Alloxan-Diabetes Controls Alloxan-Diabetes

Glucose (mmol/L)

Before 2-DG 3.3+0.2 4.2 +0.3 3.6 +1.0 35+1.0 41 +04 3.5+0.6

Before arginine 41 +0.2 4.0 0.8 3.5+ 0.1 25*+0.3 41+0.3 3.7+0.8

After arginine 7.6 04 6.9 1.1 6.9 £ 0.7 27+04 54+04 4.2 0.9

Before carbachol 41 +0.3 3.3+0.3 41x04 3.6 0.7 45 + 0.2 46 +1.5

After carbachol 7.6 +0.6 5.5+ 0.7 6.8 = 0.6 46 +1.2 55+ 0.5 46 +1.2
Insulin response (pmol/L)

2-DG 277 = 96 45 = 17 169 = 74 19 + 15 371 =60 29 + 23

Arginine 338 = 85 83 = 32 258 =76 22+8 584 + 154 99 + 81

Carbachol 330 = 121 133 £ 90 396 + 120 27 £10 318 £ 130 27 £17

NOTE. Experiments were performed after 4-hour treatment of control animals with vehicle and of alloxan (60 mg/kg 1V)-diabetic animals with
phloridzin to match glucose levels. Glucose levels after 2-DG are not interpretable because 2-DG partially crossreacts with glucose oxidase in the
glucose assay. Means = SEM are shown. There were 8 to 12 animals in each group.
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Fig 1. Plasma levels of glu-
cose and glucagon before and
after IP administration of insulin
(2 U/kg) to overnight fasted con-
trol and alloxan-diabetic mice at
1, 6, or 12 weeks after adminis-
tration of alloxan (60 mg/kg). Al-
loxan-diabetic animals had been
treated with phloridzin 4 hours
before the experiments, to match
glucose levels at the time of insu-
lin administration. Means = SEM
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are shown. There were 10-12 0 | ‘
animals in each group. Asterisks 0= !
indicate the probability level of 0 15 30 45 60 0 15 30 45 60
random difference between the Ti ( inut )
groups at the indicated time pe- ime (minutes : ;
riods. *P < .05; **P < .01. Tlme (mInUtes)
DISCUSSION pairment. Since these glucagon responses are influenced by the

In this study we used the alloxan diabetic mouse to examind@seline glucose levels present before the acute stitfhiag,
the time-course of the impairment of the glucagon response téS important to match the glucose levels when comparing
insulin-induced hypoglycemia after the induction of diabetes.glucagon response between diabetic and nondiabetic animals.
In addition, glucagon responses to other stimuli were examinedn this study, glucose concentrations were matched by admin-
to gain insight into the mechanism(s) responsible for this im-istering phloridzin to the alloxan-diabetic mice. After acutely
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(4]
o
),

betes of various durations, although the development of the
impairment appears to occur more rapidly in rodents than in
humans.
Several mechanisms have been proposed to account for the
impairment of the glucagon response to insulin-induced hypo-
T glycemia in type 1 diabetes, including (1) a generalized im-
pairment of A-cell function, (2) a supersensitivity of the A cell
to the suppressive effect of exogenous insulin, (3) an impaired
A-cell responsiveness to autonomic stimulation, (4) an impair-
*% ment of A-cell responsiveness to glucopenic stimulation and
(5) an impaired activation of the autonomic inputs to sheell
during glucopeni&:15-18
To test for a generalized impairment of A-cell function, we
administered the amino acid;arginine. We found that the
glucagon response to arginine in nondiabetic control animals
was not different than that found in alloxan-diabetic mice,
regardless of the duration of diabetes. Therefore, in this study
mmm Alloxan diabetes alloxan-induced diabetes does not appear to be associated with
1 Controls a generalized defect in A-cell responsiveness. This finding is
similar to that found in human diabetes mellitus of long dura-
ftFig |2\} _Thel_‘io'("z‘i':lu/tke f;"_ea u"de'_ﬂ:‘i slfluia%on cut“": (Al;Cg-I-;Cagon) tion: type 1 diabetic patients have a severe impairment of their
e o oo o slover s 0lucagon response to nsuiin-induced hypoglycemia yet retan a
normal glucagon response to arginl&hus, alloxan-diabetic

mg/kg). Alloxan-diabetic animals had been treated with phloridzin ’ - - .
before the experiments, to match glucose levels at the time of insulin mice model a major feature of glucagon secretion seen in

administration. Means = SEM are shown. There were 10 animals in human type 1 diabetes.
each group. Asterisks indicate the probability level of random differ- Another form of generalized impairment could possibly be
ence between the groups. *P < .05, **P < .01. .
caused by the elevated baseline glucagon levels seen after
phloridzin treatment of alloxan-diabetic mice. This basal hy-
perglucagonemia may be caused by increased number of glu-
normalizing the baseline glucose levels with phloridzin injec- cagon cells, which has been demonstrated in alloxan-diabetic
tions, insulin produced a marked degree of hypoglycemia ( mice33 insulin deficiency, or the reduction in glucose induced
mmol/L), which was equivalent in control and alloxan diabetic by phloridzin. High glucagon levels have also been reported in
animals. The hypoglycemia in turn induced an increase instreptozotocin-diabetic rags.Thus it is possible that the high
circulating glucagon concentrations in both the diabetic and théaseline levels, particularly those seen after 12 weeks of dia-
nondiabetic animals, which was maximal at 15 to 30 minutesbetes, might have limited the magnitude of the calculated
after insulin administration. To compare the glucagon re-
sponses between different groups at different times, we calcu-
lated the net increase in glucagon levels by subtracting the 800 -
basal levels from the stimulated levels in each individual mmmm Alloxan diabetes
mouse. The conclusions are therefore based on the assumptiea 1 Controls
that the increment over baseline concentrations is the appropri§
ate index of the glucagon response to hypoglycemia and a@
important determinant of counterregulatory response, even3

when basal glucagon levels are elevated. However, since ouf

study was focused on glucagon secretion, we did not follow theg 400 |

entire glucose counterregulatory response. Therefore, this study

does not allow conclusions about the physiological action of 8, .

the glucagon response in diabetic versus control mice. Thed 200 { T i ﬂ

T—«

N w
(=] o
I

AUC Glucagon (ng/ml x 60 min)
>

o
L

1 week 6 weeks 12 weeks

600 +

study does show that while the glucagon response to insulin%
induced hypoglycemia was not different between the 2 groups

after 1 week of diabetes, there was an approximately 60% 0
reduction of this glucagon response after either 6 or 12 weeks

of diabetes. This result agrees with a previous longitudinal

study in streptozotocin-diabetic rats showing a normal gluca- Fig3. Increase in plasma glucagon 2 minutes after IV administra-
gon response to hypoglycemia after 1 week of diabetes, but &on of arginine (0.25 g/kg) in overnight fasted control and alloxan-
substantial impairment of the g|ucagon response after 6 Weekgiabetic mice at 1, 6, and 12 weeks after administration of alloxan (60

of diabetes? Similarly, in cross-sectional studies, impaired mg/kg). AIonan-.dlabetlc animals had been treated with phlt_)rldzm
before the experiments, to match the glucose levels at the time of

glucagon responses to insulin-induced hypoglycemia have alS@ginine administration. Means + SEM are shown. There were 8-10
been reported in huma#f$, dogs3! and rat813.14.32after dia- animals in each group.

1 week 6 weeks 12 weeks
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800 - mmmm Alloxan Diabetes One possible mechanism that cannot be ruled out by the
—— Controls present studies is an impairment of the A cell’s ability to
respond to direct glucopenic stimulation. Such a mechanism is
consistent with our finding of an impaired glucagon response to
600 - S I .
i I i the 2 glucopenic stimuli, insulin-induced hypoglycemia and
— 2-DG, at 6 and 12 weeks of diabetes, as well as unimpaired
glucagon responses to the nonglucopenic stimuli, arginine and
o carbachol. However, our previous studies have shown that
ganglionic blockade nearly eliminated the glucagon response to
insulin-induced hypoglycemia in normal migg,suggesting
200 - that the direct glucopenic stimulation of the A cell produces
~ only a minor increase of glucagon secretion. It is therefore
unlikely that the impairment of the ability of the A cell to
0 respond to direct glucopenic stimulation is responsible for the
marked impairment of the glucagon response to insulin-in-
1 week 6 weeks 12 weeks duced hypoglycemia observed in diabetes.
) . . o A defective glucagon response to insulin-induced hypogly-
Fig 4. Increase in plasma glucagon 10 minutes after IV adminis- o i iy diabetes might also be explained by disturbed islet
tration of 2-DG (0.5 g/kg) in overnight fasted control and alloxan- ) ) T )
diabetic mice at 1, 6, and 12 weeks after administration of alloxan (60 cell-cell interactions® Thus, if inhibition of endOgenous n-
mg/kg). Alloxan-diabetic animals had been treated with phloridzin sulin secretion after administration of exogenous insulin is a
before the experiments, to match glucose levels at the time of 2-DG stimulus for glucagon secretion, then alloxan-induced destruc-
_adr!'linistration. Ther?.were 10-12 animals in_ each group. Asterisks tion of the islet B cells could impair the g|ucagon response to
indicate the probability level of random difference between the . L . . .
groups. **P < .01. insulin-induced hypoglycemia. However, a previous study in
humans has shown that prior marked suppression of endoge-
nous insulin secretion does not potentiate the glucagon re-
glucagon response to acute stimulation, if the glucagon peakponse to hypoglycemi&, which argues against a major role
reached the maximal glucagon level obtainable. Howeverfor inhibition of endogenous insulin secretion.
since the absolute peak glucagon levels were higher after Further, since 2-DG stimulates insulin secretion in nondia-
arginine (or carbachol) than after insulin (or 2-DG) and sincebetic mice, suppression of endogenous insulin cannot play a
the baseline glucagon levels were similar before these acutsignificant role in the glucagon response to this glucopenic
stimuli, then the calculated glucagon response to insulin-in-stimulus; therefore defects in B-/A-cell interactions in the al-
duced hypoglycemia does not seem to be limited by the eleloxan-diabetic mice cannot explain its impairment. Another
vated baseline glucagon levels observed at 12 weeks of diggotential mechanism for the reduction of the glucagon response
betes.
The second possible mechanism for the impairment of the

400 ~

*%k

Glucagon response (pg/mi)

glucagon response to insulin-induced hypoglycemia is the de- 800 - s Alloxan diabetes
velopment of A-cell supersensitivity to the suppressive effects —— Controls

of exogenous insulin. We therefore examined the glucagon’g

response tc_) a gluco_pemc agent, 2-DG,_Wh|c_h do_es no_t |ncreas§_7 600 - " *

the circulating insulin level in alloxan-diabetic mice. Since we o *

found that the glucagon response to 2-DG was also impaired ag
6 and 12 weeks of diabetes we suggest that neither impairmeng. 400 |
is due to supersensitivity of the A cell to the suppressive action§
of exogenous insulin.

To test the possibility that the impaired glucagon responsey
to insulin-induced hypoglycemia in the alloxan-diabetic mice S
might be caused by loss of sensitivity to direct stimulation by ©
autonomic inputs, we administered the cholinergic agonist,
carbachol. Carbachol is a potent agent stimulating glucagon
secretion in mice through activation of muscarinic receptors: 1 week 6 weeks 12 weeks
carbachol-stimulated glucagon secretion in mice is prevented
by muscarinic antagonisft:25:26.35Surprisingly, we found that ] Fig 5. Increa?se in.plasm? glucagon 2 minutes after IV.adminis.tra-

. . . tion of the cholinergic agonist, carbachol (0.53 umol/kg) in overnight
carbachol-stimulated glucagon secretion was auQmented n th'l‘%sted control and alloxan-diabetic mice at 1, 6, and 12 weeks after
particular species and duration of diabetes, suggesting supesdministration of alloxan (60 mg/kg). Alloxan-diabetic animals had
sensitivity to, rather than impairment of, direct cholinergic been treated with phloridzin before the experiments, to match the
stimulation of the A cell in these animals. These data argu('glucose levels at the time of ca.rbach?l administration. M.eans_ :.SEM
against an mpaired responsiveness of the A cel 1o autonomif 2 T e 0 Smal et e A e
stimulation as a cause of the |mpa|red glucagon response tQetween the different time period within the groups; *P < .05,
insulin-induced hypoglycemia. **p < 01.

on

200 +
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to neuroglucopenic stimuli is an impairment in the activation of potential autonomic mechanism. Unfortunately, the limited
the autonomic inputs to the A cell. Indeed, in nondiabetic mice,blood volume of these mice precluded such measurements. The
activation of the autonomic inputs to the A cell has beenonly evidence in the present study for an autonomic impairment
demonstrated to be the major mediator of the glucagon reis very indirect: the glucagon response to carbachol is exag-
sponse to both insulin-induced hypoglycemia and 2-DG—in-gerated in diabetic. This impairment could be secondary to islet
duced glucopenia since blockade of the ganglionic transmissioparasympathetic denervation. Thus, although the known auto-
involved in these autonomic pathways abolishes 90% of theseomic mediation of the glucagon response to insulin-induced
responsed® Thus it remains possible that 6 to 12 weeks of hypoglycemia and 2-DG in nondiabetic mice coupled with the
diabetes can impair the autonomic activation normally elicitedparallel reduction in the glucagon response to these same
by either insulin-induced hypoglycemia or 2-DG resulting in stimuli with increasing duration of diabetes in alloxan treated
the impaired glucagon response to each. Support for this hymice suggests that an autonomic impairment might mediate the
pothesis is provided by earlier studies in streptozotocin treatedmpaired glucagon response to insulin-induced hypoglycemia;
rats which demonstrated a parallel reduction in the autonomidurther studies are needed to definitely implicate this as the
activation and the glucagon response to insulin-induced hypodominant mechanism response for the loss of the A-cell re-
glycemia with increasing duration of diabet@s3 Measure-  sponse.

ments of plasma epinephrine, as an index of the sympathoad-

renal response, and plasma pancreatic polypeptide, as an index ACKNOWLEDGMENT

of the pancreatic parasympathetic respciisi, the present The authors are grateful to Lilian Bengtsson, Ulrika Gustavsson, and
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