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Glucagon secretion from pancreatic ~ cells is inhibited by insulin from 13 cells. Amylin is a partner hormone to insulin 
cosecreted in response to nutrient stimuli, which, like insulin, inhibits I~-cell secretion. We investigated whether amylin also 
inhibits s-cell secretion of glucagon in response to infused L-arginine. Rat amylin (1.2, 3.6, 12, 36, or 120 pmol/kg/min; 
calculated plasma concentration, 13, 47, 195, 713, and 2,950 pmol/L, respectively; n = 7, 8, 6, 4, and 7) or saline (n = 23) was 
infused into anesthetized male Harlan-Sprague-Dawley rats during hyperinsulinemic-euglycemic clamps, which were used to 
equalize the influences of glucose and insulin on glucagon secretion. Plasma glucose and insulin concentrations and mean 
arterial pressures were not different between amylin- and saline-treated rats during a 10-minute 2-mmol L-arginine infusion 
delivered during the clamps. Plasma glucagon measurements taken during and after the arginine challenge showed that 
compared with saline infusions, amylin administration dose-dependently suppressed the glucagon response to arginine by a 
maximum of 62% (incremental area under the curve [AUC] O to 60 minutes) with a plasma amylin ECs0 of 18 pmol/L --- 0.3 log 
units. These data indicate that amylin potently inhibits arginine-stimulated glucagon secretion. 
Copyright © 1997 by W.B. Saunders Company 

T HE SECRETION of pancreatic islet hormones is now well 

established to be regulated by at least four key influences: 
plasma levels of key nutrients such as glucose and amino acids, 

the autonomic nervous system, circulating hormones such as 
the incretins, and islet hormones themselves. 1 

Much investigation has established that [3-cell secretion is 
promoted by glucagon, whereas [3-cell products, insulin 2 and 
amylin, 3 reportedly reduce insulin secretion. Insulin inhibits 
pancreatic a-cell secretion of glucagon, 4 a so-called "glucagono- 
static" effect. Increased c~-cell secretion of glucagon at low 

plasma glucose concentrations may partly result from the loss 
of a paracrine inhibitory action from glucose-mediated insulin 

secretion. 5 Exaggerated glucagon secretion in many insulin- 
dependent diabetic patients may in part reflect the loss of a 
restraining influence of insulin on pancreatic ~x cells. 6 Interest- 

ingly, glucagon-like peptide-1, a powerful incretion for insulin 
secretion, reduces glucagon secretion. 7 

Thus far, there are no reports of amylin's action on glucagon 
secretion in intact animals. Early in vitro studies reported no 
effect of amylin on glucagon secretion. 8,9 In the present study, 
we examined whether amylin influences arginine-evoked secre- 
tion of glucagon in anesthetized rats. Amylin administration can 
change plasma glucose and insulin levels, both of which can 
affect glucagon secretion. To standardize the insulin and 

glucose influences on glucagon secretion, we used a hyperinsu- 
linemic-euglycemic clamp technique. During amylin infusion at 

different rates, we observed dose-dependent reductions in the 

increment of plasma glucagon evoked by a standard infusion of 

L-arginine. Steady-state plasma amylin concentrations at differ- 
ent amylin infusion rates were measured in parallel experi- 
ments, enabling the derivation of a concentration-response 
relationship for the glucagonostatic effect of amylin identified 
in the present study. Part of this investigation has been reported 
in a preliminary communication.S° 

MATERIALS AND METHODS 

Animals and Surgical Procedures 

Adult male Harlan-Sprague-Dawley rats (age, 92 4- 2 days; body 
weight, 356-+ 3 g) were housed at 22.8o_ + 0.8°C with a 12-hour 
lighffdark cycle. All experiments were performed during the light cycle. 
The animals were fasted for approximately 20 hours before experimen- 
tation. They were anesthetized with 5% halothane, maintained at 2% 
during surgery and at 0.7% to 1% thereafter. Tracheotomy and 

cannulation of the right femoral artery and saphenous vein were 
performed, and body temperature was controlled with a thermoregulator 
(model 73A; YSI, Yellow Springs, OH) that switched a heated operating 
table. The femoral arterial line, peffused with heparinized saline (10 
U/mL), was used for blood sampling and was also connected to a 
pressure transducer to monitor blood pressure (Spectramed P23XL 
transducer with model 13-4615-58 amplifier; Gould, Cleveland, OH). 
The venous line was used for infusions: rat amylin (lot ME0316; 
American Peptide, Sunnyvale, CA) or 0.15 mol/L NaC1; and insulin 
(Humulin-R; Eli Lilly, Indianapolis, IN) and 10% D-glucose (diluted 
from 50% Dextrose, lot C252312; Nestle & Baxter, Colombus, OH). 

Euglyeemic Clamp PJvcedures 

Following 60 minutes of stabilization after surgery, a primed/ 
continuous infusion of insulin (12 mU + 120 mU/h) was begun 60 
minutes before L-arginine administration (designated t = -60  minutes) 
and followed with a variable infusion of 10% D-glucose to maintain 
plasma glucose at approximately 6 mmol/L. The variable rate of glucose 
infusion was based on changes in arterial plasma glucose measured 
every 5 to 10 minutes using an immobilized enzyme chemistry 
glucose/lactate analyzer (model 2300-STAT; YSI). At -50  minutes, 
saline was infused (n = 23) or synthetic rat amylin dissolved in saline 
was infused at 1.2 (n - 7), 3.6 (n = 8), 12 (n = 6), 36 (n = 4), or 120 
(n = 7) pmol/kg/min. At 0 minutes, 2 mmol L-arginine in 0.15 mol/L 
saline was infused over 10 minutes in each animal. The amylin/saline 
infusions and glucose clamps continued until 120 minutes after 
administration of L-arginine. 

Analyses 

Arterial samples were collected into heparinized Natelson capillary 
tubes at the time points indicated in Fig 1 for measurement of glucose, 
lactate, glucagon, and insulin levels. The total blood volume drawn over 
4 hours from each animal was 2.8 mL, and the volume of saline infused 
over the same period was approximately 8 mL. For glucagon assays, 
100 pL plasma was mixed with 1 pL protease-inhibitor cocktail that 
contained EDTA (50 pg), elastinal (2.5 lag), leupeptin (0.05 pg), and 
antipain (0.2 lag). After storage at -20°C for less than 1 week, plasma 
was assayed for insulin using the Incstar Rat Insulin-1125 RIA (kit 
06130; Incstar, Stillwater, MN) and for glucagon by radioimmunoassay 
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(kit 07-152101; ICN Biomedicals, Costa Mesa, CA). For the insulin 
radioimmunoassay, sensitivity was 17 pmol/L, intraassay coefficient of 
variation (CV) 4.9%, and interassay CV 5.3% to 7.0%. For the glucagon 
radioimmunoassay, sensitivity was 8.3 pmol/L, intraassay CV 2.4%, 
and interassay CV 5.9% to 8.3%. 

Dose-Concentration Relationship 

Glucagon secretion is stimulated by hypovolemia. H To minimize 
blood withdrawal, plasma amylin concentrations resulting from differ- 
ent amylin infusion rates were determined in separate parallel experi- 
ments in similarly treated halothane-anesthetized Harlan-Sprague- 
Dawley rats. Synthetic rat amylin was infused at 1.2 (n = 4), 12 
(n = 6), 120 (n = 4), 1,200 (n = 8), or 12,000 (n = 7) pmol/kg/min 
(0.1, 1, 10, 100, or 1,000 lag/h) for 3 hours, and samples were taken at 
30-minute intervals during the infusion. Steady-state plasma amylin 
concentrations were measured using a two-site immunoenzymometric 
method and have been published separately.12 

Numerical Methods 

Palrwise statistical analyses were performed using Student's t test 
routines or, when all responses were compared with saline controls, 
Dunnet's multiple-comparisons test (Instat v2.0; GraphPad Software, 
San Diego, CA). Results are reported as the mean _+ SEM, and P less 
than .05 is used as the level of significance (two-tailed tests). Plasma 
glucagon responses are plotted as the arginine-induced increment 
(Aglucagon) above baseline, defined as the mean of values for the prior 
30 minutes. Since plasma glucagon responses were essentially complete 
within 60 minutes, they were quantified for statistical analysis as the 
trapezoidal area under the Aglucagon-time curve for the 60 minutes 
following arginine administration (AAUC60). Analyses of amylin- 
mediated lactemic responses used the Alactate integrated for the full 3 
hours of amylin infusion (AAUC 180). ECs0 values were obtained using 
four-parameter iterative least-squares fitting in Prism version 2.5 
(GraphPad Software). 

RESULTS 

Amylin Effects on Glucagon Responses to L-Arginine 

The increment in plasma glucagon in response to arginine 
infusion is plotted in Fig 1. The peak Aglucagon of 160 --_ 11 
pmol/L in saline-infused rats was observed 20 minutes after 
starting the arginine infusion. Peak Aglucagon was significantly 
reduced by 47% to 67% at the three highest arnylin infusion 
rates (P < .05 to .01, Dunnet's multiple-comparisons test). 
Integrated glucagon responses (AAUC60) were significantly 
reduced by 30% to 62% at all but the lowest infusion rate 
(P < .05 to .01). 

Administration of amylin leads to a rapid increase in plasma 
lactate in rats.13 This action, which appears to result from lactate 
release from muscle ]4 following amylin-stimulated, cyclic 
adenosine monophosphate-mediated glycogenolysis] 5 can be 
used to indicate biological activity of the peptide. In the present 
experiments, plasma lactate was significantly increased, but at 
only the two highest amylin infusion rates (P < .01 each). That 
is, there were doses at which amylin inhibited glucagon 
secretion but did not affect plasma lactate concentration. 

Amylin Dose-Concentration Relationship 

Plasma amylin concentrations during and after amylin infu- 
sion at different rates are published elsewhere. 12 Steady-state 
plasma amylin is related to the infusion rate by the expression, 
[amylin] = 10  (l°ginfrate)xl ' lS+l'024, where [amylin] is in pmol/L 

and, infusion rate is in picomoles per kilogram per minute. 
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Fig 1. Glucagon response (change in plasma concentration from 
baseline}, plasma glucose, lactate, and insulin concentrations, and 
mean arterial pressure after L-arginine administration in rats. l iming 
of infusions of insulin and glucose for the hyperinsulinemic- 
euglycemic clamp procedure, L-arginine challenge, and amylin/saline 
infusions are shown as solid bars. Integrated glucagon responses 
(~AUC60} and integrated lactate responses (AAUC180) were signifi- 
cantly different between treatment groups (P < .0001 by 1-way 
ANOVA); glucose and insulin concentrations and mean arterial pres- 
sures were not different. Results are the mean -+ SEM. Amylin 
infusion rates of 1.2, 3.6, 12, 36, and 120 pmol/kg/min relate to 
absolute infusion rates (per rat) of 0.1, 0.3, 1,3, and 10 i~g/h. Baseline 
glucagon concentrations were 82 +- 36 pmol/L (mean +- SD). 

Plasma amylin concentrations predicted by this formula were 
used to construct concentration-response curves. For these 
analyses, a plasma amylin concentration of 5 pmol/L, typical of 
that reported for fasting rats (4.9 _+ 0.2 pmol/L16), was used for 
saline-infused animals. 

Amylin Concentration-Response for Glucagonostatic Effect 

Integrated glucagon responses (AAUC60) from Fig 1 were 
combined with plasma amylin concentrations predicted for each 
of the different amylin infusion rates to yield the concentration- 
response relationship shown in Fig 2a. The ECs0 for the 
glucagonostatic effect of amylin measured in this way was 18 
pmol/L _+ 0.3 log units. In contrast, the ECs0 for the hyper- 
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Fig 2. Concentration-responses for glucagonostatic and lactemic 
effects of intravenous amylin infusions in rats. (a) Glucagonostatic 
effect: the glucagon response was quantified as the integral of the 
increment in glucagon concentration for 60 minutes after arginine 
administration (AAUC60). (b) Lactemic effect: the plasma lactate 
response to amylin, which was unaffected by arginine administra- 
tion, was quantified as the integral of the increment in lactate 
concentration for the 180 minutes after starting amylin infusion 
(AAUC180). Plasma amylin concentrations were calculated from the 
published TM relationship between the steady-state concentration and 
infusion rate in this animal model. The calculated ECs0 for amylin's 
glucagonostatic effect was 18 pmol/L -+ 0.28 log units, and for the 
hyperlactemic effect, 288 pmol/L -+ 0.04 log units (shown as broken lines). 

lactemic effect of infused amylin (lactate AAUC180) was 288 
pmol/L _+ 0.04 log units (Fig 2b). 

Plasma glucose concentrations and insulin concentrations for 
the 60 minutes following arginine infusion during euglycemic 

clamps (Table l) did not differ between treatment groups 
(P = .36 and .59, respectively, by one-way ANOVA). The 
glucose infusion rate required to maintain euglycemia from 0 to 
60 minutes in the glucose clamp did not differ between 
treatment groups (P = .36). Neither was mean arterial pressure 
over 60 minutes different between treatment groups (P = .77). 

DISCUSSION 

The present results show that in experimental conditions that 
minimized differences in plasma glucose concentration, plasma 
insulin concentration, or mean arterial pressure, the stimulation 
of glucagon secretion by L-arginine in anesthetized rats was 
dose-dependently inhibited by exogenous arnylin. Significant 
effects were seen at amylin infusion rates that increased the 
basal plasma concentration by approximately 40 pmol/L, com- 
parable to excursions of amylin concentrations reported in fed 
animals./6 

In the present study, to address whether amylin affected 
glucagon secretion, we used L-arginine as an oL-cell secreta- 
gogue stimulus. However, the e~ cell also responds to changes in 
glucose and insulin concentrations, both of which can be altered 
by amino acid infusions and amylin infusions. Amino acid 
infusions increase the endogenous production of glucose and 
also directly stimulate the secretion of insulin. Amylin infusions 
stimulate endogenous production of glucose. 13 The mechanism 
of amylin-mediated glucose production appears to involve an 
increase in the availability of lactate as a gluconeogenic 
substrate (Cori cycling)} 7 Amylin appears to directly inhibit 
insulin secretion, as described earlier. At high intravenous 
doses, amylin can also decrease blood pressure, is which, 
through sympathoadrenal activation, could stimulate glucagon 
secretion.19 

There are therefore many potential interactions between 
amino acids, glucose, amylin, and insulin that could confound 
the interpretation of amylin's influence on arginine-induced 
glucagon secretion. To avoid such confusion, the known 
influences of glucose and insulin on a-cell secretion were 
controlled in the present experiments using the euglycemic- 
hyperinsulinemic glucose clamp technique. 2° We asked whether 
amylin-mediated changes in plasma lactate affected the gluca- 
gon response to arginine. In the present study, suppression of 
glucagon secretion occurred at amylin infusion rates of 3.6 and 
12 pmol/kg/min, where no change in plasma lactate was 
observed (Figs 1 and 2). We conclude that amylin suppression 

Table 1. Clamp Variables 0 to 60 Minutes After L-Arginine Infusion 

Amylin Infusion Rate, pmol/kg/min (#g/h) 

Variable 0 1.2 (0.1) 3.6 (0.3) 12 (1) 36 (3) 120 (10) 

Sample size (n) 23 7 8 6 

Calculated amylin (pmol/L) 5 13 47 195 

Glucose (mmol/L)* 5.80 -+ 0.12 5.76 _+ 0.14 6.25 _+ 0.25 5,81 ,+ 0.19 

Insulin (retool/L)* 0.90 -+ 0.05 0.80 -+ 0.08 0.77 -+ 0.10 0.95 .+ 0.07 

Lactate (mmol/L) 0.54 .+ 0.03 0.52 _+ 0.04 0,59 -+ 0.02 0.61 -+ 0.15 

Glucose infused (;~mol)* 507 -+ 62 405 +- 81 364 -+ 127 400 + 91 

Arterial pressure (mmHg)* 98.0 -+ 2.0 99.9 -+ 1.4 97.0 -+ 1.9 99.1 -+ 4.7 

Glucagon response, AAUC60 (pmol/L, min) 6,985 -+ 494 4,934 _+ 608 4,860 _+ 589f 2,653 _+ 3825 

4 

713 

6.31 +- 0.16 

0.79 ,+ 0.16 

0.96 -+ 0.205 

206 ,+ 93 

92.4 ,+ 5.8 

3,171 -+ 6535 

7 

2,951 

5.99 -+ 0.35 

0.86 -- 0.10 

0.87 -+ 0,10~ 

335 -+ 85 

96.3 .+ 2.3 

3,397 .+ 8085 

NOTE. Concentrations are expressed as time-weighted means from times 0 to 60 minutes. 

*Not significantly different from saline controls at any dose. 

l -P< .05 vsaline control. 

:~P< .01 vsaline control. 
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of glucagon secretion is not an indirect consequence of changes 
in plasma lactate. 

An investigation of glucagon secretion in the isolated per- 
fused pancreas did not reveal a glucagonostatic effect of rat 
amylin. 9 It is possible that amylin-mediated inhibition of 
glucagon secretion in intact animals could involve extrapancre- 
atic pathways, such as the autonomic nervous system, that are 
not functional in the isolated perfused pancreas. 

Concentration-response analysis identified the plasma amylin 
concentrations required to suppress glucagon secretion in this in 
vivo model as being less than 50 pmol/L, close to amylin 
concentrations reported to circulate normally in rats. 16 It is 
possible that endogenous amylin could modulate c~-cell secre- 
tion by an extrapancreatic endocrine mechanism (ie, via the 
systemic circulation). It is also worth considering that amylin, 
secreted from the [3-cell-rich islet medulla into the local islet 
portal circulation 21 in high local concentrations, could act 
directly on a cells as it passes to the islet cortex. Further 

experiments are required to determine whether amylin's gluca- 

gonostatic effects reflect a direct effect on c~ cells, or whether the 

inhibition of glucagon secretion involves mechanisms periph- 

eral to the islet. 
In summary, the present study reveals a potent and significant 

effect of systemically administered amylin to suppress secretion 
of the c~-cell hormone, glucagon. This finding adds to the known 
matrix of modulatory effects of pancreatic islet hormones on the 
secretion of other islet hormones. The cellular mechanisms of 

the glucagonostatic effect of amylin and its potential impact on 

normal metabolic regulation and in the pathophysiology of 

diabetes are important areas for further study. 

ACKNOWLEDGMENT 

We gratefully acknowledge the technical assistance of Carolynn 
Jodka, Deborah Green, and Richard Lawler and the secretarial assis- 
tance of Nancy Gallaher-Wakefield. 

REFERENCES 

1. Ashcroft FM, Ashcroft SJH: Mechanism of insulin secretion, in 
Ashcroft FM, Ashcrofl SJH (eds): Insulin: Molecular Biology to 
Pathology. New York, NY, Oxford University Press, 1992, pp 97-150 

2. Argoud GM, Schade DS, Eaton RP: Insulin suppresses its own 
secretion in vivo. Diabetes 36:959-962, 1987 

3. D6gano P, Silvestre RA, Salas M, et al: Amylin inhibits glucose- 
induced insulin secretion in a dose-dependent manner--Study in the 
perfused rat pancreas. Regul Pept 43:91-96, 1993 

4. Raskin P, Fujita Y, Unger RH: Effect of insulin-glucose infusions 
on plasma glucagon levels in fasting diabetics and nondiahetics. J Clin 
Invest 56:1132-1138, 1975 

5. Unger RH, Foster DW: Diabetes mellitus, in Wilson JD, Foster 
DW (eds): Williams Textbook of Endocrinology (ed 8). Philadelphia, 
PA, Saunders, 1992, pp 1273-1275 

6. Samols E, Bonner-Weir S, Weir GC: Intra-islet insulin-glucagon- 
somatostatin relationships. Clin Endocfinol Metab 15:33-58, 1986 

7. Ritzel R, Orskov C, Holst JJ, et al: Pharmacokinetic, insulinotro- 
pic, and glucagonostatic properties of GLP-1 [7-36 arnide] after 
subcutaneous injection in healthy volunteers. Dose-response relation- 
ships. Diahetologia 38:720-725, 1995 

8. Inoue K, Hiramatsu S, Hisatomi A, et al: Effects of amylin on the 
release of insulin and glucagon from the perfused rat pancreas. Horm 
Metab Res 25:135-137, 1993 

9. Silvestre RA, Peiro E, Degano P, et al: Inhibitory effect of rat 
amylin on the insulin responses to glucose and arginine in the perfused 
rat pancreas. Regul Pep 31:23-31, 1990 

10. Young AA, Jodka CM, Green DE, et al: Inhibition of arginine- 
induced glucagon secretion by amylin in rats. Diabetes 44:238A, 1995 
(abstr) 

11. Lindsey CA, Faloona GR, Unger RH: Plasma glucagon levels 
during rapid exsanguination with and without adrenergic blockade. 
Diabetes 24:313-316, 1975 

12. Young AA, Vine W, Gedulin BR, et al: Preclinical pharmacology 

of pramlintide in the rat: Comparisons with human and rat amylin. Drug 
Dev Res 37:231-248, I996 

13. Young AA, Wang MW, Cooper GJS: Amylin injection causes 
elevated plasma lactate and glucose in the rat. FEBS Lett 291:101-104, 
1991 

14. Vine W, Smith P, Lachappell R, et al: Lactate production from 
the rat hindlimb is increased after glucose administration and is 
suppressed by a selective amylin antagonist: Evidence for action of 
endogenous amylin in skeletal muscle. Biochem Biophys Res Commun 
216:554-559, 1995 

15. Pittner R, Beaumont K, Young A, et al: Dose-dependent eleva- 
tion of cyclic AMP, activation of glycogen phosphorylase, and release 
of lactate by amylin in rat skeletal muscle. BBA-Mol Cell Res 
1267:75-82, 1995 

16. Pieber TR, Roitelman J, Lee Y, et al: Direct plasma radioimmu- 
noassay for rat amylin-(1-37): Concentrations with acquired and genetic 
obesity. Am J Physio1267:E156-E164, 1994 

17. Young AA: Amylin regulation of fuel metabolism. J Cell 
Biochem 55:12-18, 1994 

18. Young AA, Rink TJ, Wang MW: Dose response characteristics 
for the hyperglycemic, hypeflactemic, hypotensive and hypocalcemic 
actions of amylin and calcitonin gene-related peptide-I (CGRP-alpha) 
in the fasted, anaesthetized rat. Life Sci 52:1717-1726, 1993 

19. Lickley HLA, Kemmer FW, Wasserman DH, et al: Glucagon and 
its relationship to other glucoregulatory hormones in exercise and stress 
in normal and diabetic subjects, in Lef~bvre PJ (ed): Glucagon, vol 2. 
Berlin, Germany, Springer-Veflag, 1983, pp 297-350 

20. DeFronzo RA, Tobin JD, Andres R: Glucose clamp technique: A 
method for quantifying insulin secretion and resistance. Am J Physiol 
237:E214-E223, 1979 

21. Bonner-Weir S, Orci L: New perspectives on the microvascula- 
ture of the islets of Langerhans in the rat. Diabetes 31:883-889, 1982 


