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During the development of synthetic calcitonins for therapeutic use in bone disease, a "diabetogenic" (hyperglycemic) effect 
was observed, particularly with salmon calcitonin. The effect was attributed by some to inhibition of insulin secretion. We have 
recently reported high-affinity (28 pmol/L) amylin-binding sites in certain areas of rat brain, and found that these sites also bind 
salmon but not rat calcitonin with comparable high affinity. Rat amylin and salmon calcitonin have been determined to have 
significant structural homology. In vitro and in vivo studies indicate that rat amylin can exert calcitonin-like effects on 
osteoclasts and on plasma calcium. Here we report that salmon calcitonin mimics the actions of rat amylin on skeletal muscle 
glycogen metabolism in vitro; it stimulates glycogenolysis and inhibits incorporation of radiolabeled glucose into glycogen 
(50% effective concentration [ECs0], 0.4 -+ 0.11 nmol/L log and 8.4 +- 0.05 nmol/L log, respectively). In anesthetized rats, 
salmon calcitonin, like rat amylin, rapidly increases plasma lactate concentration, followed by a slower increase in glucose 
concentration. Like amylin, salmon calcitonin also inhibits the insulin response to 2 mmol infused glucose (insulin increments 
suppressed by 52% and 57% at 10 minutes for salmon calcitonin and amylin). Other shared actions, such as suppression of 
appetite, stimulation of renin secretion, inhibition of gastric acid secretion, and inhibition of gastric emptying, further affirm our 
proposal that the exogenous peptide, salmon calcitonin, is a mimic of endogenous amylin in the rat. 
Copyright © 1995by W,B, Saunders Company 

T HE CALCITONINS, a family of 32-amino acid pep- 
tides secreted from C cells in the thyroid gland of 

mammals and the ultimobranchial organs of fish, have many 
biologic actions. The best-known and therapeutically ex- 
ploited action is a hypocalcemic effect associated with 
inhibition of osteoclast function. These effects underlie the 
use of certain calcitonins in the treatment of bone disease 
with decalcifying lesions, including Paget's disease of bone 
and osteoporosis. 1 Teteost-fish calcitonins and their analogs 
are more potent in mammals for many biologic actions than 
are the native hormones. 2 Effective doses are cheaper to 
produce, so teleost calcitonins have frequently been used 
therapeutically. 

One of the many actions of salmon calcitonin observed 
early in its development for therapeutic use was the 
elevation of plasma glucose, a "diabetogenic" action. 3-5 
This action has commonly been attributed to inhibition of 
insulin secretion, 4,6,7 an action salmon calcitonin shares 3 
with mammalian forms of the alternate calcitonin gene 
product, calcitonin gene-related peptide (CGRP), s,9 as well 
as with mammalian amylins. I°,11 Further functional similar- 
ity among these peptides is illustrated by the observation 
that CGRP 12 and amylin 13 both exhibit hypocalcemic activ- 
ity in vivo and exhibit a calcitonin-like action on osteoclasts 
in vitro, albeit less potently than the calcitonins. ~4 The 
structural similarity between rat amylin, rat CGRPet, rat 
calcitonin, and salmon calcitonin is shown in Fig 1. 

Amylin is the most recently discovered of these pep- 
tides. 15 It is primarily synthesized in and secreted from 
pancreatic 13 cells along with insulin. 16 Human and rat 
amylins were found to influence carbohydrate metabolism, 
first in isolated skeletal muscles and then in whole animals. 
In isolated soleus muscle, rat amylin dose-dependently 
inhibits insulin-stimulated incorporation of radiolabeled 
glucose into glycogen, 17,18 reduces total glycogen content, 19 
and releases lactate from muscle. 2° These effects may be 
mainly attributed to activation of glycogen phosphorylase z~ 
via cyclic adenosine monophosphate. 2° In rats, amylin 
promotes a rapid increase in plasma lactate, followed by a 

slower elevation of plasma glucose. 22 The hyperglycemic 
response is associated with increased endogenous glucose 
production, apparently as a consequence of the increased 
availability of lactate as a gluconeogenic substrate. 23 The 
mechanism of this amylin-induced hyperglycemia is differ- 
ent from and synergistic with that of glucagon, z3 which 
increases plasma glucose primarily by liberation of hepatic 
glycogen stores. Mammalian CGRPs share several of these 
metabolic actions both in vitro and in vivo, with similar or 
somewhat less potency than rat amylin, z4 

During an investigation of receptors for these peptides, 
we discovered high-affinity amylin binding in membranes 
from circumscribed areas of rat brain, most concentrated in 
the nucleus accumbens. 25 T h e  Kd of rat amylin competing 
with Bolton-Hunter labeled rat 125I-amylin at this site was 
27 pmol/L. Interestingly, these binding sites also have high 
affinity (~30  pmol/L) for salmon calcitonin and high 
affinity for CGRP (~  80 pmol/L for CGRP13 and ~200 
pmol/L for CGRPct), but only low affinity (Kd ~ 10 ixmol/L) 
for rat calcitonin. 25 

The study reported here was designed to investigate the 
possibility that salmon calcitonin was an amylin agonist by 
comparing, both qualitatively and by dose-response relation- 
ships, the actions of salmon calcitonin and rat amylin on 
glycogen metabolism in isolated soleus muscle and on 
plasma lactate and glucose response in 18-hour-fasted, 
anesthetized rats. Because the CGRPs and, to a lesser 
extent, the amylins are vasoactive peptides, we also moni- 
tored heart rate and blood pressure following injections of 
salmon calcitonin and rat amylin in anesthetized animals. 
The abili~ of salmon calcitonin, glucagon, or a combination 
of the peptides to restore glucose levels in fasted animals 
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RatCalcitonin iYeSr/;Ys.Gly-~! Leu~ber ~ C~.Het-~Thr-Tyr-Thr-~Asp~Asn-I~ - - - -~R~ -~-~GIn-F~ Ser-I]eG~ ,a][G~-~-I~,Hz 
SalmonCalcitonin ;ys.Ser.,sn Leujbe~ rhr Cys  Lys-l -Ser Leu His-~ - - - iLe,   -Tyr-IProI~-[h, As~-Thr Gly ie-}~hI~RHz 

Bat Amylin ys.-,sn FhrHAI~ [hl Cys Alai~-Glni~ILel1~-Asn-Phe Leu Va]-~-Ser-Asn-Asn~Gly-Pro-VaI-Leu-~Pro[Fhr Asri~Val'--] Gly ier-Asn--~_~Tyr-NHz 
RatCGRP(~ .ys ~sj rhr._HAla Fh_r Cy_s~-~-HisA.Lk~-~-Gly.Leu Le_u Ser-rg~z~S~-Gly-Gly-Val.Va1.Lys-Asp-Asn.~-Val P~Fh_r NHVaJ G]_y ie_r-Glu-A1a-Phe-NH~ 

Fig 1. Sequence alignment of rat calcitonin, salmon calcitonin, rat amylin, and rat CGRP¢ There are several shared features (C-terminal amide, 
Cys2-Cys 7 and Cys1-Cys 7 disulfide linkages), as well as segments of sequence identity, indicated by the surrounding boxes. Note that salmon 
calcitonin has homology with rat amylin in some segments where there is little homology with rat calcitonin. 

m a d e  hypoglycemic with insulin infusion was also exam- 
ined. W e  also reexamined,  in a way tha t  enab led  compari-  
son with amylin, the  r epor t ed  observat ions  tha t  sa lmon 
calci tonin reduces  the  insulin secretory response  to infused 
glucose. W e  found tha t  sa lmon calcitonin, bu t  not  rat  
calcitonin,  was a po ten t  mimic of  amylin act ion in the  rat ,  
and  propose  tha t  these  actions may largely under l ie  its 
r epor t ed  d iabe togenic  actions. Some of these  results  have 
been  previously r epor ted  in pre l iminary  form. 26 

MATERIALS AND METHODS 

In Vitro Soleus Muscle Assay and 14C-glycogen and Total 
Glycogen Determination 

Male Harlan-Sprague-Dawley rats of approximately 200 g mass 
were fasted for 4 hours before killing by decapitation. The 
gastrocnemius muscle was reflected out from the posterior aspect 
of the tibia, and the soleus, a small, 15 to 20-mm long, 1-mm thick, 
flat muscle, was stripped clear and split into equal-sized lengths. 
After being kept for a short period in physiological saline, muscles 
were added to 50-mL Erlenmeyer flasks containing 10 mL of a 
pregassed Krebs-Ringer bicarbonate buffer containing (in millimo- 
lars) NaC1 118.5, KCI 5.94, CaCI2 2.54, MgSO4 1.19, KH2PO4 1.19, 
NaHCO3 25, and glucose 5.5, recombinant human insulin (Humu- 
lin-R; Eli Lilly, Indianapolis, IN), and one of the following: (1) 
synthetic rat amylin (lot no. ZG485; Bachem, Torrance, CA), (2) 
synthetic salmon calcitonin (lot no. QG407,408; Bachem), or (3) 
synthetic rat calcitonin (lot no. QH127; Bachem). Muscles were 
assigned to different flasks so that the four muscle pieces from each 
animal were evenly distributed among different assay conditions. 
Incubation media were gassed by gently blowing carbogen (95% 
02, 5% CO2) over the surface while they were continuously 
agitated at 37°C in an oscillating water bath. The pH of gassed 
media at 37°C was verified as being between 7.1 and 7.4. After a 
half-hour preincubation, 0.5 ~Ci [UJ4C]glucose was added to each 
flask for a further 60 minutes. Each muscle piece was then rapidly 
removed, trimmed of tendons, blotted, frozen in liquid N2, weighed, 
and then stored at -20°C for subsequent determination of total 
and 14C-glycogen. To determine 14C-glycogen, frozen muscle speci- 
mens were placed in a vial with 1 mL 60% (wt/vol) potassium 
hydroxide and digested at 70°C for 45 minutes under intermittent 
vigorous agitation. Dissolved glycogen was precipitated onto the 
walls of the vial by addition of 3 mL absolute ethanol and overnight 
cooling at -20°C. After centrifugation for 30 minutes at 2,000 x g, 
the supernatant was gently aspirated, the glycogen again washed 
with ethanol and centrifuged, the ethanol aspirated, and the 
precipitate dried under vacuum to avoid ethanol quenching during 
scintillation counting. The remaining glycogen was redissolved in 1 
mL water and 4 mL scintillation fluid and counted for 14C. In an 
extra parallel step, to measure total muscle glycogen, pellets were 

neutralized with 0.2 mL perchloric acid and resuspended in 1 mL 
acetate buffer, and the glycogen was digested with 18.5 U/mL 
amyloglucosidase (EC 5.3.2.1.3 fromAspergillus niger, Sigma A7420; 
Sigma Chemical, St Louis, MO) for at least 15 minutes at 23°C. The 
supernatants were assayed for glucose in an analyzer using D- 
glucose oxidase-immobilized enzyme chemistry (model 2300- 
STAT; YSI, Yellow Springs, OH). Purified rabbit liver glycogen 
(Sigma G4011) was used as a calibration standard. 

Glycogen Phosphorylase a Activity 

Soleus muscle strips from rats fasted for 18 hours were preincu- 
bated in 20-mL polyethylene scintillation vials containing 2 mL 
Krebs-Ringer bicarbonate buffer with 0.1% fatty acid-free bovine 
serum albumin for 30 minutes before use. Salmon calcitonin was 
then added as indicated and incubations continued for 10 minutes, 
after which each muscle was weighed and frozen as described 
earlier. Glycogen phosphorylase a activity was determined as 
described previously, 27,28 from the rate of the reverse reaction, 
glucosyl incorporation into glycogen from glucose-l-phosphate, as 
indicated by measuring inorganic phosphate release. 29 Muscle 
pieces were sonicated in 1 mL ice-cold buffer containing 100 
mmol/L NaF, 20 mmol/L EDTA, 50 mmol/L Trizma, and 0.5% 
glycogen (mussel) at pH 6.5. A 0.2-mL aliquot of sample was added 
to 0.2 mL incubation buffer containing 300 mmol/L NaF, 50 
mmol/L glucose-l-phosphate, 10 mmol/L caffeine, and 2% glyco- 
gen at pH 6.1 for determination of glycogen phosphorylase a 
activity. Reactions continued at 30°C for 20 minutes until termina- 
tion by addition of 0.1 mL trichloroacetic acid (20%). Inorganic 
phosphate level was then measured using the ammonium molyb- 
date method. 29 Results are expressed as nanomoles of inorganic 
phosphate produced per minute per milligram wet weight of tissue. 
Total glycogen phosphorylase (a + b) activity, indicated by the 
activity seen after addition of adenosine monophosphate, was not 
affected by salmon calcitonin (results not shown). 

Amylin /Salmon Calcitonin /Rat Calcitonin Dose-Responses 

Rat amylin, salmon calcitonin, and rat calcitonin dose-response 
curves were generated using muscles added to media containing 7.1 
nmol/L recombinant human insulin (except for phosphorylase 
determinations) and either synthetic rat amylin, synthetic rat 
calcitonin, or synthetic salmon calcitonin added to result in final 
(nominal) concentrations that increased in a half-log progression 
between 10 pmol/L and 1 ~mol/L. Rate of labeling of the 
extracted muscle glycogen by [U-14C]glucose was expressed as a 
percentage of the rate obtained in the presence of 7.1 nmol/L 
insulin but neither amylin nor calcitonin. Dose-response curves 
were fitted to a four-parameter logistic model using a least-squares 
iterative routine (ALLFIT, version 2.7; National Institutes of 
Health, Bethesda, MD) to derive ECs0s. Curves fitted to amylin, 
salmon calcitonin, and rat calcitonin dose-responses were con- 
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strained to share the same maxima and minima. Since ECs0 is 
log-normally distributed, it is expressed as the mean - SEM of the 
logarithm. 

In Vivo Studies 

Animals. Male Harlan-Sprague-Dawley rats (N = 109; weight, 
350 g) were housed at 22.7 _+ 0.8°C in a 12-hour light/dark cycle 
(experiments were performed during the light cycle) and fed and 
watered ad libitum (Diet LM-485; Teklad, Madison, WI). Animals 
were deprived of food for 20 hours before preparation and 
experimentation as follows. 

Surgery/instrumentation. Anesthesia was induced with 5% halo- 
thane, maintained at 2% during surgery and at 0.8% to 1% during 
metabolic recordings. Tracheotomy and cannulation of the right 
femoral artery and saphenous vein were performed. The femoral 
arterial line was connected to a pressure transducer (Spectramed 
P23XL transducer with Model 13-4615-58 amplifier; Gould, Cleve- 
land, OH) and perfused with heparinized saline (2 U/mL) at 3.0 
mL/h. All chronically infused agents were added to this infusate. 
The venous line was used for acute (bolus) injections. A four-limb 
electrocardiogram was monitored via an ECG/biotach amplifier 
(Model 13-4615-65A; Gould), and heart rate was derived. Colonic 
temperature was measured using a thermistor probe and controller 
(Model 73A; YSI), which provided closed-loop control of core 
temperature by switching a heated operating table. Signals for 
heart rate, mean arterial pressure, and colonic temperature were 
periodically sampled and stored with 12-bit precision at 1 Hz using 
a computerized data acquisition system (DT2801A A/D convert- 
ers, DataTranslation, Marlboro, MA; AST Premium 386 com- 
puter, AST Research, Irvine, CA; and Labtech Notebook software, 
Laboratory Technologies, Wilmington, MA). 

Analyses. Following a 1.5-hour postsurgical stabilization pe- 
riod, 120-txL arterial samples were collected into heparinized 
capillaries at intervals indicated by data points in the figures, and 
the separated plasma was analyzed immediately for glucose and 
lactate using immobilized-enzyme chemistries (glucose oxidase 
and L-lactate oxidase, Analyzer model 2300-STAT; YSI). In the 
intravenous glucose-challenge experiments, 250-~L arterial samples 
were collected for additional plasma insulin measurement. Insulin 
concentration was determined using a commercial kit (INCStar 
Insulin-125I #06130; INCStar, Minneapolis, MN) with a sensitivity 
(20% full signal) of 28 pmol/L (4 ixU/mL) and interassay coeffi- 
cients of variation of 8.5% to 10% and intraassay coefficients of 
variation of 6.4% to 10.9%. The kit used rat insulin standards and 
cross-reacted 100% with human and porcine insulins. 

Numericalmethods. For dose-response studies, sigmoid curve- 
fitting was performed using ALLFIT (described earlier) to obtain 
50% effective doses (EDs0s). The indicator response in the in vivo 
studies was the incremental area under the glucose or lactate 
concentration profiles relative to baseline, integrated (trapezoidal 
integral) over the 2 hours following peptide administration. Base- 
line was defined as the mean of three measurements made in the 30 
minutes preceding peptide administration. The same derivations 
were used to quantify glucose responses in hypoglycemic rats and 
insulin responses to intravenous glucose. Pairwise comparisons 
were made using Student's t test, with P = .05 as the level for 
significance. Data throughout are expressed as the mean - SEM. 

Treatment Groups for In V~vo Studies 

Intravenous bolus injections. Male Harlan-Sprague-Dawley rats 
prepared as detailed earlier and allowed a 1.5-hour postsurgical 
stabilization period were administered as an intravenous bolus one 
of the following: (1) vehicle only, 0.1 mL 0.15-mol/L saline (n = 6; 

age, 71 _+ 4 days; weight, 328 -+ 14 g; fasted 19.4 _+ 0.8 hours); (2) 
synthetic rat amylin, 100 Ixg in 0.1 mL 0.15-mol/L saline (n = 7; 
age, 110 -+ 2 days; weight, 310 _+ 7 g; fasted 20.0 _+ 0.7 hours); (3) 
synthetic salmon calcitonin, 100 Ixg in 0.1 mL 0.15-mol/L saline 
(n = 5; age, 9 5 -  6 days; weight, 363 _+ 5 g; fasted 20.0--_ 0.6 
hours); and (4) synthetic rat calcitonin, 100 I~g in 0.1 mL 0.15- 
mol/L saline (n = 6, age, 79 --- 1 days; weight, 346 _+ 12 g; fasted 
20.8 +_ 0.3 hours). 

Intravenous dose-response studies. Animals were treated as just 
described, except that the administered dose (all administered in 
0.1 mL saline) ranged from 0.01 to 1,000 ~g for amylin (molecular 
weight, 3,917.9; 8.5 pmol/kg to 850 nmol/kg; n = 23) and from 0.01 
to 100 Ixg for salmon calcitonin (molecular weight, 3,429.7; 9.7 
pmol/kg to 97 nmol/kg; n = 19). There were three to seven 
experiments at each dose level for each compound. 

Comparison with glucagon in hypoglycemic rats. Animals pre- 
pared as above were started on a 0.1-U plus 0.5-U/h primed/ 
continuous infusion of recombinant human insulin (Humulin-R) 
that continued until the end of the experiment. After 2 hours of 
insulin infusion, when plasma glucose had declined to a steady 
level of 3.2 _+ 0.3 mmol/L, animals were administered an intrave- 
nous bolus containing one of the following: (1) vehicle only, 0.1 mL 
0.15-mol/L saline (n = 5; age, 79 -+ 5 days; weight, 318 _+ 10 g; 
fasted 20.9 _+ 0.5 hours); (2) synthetic salmon calcitonin (Bachem 
lot no. ZG407), 100 txg (29.2 nmol) in 0.1 mL 0.15-mol/L saline 
(n = 5; age, 72 +_ 2 days; weight, 340 _+ 11 g; fasted 21.1 +_ 0.2 
hours); (3) glucagon for injection USP (lot no. 4MC51D, Eli Lilly; 
containing glucagon 1 mg and lactose 49 mg constituted into 1 mL 
aqueous solution of 1.6% glycerin and 0.2% phenol) 100 p~g (28.7 
nmol) (n = 4; age, 87 _+ 1 days; weight, 326 _+ 8 g; fasted 19.9 _+ 0.7 
hours); or (4) combined glucagon/salmon calcitonin injection, 100 
p~g of each (n = 5; age, 72 -+ 2 days; weight, 329 -+ 18 g; fasted 
21.0 -+ 0.2 hours). 

Insulin secretory responses. Anesthetized animals prepared as 
above were administered a 2-retool (5.2 mmol/kg) intravenous 
glucose challenge over 2 minutes. This was performed during a 
continuous infusion of (1) vehicle only, 0.15-mol/L saline infused 
at a rate of 0.5 mL/h (n = 18; age, 94 _ 5 days; weight, 388 --- 5 g; 
fasted 21.8 _+ 0.7 hours); (2) synthetic rat amylin, 70 pmol/kg/min 
in 0.15-mol/L saline infused at a rate of 0.5 mL/h (n = 6; age, 
86 _+ 5 days; weight, 378 +_ 4 g; fasted 22.4 _+ 1.6 hours); or (3) 
synthetic salmon calcitonin (Bachem lot no. ZG407), 70 pmol/kg/ 
min in 0.15-mol/L saline infused at a rate of 0.5 mL/h (n = 6; age, 
86 -+ 1 days; weight, 381 -+ 4 g; fasted 23.3 _+ 0.8 hours). Infusion 
of the peptides began 60 minutes before the glucose challenge and 
continued for 60 minutes after the challenge. 

RESULTS 

Isolated Soleus Muscle 

The  effect of ra t  amylin, ra t  calcitonin, or sa lmon 
calci tonin on insul in-s t imulated incorpora t ion  of [U-14C]glu - 
cose into glycogen in the  isolated, s t r ipped soleus muscle is 
shown in Fig 2A. Similar to previous reports ,  18,25 ra t  amylin 
inhib i ted  the  incorpora t ion  of  label  into glycogen with an 
ECs0 of  8.4 n m o l / L  in this p repara t ion .  Sa lmon calci tonin 
inhib i ted  labeling of soleus muscle  glycogen with an  ECs0 of 
0.4 nmol /L .  Ra t  calci tonin was near ly  1,000-fold less po ten t  
than  sa lmon calcitonin,  with an ECs0 of 376 nmol /L .  Ra t  
amylin and  sa lmon calci tonin also inhib i ted  labeling of 
muscle glycogen in the  absence  of insulin (da ta  not  shown),  
indicat ing tha t  the  effect of each, a l though funct ional ly 
antagoniz ing the  insulin response,  was i n d e p e n d e n t  of it. 
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Incubation with rat amylin or salmon calcitonin dose- 
dependently depleted total (unlabeled) muscle glycogen, 
such that not greater than 6% to 14% of control levels 
remained after 60 minutes' exposure to concentrations 
greater than 10 nmol/L (Fig 2B). The EC~0 for depletion of 
total muscle glycogen by rat amylin was 1.0 nmol/L, and by 
salmon calcitonin, 0.4 nmol/L. Salmon calcitonin dose- 
dependently activated glycogen phosphorylase in soleus 
muscle with an ECs0 of 1.4 nmol/L -+ 0.5 log units (Fig 2C). 

In addition to quantifying a glycogenolytic action of rat 
amylin in soleus muscle, these data describe a previously 
unreported activation of glycogen phosphorylase and glycog- 
enolytic action of salmon calcitonin in muscle. 

Intravenous Injections 

When injected as a 100-p~g intravenous bolus into fasted 
anesthetized rats, rat amylin, salmon calcitonin, and rat 

calcitonin each caused a rapid elevation of plasma lactate 
and a slower elevation of plasma glucose (Fig 3A and B). 
For these effects at this dose, salmon calcitonin was most 
effective, rat amylin was next most effective, and rat 
calcitonin was least effective. 

Dose-responses for plasma lactate and glucose increases, 
determined over a 0.1-~g to 1-mg range of intravenous 
bolus doses, are shown in Fig 3C and D. ED~0s for the 
hyperglycemic effects of amylin and salmon calcitonin were 
similar (10.8 and 4.4 ~g, respectively). EDs0s were not 
determinable for the increase in plasma lactate, since no 
clear plateau (maximal response) was defined. However, 
with intravenous doses greater than I ~zg, salmon calcitonin 
was more effective than amylin in elevating plasma lactate 
concentration. 

Intravenous injections of amylin 100-~zg into fasted anes- 
thetized rats were associated with a transient decrease in 
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Fig 2. Inhibition of incorporation of [U-14C]glucose into glycogen in 
isolated stripped soleus muscle of the rat. (A) Salmon calcitonin, rat 
amylin, and rat calcitonin dose-response relationships (left to right) in 
the presence of 7.1 nmol /L  insulin. Responses to salmon calcitonin 
are indicated by broken lines in all figures. Symbols are the mean -+ 
SEM. n = 4 to 20, 33 to 73, and 4 to 8 muscle strips per data point, 
respectively. ECs0s were 0.4 nmol /L  +- 0.11 log units, 8.4 nmol /L  -+ 
0.05 log units, and 376 nmol /L  -+ 0.12 log units, respectively. (B) 
Dose-response for rat amylin and salmon calcitonin on extant total 
(unlabeled) glycogen in the same preparations, indicating a dose- 
dependent stimulation of net glycogenolysis, n = 4 muscle strips per 
data point, (C) Dose-response for the activation by salmon calcitonin 
of glycogen phosphorylase in incubated soleus muscle. Insulin was 
not added, n = 11 to 13 muscle strips per data point. ECho was 1.38 
nmol/L -+ 0.5 log units. 
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Fig 3. Effects of injection of rat amylin, salmon calcitonin, or rat calcitonin in fasted anesthetized rats. (A) Changes in plasma glucose following 
injection of 100 ~g of either rat amylin (n = 7), salmon calcitonin (n = 5), or rat calcitonin (n = 6), compared with control saline infusions In = 6). 
At 120 minutes, salmon calcitonin response > amyiin response (P < .001), amylin response > rat calcitonin response (P < .001), and rat calcitonin 
response > saline control response (P < .05). (S) Effects of the same injections on plasma lactate. (C) Dose-dependency of the hyperglycemic 
effects of rat amylin and salmon calcitonin. The curves were not different from each other. (D) Hyperlactemic effects of these same injections. 
Lactate responses to salmon calcitonin were greater than those to amylin at the 10- and 100-Fg doses (P < .01). Symbols and bars have the same 
meaning as in Fig 2. 

arterial pressure, as previously reported. 22 The same dose 
of salmon calcitonin did not decrease arterial pressure; The 
arterial pressure response, quantified as the decrement 
from baseline integrated over the 30 minutes following 
bolus intravenous injection, was analyzed as a function of 
dose. There was no significant effect of salmon calcitonin on 
arterial pressure at any of the doses administered. The 
EDs0 for the hypotensive effect of intravenously adminis- 
tered amylin was 12.8 nmol. In contrast, the EDs0 for the 

hypotensive effect of human CGRPa has been previously 
reported to be 0.29 nmol, 24 consistent with observations in 
other preparations 3° that CGRP is up to 2 orders of 
magnitude more potent than amylin in vasodilator activity. 

In fasted anesthetized rats made moderately hypoglyce- 
mic with a primed/continuous infusion of insulin, salmon 
calcitonin 100 }xg produced a greater glycemic recovery 
(increment in plasma glucose integrated over 2 hours) than 
the same dose of glucagon (7.06-+ 0.425 v 3.90 +-0.75 
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mmol/L • h, P < .05, Student's t test). A combined dose of 
salmon calcitonin 100 ~g and glucagon 100 p,g was synergis- 
tic in that the glycemic recovery, integrated as above, was 
approximately twice the sum of the separate responses to 
salmon calcitonin or glucagon (13.9 _+ 0.93 mmol/L • h, 
95% confidence interval = 11.3 to 16.5, P < .05 v summed 
responses of 7.06 -+ 3.90 mmol/L • h; Fig 4A). A similar 
synergy between rat amylin and glucagon has also been 
described in an equivalent hypoglycemic model. 23 

Plasma lactate increased in both groups of animals in 
which salmon calcitonin was administered, ie, alone or in 
combination with glucagon. As previously reported, 23 lac- 
tate did not increase when glucagon was administered 
alone, despite an increase in plasma glucose. These observa- 
tions indicate that the increase in lactate is associated with 
administration of salmon calcitonin, but not necessarily 
with administration of glucagon or with increases in plasma 
glucose (Fig 4B). A similar pattern has been observed with 
regard to administration of rat amylin, glucagon, or amylin 
plus glucagon. 23 

Insulin Secretory Response 

The glycemic response to an intravenous glucose chal- 
lenge in fasted, anesthetized rats preinfused with rat amylin 
or salmon calcitonin (5.0 and 5.5 ~g/h, respectively) is 
shown in Fig 5A. Both rat amylin and salmon calcitonin 
infusions resulted in elevations of plasma glucose relative to 
controls at various time points throughout the test. At any 
given time point, the elevation of plasma glucose was 
greater with salmon calcitonin than with the same dose of 
rat amylin. The insulin response to glucose challenge is 
shown in Fig 5B. Despite plasm a glucose being higher than 
in control rats, the insulin response within the first 60 
minutes of the challenge was considerably less during 
infusions of either rat amylin (232 _+ 39 v 387 -+ 23 pmol/L" 
h, P < .01) or salmon calcitonin (302 + 45 pmol/L • h, 
P < .05, one-tailed t test). During the second hour, insulin 
levels were considerably higher in salmon calcitonin- 
infused rats than in controls, possibly reflecting the persist- 
ing hyperglycemia in these animals. 

DISCUSSION 

The present study describes a novel spectrum of actions 
of salmon calcitonin on carbohydrate metabolism. This 
spectrum of actions includes (1) activation of skeletal 
muscle glycogen phosphorylase and of glycogenolysis, (2) 
inhibition of insulin-mediated incorporation of radioglu- 
cose into soleus muscle glycogen, (3) rapid increase of 
plasma lactate, (4) increase of plasma glucose when admin- 
istered in vivo, and (5) synergism with glucagon in evoking 
these hyperglycemic effects. This spectrum of actions 
matches that previously reported for rat amylin. 31 There are 
several reports that salmon calcitonin produces hyperglyce- 
mia, 3,32 but with clinical doses, a tachyphylaxis appears to 
diminish this effect over a few days, so hyperglycemia does 
not persist as a complication in patients administered the 
peptide long term. 6,7,32 The pharmacological concentrations 
used in the present study served to elicit robust measurable 
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Fig 4. Synergistic effect of glucagon and salmon calcitonin during 
insulin-induced hypoglycemia. (A) Hyperglycemic response to com- 
bined glucagon + salmon calcitonin (measured as the incremental 
response integrated over the 2 hours after injection) was greater than 
the response to either peptide alone and greater than the sum of both. 
A similar synergy between the hyperglycemic effects of rat amylin and 
glucagon has recently been described. 23 (B) Plasma lactate responses 
to the same injections. SCT, subcutaneous. 

responses to both amylin and salmon calcitonin, enabling 
comparison of a broad spectrum of actions. This compari- 
son was not designed to address the physiological relevance 
of these actions. 

Several studies, including those using the hyperlactemic 
clamp technique, 33 support the proposal that the hypergly- 
cemic effects of exogenous amylin are mediated via the Cori 
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intravenous (i.v.) glucose challenge, (A) Effects on glucose concentra- 
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into fasted anesthetized rats, 

cycle. 34 By mobilizing peripheral glycogen stores, amylin 
increases the availability of lactate for gluconeogenesis. 
Glucose appearance then follows g!uconeogenic conversion 
and is greater under circumstances of high gluconeogenic 
efficiency, such as during fasting or following glucagon 
admin is t ra t ion  .23 

We propose that the principal mechanism responsible for 
the acute hyperglycemic action of salmon calcitonin is 
analogous to that of amylin just described. This proposal is 
supported by the unexpected finding that salmon calcitonin 
and rat amylin both bind with high affinity to sites in the 

nucleus accumbens of rat brain. Affinity for these binding 
sites has proven predictive of amylin agonism and antago- 
nism in isolated-muscle and whole-animal preparations. 25 
Indeed, s-32 salmon calcitonin effectively blocks the meta- 
bolic actions of rat amylin without substantially affecting 
CGRP receptors. 35 

In its effects on the endocrine pancreas, salmon calcito- 
nin also appears to mimic the actions of amylin. Several 
studies report that salmon calcitonin inhibits insulin re- 
lease, as shown in Fig 5 of the present study. 3-6 In fact, 
before the present study, suppression of insulin secretion 
appears to have been the favored explanatio n for t he  
hyperglycemi c effect of salmon calcitonin. 4,6,7 Substantial 
evidence now supports a feedback inhibition of 13-cell 
insulin secretion by amylin. In Several preparations, includ- 
ing isolated 13-cell lines, 36 isolated islets, 37 isolated perfused 
pancreas, 1°,11 and intact rat, 38 rat amylin inhibits glucose- 
mediated insulin secretion or glucose-stimulated electrical 
activity. 39 In the isolated perfused pancreas, rat amylin 
exhibits an ECso for the inhibition of insulin secretion of 
less than 75 pmol/L. 11 Further evidence for an effect of 
amylin on 13-cell secretion comes from whole-animal 4° and 
isolated-islet preparations, 41 in which preinfusion with 
nonselective and selective amylin blockers amplified the 
insulin response to nutrient stimuli. In view of amylin's 
inhibitory effects at the t3 cell, the finding that salmon 
calcitonin behaves as a potent amylin agonist can explain 
the previously observed effects of salmon calcitonin to 
inhibit insulin secretion. 

Several other actions are shared by both rat amylin and 
salmon calcitonin. Both rat amylin 42,43 and salmon calcito- 
nin 44 dose-dependently suppress appetite following periph- 
eral or intracerebroventricular administration. Both pep- 
tides stimulate plasma renin activity. 45-47 Both inhibit gastric 
emptying 48-5° and gastric acid secretion. 51,52 Both are hypo- 
calcemic 13 and inhibit osteoclast motility. 14 And both pep- 
tides activate adenylyl cyclase in skeletal muscle 53,54 and in 
kidney.45. 55 

One action of amylin 3°,56 not shared by salmon calcito- 
nin, 57 exemplified in the present study, is its hypotensive 
effect. Instead, amylin shares this action with the related 
peptide, CGRP. The vasoactive effects of CGRP and 
amylin are likely to be mediated via the CGRP1 receptor, 
since they can be blocked with 8-37hCGRp.56 The observa- 
tion that salmon calcit0nin produces amylin-like effects on 
carbohydrate metabolism without changing arterial pres- 
sure implies that the receptor system through which such 
metabolic effects are mediated is separable from the CGRP 
receptor implicated in vascular control. That is, the data 
presented here add further to existing evidence 24,25 for 
amylin receptors that are distinct from CGRP receptors. 

For actions reflective of effects on bone, such as hypocal- 
cemia and inhibition of osteoclast motility, human calcito- 
nin is 12 to 30 times more potent than human amylin. 14,58 
However, the present study indicates that for actions 
reflective of effects on carbohydrate metabolism, such as on 
muscle glycogen metabolism in vitro and on plasma glucose 
and lactate in vivo, rat amylin is more potent than rat 
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calcitonin. These  results  suggest tha t  receptors  media t ing  
the  effects of ra t  amylin and  ra t  calci tonin on ca rbohydra te  
metabol i sm and  on calcium metabol i sm are dist inguishable.  

In summary,  we propose  tha t  the  hyperglycemic effects of 
sa lmon calci tonin are the  resul t  of mimicry of the  metabol ic  
effects of  the  endogenous  m a m m a l i a n  pept ide,  amylin. In 
several  o the r  actions (l isted earlier) ,  sa lmon calci tonin also 
behaves  as a mimic of amylin. Addit ional ly,  differing orders  
of  potency of ra t  calcitonin, sa lmon calcitonin,  C G R P ,  and  
amylin for the i r  effects on  b lood pressure ,  ca rbohydra te  

metabol ism,  and  calcium metabol i sm suppor t  the  idea tha t  

these  distinct biologic effects are med ia t ed  via distinct 
recep tor  systems. 
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