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¥ THCGRP 15 a potent antagonist at caleitonin gene-related peptide (CGRP) hver membrane receptors, it also blocks vasodilator actions of CGRP

and the related peptide, amylin, in intact rats We now report that 5" hCGRP antagomzes amylm hibition of insulin-stimulated labelled glucose

uptake nto solated rat soleus muscle, and inhibits amylin-evoked elevation of plasma lactate and glucose in fasted anaesthetized rats The different

relative potencies of the 3 hgands (amylin CGRP, *VhCGRP) on the liver receptor and on the soleus muscle pomnt to distinct CGRP receptors
in liver membranes and amylin receptors on muscle cells

Amylhn, Caleitonin gene-related peptide, Rat soleus muscle, Glucose, Lactate, Plasma calcium

1 INTRODUCTION

Amyln 1s a 37-amimno acid protein which 1s the major
constituent of the islet amyloid found mn type 2 diabetic
patients [1] Amylin s expressed primarily mn pancreatic
B-cclls and 15 co-secreted from these cells along with
msulin, following stiimulation by nutrients such as glu-
cose and arginine [2]. Amylin exerts powerful effects on
glucose metabolism 1n isolated skeletal muscle, and n
mntact animals, In 1solated rat soleus muscle, amylin was
found to inhibit insulin-stimulated incorpoiation of la-
belled glucose into glycogen with an EC,, near 1 0 nM
[3] Among subsequently reported effects of amyhn on
skeletal muscle in vitro 1s a decrease 1n glucose uptake
[4], an increase 1n lactate production [3], a decrease
total glycogen [5] and activation of phosphotylase-a, the
rate hmiting enzyme for glycogen bireakdown [6,7]

Calctonin gene-telated peptide (CGRP) 1s a widely
distributed periphcial and central neurotransmuitter
Amylin and CGRP are structurally related, a-hCGRP
and f-hCGRP have respectively 43 and 46% amino acid
scquence 1dentity with human amyhn as shown in Fig
1 All known forms of amylin and CGRP share 2 post-
translational modifications essential for full biological
activity, namely a Cys*~Cys’ disulfide bond and an ami-
dated C-termunal carboxyl group [8] Amyln and
CGRP also appear to be functionally related They both
inhibit insulin-stimulated incorporation of labelled glu-
cose 1nto glycogen with comparable potency [3] CGRP
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1s a potent vasodilator [9], and amylin also has vasodila-
tor activity [10-12]

In vivo, amyhn 1s reported to reduce insulin-stimula-
ted glucose clearance, and partly to reverse nsulin inhi-
bition of hepatic glucose output in animals during hype-
rinsulinemic euglycaemic clamps [13-15] Infusions of
CGRPare 1eported to cxett similar effects [13,16)]. Both
amylin [17,18] and CGRP [19,20] have a hypocalcemic
action through the inhibition of bone resorption We
have found that mtravenous injections of amyhn [12]
and CGRP evoke a similar spectrum of responses, but
with different relative potencies, CGRP s approxima-
tely 65 timcs more potent as a hypotensive agent than
15 amyhn and evokes more prolonged falls in blood
pressuie, CGRP 15 shghtly less potent than amyln 1n
evoking increments 1n lactate and glucose, but 1s shghtly
more potent i promoting decrements mn calcium (M -
W Wang et al, in preparation).

CGRP and amylin may evoke their phsyiologic re-
sponses via a family of membrane 1eceptors at which
they act with different relative potencies The CGRP
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a-hCGRP ACDTATCVTHRLAGLLSRSGGVVKNNFVPTNVGSKAF-N1I,
B-hCGRP ACNTATCVTHRLAGLLSRSGGHMVKSNFVPTNVGSKAF-NI,
° *’hCGRP VTHRLAGLLSRSGGVVKNNFVPTNVGSKAF-NI,
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Mg 1 Amino acid sequences Sequences of human amyhn, rat amylin,

a-human calettonmn gene-related peptide (CGRP), f-human CGRP,

and * YhCGRP For 4l except the last, there 1s an ntramolecular
disulfide hinkage between Cys* and Cys’
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fragment, 37 hCGRP, which displaces labelled CGRP
from liver membranes with an apparent affinity of 260
pM, has proved to be a competitive antagonist n -
hibiting CGRP activation of adenylate cyclase [21] In
vivo, ¥3"CGRP reversibly inhibited the vasodilator ac-
tion of CGRP [22], and has been shown to inhibit the
vasodilator action of amylin [11,12] In the present ex-
periments, we report the action of **’hCGRP to block
amylin responses 1n 1solated rat soleus muscle, and to
block the hyperlactaemic and hyperglycaemic responses
to a 25 5 nmol intravenous bolus of amyhn 1n fasted

anaesthetized rats

2. MATERIALS AND METHODS

21 Materials
211 Ammals For m vivo experiments, Harlan Sprague-Dawley

rats (332+9 g, males, age 935 days) were used They were housed at
22 7+08°C n a 12 12 hour hght dark cycle (experiments being per-
formed during the light cycle) and fed and watered ad libitum (Dret
LM-485, Teklad, Madison, WI) Ammals were fasted for 200 5 h
before expeniments For 1solated soleus muscle assays, rats weighed
200-250 g and were fasted for 4 h before use
212 Chemicals  Soluble msuln, (Humuhin-R, 100 U/ml) was pur-
chased from El Luly and Co . Indianapolis, IN The conversion factor
between activity units, U, and molar units for insulin used in the
present study was 1 4U/ml=7 1 pM Human **’CGRP (Lot #ZH201)
was from Bachem (Torrance, CA) Chemical identity and purity of
this peptide was determined as being around 98% by amino acad
analysis, gas phase protemn sequencing, and FAB mass spectrometry
Since activities of synthesized amyhn vary [23], the activity of rat
amyhin [24] used m this study (lot #ZG485, Bachem) was first determu-
ned using the soleus muscle-based assay [3,25], the measured ECsy was
6 7+1 SnM Stock solutions of rat amylin and **VhCGRP were prepa-
red fresh daily m 150 mM NaCl Concentrations of amyhin and * V7
hCGR P m protem-free stock solutions were verified using quantitative
amino aeid analysis as previously desciibed [26]
[U-"C]-glucose (12 6 GBq/mmol) was purchased from New England
Nuclear (Wilmington, DE) All other reagents were of analytical grade
or better

22 Invino methods

Isolation and incubation of stripped rat soleus muscles i the pies-
ence of various concentrations of insubn, amyhn and - "hCGRP, and
determination of rates of radioglucose incorporation into glycogen,
were performed according to previously described methods [3.25]
Muscles wete pre-incubated n Erlenmeyer flasks contaimng 10 ml
Krebs- Ringer bicarbonate bufter at 37°C with the following composi-
tion (in mM) NaCl, 118 5, NaHCO,, 25, KCl, 594, CaCl.. 2 54,
KH,PO,, 119, MgSQ,, 119, D-glucose, S5, pH 740 Flasks were
gassed contmuously with O, CO, (955 v/v) Atter preincubation of
muscles in this medium for 30 mm at 37°C 1n an oscillating water bath
muscle strips wete transferred to similar vials contdining the same
medium with added [U-"*Clglucose (at 0 5 uCvml), human msulin (7 1
nM). rat amyhn (100 nM) and mncreasing concentiations of * V7
hCGRP (0, 1 10,100, 1000, 1x10* 3x10% 1x10° nM) (g 3) Muscles
were incubated for a further 60 min, then blotted and [U-"CJglucose
mcorpotation mto glycogen was measured Four muscle strips were
incubated at edach treatment condition, and each experiment was 1c-
peated 3 tumes

23 Inmno methods

231 Swrgen and mstrumentation Anacsthesia was inducedn 18:-h
fasted tdts using 5% halothane wiuch was then mamnmtaned at 2%
during surgery and at0 8 1% during subsequent metabolic recordings
Tracheotomy and cannulation of right femoral attery and vem weie
performed and core temperature contiolled wath & thermoregulator
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(Model 73A, YSI, Yellow Springs, OH) which switched a heated
operating table

The femoral arterial line was connected to a pressure transducer
(Spectramed P23XL transducer, Model 13-4615-58 amplifier, Gould,
Cleveland, OH) and perfused with heparimzed saline (2 U/mly at 30
ml/h The femoral venous hne was used for acute (bolus) njections,
and ¥"hCGRP was added to this infusate for chronic admimistra-
tion

Signals for arterial pressure were sampled and stored with 12-bit
precision at 20 Hz using a computenzed data acquisition system
(DT2801A A/D converters, DataTranslation, Marlboro, MA, AST
Premium 386 computer, AST Research, Irvine, CA Labtech Note-
book software, Laboratory Technologies Corp . Wilmington, MA)
232 Treament groups There were three treatment groups
(1) Amylin bolus (#=7) after an imtial 2-h infusion, animals received

100 g1 (1v) salime contamming 25 5 nmol freshly dissolved rat
amyhn.

(2) ¥Y"hCGRP Primed continuous infusion with amyhn bolus (#=3)
anmmals were mnjected at =—30 muin with a 160 nmol bolus of
8-7hCGRP, followed by a contmuous nfusion of this peptide at
1 6 yumol/h for 2 h, then at 320 nmol/k for a further hour, the total
* YhCGRP delivered being 3 7 gmol/rat (11 1 umolkg) At +=0
min, animals received 100 gl (1v ) saline contamning 25 5 nmol
fresh rat amylin as n the group above
Saline controls (#=7), nstead of fresh amylm, rats were njected
with 100 4t of saline vehle

3

—~

24 Chenucal methods and data analvsis

Arterial samples were drawn 05, 0 25 and 0 h betore, and 0 5, 1,
15, 2.3, and 4 h after bolus injection Samples were collected nto
heparimized capillaries and separated plasma analyed for glucose, lac-
tate and total calcium Glucose and lactate were analyzed by immobi-
hized enzyme chemistries (glucose oxidase L-lactdte oxidase, Analyzer
model 2300-STAT, YSI, Yellow Springs, OH) Calcium was measuied
using a dye-binding assay (o-Cresolphthalein complexone., Sigmad pro-
cedure #587, Sigma Chemical Co , 8t Lows, MO)

Statistical analysis was performed using the non-paired two-tailed
Student’s (-test (pooled variances method) contained in the SYSTAT
system [27]. with levels of significance as stated Results are reported
as means tSEM  Sigmoid dose-response analyses fiom which ECy,
valucs were derived, used a least-squares iterauve routine to fit a
4-parameter logistic function [28]

3 RESULTS AND DISCUSSION

3.1 Effects w skeletal muscle

Figuic 2 shows that 100 4M **hCGRP could com-
pletely abrogate the ability of 100 nM rat amyln to
suppress insulin-stimulated mcorporation of labelled
glucose into glycogen in 1solate 1at soleus muscle This
result is most readily attribu* d to blockade of amylin
action at the cell surface, presumably at amyhn recep-
tors since both amylin and *VhCGRP aie large molecu-
les and theiefore unlikely to permeate cell membranes
The design of the experiment makes it unlikely that
*THCGRP was acting 1in some non-specific manner,
because 1t restored a complex metabolic 1esponsc to
msulin Applied in the absence of amylin, 100 uM
8 YhCGRP did not change nsulin-stimulated glucose
incotpotation nto  glycogen, ndicating  that
* YhCGRP has no amyln-agonist activity in this assay

Figure 3 shows the dose-response cutve for
¥ YhCGRP in the soleus muscle preparation. In the
presence of 100 nM 1at amyhn, the ICq; 1s calculated to
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Fig 2 In vitro agonist and antagonist activity Isolated soleus muscles
were pre-incubated for 30 min in Kiebs-Ringer bicarbonate buffer
contaming no added hormones (basal), 7 | nM msulin, 7 | nM msulin
+ 100 nM amyln, and 7 | nM msulin + 100 nM amyhn + 100 uM
$hCGRP Net incorporation of [U-'“Clglucose added to the medium
for the next hour was measured 1n extracted glycogen and expressed
as the calculated 1ate of glucosy! units transferred onto glycogen/h/g
wet muscle #=12 muscle strips, means = SEM

be 59 uM with a standard error of £013 log umts
Schild analysis [29] of the shifts invoked by **’hCGRP
(01,1, 10, 30, 100 #M) 1n the amylin dose-response for
suppression of msulin-stimulated glucose icorporation
into soleus muscle glycogen (data not shown) returned
a pA, of 7 1, corresponding to a K of 80 nM That 1s,

Insulin 7 1nM
30 Amylin 100nM
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{U-"*C]glucose — glycogen (smol/g/hr)

zeo 40 10° 10° 107 10° 10° 10* 10°

837 CGRP concentration in medium (molar)
Fig 3 In wvivio dosc-response In wvitto dosceresponse for the anta-
gonism by * hCGRP of the effect of 100 nM amyhin to mhibitinsulin-

stimulated {U-""CJglucose corporation m glycogen in 1solated solcus
muscle The estimated ECq, was 592 4M £0 13 log umis
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-3ThCGRP has an apparent K, for skeletal muscle
amylin receptors about 300 times greater than the value
of 260 pM reported for displacement of CGRP from
membranes [21] Thus, as previously reported in the
liver membrane assay, **’"hCGRP has a higher affinity
than does amylin while in the soleus muscle assay
amylin has a higher affinity than does **’hCGRP.
These results further indicate that amyln (and CGRP)
effects on skeletal muscle are mediated via receptors
distinct from those 1in hiver membranes. Collectively, the
data 1n the present study combined with previous
reports suggest the following order of potency for three
hgands considered here. for the liver receptor,
CGRP>**"hCGRP>amylin, and for thc soleus muscle
receptor, amylin=CGRP>»**hCGRP

3.2 Effects in anaesthetized rats

Figure 4 shows that intravenous infusion of
#-ThCGRP into anaesthetized rats suppressed the n-
crease n plasma lactate and glucose normally evoked
by an intravenous bolus of 25 5 nmol rat amyln The
transient fall in blood pressure normally evoked by this
dose of amylin was also blocked, confirming previous
findings [11] Inhibition of the vasodilation 1s unlikely
to explamn the inhibition of the lactaemic and glycaemic
response to amylmm since these responses also occurred
following subcutaneous amyhn imjection when there
was no change mn blood pressure ® YThCGRP 1tself
evoked significant changes 1n neither plasma lactate and
glucose, nor 1 blood pressure at blocking doses Inter-
estingly, infusion of * **"hCGRP appeared not to inhibit

Glucose

—
o

[¢.4

Lactate

Plasma glucose (mi)
n
Plasma tactate (mi)

tnfusion

0 0

-2 0 2 4 6 a
Hours after amylin injection

g 4 In vivo amyhn dagonist and antagomst responses Amyhn-

induced changes in plasma glucose (- ) and ldactate (D) without (n=7)

and with {@. #. n=3) & primed-contimuous * "hCGRY infusion The

1esponse to sahine alone ¢ n=7)1s dlvo shown Symbols represent the
meany & SLM
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the calctum lowering effect of rat amyln (data not
shown). This result 1s consistent with an amyln n-
fluence on calcum homeostasis via actions on
osteoclasts [17,18] through receptors distinct from those
mediating amyhin actions 1n skeletal muscle and from
those mediating vasodilator effects

It 1s interesting that a simple modification to CGRP,
the removal of 7 N-termunal amino acids with the Cys*-
Cys’ disulfide bond, converts a full agonist into a relati-
vely potent antagonist with no apparent agonist action
at the receptor subtypes examned n the current expe-
riments Apparently, the C-terminal 30 amino acids
contain motifs that can bind tightly to the liver CGRP
receptor and somewhat less tightly to the muscle amylin
receptor Although * VhCGRP antagonizes the vascular
effects of CGRP (and amylin), this antagonist can also
inhibit amyhin action at amylin doses that have no mea-
surable vascular effects Therefore *3’hCGRP should
be a useful pharmacological tool for exploring amyhn’s
biologic actions, and 1ts role in metabolic regulation and
disorders

3.3. Conclusions

These results demonstrate that **’hCGRP 1s an effec-
tive inhibitor of amyhn action n 1solated skeletal mus-
cle. The data are consistent with ¥*hCGRP being a
competittive amylin receptor antagonist The finding
that this antagonist inhibits amylin-gvoked elevation of
plasma lactate and glucose, supports the proposal that
amylin’s metabolic effects in vivo reflect its acuon on
skeletal muscle to promote glycogenolysis and icicase
of lactate
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