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Heterogeneous involvement of endothelium in calcitonin
gene-related peptide-induced relaxation in coronary arteries
from rat
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1 The effects of rat- and human-CGRP and capsaicin were studied in isolated rings of rat proximal
epicardial (PC) and distal intramyocardial (DC) coronary arteries.
2 The relaxing effect of rat-CGRP was dependent on the level of vessel tone induced by prostaglandin
F2a (PGF20) in PC but not in DC arteries. Submaximally contracted DC and PC arteries were more

sensitive to rat- than human-CGRP. There was no difference in sensitivity to rat- and human-CGRP
between PC and DC arteries.
3 Substance P elicited a small relaxation only in 4 of the 6 PC arteries tested. PC and DC arteries were

concentration-dependently relaxed by capsaicin. The relaxation was partly inhibited by ruthenium red,
thus suggesting that capsaicin causes specific release of CGRP from sensory nerve endings in rat coronary

arteries.
4 The relaxant effect of rat-CGRP was antagonized by endothelium removal and indomethacin but not
methylene blue in endothelium-intact PC arteries. The relaxation in DC arteries was not affected by any

of these treatments, indicating a heterogeneous involvement of the endothelium in CGRP-mediated coro-

nary vasodilatation and the release of a cyclo-oxygenase product in PC arteries in rats.

5 Glibenclamide had no inhibitory effect on the CGRP-induced relaxation of PC and DC arteries, thus
excluding the involvement of glibenclamide-sensitive K+-channels in the mechanism of action of CGRP in
rat coronary arteries.
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Introduction Methods

The vasodilator effect of calcitonin gene-related peptide
(CGRP) (Amara et al., 1982) has been extensively studied in
the coronary circulation of several mammals (Holman et al.,
1986; Franco-Cereceda et al., 1987; Greenberg et al., 1987;
Shoji et al., 1987; Franco-Cereceda, 1988; Beny et al., 1989)
including man (McEwan et al., 1986; Franco-Cereceda &
Lundberg, 1987; Thom et al., 1987). CGRP-immunoreactivity
is present in high concentration in cardiac tissue and in nerve
fibres associated with coronary blood vessels (Mulderry et al.,
1985). CGRP may be released upon activation of cardiac
sensory nerves by capsaicin and during ischaemia (Franco-
Cereceda et al., 1989).
The relaxation induced by CGRP has been reported to be

endothelium-dependent in rat aorta (Brain et al., 1985; Grace
et al., 1987) and some human vessels (Thom et al., 1987) and
also endothelium-independent in cat cerebral arteries
(Edvinsson et al., 1985), human skeletal muscle and pig splenic
arteries (Pernow, 1989), rabbit mesenteric resistance arteries
(Nelson et al., 1990) and bovine (Greenberg et al., 1987) and
porcine coronary arteries (Franco-Cereceda et al., 1987; Shoji
et al., 1987). The CGRP-induced relaxation of rabbit mesen-
teric resistance arteries may possibly be mediated through
opening of K+-channels which are blocked by glibenclamide
(Nelson et al., 1990).
The present study examines the relaxant effects of rat- and

human-CGRP in rat proximal epicardial (PC) and distal
intramyocardial (DC) coronary arteries in relation to the level
of vascular tone, the presence of endothelium and involvement
of secondary mediators.

Segments (1-2mm long) of the proximal (PC) and distal (DC)
part of the left anterior descending coronary artery in hearts
obtained from 3 month old male Wistar rats were dissected as
previously described (Nyborg, 1990) and mounted as ring
preparations on two 40Oim diameter stainless steel wires on a
double myograph (Mulvany & Nyborg, 1980) which allowed
direct determination of the isometric wall tension while the
internal circumference of the vessels was controlled.

After mounting, the arteries were equilibrated in physiologi-
cal saline solution (PSS) at 370C, pH 7.4 for 30min. The
vessels were then stretched to their optimal lumen diameter
lo = 0.9 x 11oo, where l1o0 is an estimate of the diameter the
vessels would have if subjected a passive transmural pressure
of 13.3 kPa (100mmHg), for active tension development
(Nyborg et al., 1987). The arteries were then repetitively stimu-
lated with K-PSS (equivalent to PSS except that NaCl is
exchanged with KCI on an equimolar basis) until reproducible
responses were recorded. The maximal contractile capacity of
the vessels (Emai) was estimated by activating the vessels with
K-PSS to which prostaglandin F2e (PGF2,) and 5-
hydroxytryptamine, both 10- 5M, were added.

In the first series of experiments, cumulative concentration-
response curves for rat-CGRP and human-CGRP, were con-
structed by using vessels submaximally (50-60% of Emax) or
maximally (>70% of Ema.) contracted with PGF2. obtained
by a final concentration of PGF2. in the tissue bath between
10-7M and 10- M. Because of the development of tachy-
phylaxis to rat- and human-CGRP, arterial segments were
used only once when challenged with these agonists.

In a second series of experiments the role of the endothe-
lium was determined by using two consecutive arterial seg-
ments; one was used as a control and the other segment had
its endothelium removed as previously described (Nyborg,
1990). Successful removal of the endothelium was tested by
the absence of relaxation to acetylcholine (10- 5M).
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Finally, the effect of rat-CGRP was tested after incubating
the arteries with either indomethacin or methylene blue, both
at 3 x o0-6 M, or 10-6 M glibenclamide, a blocker of the ATP-
sensitive K+-channels in arterial smooth muscle (Standen et
al., 1989). In this series of experiments, and also in those where
the endothelium was removed, proximal coronary arteries
were submaximally contracted with PGF2a, (10- 7_106 M).
PSS had the following composition (in mM): NaCl 119,

NaH2CO3 25, KCI 4.7, CaCl2 1.5, KH2PO4 1.18, MgSO4
1.17, ethylene diamine tetraacetic acid (EDTA) 0.026 and
glucose 11. K-PSS was similar to PSS escept that NaCi was
exchanged for KCl on an equimolar basis.

Drugs used were rat- and human calcitonin gene-related
peptide (CGRP), capsaicin, ruthenium red, 5-hydroxy-
tryptamine creatinine sulphate complex, acetylcholine HCI (all
Sigma, U.S.A.), prostaglandin F2. (Dinoprost, UpJohn,
Belgium), methylene blue (DAK, Denmark) and indomethacin
(Merck, F.R.G.). Capsaicin was dissolved in 96% ethanol
while other drugs were dissolved in distilled water. Stock solu-
tions were stored at -20°C and dilutions were made just
before experimentation.

Vessel responses are expressed as either active tension
(Newton per meter of vessel wall, Nm-1) or as a percentage of
the response induced by PGF2a. Sensitivities to the agonists
are expressed as pD2-values, where pD2 =-log(EC50[M]),
and EC50[M] is the agonist-concentration required to produce
half-maximal relaxation. EC50[M]s were estimated by fitting
plots of responses (R) vs. concentration (A[M]) on a log-scale
to the equation R = Rma, x A[M]'/(A[M]l + EC50[M]n),
where Rmax is the maximal tissue response to agonist, using
the commercial available GraphPAD programme. Results are
given as mean + s.e.mean, (number of vessels).

Differences between mean values were analyzed by
Student's t test for paired or unpaired observation where
appropriate. The level of significance was for both tests set at
P values less than 0.05.

Results

Effect of initial vessel contraction on relaxation ofPC
and DC arteries
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Figure 1 Relaxant effects of human-calcitonin gene-related peptide
(CGRP) (squares) and rat-CGRP in proximal epicardial (a) and distal
intra myocardial, (b) arteries submaximally (50-60% of Em.x) (circles)
and maximally (> 70% of Em.x) (triangles) contracted with prostaglan-
din F2a. Points represent mean values of 4-11 vessels. Vertical bars
indicate s.e.mean where this value exceeds the size of symbol.

Concentration-response relations for rat- and human-CGRP
in sub- and maximally PGF2a-contracted segments of PC and
DC arteries with intact endothelium are shown in Figure 1.
The maximal relaxation induced by rat-CGRP (3 x 108M)
was significantly (P < 0.001) greater in PC arteries contracted
submaximally (50-60% of Em ,) than in arteries contracted to
a higher level (> 70% of Emax) by PGF2, . Submaximally con-
tracted PC arteries were more sensitive (P < 0.05) to rat- than
human-CGRP, pD2 values being 8.48 + 0.03 (n = 7) and
8.12 + 0.08 (n = 9).
The relaxation induced by rat-CGRP in DC arteries was in

contrast to PC arteries independent of the magnitude of the
preconstricting tone. Maximal relaxations were 85 + 6%
(n = 4) and 83 + 4% (n = 7) and pD2 values were 8.49 + 0.09
(n = 4) and 8.53 + 0.11 (n = 7) in DC arteries contracted with
PGF21 to 51±5% (n = 4) and 81 + 2% (n = 7) of E.ma,
respectively. DC arteries were also more sensitive (P < 0.05)
to rat- than human-CGRP, pD2 values being 8.52 + 0.07
(n = 11) and 8.19 + 0.10 (n = 8), respectively. PD2 values in
PC and DC arteries were not significantly different.

Effect ofsubstance P and capsaicin

Substance P (SP) (10-10_10-7M) did not elicit a significant
relaxation in rings of DC arteries with intact endothelium.
However, SP induced a small relaxation, 10 + 3% (n = 4) in 4
of 6 PC arteries contracted with 10-I6 M PGF2,.

Capsaicin (10-6-3 x 10-SM) induced a concentration-
dependent relaxation of PC and DC arteries (Figure 2). The
maximal responses to capsiacin, 3 x 10- M, were 63 + 7%

(n = 6) and 66 + 7% (n = 6) in PC and DC arteries, respec-
tively. The capsaicin-induced relaxations were antagonized by
10- IM ruthenium red (Figure 2). Higher concentration than
10- SM of ruthenium red was not tested systematically because
it caused a decrease in the PGF2.-induced contraction.

Effect ofendothelium-denudation
Acetylcholine (ACh) (10- M) relaxed endothelium-intact and
-denuded PC arteries 82 + 5% (n = 7) and 8 + 4% (n = 6)
respectively. Removal of endothelium was accompanied by an
increase in the spontaneous myogenic tone but the total active
tension (spontaneous tone plus that induced by PGF2U) was
always kept in a range between 50-60% of Emax, mean active
tension being 52 + 3% (n = 6) of Ema., in order to avoid bias
comparing the relaxing effect of rat-CGRP in endothelium-
intact and denuded arteries. The maximal relaxation elicited
by rat-CGRP was significantly (P < 0.001) reduced in
endothelium-denuded PC arteries compared to control
vessels: 18 + 5% (n = 6) vs. 80 + 6% (n = 7), respectively
(Figure 3a).
The 10-5M ACh-induced relaxation of endothelium-intact

and -denuded DC arteries was 83 + 7% (n = 6) and 5 + 3%
(n = 6), respectively. The concentration-response relations for
rat-CGRP were unaffected by the absence of endothelium in
DC arteries (Figure 3b), pD2 values being 8.42 + 0.12 (n = 6)
and 8.47 + 0.09 (n = 6) and maximal relaxations 77 + 4%
(n = 6) and 74 + 9% (n = 6) in endothelium-intact and
-denuded arteries, respectively.
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Figure 2 Columns showing the inhibitory action of 10-SM ruthe-
nium red (hatched columns) on the relaxant effect of capsaicin (open
columns) in six rat proximal epicardial (a) and distal intramyocardial
(b) arteries. Responses are expressed as relative relaxation of arteries
contracted with 10-6 M prostaglandin F2,. Vertical lines show
s.e.mean. *P < 0.05; **P <0.01; ***P < 0.001.

Effect ofindomethacin, methylene blue and glibenclamide

Incubation of endothelium-intact PC arteries with 3 x Io -M
indomethacin partially blocked the relaxation induced by rat-
CGRP; maximal relaxations were 80 + 6% (n = 7) and
52 + 3% (n = 7) (P < 0.001) in the absence and presence of
indomethacin, respectively (Figure 3a). However, the
concentration-response curve for rat-CGRP in DC arteries
was not affected by indomethacin (Figure 3b).

Methylene blue (3 x 10-6 M) and glibenclamide (10-6 M)
had no effect on the relaxation induced by rat-CGRP in either
PC or DC arteries (Figure 3).

Discussion

The present study demonstrates that CGRP induces potent
relaxation of rat coronary arteries via endothelium-dependent
and -independent mechanisms in the proximal and distal part
of the left coronary artery, respectively, in rats. The present
results are thus in agreement with earlier studies reporting
that both rat- and human-CGRP evoke dose-dependent
decreases in perfusion pressure in rat hearts (Al-Kazwini et al.,
1985; Holman et al., 1986) and in agreement with in vitro
studies on bovine (Greenberg et al., 1987), porcine (Franco-
Cereceda et al., 1987; Shoji et al., 1987; Beny et al., 1989) and
human (Franco-Cereceda & Lundberg, 1987) coronary
arteries.
The magnitude of the CGRP-induced relaxation in PC

arteries was, in contrast to DC arteries, highly dependent on
the level of tone induced by PGF2a. Previous studies on mes-
enteric (Al-Kazwini et al., 1986) and coronary (Shoji et al.,
1987) vascular smooth muscle have shown that the extent of
relaxation elicited by CGRP is dependent on the type of vaso-
constrictor used; thus CGRP was less effective when the
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Figure 3 Rat-calcitonin gene-related peptide (CGRP) concentration-
response relations of proximal epicardial (a) and distal intramyocard-
ial (b) arteries in control condition (circles), and in presence of
3 x 10-6Im indomethacin (triangles), 3 x 10-6m methylene blue
(squares), 10- 6pM glibenclamide (diamonds) and after removal of endo-
thelium (crosses). Points show mean values of 3-15 observations. Ver-
tical bars indicate s.e.mean where this value exceeds the size of
symbol.

arteries were contracted by high K+-concentrations than by
PGF2.. This suggests that the smooth muscle membrane
potential may play an important role in determining the mag-
nitude of relaxation induced by CGRP. However, the relax-
ation induced by CGRP was independent of the level of
contraction in DC arteries suggesting either that the mem-
brane potential is independent of the level of PGF2,-induced
vessel tone or that the mechanism involved in the CGRP-
mediated relaxation is independent of smooth muscle mem-
brane potential as in pig distal coronary arteries (Beny et al.,
1989).
CGRP may be released from sensory nerve endings by

myocardial ischaemia as well as by capsaicin (Franco-Cere-
ceda et al., 1989). Capsaicin may also induce release of other
neuropeptides (Buck & Burks, 1986). Substance P had no
effect in DC arteries at all and induced only a small and spor-
adic relaxation in PC arteries. Neuropeptide Y has only a
constrictor effect in rat coronary arteries (Prieto et al., 1990)
and bradykinin is without effect (results not shown). Ruthe-
nium red, which probably inhibits capsaicin-induced release of
CGRP by a calcium-antagonistic action on sensory nerve
endings (Maggi et al., 1988), antagonized the relaxant effect of
capsaicin in PC and DC arteries suggesting that at least a
large part of the relaxation of these arteries is mediated pri-
marily by release of CGRP. The density of CGRP-containing
nerves or at least the amount of CGRP released in PC and
DC arteries appears to be equal since the concentration-
response relations to exogenous CGRP and capsaicin, respec-
tively, were similar in these arteries. The concentration of
capsaicin used to elicit mechanical responses in rat coronary
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arteries is rather high compared to those necessary for
responses in guinea-pig urinary bladder (Maggi et al., 1989),
bronchus and left atria (Maggi et al., 1988).

Although the CGRP-receptor discriminated between
human- and rat-CGRP there was no difference in effect of
CGRP between PC (submaximally contracted) and DC
arteries, as previously shown in the proximal and distal part
of the guinea-pig mesenteric (Edvinsson et al., 1989) arteries.
However, there are important differences concerning the
mechanisms underlying the CGRP-induced relaxation
between large and small arteries in the rat coronary vascular
bed. CGRP induced an endothelium-independent direct relax-
ation of DC vascular smooth muscle, which is consistent with
that reported for pig (Franco-Cereda et al., 1987; Shoji et al.,
1987) and bovine coronary arteries (Greenberg et al., 1987),
and also for cerebral (Edvinsson et al., 1985), splenic and
skeletal muscle arteries (Pernow, 1989). In contrast, the relax-
ation induced by CGRP in PC arteries was almost totally
dependent on the endothelium, which is partly consistent with
that reported for rat aorta (Brain et al., 1985; Kubota et al.,
1985; Grace et al., 1987), where the response to CGRP was
completely abolished after removal of the endothelium. It
seems, therefore, that the action of CGRP in rat PC arteries
may be a transition between that in aorta and small intramyo-
cardial arteries. The transition may be attributed to the differ-
ential morphogenesis of the proximal and distal part of the
coronary circulation which is derived from aortic and myo-
cardial mesenchyme, respectively (Conte & Pellegrini, 1984).
The endothelial factor released by CGRP in PC arteries

appears to be a cyclo-oxygenase product since indomethacin
but not methylene blue had an inhibitory effect on the relax-
ation. The concentration of indomethacin used (3 x 10-6M)

did not antagonize the CGRP-induced relaxation to the same
extent as did endothelium-denudation. This is probably due to
a partial inhibition of the cyclo-oxygenase by indomethacin.
We could not test this since unspecific relaxation of PC
arteries occurs at higher concentrations of indomethacin
(Nyborg & Mikkelsen, 1990).

There is much evidence in the literature that CGRP medi-
ates its action through adenosine 3',5'-cyclic monophosphate
(cyclic AMP) generation in endothelial and vascular smooth
muscle cells (Edvinsson et al., 1985; Kubota et al., 1985;
Grace et al., 1987; Hirta et al., 1988; Crossmann et al., 1990).
In addition, some of these studies demonstrated also that
CGRP has no effect on cyclic GMP generation, which in part
supports the lack of effect of methylene blue on the CGRP-
induced relaxation of PC and DC arteries in the present
study. However, Nelson et al. (1990) recently demonstrated
that CGRP hyperpolarizes rabbit mesenteric resistance artery
smooth muscle by opening K+-channels, and that the hyper-
polarization as well as the CGRP-induced relaxation of these
arteries was reversed by glibenclamide, a blocker of ATP-
sensitive K +-channels (Standen, 1989). The present experi-
ments do not confirm the involvement of
glibenclamide-sensitive K +-channels in the CGRP-induced
relaxation of rat coronary arteries. However, this does not
exclude the involvement of other types of K+-channels in the
direct CGRP-mediated smooth muscle relaxation in rat coro-
nary arteries; this requires further studies on second messen-
gers and on the effect of other K+-channel inhibitors.

D.P. and S.B. were supported by the Spanish Ministry of Education
and Science. This study was supported by the Danish Medical
Research Council, Grant No. 12-7744 and 12-8717.
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