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Vasorelaxation in isolated bone arteries

Vasoactive intestinal peptide, substance P, calcitonin gene-related
peptide, and bradykinin studied in pigs

Annette Lundgaard'-2, Christian Aalkjzer', Anders Bjurholm3, Michael J Mulvany' and

Ebbe S Hansen?*

We assessed the effects of vasoactive intestinal
peptide (VIP), calcitonin gene-related peptide
(CGRP), substance P (SP), and bradykinin in arteries
(diameter ~ 230 um) isolated from cancellous bone
from pigs. Arterial segments (2 mm long) were
mounted on a myograph for measurement of iso-
metric force development. After submaximal pre-
contraction with norepinephrine, VIP (10-10-10-7 M),
CGRP (10-11-107 M), SP (10~ M), and bradykinin
{10-11-10-6 M) were added. 44 arterial segments (23
pigs) were investigated. VIP-, CGRP-, and bradykinin
induced a concentration-dependent vasorelaxation,
while SP mediated a transient relaxation. After
mechanical removal of the endothelium, the effects

of SP and bradykinin were completely abolished,
while the relaxation to CGRP was still pronounced.
This indicates that the effects of SP and bradykinin
are mediated by the endothelium, while CGRP
mainly mediates relaxation by a direct effect on
vascular smooth muscle cells. The relaxations to
CGRP and bradykinin were still significant after
inhibition of nitric oxide synthase with 104 M N ©-
nitro-L-arginine (L-NNA) and inhibition of prostag-
landin synthesis with 10 M indomethacin, indi-
cating the existence of an alternative vasorelaxing
pathway. Our findings support the theory of a vaso-
regulatory role of neuropeptides in bone.

TInstitute of Pharmacology, 2Institute of Experimental Clinical Research, Departments of Orthopedics ®Karolinska Institute,
Stockholm, Sweden and *University of Aarhus, Denmark. Correspondence: Annette Lundgaard, Institute of Experimental
Clinical Research, Aarhus University Hospital, Brendstrupgaardsvej, DK-8200 Aarhus N, Denmark. Tel +45 8949-5508.

Fax -6011
Submitted 96-10-27. Accepted 97-05-12

During the last 2 decades, peptidergic nerves have
been demonstrated in many organs, and their signifi-
cance as vasoregulatory substances, sensory media-
tors, and endocrinologic and secretory modulators has
been described. In bone tissue, Hohmann et al. (1986)
were the first to describe a technique allowing direct
immunohistochemical staining of neuropeptides.
Bjurholm (1989) screened rat bone tissue for over 30
neuronally-related substances and found immunore-
activity to calcitonin gene-related peptide (CGRP),
vasoactive intestinal peptide (VIP), neuropeptide Y
(NPY), substance P (SP), and tyrosine hydroxylase.
Peptidergic nerves were most abundant in cancellous
bone near the osteochondral junction of growth
plates, and in the periosteum. Most immunoreactive
nerves were found close to or within blood vessel
walls, suggesting involvement in the regulation of in-
traosseous blood flow.

We assessed the possible roles of SP, CGRP, and
VIP in bone vascular regulation. A recently intro-
duced method for in vitro investigation of isolated
bone arteries was used in order to allow control of
neural, humoral, and metabolic interactions (Lund-

gaard et al. 1996). Earlier studies showed that brady-
kinin induces vasorelaxation via an effect on the en-
dothelium in porcine bone arteries (Lundgaard et al.
1996). Therefore, bradykinin was included in the
study to assess further the mechanisms underlying va-
sorelaxation in bone.

Animals and methods
Bone material and vessel dissection

Land race pigs of both sexes (aged 3-6 months,
weighing 60-85 kg) were used. Immediately after
killing, the distal femur was removed from the pigs.
The condyles were sawn sagittally into 1-2 cm thick
slices and transported to the laboratory in a physio-
logical saline solution at 4 °C. From the bone speci-
men, arterial segments (about 2 cm long) with an ap-
proximate internal diameter of 250 pm were dissected
from the epiphyseal cancellous bone (Lundgaard et
al. 1996).

Before killing, the pigs had undergone various sur-
gical experiments: 13 of 23 pigs underwent a 90-
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Figure 1. Principle of the myograph. Arterial segments (di-
ameter = 230 um) were isolated from epiphyseal cancellous
bone and mounted as ring preparations. Kept at a predefined
degree of stretch, the isometric force development in the
vessel wall was recorded continuously.

minute heart operation and were killed by excision of
the heart. The remaining 10 pigs had longer surgery
(4-8 hours) before they were killed by intravenous in-
jection of saturated potassium chioride. None of the
pigs received atropine before or during operations.

Myographic method

The arterial segments were threaded onto two stain-
less steel wires (40 um in diameter) and mounted as
ring preparations on a myograph for isometric force
development (Mulvany and Halpern 1976, 1977)
(Figure 1). A dual small vessel myograph was used
(model 500; JP Trading, Aarhus, Denmark), enabling
simultaneous investigation of 2 vessels, The test
chamber contained 10 mL bicarbonate-buffered phys-
iological saline solution (PSS), which was heated to
37 °C and bubbled continuously with 95% O, and 5%
CO, to give a pH of 7.4~7.5. After an initial equilibra-
tion time of 30 min, the arteries were stretched step-
wise to characterize the relation between the vessel
circumference and the passive wall tension. The ves-
sel size was normalized by defining L., as the inter-
nal circumference the vessel would have if relaxed
and exposed to a transmural pressure of 100 mmHg
(Mulvany and Halpern 1977). The vessels were kept
at 0.9 x Ly, since this degree of stretch allows max-
imal active force development (Lundgaard et al.
1996). Experiments were carried out by adding the
agonist directly to the chamber and recording the iso-
metric force development in the vessel wall.

Solutions and drugs

The physiological saline solution (PSS) had the fol-
lowing composition (in mmol/L): NaCl 119; KC14.7,
CaCl, 2.5; MgSO, 1.17; NaHCO, 25; KH,PO, 1.18;
ethylenediaminetetraacetic acid (EDTA) 0.026; glu-

cose 5.5. Drugs used were: norepinephrine, bradyki-
nin,N®-nitro-L-arginine (L-NNA), and NY-nitro-L-
arginine methyl ester (L-NAME) (Sigma, St. Louis,
MO, USA); human o calcitonin gene-related peptide,
human/porcine/rat vasoactive intestinal peptide, and
substance P (Peninsula Laboratories Inc., Belmont,
California, USA); indomethacin (Merck, Darmstadt,
Germany). After defrosting, the L-NNA and L-
NAME solutions were placed in an ultrasound bath
until the solution was clear (approximately 2 min).

Standard start

All arteries were stimulated 3 times with 10 uM nore-
pinephrine for 2 min at 5-min intervals and then once
for 5 min. This standard start was carried out prior to
all protocols in order to mobilize the vessel. Contrac-
tions increased in the first stimulations, but after the
third stimulation the same contraction level was
reached repeatedly. The 5-min stimulation was used
to evaluate the smooth muscle function. Only vessels
with an active force development that would corre-
spond to contraction against a pressure of at least 100
mmHg (Mulvany and Halpern 1977) were accepted
for further experiments. To avoid adhesion of pep-
tides, the chamber was coated with bovine albumin
(0.1% in PSS for 10 min) before protocols were initi-
ated.

Precontractions

Since earlier studies showed that norepinephrine can
induce a stable contraction in bone arteries (Lund-
gaard et al. 1996), it was used to contract the arteries
prior to stimulation with vasodilators. The arteries
were stimulated cumulatively with norepinephrine
(0.02-10 uM in 0.3 log-unit steps at 2-min intervals)
in order to assess sensitivity and maximal effect. On
the basis of the concentration-response curve, the
norepinephrine concentration resulting in 80% of
maximal contraction was estimated. This concentra-
tion was used to induce a submaximal contraction
level in vasodilator studies. The 80% contraction lev-
el was chosen to ensure a submaximal level allowing
vasodilators to induce their effect. Once chosen, the
same concentration of norepinephrine was used for
precontraction throughout the experiment.

Protocol I: Concentration-response curves for
VIP, SP, and CGRP

After 6-min submaximal precontraction with norepi-
nephrine, increasing concentrations of vasoactive in-
testinal peptide (VIP), substance P (SP) or calcitonin
gene-related peptide (CGRP) were added cumulative-
ly. VIP and SP were also added as single concentra-
tions, since pilot studies indicated possible tachyphy-
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Figure 2. Study design. Protocoi Ii:
Inhibition of vasodifatory mecha-
nisms. Two arteries were mounted in
each  study. NE:  submaximal
contraction with norepinephrine. Wo:
wash out with physiological saline
solution. C: time control contraction.
VD: addition of a vasodilator (CGRP,
bradykinin or SP) to the precontracted
artery. Phase 1: addition of CGRP (10~
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Repetition Repetition without endothelium

91077 M), bradykinin (10711-1078 M),
and SP (1078 M) in randomized order.
Artery A: vasodilator studies were re-
peated (phase 2), and then repeated
once more after removal of the endot-
helium (phase 3). Artery B: studies on
bradykinin and CGRP were repeated
after inhibition with 10 M L-NNA
(phase 2), and after further inhibition
with 105 M indomethacin (phase 3).

Artery B

20 min.

laxis on cumulative stimulation. Between each va-
sodilator study, the vessels were allowed to rest in
PSS for 20 min. To minimize possible interactions,
the peptides were added in randomized order in each
experiment. The intervals between the cumulative
steps were estimated after evaluation of the effect
profiles of the vasodilators in pilot studies. VIP (1010
—1077 M) was added in half log-steps at 3-min inter-
vals or as a single concentration of 10~ M afier 24
min of precontraction (time corresponding to the ad-
dition of 10~7 M in the concentration-response exper-
iment). SP (10-''-10-6 M) was added in one log-unit
steps at 2-min intervals or as a single concentration of
1076 M after 16 min of precontraction. CGRP (10711—
1077 M) was added in one log-unit steps at 4-min in-
tervals. Time controls were submaximal contractions
sustained for 28 min. These were interposed between
the vasodilator studies.

Protocol Il: Inhibition of vasodilatory mecha-
nisms

Endothelium. Stimulations with SP (106 M) and
CGRP (109-10~7 M) were repeated to reveal possi-
ble tachyphylaxis. The vasorelaxing effects were as-
sessed before and after removal of the endothelium to
reveal whether the effect was mediated by the endot-
helium (Figure 2, Artery A). Before removal of the
endothelivm, bradykinin (10711106 M) was used to
verify endothelial function, since previous studies
have shown that bradykinin induces endothelium-me-
diated relaxation in porcine bone arteries (Lundgaard
et al. 1996). The endothelium was removed mechani-
cally by passing a human hair through the vessel Iu-
men and rubbing the luminal surface. Reduced force
development was generally observed after this proce-
dure. Vessels were excluded from further experiments
if the contraction level was reduced more than 50%
after removal of the endothelium.

C VD VD VD C

C VD VD ¢

+L-NNA + L-NNA and indemethacin

Nitric oxide and prostaglandin synthesis. The pos-
sible roles of nitric oxide (NO) and prostaglandins as
mediators of CGRP- and bradykinin-induced re-
sponses were investigated. The effects of CGRP and
bradykinin were assessed after inhibition of NO syn-
thesis with 104 M N®-pitro-L-arginine (L-NNA) or
10~* M N®-nitro-L-arginine methy! ester (L-NAME),
and further inhibition of the prostaglandin synthesis
with 10~ M indomethacin (an inhibitor of the cy-
clooxygenase) (Figure 2, Artery B). The arteries were
incubated with the inhibitors for approximately 20
min before experiments were carried out.

Calculations

The following parameters were derived from the mea-
surement of isometric force (F) exerted by the arterial
segment on the force transducer:

1. Active force (F,,.) was defined as the change
in force induced by addition of an agonist to an artery
resting in PSS exerting only passive force, F, .. =
Ftotal_Fpassive'

2. Active tension (T

active) Was calculated as active
force divided by twice the vessel length.

Sensitivity to the vasodilators was expressed as
ICy, defined as the agonist concentration (in mol/L)
resulting in half-maximum relaxation. pD, was calcu-
lated as the negative logarithm to ICy, Graphpad
Prism (Graphpad Software Inc. version 2.0, San Di-
ego, USA) was used for these calculations. In 4 con-
centration-response experiments it was not possible
to estimate ICs: in 2 vessels, the relaxations were too
small to allow curve-fitting and in 2 vessels, the relax-
ations did not follow a sigmoidal curve. Therefore,
these four sets of data were omitted.

Vasorelaxing effect was expressed as the relative
reduction in wall tension, compared to the precontrac-
tion level. The relative fali in tension in the time con-
trol (mean of controls carried out before and after the
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vasodilator study, Figure 2) was subtracted to give the
actual relaxing effect.

Statistics

Values are given as mean (SEM). Results were ana-
lyzed for possible differences between groups by the
Student’s two-tailed t-test, probability levels of 5%
being considered significant. N = number of vessels
(a maximum of 2 vessels was isolated from each pig).
The paired t-test was used in comparisons between re-
peated agonist effects in the same vessel.

Results

Of 53 arteries which were mounted on the myograph,
9 arteries were excluded from experiments: in 2 arter-
ies, the maximal force development corresponded to
less than 100 mmHg; in 5 arteries, a stable contraction
level could not be achieved; in 2 arteries, the contrac-
tion level was reduced more than 50% after removal
of the endothelium. The remaining 44 vessels (23
pigs) were investigated. Internal diameter (at L;,0)
was 230 (11) um (range: 117404 um). Prior to re-
moval of the endothelium, all arterial segments re-
laxed to bradykinin, indicating preserved function of
the endothelium.

Baseline

Neither removal of the endothelium nor inhibition of
NO and prostaglandin synthesis affected the baseline.
Thus, there seemed to be no important basal release of
NO, vasodilatory prostaglandins or other endotheli-
um-mediated vasodilators in these arteries.

Precontractions

The maximal tension induced with norepinephrine
was 3.52 (0.28) N/m, suggesting that the function of
the vascular smooth muscle was intact (n 44 vessels,
23 pigs). The submaximal contractions (measured af-
ter 6-min contraction) corresponded to 85 (1)% of
maximal contraction (n 44 vessels, 23 pigs). This was
achieved by stimulation with 0.25-1.5 pM norepi-
nephrine (mean of all vessels was 0.71 uM). To de-
scribe the contraction curve, the natural logarithm to
the tension was plotted against the natural logarithm
to time and a linear relationship was found. The con-
traction curve could thus be described by the slope of
a line. In 5 vessels, the tension level rose during the
contraction period (range: 2-9% of the precontraction
level), but generally an obvious fall in tension level
was observed. The tension fall varied considerably
between vessels (range: 1-35% of the precontraction
range). However, when comparing the time controls

Wo
a .

SmN [ Time control

(10%Mm)

CGRP
(10-11-10"M)

NE

Figure 3. Traces showing (a) time control and the effects of
VIP, SP, and CGRP in a bone artery precontracted with
norepinephrine. VIP (b) and CGRP (d) induced concentra-
tion-dependent vasorelaxation. The relaxation induced by SP
(c) was transient. The effect of SP was quick in onset, while
responses to VIP and CGRP were slower. NE: submaximal
precontraction with norepinephrine. Wo: wash out with physio-
logical saline. (Vessel diameter at L, was 225 um).

in the same vessel, there was no significant change in
the slope of the curve with time. Thus, for each vessel
the time control could be used as an estimated predic-
tive baseline in vasodilator studies (Figure 3).

When the submaximal contraction was repeated,
the precontraction level (after 6-min contraction) was
unaltered as compared to the first stimulation (p =
0.2). After removal of the endothelium the precon-
traction level was reduced to 69 (5)% (range: 53—
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Figure 4. Effects (mean + SEM) of cumulative concentrations of VIP and CGRP after submaximal precontraction with

norepinephrine.
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Effect of 10719~10~7 M VIP (@) and the time control contraction
(7),n8.

90)% of the maximal contraction level (p = 0.005,n 9
vessels, 9 pigs).

In arteries with preserved endothelium, addition of
L-NNA did not change the precontraction level (p =
0.19), while the precontraction level was slightly but
definitely increased after further inhibition with in-
domethacin (3.97 (0.83) N/m, compared to 3.79
(0.79) N/m, p = 0.0006, n 6 vessels, 6 pigs).

Vasoactive intestinal peptide

VIP induced concentration-dependent vasorelaxation
(Figures 3 and 4). In one vessel, there was no re-
sponse to VIP stimulation. In the remaining arterial
segments, the maximal relaxing effect was 47 (11)%
of the precontraction level (range: 7-92%, n 7 ves-
sels, 7 pigs) and pD, was 8.8 (0.14) (IC;, = 1.6 x 10”9
M). When added as a single concentration of 107 M,
all arteries relaxed to VIP, The relaxation was 55 (9)%
of the precontraction level (range: 30-91%, n 7 ves-
sels, 7 pigs). Thus, there was no significant difference
between the maximal relaxing effect when comparing
cumulative addition with single-dose addition of VIP
(p=0.4).

Substance P

All relaxations induced by SP were transient (Figure
3). When SP (10-11-10-6 M) was added cumulatively,

Active Tension
(N/m)
25 L

20 |

1.5 L

05 L

| 1 | | L i

“© -1 -10 -9 -8 7
log CGRP concentration (M)

Effect of 10-''~10~7 M CGRP (®) and the time control contrac-
tion (), n 15.

only 6 of 14 vessels relaxed. These relaxations were
induced within the concentration range of 1071 M-
108 M, and the relaxations ranged from 2 to 58% of
the precontraction level. When 106 M SP was added
as a single concentration, relaxation was induced in
19 of 21 vessels. The mean relaxing effect was 33
(4)% of the precontraction level (range: 6-59%, n 19
vessels, 13 pigs). This finding suggests that small
concentrations of SP may induce tachyphylaxis, re-
sulting in lack of response when SP is added cumula-
tively.

On repeated stimulation with a single concentration
of 107 M SP, the relaxation was 22 (5)% of the pre-
contraction level (range: 4-43%, n 6 vessels, 6 pigs).
This was not significantly different from the initial re-
sponse to SP (p = 0.06). However, the effect of SP
was totally abolished after removal of the endotheli-
um (n 6 vessels, 6 pigs), demonstrating that SP induc-
es vasorelaxation through an effect on the endotheli-
um.

Calcitonin gene-related peptide

CGRP induced concentration-dependent vasorelax-
ation (Figures 3 and 4). Of 15 investigated arteries (9
pigs), one vessel did not respond to CGRP. The maxi-
mal relaxing effect in the remaining 14 vessels was 65
{(7)% of the precontraction level (range: 14-99%) and
pD2 was 9.1 (0.14) (IC5, =7.9 x 10710 M).
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Figure 5. Effect (mean + SEM) of CGRP before and after re-
moval of the endothelium. Relative contraction of 1 equals
the time control contraction. Effect of 109-107 M CGRP (@, n
6), on repeated stimulation (4, n 6), and after removal of the
endothelium (: », n 5). The vasorelaxing effect of CGRP was
stilt pronounced after removal of the endothelium.
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When the arteries were stimulated repeatedly with
CGRP, no reduction in the effect of CGRP was found
(area under curve, p 0.08, n 6 vessels, 6 pigs) (Figure
5). After removal of the endothelium, the effect of
CGRP was still significant (p = 0.006, n 5 vessels, 5
pigs) (Figure 5), indicating that CGRP exerts its effect
partly through a vasorelaxing pathway which is not
dependent on endothelial function.

In arteries with preserved endothelium, inhibition
with L-NNA reduced the effect of CGRP (area under
curve, p= 0.0003), while further addition of in-
domethacin had no significant effect on the response
to CGRP (p = 0.06, n 6 vessels, 6 pigs) (Figure 6).
After addition of both inhibitors, the effect of CGRP
was still pronounced (p = 0.006). Thus NO and pros-
taglandin synthesis do not seem to be the prime path-
ways of CGRP-induced relaxation.

Bradykinin
Bradykinin elicited a concentration-dependent relax-
ation in all arteries. As shown previously (Lundgaard
et al. 1996), this response was totally abolished after
removal of the endothelium.

After inhibition with L-NNA, no significant reduc-
tion in pD, or the maximal effect was observed (p =

Relative
contraction

BRADYKININ
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B

08|

06 |-

04|

0.2

log bradykinin concentration (M)

Figure 6. Effect (mean + SEM) of CGRP and bradykinin before and after inhibition with 10~ M L-NNA and 105 M in-
domethacin. Relative contraction of 1 equals the time control contraction. Effect of 109107 M CGRP and 10-11-107® M brady-
kinin (@), after inhibition of NO synthesis with 10~ L-NNA (W), and further inhibition of prostaglandin synthesis with 10-5 M in-

domethacin (A), n 6 in all groups.
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0.06 for both tests, n = 6 vessels, 6 pigs) (Figure 6).
Further inhibition with indomethacin had no effect on
pD, or on the maximal effect of bradykinin (p = 0.9
and p = 0.6, respectively, n 6 vessels, 6 pigs) (Figure
6). Moreover, when 10* M L-NAME was used to in-
hibit the NO synthase, neither pD, nor the maximal
effect of bradykinin was affected (p= 0.2 in both
tests, n 5 vessels, 5 pigs).

Discussion

Bone perfusion is influenced by neural, humoral, and
metabolic parameters. In this study, we documented
vasorelaxing effects of exogenous VIP, CGRP, SP,
and bradykinin in isolated bone arteries.

VIP induced concentration-dependent relaxation
with a pD, of 8.7. Compared to the study by Edvins-
son et al. (1989), who found a pD, of 6.8 in isolated
rat femoral arteries, VIP thus seems to be quite potent
in bone arteries. In bone tissue, Lindblad et al. (1995)
demonstrated a concentration-dependent vasodilatory
effect of VIP in an in vivo perfused porcine tibia,
whereas Hohmann et al. (1986) found reduced bone
perfusion after i.v. infusion of VIP (1 g x kgl x min'!)
in piglets. This may be due to the systemic adminis-
tration of VIP in the experiment by Hohmann et al. In
that study, a systemic vasodilatory effect was ob-
served which may have led to redistribution of cardi-
ac output, resulting in a relative reduction in bone per-
fusion. In another study, Hohmann et al. showed that
VIP stimulates bone resorption in mouse calvaria
with half-maximal effect at 25 nM (Hohmann et al.
1983). This is approximately the same concentration
found to induce half-maximum relaxation in our stud-
ies, and it suggests that VIP may affect several physi-
ological processes in the same concentration range.

We found the vasorelaxing effect of SP to be medi-
ated via the endothelium. Furthermore, our data indi-
cate desensitization upon continued exposure to SP.
These findings are consistent with previous observa-
tions in other vascular beds (Zawadzki et al. 1981,
Furchgot 1984, Mione et al. 1990).

CGRP induced concentration-dependent vasorelax-
ation in agreement with findings in the in situ in vivo
perfused tibia model (Lindblad et al. 1995) as well as
other vascular beds (Brain et al. 1985, Edvinsson et
al. 1989, Mione et al. 1990, Prieto et al. 1991). In the
present study, we found that only a small part of the
CGRP-induced relaxation was endothelium-mediat-
ed, since relaxation by CGRP was pronounced after
removal of the endothelium. This indicates that the
response to CGRP is mediated mainly by a direct ef-
fect on the vascular smooth muscle. Reports on

CGRP show both an endothelium-dependent pathway
(Brain et al. 1985, Grace et al. 1987, Prieto et al.
1991) and an endothelium-independent pathway (Ed-
vinsson et al. 1985, Brizzolara and Burnstock 1991,
Prieto et al. 1991, Samuelson and Jernbeck 1991).
This may imply variations between different vascular
beds and species. The relaxation to CGRP was still
significant after inhibition of both nitric oxide and
prostaglandin synthesis, indicating the existence of an
alternative vasorelaxing pathway.

The reported vasoactive effects of bradykinin are
diverse. A vasoconstrictive effect has been demon-
strated in basilar arteries isolated from dogs (Yen and
Lai 1992). However, bradykinin is generally known
as a potent vasodilator and both endothelium depen-
dent and endothelium-independent pathways have
been found, implying species variation (Cherry et al.
1982). We previously showed that bradykinin medi-
ates a reproducible and endothelium-dependent relax-
ation in isolated porcine bone arteries (Lundgaard et
al. 1996). In the present study, neither L-NNA nor L-
NAME affected the response to bradykinin, indicat-
ing that the effect is not mediated via release of NO
from the endothelium. After further inhibition of the
cyclooxygenase, the vasorelaxing effect of bradyki-
nin was still pronounced. This finding suggests that
bradykinin-induced vasorelaxation in bone may be
mediated by release of an endothelium-derived factor
that is neither NO nor a vasodilatory prostaglandin. A
known alternative pathway for endothelium-mediated
vasorelaxation is release of endothelium-derived hy-
perpolarizing factor (EDHF). This is a still unidenti-
fied diffusible substance, which contributes to endot-
helium-dependent vasorelaxation by opening potassi-
um channels in the underlying vascular smooth mus-
cle (see Garland et al. 1995 for review). In pilot stud-
ies, we demonstrated a vasorelaxing effect of pinacid-
il, an ATP-sensitive K*-channel opener, in bone arte-
rial segments. Pinacidil induced concentration-depen-
dent vasorelaxation, which was reproducible and
could be blocked by glibenclamide, an ATP-sensitive
K*-channel blocker (own data). Thus, K ATp Channels
are present in the isolated bone arteries. However, af-
ter inhibition with glibenclamide (3 uM), the vasore-
laxing effect induced by bradykinin seemed to be un-
affected (n 2). Therefore, ATP-sensitive potassium
channels are probably not involved in the bradykinin
response. Nevertheless, other potassium channels
may be responsible for the bradykinin response in
bone arteries, since the types of potassium channels
involved in the endothelium-dependent hyperpolar-
ization differ among blood vessels and species
(Standen et al. 1989, Brayden et al. 1991, Garland et
al. 1995).
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Our data indicate that NO may be of minor vaso-
regulatory importance in porcine bone. This is consis-
tent with findings in the perfused tibia in dogs (Brink-
er et al. 1990) and earlier studies on arteries isolated
from porcine bone (Lundgaard et al. 1996). In the
present study, the arteries were investigated in vitro
and this should be taken into consideration. Thus, it
could be argued that, during in vitro investigations,
depletion of substrate for NO synthesis (i.e., L-argin-
ine) may occur and this could explain the apparent in-
significance of NO synthase inhibition. Moran and
Wood described depletion of L-arginine, which
resulted in lack of response to acetylcholine after one
hour of perfusion in the perfused tibia model (Moran
and Wood 1992). We did, however, consider this as-
pect in earlier studies and found that addition of L-
arginine in concentrations of 1, 5 or 10 mM had no
effect on the response to acetylcholine (Lundgaard et
al. 1996). Moreover, arteries isolated from rabbit and
human bone relax readily to acetylcholine after more
than 6 hours of mounting, indicating sufficient stores
of L-arginine in the preparation (Brogaard Hansen et
al. 1996, Lundgaard et al. 1997). Therefore, NO
seems to be of minor importance in vasoregulation in
porcine bone.

Modulation of the vascular resistance may be only
one aspect of the physiological significance of neu-
ropeptides in bone. VIP, CGRP, and bradykinin can
influence bone resorptive processes (Hohman et al.
1983, Gustafson and Lerner 1984, D’Souza et al.
1986, Roos et al. 1986, Zaidi et al. 1987). Since the
neuropeptides are most abundant in areas with high
mineral turnover and in connection to blood vessel
walls (Bjurholm 1989), the peptides may play an inte-
grating role in bone physiology.

In conclusion, we have demonstrated that CGRP,
SP, VIP, and bradykinin can relax porcine bone arter-
ies. This finding indicates that release of neuropep-
tides from perivascular nerves may modulate vascular
tone in bone tissue. Unlike Brinker et al. (1990), we
found that bone vessels are susceptible to direct va-
sodilation. VIP, SP, CGRP, and bradykinin were all
found to be potent vasodilators. Therefore, we sug-
gest that blockade of vasoconstriction by neuropep-
tides is an important vasodilatory mechanism in bone.
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