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Abstract

Proadrenomedullin NH,-terminal 20 peptide (PAMP) and
adrenomedullin, which are derived from proadrenomedul-
lin, exhibit remarkable hypotensive action. We investigated
the effect of PAMP and adrenomedullin on peripheral sym-
pathetic neural transmission. Using perfused rat mesenteric
arteries, PAMP (0, 1, 5, and 10 pmol/ml) decreased norepi-
nephrine overflow by periarterial electrical nerve stimula-
tion in a dose-dependent fashion (0.244+0.043, 0.231+0.048,
0.195:0.061, and 0.168+0.051 ng/gram tissue weight: NS,
P < 0.05, and P < 0.02, respectively). In contrast to PAMP,
adrenomedullin (1, 5, and 10 pmol/ml) did not change it.
In contrast, vasoconstrictive response of mesenteric arteries
to exogenous norepinephrine was significantly attenuated
by 10 pmol/ml of adrenomedullin but not by the same
dose of PAMP. Calcitonin gene-related peptide (8-37)
[CGRP(8-37)], a CGRP receptor antagonist, inhibited the
vasodilatory effect of adrenomedullin but could not suppress
the sympathoinhibitory effect of PAMP. Neither a nicotinic
antagonist, hexamethonium, nor a presynaptic a, antago-
nist, yohimbine, blocked the sympathoinhibitory effect of
PAMP. Thus, it suggests that PAMP and adrenomedullin,
which are derived from the same gene, exhibit different
hypotensive mechanisms: PAMP inhibits neural transmis-
sion at peripheral sympathetic nerve ending, although adre-
nomedullin directly dilates vascular smooth muscle, possi-
bly through CGRP-like receptor. (J. Clin. Invest. 1995.
96:1672-1676.) Key words: norepinephrine ¢ norepineph-
rine overflow  vasodilation « hypotensive action « rat
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Introduction

Adrenomedullin (AM)," originally isolated from pheochromo-
cytoma tissue, has been shown to exhibit strong hypotensive
action (1). The DNA sequence encoding AM precursor, prepro-
adrenomedullin, has been identified in human as well as rat
tissue (2, 3). Preproadrenomedullin consists of 185 amino
acids, and cleavage at the signal peptide between Thr?' and
Ala? yields a truncated propeptide with 164 peptides which
contains AM. Three typically paired basic amino acids, which
represent sites for proteolytic processing signals, are found in
the proadrenomedullin (2, 3). The first paired basic amino acid,
Lys*®-Arg*, is a representative site for proteolytic cleavage,
giving the product named as proadrenomedullin NH,-terminal
20 peptide (PAMP) (2, 3). Although it was reported recently
that tissue concentration of PAMP is exceedingly high in adre-
nal medulla, PAMP is also detectable in plasma and other tis-
sues such as right atrium, kidney, and brain (4). This distribu-
tion of PAMP indicates its physiological role in circulation
control.

AM has been reported to decrease blood pressure remark-
ably, associated with a fall in total peripheral resistance in anes-
thetized rat (5). Moreover, the vasodilator action of AM has
been shown in the ex vivo experiment with perfused mesenteric
arteries (6). Thus AM decreases blood pressure mainly by vaso-
dilation. Consistently, AM increased heart rate and cardiac out-
put through vasodilation-induced reflex compensatory mecha-
nisms. As in AM, PAMP decreased blood pressure in anesthe-
tized rat (7). Interestingly, the reduction of blood pressure with
PAMP was not associated with increment of heart rate and
cardiac output (8). It suggests that it might be due to the absence
of reflex tachycardia which is related to centrally mediated baro-
reflex; otherwise, PAMP suppresses the peripheral sympathetic
tone, which, in turn, causes vasodilation. AM shares slight ho-
mology with calcitonin gene-related peptide (CGRP) and its
vasodilatory effect is inhibited by CGRP antagonist CGRP (8-
37) in isolated rat mesenteric artery (6). On the other hand,
PAMP has an apparently different structure from AM and
CGRP (2), suggesting that AM and PAMP are two distinct
products of the AM gene with vasodilating action. It led us to the
speculation that PAMP and AM have two different vasodilatory
mechanisms. In contrast to CGRP, vasodilation with PAMP
may occur not due to its direct effect on vascular smooth muscle
but also indirect effects such as sympathetic inhibition. How-
ever, the effect of PAMP on peripheral sympathetic tone has
not been examined.

Thus, we investigated the effect of PAMP and AM on pe-
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Figure 1. Percent changes of NE overflow with periarterial electrical
stimulation. Periarterial electrical stimulation (8 Hz, 1 min) was given
on mesenteric artery perfusion preparation of rats. Perfusate was col-
lected for 2 min. Total NE in perfusate was measured. PAMP signifi-
cantly decreased NE overflow (closed circles) in a dose-dependent fash-
ion but AM did not affect it (open circles). * P < 0.05, ' P < 0.02
vs. control buffer (0 pmol/ml PAMP or AM).
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ripheral sympathetic nerve activity and vascular tone in this
study. As a result, we found that PAMP suppressed peripheral
sympathetic tone whereas AM antagonized vasoconstrictor ef-
fect of norepinephrine (NE).

Methods

Male Sprague-Dawley rats at 10 wk of age were used. Rat mesenteric
arteries were prepared by a modification of Castellucci’s method (9).
The entire intestines were discarded and the mesenteric arteries were
quickly connected to the perfusion apparatus. The preparations were
perfused with a Krebs-Henseleit solution by use of a peristaltic pump
(Minipulse 2; Gilson Medical Electronics SA, Villiers-le-Bel, France)
at a rate of 2 ml/min. Constituents of the solution were as follows
(mmol/liter): NaCl, 114.5; KCl, 4.6; KH,PO,, 1.4; MgSO,, 2.4; CaCl,,
2.5; NaHCO:s, 25; glucose, 5.6. The solution was continuously oxygen-
ated with a gas mixture of 95% 0,-5% CO, at 37°C. A 30-min equilibra-
tion period was allowed before starting each experiment.

Norepinephrine overflow by electrical stimulation. A platinum elec-
trode placed around the periarterial plexus of the mesenteric artery was
used to stimulate the postganglionic sympathetic nerve fibers. A standard
electrical stimulus of 8 Hz for 1-min duration was given every 15 min.
The perfusate through the mesenteric vascular preparation was collected
into tubes containing 10 mg EDTA as final concentration of 2.5 mg/
ml for measurement of NE by high performance liquid chromatography
(10). NE was exactly measurable from 1-10,000 pg/ml and NE concen-
trations in the effluent of stimulated arteries are ~ 100—-500 pg/ml.
Samples were collected every 2-min period before and after nerve stimu-
lation. NE overflow was defined as NE content of perfusates per wet
tissue weight.

Drug administration. Rat PAMP, rat AM in doses of 1, 5, and 10
pmol/ml, or 100 pmol/ml of CGRP(8-37), a CGRP receptor antagonist
(Peptide Institute, Osaka, Japan) (6), was applied for 5 min before
electrical stimulation. Yohimbine, a presynaptic a, receptor antagonist
(11), in a dose of 100 pmol/ml, or 100 nmol/ml of hexamethonium,
a nicotinic antagonist (12), was applied for 10 min before electrical
stimulation.

As control, two electrical stimulations every 15 min were given.
In experiments for dose dependency of PAMP or AM, one electrical
stimulation was given for each dose every 15 min. Two electrical stimu-
lations were applied with' CGRP(8-37) and then once with 5 and 10
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Table I. NE Overflow with Periarterial Electrical Stimulation

Control 1 pmol/ml 5 pmoV/ml 10 pmol/ml

PAMP 0.244+0.043* 0.231+0.048 0.195+0.061* 0.168+0.051°

AM 0.225+0.044* 0.213+0.030 0.215+0.030  0.203+0.028
PAMP + CGRP
(8-37) (100

pmol/ml) 0.245+0.040" — 0.185+0.031* 0.162+0.041%

NE overflow was expressed as nanograms/gram tissue weight. Values are shown
as means+SEM. * Control experiments were done without PAMP or AM. ! Con-
trol experiments were done with CGRP alone. *P < 0.05 and ®P < 0.01 by
repeated measures of ANOVA.

pmol/ml of PAMP which were coinfused with CGRP(8-37). Two elec-
trical stimulations were given with yohimbine alone and two with both
yohimbine and 10 pmol/ml of PAMP. Hexamethonium was applied in
buffer with 1.2 mM of potassium, in which chloride was replaced with
NaCl. The way to apply hexamethonium and PAMP was the same as
in experiments with yohimbine.

Vasoconstrictor response to exogenous NE. NE (Sigma Chemical
Co., St. Louis, MO) in a dose of 1, 3, 10, and 100 gmol in 100 ul
Krebs-Henseleit buffer was injected as a bolus using a microinjector.
The change of perfusion pressure was recorded by a pressure transducer
(model TP-200T, Nihon Kohden, Tokyo, Japan) connected to a thermal
array recorder (model WS-641G; Nihon Kohden, Tokyo, Japan). NE
in each dose was injected before and 5 min after perfusion with PAMP
(10 pmol/ml) or AM (10 pmol/ml). Also effects of PAMP or AM
were examined under 5-min presence of CGRP(8-37) in a concentration
of 100 pmol/liter.

Statistical analysis. Data were presented as means+SEM. NE over-
flows were averaged and statistically analyzed by repeated measure-
ments of ANOVA for analysis of dose dependency and for antagonizing
effect of CGRP(8-37). Unpaired and paired ¢ tests were applied for
effect of yohimbine and hexamethonium. Change in perfusion pressure
at each dose of NE before and after the agents was calculated and
statistically analyzed by repeated measurements of ANOVA. P value
< 0.05 was considered to be significant.

Results

Effect of PAMP or AM on NE overflow. NE overflow by
six consecutive electrical stimulations was not different
(0.245+0.042, 0.260+0.049, 0.241+0.051, 0.253+0.034,
0.228+0.061, and 0.242+0.053 ng/gram tissue weight, respec-
tively; n = 6). Average tissue weight was 3.56+0.88 grams.
Both the NE overflow and pressor responses induced by electri-
cal stimulation were completely abolished by the addition of
guanethidine (107> M) and tetrodotoxin (10~7 M) to the perfu-
sate (NE; not detectable), suggesting that it adequately reflects
the activity of the sympathetic nerves. PAMP at the dose of 0,
1, 5, and 10 pmol/ml decreased NE overflow dose dependently
(Fig. 1) (100.0x13.4, 94.9+6.07, 81.7+5.3, and 65.9+4.6%:
NS, P < 0.05, P < 0.02 compared with control, respectively;
n = 8) but AM in a dose of 0, 1, 5, and 10 pmol/ml did not
affect it (100.0+12.9, 100.3+9.7, 100.0+6.8, and 94.7+5.9%:
NS; n = 7). The absolute value of NE overflow and its change
by PAMP or AM are shown in Table 1.

Effect of PAMP or AM on pressor response to NE. Fig. 2
represents typical recording of the effects of PAMP or AM on
pressor response by exogenous NE. Neither PAMP nor AM
changed basal perfusion pressure. Pressor response to 1, 3, and
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Figure 2. Typical recording of pressor response by exogenous NE. One of six experiments is shown. NE (1, 3, 10, and 100 pmol)-evoked pressor
responses were shown in a dose-dependent fashion. Pressor response with 1, 3, and 10 umol of NE was not significantly suppressed with the
treatment of 10 pmol/ml of PAMP, whereas they were significantly suppressed with the same dose of AM. The pressor response with 100 zmol

of NE was slightly but significantly suppressed by PAMP and AM.

10 pmol of NE was not suppressed by 10 pmol/ml of PAMP,
although it was significantly suppressed by 10 pmol/ml of AM
(Table II). Pressor response to 100 pmol of NE was signifi-
cantly suppressed by either 10 pmol/ml of PAMP or 10 pmol/
ml of AM.

Effect of CGRP(8-37 ). It has been reported that the vasodi-
lating effect of AM is antagonized by CGRP antagonist
CGRP(8-37) (6). CGRP(8-37) alone affected neither NE

Table II. Percent Change of Pressor Response by Exogenous NE

NE (umol) 1 3 10 100
AM 67.9£6.9%* 69.1+7.7%* 68.2+9.4%* 42.6+9.6%*
PAMP 101.7+8.6% 110.4+4.5% 96.4+9.3% 76.4+4.5%*
CGRP (8-37) 101.0+8.4% 108.4+4.7% 97.4+6.3* 96.4+4.2%
CGRP (8-37)

+ AM? 103.7+8.2% 100.4x7.5% 95.4+7.8% 97.4+6.5%
CGRP (8-37)

+ PAMP* 102.7+7.3% 105.4+5.3% 98.4+8.5% 74.4+6.5%*

Pressor responses to exogenous NE were measured with each preparation and
percent changes of pressor response by agents were calculated. * AM or PAMP
after CGRP. Values are shown as means*SEM. * P < 0.01 by repeated measure-
ments of ANOVA. AM, 10 pmol/ml; PAMP, 10 pmol/ml; and CGRP (8-37),
100 pmol/ml.
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overflow (0.233+0.032 vs. 0.245+0.040 ng/gram tissue
weight: NS; n = 6) nor pressor response to exogenous NE
in any doses (Table II). As shown in Table II, CGRP(8-37)
completely inhibited the effect of AM (n = 7) which is consis-
tent with a previous report (6). However, CGRP(8-37) neither
reversed the vasodilating effect of PAMP on 100 pmol of exog-
enous NE (n = 7) (Table II) nor blocked sympathoinhibitory
effect of PAMP in doses of 5 and 10 pmol/ml (100.0+9.4,
80.2+6.3, 62.5+5.6%: P < 0.05, P < 0.02 compared with
control, respectively; n = 8) (Fig. 3). The absolute values of
the effect of CGRP(8-37) plus PAMP on NE overflow are
shown in Table I. NE overflow did not differ between PAMP
alone and PAMP with CGRP(8-37) in both doses.

Effect of yohimbine. Yohimbine is an antagonist of presyn-
aptic a, receptor (11). Pretreatment with yohimbine stimulated
NE overflow (Table III). Inhibitory effect of PAMP on NE
overflow was not blocked by coinfusion with yohimbine (n
= 8) (Table III). Percent change of NE overflow by PAMP
was not different between with or without (Table II') yohimbine.

Effect of hexamethonium. Hexamethonium is an antagonist
of nicotinic receptor (12), which has been demonstrated to exist
at postganglionic nerve endings (13—15). Hexamethonium re-
duced NE overflow and PAMP further reduced NE overflow
(n = 7) (Table IV). Moreover, the inhibitory effect of PAMP
in low potassium buffer was the same level between with and
without hexamethonium.
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Figure 3. Effect of CGRP(8-37), an antagonist of CGRP, on sympa-
thoinhibitory effect of PAMP. Stimulation and collection of NE was
done as indicated in Fig. 1. Percent changes of NE overflow were
calculated: the effect of PAMP after CGRP(8-37) (open circles) was
compared with that without CGRP(8-37) (closed circles). There are
no significant differences in percent changes of NE overflow between
with and without CGRP, suggesting that CGRP(8-37) could not block
sympathoinhibitory effect of PAMP in doses of S and 10 pmol/ml. * P
< 0.05, P < 0.02 compared with control by repeated measurements
of ANOVA.

Discussion

AM is a novel hypotensive peptide isolated from pheochromo-
cytoma cell. This peptide was discovered by monitoring eleva-
tion of cellular cAMP (1). A cDNA clone of AM precursor
was isolated from the pheochromocytoma cDNA library and its
nucleotide sequence was determined. The preproadrenomedul-
lin consists of 185 amino acids including AM sequence. In
addition to AM, proadrenomedullin contains a unique 20-resi-
due sequence followed by Gly-Lys-Arg in the NH,-terminal
region. This peptide was named PAMP. Its carboxy terminus
is amidated (2-4).

In the previous studies, both PAMP in a range of 10-50
nmol/kg doses and AM in a range of 0.1-1.0 nmol/kg doses
have shown hypotensive effect (5, 8, 7). Although AM de-
creases blood pressure mainly due to direct vasodilating effect,
hypotensive mechanism of PAMP has not been elucidated. In
this study, with isolated rat mesenteric arteries, we show for

the first time that the hypotensive mechanism of PAMP is

mainly due to decreased sympathetic nerve transmission.

In this study, we investigated sympathetic nerve activity at
mesenteric arteries, which are known to receive approximately
one-fifth of the cardiac output and, thus, could be important
as blood pressure—regulating sites (16). Periarterial electrical
stimulation is known to evoke NE release and subsequently
induces vasoconstrictor response. The present observation that
guanethidine and tetrodotoxin completely abolished pressor re-
sponse indicates that electrical stimulation induces intraarterial
sympathetic nerve activation. Thus, newly defined peptide
PAMP exhibited sympathoinhibitory effect.

Since we did not directly measure NE release in this study,
there are two possibilities in mechanism for PAMP to reduce
NE overflow which indicate sympathetic neurotransmission: de-
creases in NE release itself and increases in NE reuptake to

Table III. Effect of Yohimbine on NE Overflow and on Inhibitory
Effect of PAMP

Control Yohimbi Yohimbine + PAMP

NE (ng/gram
tissue weight)
Percent change of

NE overflow —

0.1560.019%*
74.3+8.2
(vs. yohimbine)

0.191+£0.016 0.235+0.042*
119.5+10.1
(vs. contpol)

* P < 0.01 vs. control by paired ¢ test, ¥ P < 0.01 vs. yohimbine by
paired ¢ test. PAMP, 10 pmol/ml.

nerve terminal or other tissue. Our preliminary data showed
that pretreatment with cocaine, a specific neuronal NE uptake
blocker (17), or deoxycorticosterone, a specific nonneuronal
NE uptake blocker (18), did not affect the effect of PAMP on
NE overflow (72.3+4.3 and 73.3+3.7%, respectively). These
data suggest that PAMP suppresses sympathetic neurotransmis-
sion through the direct inhibition of NE release rather than the
increased NE reuptake.

On the other hand, vasodilating action of AM was inhibited
by CGRP(8-37) as reported previously (6) and sympathetic
inhibitory action of PAMP was not affected by CGRP(8-37).
Moreover, the attenuation of pressor response by the highest
dose of NE with PAMP could not be reversed by CGRP(8-37).
It was reported that AM shares slight homology with CGRP and
that their receptors might be in the same family (6). In contrast
to AM, our result suggests that PAMP does not share a receptor
similar to CGRP.

There are several studies that show the presence of nicotinic
receptor at postganglionic sympathetic nerve endings of heart
(13), vas deferens (14), and spleen (15). Since nicotine in-
duces NE release at postganglionic sympathetic nerve ending
by inducing sodium and calcium influx (13-15), it led us to
the speculation that PAMP can decrease NE release in some
way through nicotine receptor. In the present study, therefore,
we investigated the role of nicotinic receptor in the action of
PAMP at sympathetic nerve ending: PAMP-induced reduction
of NE overflow was not changed by pretreatment of hexametho-
nium possessing the blocking action of nicotinic receptor (11).
On the other hand, the previous study using bovine chromaffin
cell showed that high dose of PAMP (1 nmol/ml) reduced
carbacol-induced sodium influx and thus suggests that PAMP
may negatively interact with nicotinic receptor (19). Although
this inconsistency between the results of the present study and
that of the previous one (19) is still unknown, it might be
attributable to the difference of PAMP used, the difference of
species (bovine and rat), difference of experimental condition
such as ex vivo and in vitro, or difference of stimulation (electri-
cal and pharmacological). Moreover, we showed that yohim-
bine, a specific a, receptor antagonist (12), also did not block
the effect of PAMP in reducing NE overflow. Thus, our data
suggest that PAMP may reduce NE overflow in some way other
than interacting with nicotinic or a, receptor. Further studies
are required to elucidate specific receptor of PAMP.

Plasma AM and PAMP levels in healthy volunteers were
reported previously to be in the order of femtomoles per millili-
ter and plasma AM level has been reported to increase only
~ 1.5 times higher in hypertensives (4, 20). AM is also known
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Table IV. Effect of Hexamethonium on NE Overflow and on Effect of PAMP

Control 1 PAMP Control 2 HEX HEX + PAMP
NE (ng/gram tissue weight) 0.278+0.020 0.193+0.014* 0.267+0.031 0.237+0.073* 0.189+0.041**
70.3+4.5 90.1+6.3 73.3+9.1
Percent change of NE — (vs. control 1) — (vs. control 2) (vs. HEX)

* P < 0.01 vs. control by paired ¢ test, ¥ P < 0.01 vs. hexamethonium by paired ¢ test. PAMP alone and HEX + PAMP were statistically not
different by unpaired 7 test. PAMP, 10 pmol/ml; HEX; hexamethonium (100 nmol/ml).

to be present in several organs in the order of 0.1-2 fmol/
mg in heart atrium, ventricle, kidney, and lung besides adrenal
medulla where AM is present ~ 50 fmol/mg (1). Thus, AM
may act as a local hormone to protect from high blood pressure
(20, 21). PAMP is also reported to exist not only in adrenal
medulla (~ 13 fmol/mg) but also in atrium, kidney, and brain
in the range of 0.01-5 fmol/mg, which are important organs
to regulate circulatory system (4). Indeed, in the present study,
the dose of PAMP was higher than plasma PAMP level (4),
leading to the possibility that it might be effective only in a
pharmacological dose. However, PAMP is reported to be cose-
creted with catecholamine (19). Moreover, by RNA blotting,
mRNA of AM, which can also detect mRNA of PAMP, was
reported to exist in both vascular smooth muscle and endothelial
cells (22, 23). These data indicate that PAMP may be a local
hormone and its concentration at sympathetic nerve terminal
might be much higher than plasma level.

In conclusion, the hypotensive effect of PAMP is mainly
due to the inhibition of sympathetic neural transmission at nerve
ending rather than its direct vasodilating action on vascular
smooth muscle.
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