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Abstract

Polyamines, a class of low-molecular weight organic polycations, have been shown to
produce relaxing effects in vascular smooth muscles, although the mechanism has not been
carefully examined. In this study, the mechanism of vascular action of polyamines and
their metabolites, acetylpolyamines, was pharmacologically examined in the rabbit isolated
thoracw aorta focusing on an endothelium-dependent component of vasodilatation and
Ca”" influx through plasma membrane channels.

Both polyamines and acetylpolyamines (except N'-acetylputrescine, which produced no
response or very slight contraction) caused concentration-dependent relaxation in pre-
constricted aortic rings containing an intact endothelium. Aortic rings denuded of endo-
thelium were also responsive to both polyamines and acetylpolyamines. Inhibitors of nitric
oxide (reduced haemoglobin and N“-nitro-L-arginine methyl ester), vasodilator pros-
taglandins (indomethacin) and guanylyl cyclase (methylene blue) did not affect the
relaxation induced by both polyamines and acetylpolyamines in either endothelium-intact
or -denuded aortic rings. Both polyamines and acetylpolyammes 1nh1b1ted the concentra-
tion-dependent contraction for phenylephrine and K*. The Ca®>" agonist Bay K 8644
induced concentration-dependent contraction in segments of rabbit aorta partially depo-
larized with 15mM KCI, and both polyamines and acetylpolyamines relaxed the Bay K
8644-induced contraction in a concentration-dependent manner. Interestinglg both poly-
amines and acetylpolyamines also decreased contractions evoked by the Ca®" ionophore
A23187. The concentration-response curve to exogenous Ca’" in K'-depolarization
medium (K* = 120 mm) Was shifted to the right by both polyammes and acetylpolyamines.
The response elicited by Ca** was increased by Bay K 8644 (10~°M), and this potentiation
was also inhibited by both polyamines and acetylpolyamines.

The results indicate that both polyamines and acetylpolyamines can induce vaso-
relaxation of rabbit thoracic aorta by an endothelium-independent mechanism in-vitro and
relax vascular smooth muscle by acting at the plasma membrane level, decreasmg the
influx of Ca®". Therefore, polyamines and acetylpolyammes may have Ca®" antagonistic
properties which may, in part, be involved in the mechanism of rabbit aortic vascular
smooth muscle relaxation.

Putrescine, spermidine and spermine are ubiquitous
polycationic aliphatic polyamines present in all
living cells and essential for cell growth and dif-
ferentiation, presumably through ionic interaction
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with nucleic acids and proteins (Tabor & Tabor
1984; Pegg 1988). Polyamine concentrations,
which vary with the cell cycle and in response to
external stimuli such as growth factors and hor-
mones, are controlled by a closely regulated syn-
thetic and catabolic pathway (Morgan et al 1986).

In addition to the well-documented role of
polyamines in gene expression and cellular differ-
entiation, polyamines are known to be involved as



696 CHANG-SEON MYUNG ET AL

second messengers in Ca’" homoeostasis and
phosphoinositide metabolism (Schuber 1989), per-
haps by stimulating GTPase activity in hetero-
trimeric G proteins (Bueb et al 1992). Polyamines
enhance Ca”" flux across rat kidney cortex cells
and heart myocytes (Koenig et al 1989), stimulate
mitochondrial Ca®>" uptake and attenuate inositol
1,4,5-triphosphate (IP5)-induced Ca>" release from
endoplasmic reticulum (Lenzen & Rustenbeck
1991) and increase in intracellular Ca®" levels
(Moncada et al 1991; Groblewski et al 1992).
Moreover, in cultured human umbilical vein
endothelium, polyamines in micromolar con-
centrations stimulate the influx of extracellular
Ca’" (Morgan et al 1990). Since polyamines and
their metabolites, acetylpolyamines, relax vascular
smooth muscle (Chideckel et al 1985a; Wing et al
1993; Johnson et al 1996), these observations
suggest that the Ca®'-associated effect of poly-
amines may involve their vasoactivity.

One possibility is that polyamine-induced
increases in intracellular Ca’" may be a
mechanism for the release of nitric oxide (NO).
NO is a potent vasodilator produced from L-
arginine in vascular endothelium, catalysed by
NO synthase (NOS) (Moncada et al 1991). Since
vascular endothelial cells contain an arginase
(Morgan & Baydoun 1994), which catalyses the
formation of L-ornithine from L-arginine, and the
NO-donating ability of polyamine—NO adducts
has been demonstrated under physiological con-
ditions (Hrabie et al 1993), it has been suggested
that polyamines represent a novel class of NO
donor (Morgan 1994).

Since Ca®" mediates a wide variety of physio-
logical processes such as endocytosis, exocytosis,
membrane transport and muscle contraction (Ras-
mussen & Barrett 1984), the effect of polyamines
and acetylpolyamines on Ca*" homoeostasis could
be another possible direct mechanism of smooth
muscle relaxation. Spermine has been shown to
relax rat uterine smooth muscle, an effect which is
counteracted by the addition of extracellular Ca**,
suggesting that spermine may prevent Ca*" entry
across the membrane in the smooth muscle cells
(Hashimoto et al 1973). Acetylspermine and sper-
mine have been shown to decrease the intracellular
Ca”* concentration of vascular smooth muscle and
to decrease arterial blood pressure (Wing et al
1993). Recently, it has been also suggested that
polyamines inhibit rat uterine smooth muscle con-
traction by acting at the plasma membrane level,
decreasing the influx of Ca’' (Fernandez et al
1995). These observations provide a compelling
reason to examine whether the vasoactivity of
polyamines and their metabolites, acetylpoly-

amines, are endothelium-dependent or whether the
relative direct vasodilatory actions are Ca®"-influx
associated.

Ca’" influx essentially occurs through plasma
membrane Ca®" channels; receptor-operated chan-
nels which are activated by agonists such as nor-
adrenaline and phenylephrine and voltage-operated
channels which are activated by K* (Cauvin et al
1983; Godfraind et al 1986). Since voltage-
operated channels appear to be more sensitive to
Ca®" agonists and antagonists than receptor-
operated channels, these classes of drugs can be
used for the pharmacological investigation of Ca>"
modulation across the cell membrane through Ca®*
channels in smooth muscle cells (Godfraind et al
1986; Marin 1988). In this study, the pharmacolo-
gical features of polyamine- and acetylpolyamine-
induced vasorelaxation were functionally examined
in the rabbit isolated thoracic aorta, focusing on an
endothelium-dependent process and on transmem-
brane extracellular Ca®" influx.

Materials and Methods

Tissue preparation

This investigation conforms to the Guide for the
Care and Use of Laboratory Animals, published by
the US National Institutes of Health (NIH Pub-
lication No. 85-23, revised 1985). Male New
Zealand White rabbits (2-0-2-7kg) were killed b
an overdose of sodium pentobarbital (50mgkg™ ",
i.v.). The descending thoracic aorta was excised
immediately and carefully, and immersed in low-
bicarbonate modified Krebs—Henseleit buffer
pH7-4 (composition in mM: NaCl, 120; KCI 4-8;
CaCl,, 2-5; KH,POy, 1-2; MgSOy, 1-2; NaHCO;, 6;
glucose, 10). Low bicarbonate concentrations were
used to prevent the precipitation of calcium car-
bonate with the polycationic study compounds;
Na,EDTA (0-03 mM) was added to inhibit metal-
catalysed oxidation. The aorta was cleared of
periadventitial adipose and connective tissues and
cut into 3-5 rings, 3—5 mm wide. Care was taken
during preparation of the aorta and rings to avoid
unnecessary stretching or contact with luminal
surfaces to prevent damage to the endothelium.

Isolated muscle chamber preparation and tension
recording

Thoracic aortic rings with or without endothelium
were mounted horizontally between two stainless
steel parallel stirrups in individual 10-mL water-
jacketed muscle chambers. One stirrup was
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anchored by a tissue holder in the muscle chamber,
and the other was connected to a force transducer
(Grass FT-03, Grass Instruments Co.). The buffer
solution in each chamber was continuously oxy-
genated with 95% O,—-5% CO, and maintained at
37 °C. Each ring was allowed to equilibrate for 60—
90min before experimentation by changing the
bathing solution every 15min and continually
adjusting preload to maintain a resting tension of
5 g. Pharmacological responses were measured as
changes in isometric force, which was recorded on
a multichannel polygraph (Grass Model 7B Poly-
graph) that was calibrated before each experiment.
For experiments using rings without endothelium,
the endothelium was removed by gently rubbing
the intimal surface with a wooden probe on filter
paper wetted with bathing solution. The absence of
endothelium was conﬁrmed by the 1nab111ty of
acetylcholine (10~ M) to induce relaxation of rings
contracted with vasoconstrictors (Martin et al
1985).

Relaxation studies

After stabilization, a concentration—response curve
to phenylephrine was obtained for each aortic ring;
the half-maximal level of contraction ranged
between 4 and 6 g of tension. The rings were sub-
sequently preconstricted to their half—max1mal
tension with phenylephrine (3 x 10~’ M), and after
a stable contractile plateau was obtained, the test
compounds were studied using the experimental
protocols as described below. In most studies,
concentration—response curves in the absence (i.e.,
control) and in the presence of inhibitory agents
were determined on the same rings. Concentration—
response studies were performed by cumulatively
adding small amounts of concentrated solutions of
the study compound (polyamines and acetyl-
polyamines) into the aerated bathing solution to
attain the desired final concentration. Aortic rings
with or without functional endothelium were
exposed at the beginning of the experiment to
60mM KCI to check their functional state. After-
wards, the bath medium was changed several times
until the resting tone was recovered. Then, cumu-
lative concentration—response curves to phenyl-
ephrine, KCI, Bay K 8644, or Ca*" ionophore
A23187 were carried out. Only one curve was
determined in segments exposed to Bay K 8644 or
A23187, because the effects of these drugs did not
completely disappear after repeated washing peri-
ods. The study compounds were added 15min
before the second concentration—response curve to
phenylephrine, KJr Bay K 8644 or A23187 ver-
apamil (5 x 10~ M) and nifedipine (10~ M) were

also applied 15min before addition of pheny-
lephrine, K", Bay K 8644 or A23187. In most
studies, concentration—response curves of control
groups were accompanied with test groups using
relaxing agents at the beginning and at the end of
experiments to rule out changes over time.

Inhibitors studies

N®- N1tro L-arginine methyl ester (L-NAME,
107*M), an inhibitor of NO synthesis from L-
arginine in vascular endothelial cells (Rees et al
1990), was added 15min before phenylephrine
precontraction in thoracic aortic rings with endo-
thelium, and cumulative responses to the study
compound were then observed. In addition, an
equimolar concentration of L-NAME was also
added to precontracted aortic rings with endo-
thelium, and cumulative responses to the study
compound were obtained. Reduced haemoglobin
(107> M) was added to precontracted thoracic aortic
rings with endothelium. The study compound was
added cumulatively after reaching the plateau of
half-maximal contraction evoked by phenyl-
ephrine. Reduced haemoglobin was prepared as
descrlbed by Martin et al (1985). Indomethacin
(107>M), an inhibitor of prostaglandin synthe31s
was added to the incubation media for 20 min
before endothelium-intact rings were precontracted
with phenylephrine. The study compound was
added cumulatively after reaching the plateau of
half-maximal contraction evoked by phenylephr-
ine. Effects of indomethacin on relaxation induced
by arachidonic acid (3 x 1073 M) were also asses-
sed in endothelium-intact rings. To determine the
involvement of guanosine 3',5'-cyclic monophos-
phate (cyclic GMP) in the relaxation induced by
polyamines and acetylpolyamines, aortic rings
without endothehum were incubated with methy-
lene blue (10~° M), a guanylyl cyclase inhibitor, for
20 min before the addition of phenylephrme and
polyamines or acetylpolyamines (10 °=10"%M)

were subsequently added.

Ca®™" study

To analyse the effect of polyammes and acetyl-
polyamines on the extracellular Ca®" concentra-
tion-induced contraction, the aortic rings were
exposed for 15min to a Ca*"-free medium before
obtaining a concentration—re sponse curve to exo-
genous Ca®". In nominally Ca*"-free solution used
for tissue preparation, CaCl, was omitted, and in
Ca’*-free solution for washout of extracellular
Ca’", 1mM EGTA was added. In high-K™ solu-
tions, NaCl was exchanged for KCI. Thoracic aortic
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rings without endothelium were incubated in Ca®"-
free solution containing 1 mM EGTA for 10 min.
Concentratlon response curves to Ca*"
(5 x 1075-10" M) were then performed in K'-
depolarization medium (K =120mM). The rings
were readjusted in buffer solution for 30 min before
being incubated in Ca®'-free solution containing
1 mM EGTA for another 10 min. These rings were
preincubated with the study compound 15 min
before the second concentration—response curve
was obtalned To assess the effect of Bay K 8644
(107°M) or n1fed1p1ne (107"M) on contractions
caused by Ca®" addition, they were added 15 min
before determination of the concentration—
response curve to Ca*"

Drugs

L-Phenylephrine hydrochloride, putrescine dihydro-
chloride, spermidine trlhydrochlorlde spermine
tetrahydrochlorlde N'-acetylputrescine hydro—
chloride, N'-acetylspermidine d1hydrochlor1de NE-
acetylspermidine dihydrochloride, N'-acetylsper-
mine trihydrochloride, acetylcholine chloride,
L-NAME, haemoglobin (bovine haemoglobintype 1),
methylene blue, indomethacin, arachidonic acid,
potassium chloride, nifedipine, (= )-verapamil
hydrochloride, calcium chloride dihydrate, EGTA
(ethylene glycol-bis[ f-aminoethyl ether]-N,N,N',N'-
tetraacetic acid), EDTA (ethylene-diamine tetra—
acetic acid) disodium salt dihydrate and Ca**
ionophore A23187 were purchased from Sigma Che-
mical Co. (StLouis, MO).S(—)-Bay K 8644 [S(—)-1,4-
dihydro-2,6-dimethyl-5-nitro-4-[2-(trifluoro-methyl)
phenyl]-3 pyridinecarboxylic acid methyl ester] was
purchased from Research Biochemicals Incorporated
(Natick, MA). All drugs were prepared as aqueous
solutions except for L-NAME, Bay K 8644 and
A23187, which were dissolved in dimethylsulphoxide
(DMSO), and indomethacin which was dissolved in an
equimolar Na,COj3 solution by sonication, as stock
solution and diluted before use. The DMSO con-
centration in the bath did not exceed 0-001% and nei-
ther DMSO nor Na,CO; alone in the applied
concentrations was found to have an effect on con-
tractile or relaxation responses (data not shown). All
solutions were prepared fresh daily, and concentrations
are expressed as the final molar concentrations in
bathing solution.

Statistics

Contractile responses induced by drugs were
expressed as percentages of the response induced
by previous administration of 60mM KCL
Relaxation was measured as the decrease in tension

below the half-maximal tension evoked by phenyl-
ephrine, and was expressed as the percentage
relaxation of contraction induced by agonists.
Results are expressed as mean+s.e.m. Data
expressed as concentration-response curves were fit
to sigmoid curves using the fitting routines in the
GraphPad Prism software. Statistical differences
between the curves were determined using all the
individual data points from multiple experiments to
calculate the F statistic as described (Motulsky &
Ransnas 1987). Statistical significance for paired
and unpaired observations was also evaluated by
Student’s r-test. P <0-05 was considered sig-
nificant; n indicates the number of rings.

Results

Relaxant effect of polyamines and acetylpolyamines
on precontracted intact aortic rings

Figure 1 shows concentration-response curves to
polyamines (A) and acetylpolyamines (B) on
vasorelaxation of rabbit isolated aortic rings with
intact endothelium. Polyamines relaxed isolated
vascular smooth muscle precontracted with phe-
nylephrine in a concentration-dependent manner.
Spermine was the most potent vasorelaxant
(EC50=1-7mM), and the potency of spermidine
(EC50=2-8mM) was greater than that of putres-
cine (EC50=4-6 mM). The maximal relaxation
induced by spermine (V,.x = 100) was greater than
those induced by both spermidine (V,x=94-9)
and putrescine (Vp.x =81-5). Acetylpolyamines
also relaxed isolated vascular smooth muscle
in a concentration—dependent manner. N'-Acetyl-
spermine was the most potent Vasorelaxant (ECs50=
1-6mMm), and the potency of N' acetylspermldme
(ECsp=2-3mM) was greater than that of NB-
acetylspermidine (ECsy=2- 8mM) Likewise, the
maximal relaxation induced by N' acetylspermlne
(Vmax_91 -3) was greater than that induced 8y
either N! -acetylspermidine (V.x= 86-6) or N°-

acetylspermldme (Vimax =77-0). N! -Acetylputre-
scine was found to have no relaxing effect on
vascular smooth muscle (data not shown).

Role of endothelium in polyamine- and

acetylpolyamine-induced vasorelaxation

Figure 2 shows the effect of endothelium on
vasorelaxation induced by polyamines. The
vasorelaxant effect of putrescine, spermidine
and spermine did not significantly differ bet-
ween endothelium-intact and endothelium-denuded



CALCIUM ANTAGONISTIC PROPERTIES OF POLYAMINES 699

100 - A
75 1
;\3
c
B
£ 504
X
©
]
o
25 1
oA
i T T T v T
0 -5 -4 -3 -2

log concn (M)

Figure 1.

log concn (M)

Concentratlon response curves of (A) polyamines (O, putre%cme A, spermidine; [, spermine) and (B) acetylpoly-

amines (@, N®-acetylspermidine; A, N' -acetylspermidine; M, N'-acetylspermine)_on endothelium-intact rabbit aortic rings.
Responses were expressed as percentage of precontraction induced by 3 x 107’M phenylephrine (4-940-3g). Values are
means £ s.e.m. (n=28 for polyamines; n=15 for acetylpolyamines).

Table 1.
endothelium-denuded rabbit aortic rings.

Effect of the presence of endothelium on acetylpolyamine-induced vasorelaxation in endothelium-intact and

Concn (mMm) Relaxation (%)

N8-Acetylspermidine (n= 15) N'-Acetylspermidine (n=13) N'-Acetylspermine (n= 15)

Endo (+) Endo (—) Endo (+) Endo (—) Endo (+) Endo (—)
0-01 1-4£03 2:6£0-1 1.7£04 1.9£03 2:4+£05 39+05
0-03 32409 51+£0-1 6-1£2-1 75+£32 52+1-0 82+ 14
0-1 72+19 8610 10-3+3.5 11.6+32 11.9+2-8 12.1+1-8
0-3 14.3£2-8 16:3£2-6 19-9+6-0 17-6£3-1 23.7£57 17-1£27
1.0 22.9+4.5 232+4.3 302481 270+ 1.9 349475 37-5+9-8
3.0 47-7+£3:2 48-1£55 56-1+59 519+2.5 60-8+6-6 579+55
10-0 64.0+24 64-3£51 752+£27 72811 80-9+£3-0 82-8+33

Endo (+), endothelium-intact aortic rings; Endo (] ), endothelium-denuded aortic rings. Responses are expressed as a

percentage of the precontraction induced by 3 x 10~

M phenylephrine (4-9+0-3 g tension). Values are meansts.e.m. The

differences of vasorelaxation between endothelium-intact and endothelium-denuded aortic rings at any given concentration of the

test compound were not statistically significant.

preparations. Table 1 summarizes the observed
vasorelaxation induced by acetylpolyamines in
endothelium-intact and -denuded aortic rings.
These results suggest that the vasorelaxation pro-
duced by both polyamines and acetylpolyamines is
not dependent upon intact endothelium.

Effect of L-NAME, reduced haemoglobin,
indomethacin and methylene blue on polyamine-
and acetylpolyamine-induced vasorelaxation

The data shown in Table 2 demonstrate that neither
reduced haemoglobin (10~ M) nor L-NAME
(10~ M) inhibited the vasorelaxation induced by

polyamines or acetylpolyamlnes over the con-
centration range 10™°~1072M in rlngs with intact
endothelium. Indomethacin (10~>M) significantly
reduced the transient relaxatlon induced by ara-
chidonic acid (3 x 10~ M) by 93.0£2-1% in
endothelium-intact aortic rings precontracted with
phenylephrine (data not shown); an equal dose of
indomethacin, however, did not affect the relaxa-
tion induced by both polyamines and acet-
ylpolyamines in rings with intact endothelium.
Incubation with the guanylyl cyclase inhibitor,
methylene blue (107°M), for 20min before
contraction with phenylephrine had no effect on
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Figure 2. Effect of the presence of endothelium on the vasorelaxation produced by putrescine (A; n=24), spermidine (B; n=27)
and spermme (C; n=28) on rabbit aortic rings. Responses were expressed as a percentage of the precontraction induced by
3 x 107" M phenylephrine (4-9+0-3 g). Values are means=s.e.m. The differences in vasorelaxation between endothelium-intact
(@) and endothelium-denuded (O) aortic rings at any given concentration of the test compound were not statistically significant.

relaxation induced by both polyamines and
acetylpolyamines in rings without endothehum
(.e., relaxatlon induced by spermine at 107> M,
5x107°M and 1072M was 29-3+3.3%,
66-8+3-9% and 83-843-4%, respectively, in the
presence of methylene blue, and 31.741-8%,

67-6+2-3% and 87-14+1-2% in controls). These
results suggest that both polyamines and acetyl-
polyamines dilate the vascular smooth muscle
independently of endothelium-derived NO, vaso-
dilator prostaglandins and the activation of soluble
guanylyl cyclase.

Table 2. Effect of L-NAME, reduced haemoglobin, indomethacin and methylene blue on the vasorelaxation produced by

polyamines and acetylpolyamines in rabbit aortic rings.

Relaxation (%)

Control L-NAME Haemoglobin Indomethacin Methylene blue
Polyamines
Putrescine (28) 1-0 mMm 1274+ 1-8 94420 15-6+39 13-0£ 1.7 10:3+19
3-0mM 34.34+34 34.0+4-9 382467 355428 36-8+34
10-0 mm 53.54+4-2 52-1+59 572471 555441 554438
Spermidine (32) 1-0 mMm 23.14+1-8 23.1+1.7 22-14+3-1 20-0+34 22.1+2.3
3-0mM 523431 592434 529429 49.5+ 3.1 54.8+3-8
10-0 mm 73.84+1-8 772424 72:3+0-7 70-4+34 74.04+32
Spermine (29) 1-0 mMm 317+ 1-8 313+ 1-5 379449 28-44+4-0 29-3+3.3
3-0mM 67-61+23 7224+ 1-8 76-0+3-0 66-61+5-5 66-8+3-9
10-0 mm 87-1+1-2 87-9+09 88-84+2.0 83.54+42 83.8+34
Acetylpolyammes
N® -Acetylspermidine (15) 1.0 mm 22-14+2-0 22-14+4-8 19-34+36 159+29 21-74£50
3.0mM 48-0+2-0 487+ 4-0 459433 43.84+2.9 462436
10-0 mMm 6474+ 1.7 63.61+3-3 63-94+3-1 61-2+39 60-5+1-6
Nl—Acetylspermidine (15) 1-0 mMm 28-84+3-0 29-44+ 69 26-1+4-2 23.61+ 86 309+ 64
3.0mM 54.84+2.3 56-245-1 51-4+4.3 49.1+7-5 555452
10-0 mMm 744414 7414+ 19 73-6+2.7 67-1+5-1 742+ 19
Nl—Acetylspermine (13) 1-0 mMm 34.6+3-5 327+ 64 284450 26-6+5-9 327454
3.0mM 60-54+2.7 59-84+4-8 53.8+63 5524+6-1 59-8+4-8
10-0 mM 799422 80-0+4-7 77-6+2-0 772430 80-0+4-6

Responses are expressed as a percentage of the precontraction induced by 3 x 107’ M phenylephrine (4-9-+0-3 g tension).
Whereas the effect of L-NAME, haemoglobin and indomethacin on the vasorelaxation induced by test compound was measured
in endothelium-intact aortic rings, the effect of methylene blue was measured in endothelium-denuded rings. Values are
means£s.e.m. and n values are in parentheses. There is no significant difference from control at any given concentration of

the test compound.
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Effect of polyamines and acetylpolyamines on
the concentration—response curve to phenylephrine
and
Phenylephrine induced concentration-dependent
contractions in segments of rabbit aorta without
endothelium. Figure 3A shows that concentration-
dependent contractions induced by phenylephrlne
were significantly reduced by the Ca”"-channel
blockers nlfedrpme (107"M) and Verapamll
(5 x 107°Mm), but were not increased by the Ca’™
agonist Bay K 8644 (107°Mm, 15-min premcuba—
tion). Both spermine (Figure 3C) and N'-acetyl-
spermine (Figure 3E) shifted the concentration-
response curve to phenylephrine to the right. The
data shown in Figure 3B demonstrate that K* (7-5—
120mM) produced concentration-dependent con-
tractions in isolated vascular smooth muscle from
rabbit thoracic aorta without functional endothe-
lium. The responses induced by K" were reduced
by both nifedipine (107'M) and verapamil
(5 x 10~ M) and srgnrﬁcantly increased by Bay K
8644 (107°M, 15-min preincubation). The con-
centration—response curve to K* was shifted to the
right by both spermine (Figure 3D) and N'-acet-
ylspermine (Figure 3F). Spermidine and putrescine
were less potent in relaxing phenylephrine- or K-
induced contractrons than spermine, and the
potency of N' acetylspermlne was greater than
that of either N'- or N%-acetylspermidine (data
not shown). Both polyamines and acetylpolyamines
relaxed the phenylephrme and K*-induced con-
traction as did Ca®"-channel blockers (nifedipine
and verapamil). The potentiation of K* responses
elicited by Bay K 8644 was also reduced by both
polyamines and acetylpolyamines (data not shown).
Thus these results suggest that the relaxing effect of
2yamrnes and acetylpolyamines may be through
* channels at the plasma membrane level.

Effect of polyamines and acetylpolyamines on

the concentration—response curves to Bay K 8644
and A23187

Bay K 8644 did not alter the basal tone, but when
the segments were partially depolarized with
15mm KV it produced concentration-dependent
contraction (control in Figure 4A). The estlrnated
EC50 value for Bay K 8644 was 224 x 107/ M.
Figure 4A shows that spermine (15-min pre-
incubation) shifts the concentration—response
curve to Bay K 8644 to the rlght in endothelium-
denuded aortic rings. Likewise, N'-acetylspermine
concentration-dependently inhibited the response
elicited by Bay K 8644 (Figure 4C). The presence
of nifedipine (10" M) also reduced the response
elicited by Bay K 8644 (data not shown). There-
fore, both polyamines and acetylpolyamines

inhibited the vascular smooth muscle contraction
caused by Ca*" agonist Bay K 8644, as did Ca2+
channel blockers. Cumulatlve addltron of the Ca”"
ionophore, A23187 (10_ —-10™ M), induced
slowly-developing concentration-dependent con-
tractions in the rabbit thoracic aorta without func-
tional endothelium (control in Figure 4B). The
maximal response was 2-68 4= 0-83 g tension, which
corresponded to 44-7£9-4% of contractrons eli-
cited by 60 mM K". Nifedipine (10~'M; n=6) or
verapamil (107> M; n = 6) did not significantly alter
the A23187 curve (data not shown). However, both
spermine (Figure 4B) and N'-acetylspermine (Fig-
ure 4D) modified the vascular smooth muscle
contraction evoked by A23187 in a concentration-
dependent manner, suggestrng that the mechanism
of increase in intracellular Ca*" level by A23187 is
different from the mechamsms involving the
dihydropyridine-sensitive Ca?" channel (voltage-
operated)-activators such as Bay K 8644, and the
vasorelaxing effect of polyamines and acet-
ylpolyamines may be through their Ca*" antag-
onistic property.

Ca® " study

In Ca**- free solutlon subsequent Ca** addition
(5 x 107°-10~ M) produced  concentration-
dependent contractions in rabbit thoracic aorta
without functional endothelium (control in Flgure
5). The concentration—response curve to Ca>" in
high K*-depolarization medium (K*=120mm)
was shifted to the right after incubation with sper-
mine (Figure 5A) and N'-acetylspermine (Figure
5B). Maximal contraction was reduced by
12.84+0:9% (spermine) and 8-6+0-9% (N acet—
ylspermine). The estimated EC50 values of Ca®"
control and after incubation (10~ M) with spermlne
and N'-acetylspermine were 3-9+0-1M (control)
2.9£0-1M (spermine) and 3-2+0-2M (N acetyl-
spermine), respectively. The potency of spermine
was greater than that of either spermidine or
putrescrne and N'- orN -acetylspermidine was less
potent in relaxing Ca®"-induced contraction than
N'-acetylspermine (data not shown). These obser-
vations suggest that both polyamines and acet-
ylpolyamines have Ca>" antagonistic property.

Effect of polyamines and acetylpolyamines on the
potentiation of Ca”" response elicited by Bay K
8644

Figure 6A shows that the Ca*™-induced contraction
was 1ncreased by the Ca*" agomst Bay K 8644
(107°m), and reduced by the Ca** antagomst
nifedipine (107’ M). The potentiation of Ca*"
induced contraction was reduced by mfedlpme
(10~"M). Both spermine and N'-acetylspermine
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Figure 3. A. Effect of Ca®>" agonist, Bay K 8644 (@, 1 uM) and antagonists, verapamil (V, 5 uM) and nifedipine (¥, 0.1 uM) on
the concentration-response curve to phenylephrine (O, control) in rabbit aortic rings. The difference between curves to control
(phenylephrine only) and verapamil or nifedipine was statistically significant (P < 0-001), but not statistically significant between
control and Bay K 8644. B. Effect of Bay K 8644 (@, 1 uM), verapamil (V, 5 uM) and nifedipine (¥, 0.1 uM) on the concentration-
response curves to Kt. **P <0.001, *P < 0-05, significantly different response to K™ compared with corresponding controls.

C and D. Effect of spermine (O, control; @, 1 mM; A, 5mm; H, 10 mM) on the concentration-response curve to phenylephrine
and K*, respectively. The difference between concentration-response curves to phenylephrine in control and experimental group
(pretreatment with spermine) at every concentration was statistically significant (P < 0-001).

E and F. Effect of Nl-acetylspermine (O, control; @, 1mM; A, 5mM; B, 10mM) on the concentration-response curve_to
phenylephrine and K™, respectively. Responses were expressed as percentage of the previous contraction induced by 5 x 107> M
phenylephrine (8-4407g) and 60mM K (5-0+0-4g) in endothelium-denuded aortic rings. The difference between con-
centration—response curves to phenylephrine in control and experimental group (pretreatment with N'-acetylspermine) at every
concentration was statistically significant (*P < 0.05; **P < 0-001). Values are means+s.e.m., n=12.
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Figure 4. A and B. Effect of spermine (O, control; @, 1 mM; A, 5 mM; B, 10 mM) on the concentration—response curve to Bay K
8644 and A23187 in endothelium-denuded aortic rin%s, respectively. Responses were expressed as percentage of the previous
contraction induced by 60 mM K* (5-040-4 g) or 10~ *M A23187 (2:740-3 g). The difference between curves to control (Bay K
8644 only or A23187 only) and experimental group (pretreatment w1th spermine) at every concentration (1 mM, P <0-01, and 5 and
10 mM, P < 0-001) was statistically significant. C and D. Effect of N'-acetylspermine (O, control; @, 1 mm; A, 5 mM; B, 10 mM) on
the concentration—response curve to Bay K 8644 and A23187 in endothelium-denuded aortic rmgs respectlvely Responses were
expressed as percentage of the previous contraction induced by 60mM K* (5:0£0-4g) or 10 *M A23187 (2.7+0-3 g). The
difference between curves to control (Bay K 8644 only or A23187 only) and experimental group (pretreatment of N'-

acetylspermine) at every concentration (1 mM, P <0-01, and 5 and 10mM, P <0-001) was statistically significant. Values are
means+s.e.m., n=13.

also inhibited the potentiation of Ca** concentra-
tion-dependent contraction by Bay K 8644 (Figure
6B). Thus, these results suggest that both poly-
amines and acetylpolyamines inhibit Ca®>" con-
centration-dependent contraction in rabbit thoracic
aortic rings without functioning endothelium.

Discussion

This study demonstrates two major findings.
Firstly, both polyamines and acetylpolyamines

induce relaxation independent of the presence of
endothelium in phenylephrine-precontracted rabbit
thoracic aorta. Furthermore, reduced haemoglobin,
L-NAME, indomethacin and methylene blue did
not affect this relaxation. Secondly, both poly-
amines and acetylpolyamines relax the phenyl-
ephrine- K*- and Bay K 8644-induced contraction
in a concentration-dependent manner. They also
modified contractions evoked by the Ca*' jono-
phore A23187 and shifted the concentratlon-
dependent contraction curve to Ca*" in high K"
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Figure 5. Effect of (A) spermrne (O, control; @, 1 mM; A, 5mm; B, 10 mm) and (B) N'-acetylspermine (O, control; @, 1 mM; A,
5mm; M, 10mM) on Ca** concentration-dependent contraction curve in endothehum denuded rabbit aortic rings. Responses were
expressed as percentage of the previous contraction induced by 5 mM Ca (63 :I: 0-4 g). The difference between curves to control
(Ca** only) and experimental group (pretreatment with either spermine or N'-acetylspermine) at every concentration (1 mMm,
P <0-01 and 5 and 10 mM, P <0-001) was statistically significant. Values are means=+s.e.m., n=12.
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Figure 6. A. Effect of Ca®" agonist, Bay K 8644 (O, Oum; @, 1uM) and antagonist, nifedipine (V, 0-1 um) on Ca®"
concentration-dependent contraction curve in endothelium-denuded rabbit aortic rings. The difference between curves to control
and experimental group (pretreatment with either Bay K 8644 or nifedipine) was statistically s1gn1ﬁcant (P <0-001). Bay K 8644,
n=_§; mfedrpme =7. B. Effect of nifedipine (V, 0-1 uM), spermine (M, 10 mM) and N acetylspermlne (A, 10mM) on the
potentratron of Ca”* concentration-dependent contraction curve by Bay K 8644 (1 uM; @, alone) in endothelium-denuded aortic
rings. The difference between curves to control (pretreatment with Bay K 8644) and experimental group (pretreatment with either
nifedipine, spermine or N'-acetylspermine before pretreating with Bay K8644) was statistically significant (P < 0-001). Responses
were expressed as a percentage of the previous contraction induced by 5mM Ca** (6:3%0-4 g). Values are means = s.e.m., n= 12
for spermine; n =8 for N'-acetylspermine.

medium to the right. These results suggest that both ~ activation of soluble guanylyl cyclase, and that they
polyamines and acetylpolyamines dilate vascular  relax vascular smooth muscle by acting at the
smooth muscle by an endothelium-independent  plasma membrane level, decreasing the influx of
mechanism in-vitro and independent of endo-  Ca®'. Therefore, both 2polyamlnes and acetyl-
thelium-derived NO, vasodilator prostaglandins or ~ polyamines may have Ca™" antagonistic properties
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and a Ca”" antagonistic property may be involved
in the mechanism of rabbit aortic vascular smooth
muscle relaxation by polyamines and acet-
ylpolyamines.

Since the relaxing effect of polyamines was first
demonstrated in gastrointestinal smooth muscle by
De Meis (1967), spermine and spermidine have
shown a relaxant effect in the uterus (Hashimoto et
al 1973), respiratory tract (Chideckel et al 1985b)
and vasculature (Chideckel et al 1985a; Wing et al
1993; Johnson et al 1996). Because polycationic
polyamines and their metabolites can interact with
negatively charged molecules, the number of
positive charges on the molecule might play an
important role in the function of both polyamines
and acetylpolyamines. As seen in Figure 1, the
relaxant effect of polyamines is positively corre-
lated to the number of positive charges on the
molecule (i.e., the vaso-
dilatory effect of polyamines is in the order of
spermine (+4) > spermidine (+ 3) > putrescine
(+2)). Likewise, acetylspermine (4 3) is more
effective than acetylspermidine (4 2) in decreasing
vascular smooth muscle contractility. N'-Acetyl-
putrescine (4 1) had no effect on vascular smooth
muscle, suggesting that a +2 charge may be the
minimum to exert their vasorelaxant action. In
these results, acetylspermine (4 3) is less effective
than spermine (+4) in relaxing vascular smooth
muscle. Since in general, acetylation reduces the
number of positive charges on the polyamine
molecule, the metabolic process of polyamines may
lead to a decrement in their vasorelaxant effect.
However, the potency of spermidine (4 3) in
relaxing vascular smooth muscle is less than that of
acetylspermine ( + 3), suggesting that there may be
factors other than cationic effects in the action of
polyamines and acetylpolyamines.

Polyamines bind to phospholipids (Schuber et al
1983), and this investigation supports the concept
that polyamines may modulate membrane-related
activities, such as Ca’>" movement. Since trans-
membrane Ca”" influx via specific Ca®" channels
plays a crucial role in the excitation—contraction
coupling of smooth muscle (Bolton 1979), a Ca®"
antagonistic property of polyamines and acet-
ylpolyamines is likely to modulate muscular con-
tractility, sug%esting that they may act as naturally
occurring Ca*t antagonists. However, no direct
evidence exists concerning changes in Ca*" influx
and contractile forces in vascular smooth muscle in
response to polyamines.

Our results show that Bay K 8644 induces small,
but not significant, contractile responses in seg-
ments of rabbit aortic rings without endothelium in
basal condition. However, the moderate depolar-

ization with 7-5mM or 15mM K* produced a
marked potentiation of these responses, which
were inhibited by both 2polyamines and acetyl-
polyamines, and by Ca®' antagonists such as
nifedipine and verapamil. Phenylephrine-induced
contraction was not significantly increased by Bay
K 8644, but K*-induced contraction was increased
by Bay K 8644. Nevertheless, Ca>" antagonists
block the potentiation of both phenylephrine- and
K*-induced contractions by Bay K 8644 (God-
fraind et al 1986; Marin 1988). Bay K 8644 is
known to facilitate Ca>" influx (Freedman & Miller
1984; Salaices et al 1985; Gil-Longo et al 1992).
Phenylephrine-induced contraction is dependent on
the intra- and extracellular Ca®" concentration
(Weiss 1977; Bolton 1979; Cauvin et al 1983).
Thus, these observations indicate that Bay K 8644
essentially facilitates Ca®" entry through voltage-
operated channels in this vascular preparation and
is unable to produce an important Ca®' influx
through voltage-operated channels in resting con-
ditions. In keeping with other observations (Rico et
al 1990; Barrus et al 1995), these findings suggest
that Bay K 8644 is a useful pharmacological tool to
discriminate between voltage-operated and recep-
tor-operated channels in this vascular preparation.

K" (60 mM)-induced constrictions were abol-
ished in Ca’'-free medium. Addition of Ca®"
produced concentration-dependent responses, con-
sistent with other observations that the responses
produced by K™ are dependent upon extracellular
Ca’" (Godfraind et al 1986), which were reduced
by nifedipine and increased by Bay K 8644. Both
polyamines and acetylpolyamines relax the vas-
cular smooth muscle contraction induced by phe-
nylephrine and K™ in this vessel. They also inhibit
a sustained contraction by Bay K 8644 and the
potentiation of phenylephrine- and KT-induced
contractions by Bay K 8644. These results suggest
that both polyamines and acetylpolyamines may act
on Ca®* channels in the cell membrane regardless
of receptor-operated or voltage-operated channels.

However, the possibility of another mechanism to
transport Ca”" across the cell membrane cannot be
excluded however. The Ca®" ionophore A23187 is
known to form complexes with Ca“" and transports
this ion across membranes by a mechanism in
which Ca®" channels appear not to be involved
(Reed & Lardy 1972). A23187 produces contrac-
tions in different smooth muscle preparations
(Pressman 1973; Watson 1978) by its ability to
increase the intracellular Ca** concentration. High
concentrations of nifedipine and verapamil, which
markedly reduced the responses elicited by phe-
nylephrine and, particularly, by K*, did not affect
A23187-induced contractions, as reported (Watson
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1978). However, both polyamines and acet-
ylpolyamines reduced the response elicited by
A23187. These results indicate that polyamines and
acetylpolyamines are unable to discriminate
between Ca®" influx through Ca’" channels
(receptor-operated or voltage-operated channels)
and that produced by another mechanism inde-
pendent of these channels, as in the case of
A23187. This suggests that polyamines and
acetylpolyamines may act on the cell membrane
to interfere with Ca®" influx regardless of whether
this influx is via Ca** channels or by a mechanism
independent of these channels.

Since spermine has been shown to inhibit cal-
modulin or protein kinase C, leading to relaxation
of smooth muscle (Mezzetti et al 1988; Walters &
Johnson 1988), as well as inhibiting Ca** entry, the
intracellular actions of both polyamines and
acetylpolyamines could also be involved in their
vascular effects. Therefore, the effect of poly-
amines and acetylpolyamines of inducing smooth
muscle relaxation by mechanisms unrelated to
extracellular Ca*" remains to be determined.

In conclusion, the present investigation indicates
that polyamines and acetylpolyamines induce endo-
thelium-independent relaxation by an action at the
plasma membrane level, decreasing the influx of
Ca”" in rabbit isolated thoracic aortic rings. There-
fore, polyamine- and acetylpolyamine-induced
relaxation may play an important role in the regula-
tion of vascular tone as endogenous paracrine factors,
independent of NO or NO-related mechanisms.
Polyamines and acetylpolyamines may have Ca®"
antagonistic activity which may, in part, be the
mechanism by which they produce their vasodilatory
action in rabbit aortic vascular smooth muscle.
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