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Enhanced phenylephrine-induced rhythmic activity in the
atherosclerotic mouse aorta via an increase in opening of K¢,
channels: relation to K, channels and nitric oxide
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1 Mice lacking the apolipoprotein E and low density lipoprotein receptor genes (E°x LDLR®)
develop atherosclerosis. The aim of this study was to investigate changes in endothelium-dependent
vasodilation and vasomotion in thoracic aortic rings of E° x LDLR"” mice.

2 K™"-induced contractions of the aorta from E°x LDLR® mice were stronger than those from
control mice. The sensitivity of E°x LDLR® aorta to phenylephrine (PE) was decreased but the
maximal contractions were increased. Acetylcholine-induced, but not sodium nitroprusside-induced,
relaxations of E°x LDLR® aorta was decreased.

3 PE induced rhythmic activity in both E°x LDLR® and control aorta but the amplitude was
larger in E° x LDLR® than in control mice. PE-induced rhythmic activity in both E°x LDLR® and
control aorta was augmented by increase in extracellular Ca®*-concentration, but was abolished by
removal of the endothelium, the nitric oxide (NO) synthase inhibitor N-nitro-L-arginine methyl
ester, the guanylate cyclase inhibitor LY-83583, high K™ solution and ryanodine.

4 4-Aminopyridine, a voltage-dependent potassium (Ky) channel blocker, increased basal tension
and induced rhythmic activity in E°x LDLR® aorta but not in control aorta.

5 The Ca®"-activated potassium (K¢,) channel blockers tetraethylammonium and charybdotoxin
abolished PE-induced rhythmic activity in E° x LDLR® aorta.

6 In conclusion, opening of K, channels in E° x LDLR® mice aorta is reduced and it is susceptible
to be depolarized resulting in Ca>* entry. The vascular smooth muscle is then dependent on
compensatory mechanisms to limit Ca®"-entry. Such mechanisms may be decreased sensitivity to
vasoconstrictors, or increased opening of K¢, channels by NO via a cyclic GMP-dependent
mechanism.
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Introduction

It has been well documented that endothelium-dependent
vasodilation is impaired in both animal models of athero-
sclerosis (Freiman et al., 1986; Kolodgie et al., 1990; Ibengwe
& Suzuki, 1986) and atherosclerotic human coronary arteries
(Bossaler et al., 1987; Forstermann et al., 1988; Zeiher et al.,
1991). Experiments performed on aorta from rabbits fed
cholesterol for 6 months suggest that the impairment of
endothelium-dependent vasodilation is related to reduced
bioavailability of nitric oxide (NO) due to enhanced
inactivation of NO by oxygen free radicals rather than a
decrease in the production of NO (Minor et al., 1990).

NO is constitutively produced in vascular endothelial cells
from the amino acid L-arginine (Palmer et al., 1988). The
produced NO diffuses easily through the cell membrane of the
vascular smooth muscle cells and causes vessel relaxation by
activating guanylate cyclase which results in an increase in
cyclic GMP levels (Arnold et al., 1977). Recent studies have
further demonstrated that NO can activate both voltage-
dependent and calcium-activated potassium channels (i.e., K,
and K, channels) on the vascular smooth muscle cells through
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a cyclic GMP-dependent mechanism, thereby inhibiting the
evoked membrane depolarization and increase in [Ca®*];
(Archer et al., 1994; Yuan et al., 1996; Zhao et al., 1997).
This may be one mechanism by which NO contributes to
maintenance of the normal vascular tone (Stamler ef al., 1994).
Hence, a reduction in the availability of NO, as in
atherosclerosis, can result in vasomotor dysfunction (Giaid &
Saleh, 1995; Morita et al., 1996).

Mice lacking the apolipoprotein E and/or low density
lipoprotein (LDL) receptor genes have elevated total
cholesterol and triglycerides and reduced level of high density
lipoprotein (Zhang et al., 1992; Plump et al., 1992; Ishibashi et
al., 1994; Reddick et al., 1994; Breslow, 1996). As a result, they
develop massive lipid-filled lesions throughout the arterial tree
by 3—4 months of age (Zhang et al., 1992; Nakashima et al.,
1994). By 6 months of age, the vascular lesions in these mice
resemble atherosclerotic lesions in humans, with a similar
pattern of lesion distribution, microscopic appearance, and
cellular composition (Zhang et al., 1992; Nakashima et al.,
1994; Reddick et al., 1994). Therefore, the hypercholester-
olemic mouse is a relevant animal model for studying cellular
and functional consequences of atherosclerosis. The purpose
of the present study was to investigate changes in endothelium-
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dependent vasodilation and abnormalities of vasomotion in
atherosclerotic arteries by using the aorta of mice lacking
apolipoprotein E and LDL receptors (E° x LDLR® mice).

Methods
Mice and diets

Male mice carrying targeted deletions of the apolipoprotein E
and LDL receptor genes (Ishibashi ez al., 1994) on the C57BL/
6] background were put on a diet with 0.15% cholesterol
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Figure 1 Cumulative concentration-response curves to phenylephr-
ine (PE) in thoracic aortic rings of E°xLDLR® mice and age-
matched controls. Data are expressed in per cent of maximal
contraction evoked by (A) phenylephrine and (B) 60 mmM K™
solution. Each point represents mean+s.e.mean, n=11-12. Sig-
nificant differences from the control arteries are shown; *P<0.05.

(Zhou et al., 1996; 1998) at 6 weeks-of-age. At 8 —9 months-of-
age the animals were used for experiments. All experiments
complied with national guidelines and were approved by the
regional ethical committee.

Tissue preparation

The mice were anaesthetized with an intraperitoneal
injection of sodium pentobarbital (150 mg kg~') together
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Figure 2 Concentration-response curves showing the relaxation
elicited by increasing doses of (A) acetylcholine and (B) sodium
nitroprusside in thoracic aortic rings of E°x LDLR® mice and age-
matched controls. The relaxations are expressed in per cent of the
precontractile tone induced by phenylephrine 10 um. Each point
represents mean+s.e.mean, n=20-26. Significant differences from
the control arteries are shown; *P<0.05, **P<0.01.
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with sodium heparin (100 IU kg=', ip.) to prevent
intravascular coagulation. The thoracic aorta (TA) was
quickly dissected free and placed in Krebs Henseleit
solution at room temperature (22—23°C). By means of a
dissecting microscope, adhering perivascular tissue was
carefully removed and the descending TA was cut into
2 mm long rings. In some experiments, the endothelium
was removed by gently rubbing the luminal surface of TA
rings with a wooden stick. Functional removal of
endothelium was confirmed by demonstrating almost
100% loss of relaxation induced by 10 uM acetylcholine
(Ach).

Tension measurement

The vessels were mounted onto two thin stainless steel
holders, one of which was connected to a force
displacement transducer (Grass model FT03) and the other
to a movable device that allowed the application of a
passive tension of 650—700 mg, which were determined to
be the optimal resting tension for obtaining the maximal
active tension induced by 60 mmM K7™ solution. The
mounted rings were kept in 2 ml organ baths containing
Krebs Henseleit solution, kept at 37°C and continuously
bubbled with a gas mixture of 95% O, and 5% CO, to
maintain a pH of 7.4. The isometric tension was recorded
on a polygraph (Grass model 7). After an equilibration
period of 60 min the contractile function of the vessel was
tested twice by replacing the Krebs Henseleit solution by
60 mM K" solution, and the second contraction was taken
as the reference contraction. Following washout, the vessel
was contracted once with 10 uM phenylephrine (PE) for
6 min and then relaxed with 10 uM Ach for 2 min. After
another washout period, cumulative dose-response curves
for PE, Ach or sodium nitroprusside (SNP) were created.
Ach- or SNP-induced vasorelaxation was tested after
precontractions evoked by 10uM PE to determine
endothelium-dependent and endothelium-independent re-
laxation, respectively. Prolonged exposure to 10 uM PE
evoked spontaneous rhythmic activity which was recorded
for 15 min. The amplitude was measured as the mean of

Table 1 Changes in the amplitude and time to appearance
of rhythmic activity in E°x LDLR® and control mice

Time to

Order of Amplitude of appearance of

application Maximal tension rhythmic activity rhythmic activity

of PE (MT, mg) (% of MT) (min)
E°x LDLR®

First 484423 7.0+0.7 7.8+0.7

Second 506426 10.74+0.9* 7.3+0.6

Third 512427 15.8 +£1.2%* 6.6+0.6

Fourth 530+28 17.5+1.6%* 6.1+0.4

Fifth 553 +27* 18.3 +1.8%* 5.8+40.3*

Control

First 369+12 0£0

Fourth 441+ 15% 2.9+0.3*% 4.840.3

Fifth 456+ 16* 3.6+0.4* 4.540.3

The aortic rings were exposed to repeated applications of
phenylephrine (PE) and maximal tension (MT), amplitude of
rhythmic activity and time to appearance of rhythmic
activity were recorded. The first three application of PE
did not induce rhythmic activity in the control mice. Values
are means=ts.e.mean, n=10 in each group. Significant
differences from the first application of PE are shown:
*P<0.05, **P<0.01.

the last five oscillations. Each drug was investigated on TA
segments from at least four mice.

Solutions
The Krebs Henseleit solution consisted of (in mMm): NaCl 118,

KCl14.7, CaCl, 2.5, KH,PO, 1.2, MgSO,(7H,0) 1.2, NaHCO;
25.2 and glucose 11.1. The high K" solution (30 or 60 mMm)
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Figure 3 (A) Original registration showing the contractile effect and
rhythmic activity induced by phenylephrine (PE, 10 um) and
relaxation induced by acetylcholine (Ach, 10 um) in thoracic aortic
rings of E° x LDLR® mice. Pretreatment of the vessels with (B) 1 mm
L-NAME and (C) 1 um LY-83583 for 10 min before addition of PE
caused basal tension increase, abolished PE-induced rhythmic activity
and reduced the relaxation to Ach.
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was prepared by exchanging NaCl with an equimolar amount
of KCl.

Drugs

Phenylephrine, Ach, SNP, tetracthylammonium (TEA),
charybdotoxin (ChTX), 4-aminopyridine (4-AP), N€-nitro-L-
arginine methyl ester (L-NAME), ouabain (Sigma Chemical,
St. Louis, MO, U.S.A.), ryanodine (Wako Pure Chemical
Industries, Japan) and N-(3-(Aminomethyl)benzyl)acetami-
dine (1400 W, Calbiochem, San Diego, U.S.A.) were
dissolved in distilled water. Glibenclamide (Sigma) was
dissolved in dimethyl sulphoxide to make a stock solution
of 100 mM. 6-Anilino-5,8-quinolinequinone (LY-83583, Sig-
ma) and indomethacin (Sigma) were dissolved in acetone and
ethanol, respectively, to make a stock solution of 10 mm. All
subsequent dilutions were made with Krebs Henseleit
solution. Similar dilutions of the solvents into Krebs
Henseleit solution were used as controls and had no effect
on either the basal tension or the evoked tension of TA rings.
All concentrations given are final molar concentrations in the
organ chambers.

Statistics

Results are expressed as mean+s.e.mean. The number of
observations indicated are the number of vessel segments
studied. Since several segments were taken from the same
animal the number of vessels were larger than the number of
animals in some experiments. Statistical analyses were always
performed using both the number of vessels and the number of
animals. Differences were regarded statistically significant only
if significant differences were found using both methods. Mean
values of individual data points from the concentration-
response curves and rhythmic activity within each strain were
performed by analysis of variance followed by Newman-Keuls
test to compare results in E° x LDLR® mice and age-matched
control mice. The paired Student’s z-test was used to compare
results in treated and untreated aortas from each strain.
Differences were considered to be significant when P <0.05.

Results
Responses to high K* solution, PE, Ach and SNP

The contractile force induced by 60 mMm K™ solution was
significantly higher in TA rings of E°x LDLR® mice than in

TA rings of age-matched control mice (398 +9 mg, n=68 vs
327410 mg, n=>58, P<0.05). The sensitivity of TA rings of
E°x LDLR® mice to PE was decreased whereas the maximal
response to PE was increased (Figure 1A,B). Ach-induced
relaxation was decreased in TA rings of E°x LDLR® mice
(Figure 2A), whereas SNP-induced relaxation was not different
from that in age-matched controls (Figure 2B).

PE-induced rhythmic activity

PE-induced rhythmic activity was observed in TA rings of both
E° x LDLR® and age-matched control mice. Therefore a set of
experiments was performed to study its time course. The
contractions triggered by 10 uM PE were observed for 15 min
without any intervention, and were repeated five times. The
organ chamber was rinsed with Krebs Henseleit solution after
each application of PE. In TA rings from E° x LDLR® mice,
rhythmic activity usually appeared during the first application
of PE and its amplitude was significantly increased with
repeated application of PE. The rhythmic activity appeared
sooner upon repetitive application of PE (Table 1). In TA rings
of age-matched control mice, on the other hand, significant
rhythmic activity did not appear until the fourth application of
PE and the amplitude was much less than that observed in TA
rings of E° x LDLR” mice (Table 1). After the fifth observation
of PE-induced rhythmic activity, a solution containing 30 mM
K™ was applied to trigger the contractions of TA rings. The
contractile force evoked by 30 mM K™ solution was not
significantly different from that induced by the last application
of PE in each mouse strain while the high K™ solution-
triggered contractions did not induce rhythmic activity. PE did
not evoke rhythmic activity in TA rings from 4-month-old
E° x LDLR® mice (n=35, data not shown).

Effects of endothelial removal, NOS inhibition and
guanylate cyclase inhibition

Removal of the endothelium abolished PE-induced rhythmic
activity in TA rings of both E°xLDLR® (n=6) and age-
matched control (n=15) mice (data not shown). Pretreatment
of TA rings from E° x LDLR® mice with 1 mM L-NAME for
10 min before administration of 10 uM PE abolished (10 of
13 samples) or decreased (three of 13 samples) PE-induced
rhythmic activity and Ach-induced vasorelaxation (Figure
3A,B and Table 2). Similar results were observed in TA rings
of age-matched control mice (Figure 4A,B and Table 3). L-
NAME increased basal tension and enhanced the contractile
force triggered by PE in both mouse strains (Tables 2 and 3).

Table 2 Effects of L-NAME, LY-83583, 4-AP, TEA and ChTX on rhythmic activity (RA) and Ach-induced vasorelaxation in

E° x LDLR® mice

Maximal tension

Maximal tension

Amplitude of RA Ach-induced relaxation

Group (MT, mg) (% of control) (% of MT) (% of MT)
Control 505421 15.84+1.5 454+4.4
L-NAME (1 mm) 665 +27%* 133+4.1 0.8 +0.4%* 3.843.3%*
Control 538+19 18+1.8 474+4.1
LY-83583 (1 um) 7194 25%* 1344+3.8 1.84+0.8%* 6.8 +1.4%*
Control 526422 16.74+1.7 52+39
4-AP (1 mm) 642 +25%* 122+2.9 11.2+1.9* 26+4.5%*
Control 518+24 18.5+1.5 55429
TEA (1 mm) 7064 33** 136+3.2 04 0%* 30+ 3.1%*
Control 531+39 19.6+2.1 49+3.5
ChTX (0.2 um) 693 +41%* 131+3.9 0+0%* 2742.8%*

Values are means+s.e.mean, n=7—15. Significant differences from the control responses are shown; *P<0.05, **P<0.01.
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In contrast, 1400 W, a selective inhibitor of inducible NOS
(Garvey et al., 1997), did not affect basal tension, the
amplitude of PE-induced rhythmic activity or Ach-induced
relaxation in TA rings of either E° x LDLR® or age-matched
control mice (data not shown). Furthermore, pretreatment of
TA rings from E°xLDLR° mice with 1 um LY-83583, a
guanylate cyclase inhibitor (Miilsch et al., 1988), for 10 min
before administration of 10 um PE abolished (eight of 13
samples) or decreased (five of 13 samples) PE-induced
rhythmic activity and reduced Ach-induced vasorelaxation
(Figure 3C and Table 2). Similar results were observed in TA
rings of age-matched control mice (Figure 4C and Table 3).
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Figure 4 (A) Original registration showing the contractile effect and
rhythmic activity induced by phenylephrine (PE, 10 um) and
relaxation induced by acetylcholine (Ach, 10 uM) in thoracic aortic
rings of age-matched control mice. Pretreatment of the vessels with
(B) 1 mm L-NAME and (C) 1| um LY-83583 for 10 min before
addition of PE caused basal tension increase, abolished PE-induced
rhythmic activity and reduced the relaxation to Ach.

Effects of an increase in extracellular Ca’*
concentration

Fifteen minutes after 10 uM PE was administered, an increase
in extracellular Ca®" concentration from 2.5 to 5 mM
enhanced the amplitude of PE-induced rhythmic activity in
TA rings of E° x LDLR® mice (from 38+ 5 to 79+8 mg, n=17,
P <0.05). In another group, an increase in extracellular Ca**
concentration from 2.5 mM to 7.5 mM strikingly augmented
the amplitude of PE-induced rhythmic activity (from 44+5 to
116 +12 mg, n="7, P<0.01). A similar increase in PE-induced
rhythmic activity was obtained in TA rings of age-matched
control mice by elevation of extracellular Ca®>* concentration
from 2.5 to 5 mM (the amplitude increased from 1742 to
3245 mg, n=6, P<0.05). The increase in extracellular Ca®*
concentration did not cause any further increase in the
maximal tension in TA rings from either group.

Effects of ryanodine

In a group of TA rings from E°xLDLR® mice, 10 uMm
ryanodine (an inhibitor of Ca®*-release channels in sarcoplas-
mic reticulum) was added 15 min after administration of
10 um PE. Approximately 5 min after application of
ryanodine, the contractions of the vessels were reduced (from
532431 to 432+15mg, n=7, P<0.01) and PE-induced
rhythmic activity was abolished, subsequently, contractile
tension gradually recovered to the level prior to application
of ryanodine (Figure 5A). Similar results were obtained in TA
rings of age-matched control mice (Figure 5B).

Effects of K, blocker 4-AP

Application of 1 mM 4-AP, a concentration that selectively
blocks K, channels (Gelband & Hume, 1992; Nelson & Quayle,
1995; Knot & Nelson, 1995), increased basal tension in all TA
rings of E° x LDLR® mice and also induced rhythmic activity in
five of 15 samples (Figure 6A,B and Table 2). When the 4-AP-
induced increase in tension reached a plateau, administration of
10 uM PE caused further contractions. The amplitude of PE-
induced rhythmic activity and Ach-induced vasorelaxation was
decreased in the presence of 4-AP (Figure 6A,B and Table 2). In
contrast to the results in TA rings of E° x LDLR® mice, 1 mM
4-AP did not increase basal tension but attenuated PE-induced
rhythmic activity and Ach-induced vasorelaxation in TA rings
of age-matched control mice (Figure 7A,B and Table 3). A
higher concentration of 4-AP (5 mM) increased basal tension
but did not induce rhythmic activity, and abolished PE-induced
rhythmic activity in all TA rings of age-matched control mice.
Ach-induced vasorelaxation was almost abolished by 5 mM 4-
AP (Figure 7C and Table 3).

Effects of K¢, blockers TEA and ChTX

TEA at 1 mM, a concentration that selectively blocks K,
channels (Langton ez al., 1991), did not affect basal tension but
abolished PE-induced rhythmic activity and reduced Ach-
induced vasorelaxation in TA rings of E°xLDLR°® mice
(Figure 8A,B and Table 2). Similar results were obtained with
200 nM ChTX (Table 2). By contrast, in TA rings of age-
matched control mice | mM TEA augmented the amplitude of
PE-induced rhythmic activity without affecting basal tension.
Ach-induced vasorelaxation was decreased in the presence of
TEA (Figure 9A,B and Table 3). The effects of TEA on PE-
induced rhythmic activity in TA rings of age-matched control
mice was reversible after washing the vessels.
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Table 3 Effects of L-NAME, LY-83583, 4-AP and TEA on rhythmic activity (RA) and Ach-induced vasorelaxation in age-matched

control mice

Maximal tension

Maximal tension

Amplitude of RA Ach-induced relaxation

Group (MT, mg) (% of control) (% of MT) (% of MT)
Control 429427 31403 67429
L-NAME (1 mm) 673 +43*%* 158 +4.3 0.140.1%* 0.340.2%*
Control 474419 37404 70+4.4
LY-83583 (1 um) 699 +24%** 149+4.9 0.240.1%* 1241.3%*
Control 437+19 2940.2 75+2.7
4-AP (1 mm) 584 4-24%* 133+4.4 1.7+0.3* 58+2.4*
Control 426423 2.940.3 73+3.1
4-AP (5 mm) 652 £25%* 15445.1 040%* 9.842.2%*
Control 441417 3.04+0.5 7742.8
TEA (1 mm) 540 423%* 123+2.3 6.1+ 1.2%* 5543.9%*

Values are means +s.e.mean, n=6—12. Significant differences from the control responses are shown; *P<0.05, **P<0.01.
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Figure 5 Original registration showing effects of 10 uM ryanodine
on 10 um phenylephrine (PE)-induced rhythmic activity in thoracic
aortic rings (A) from E°xLDLR® mice and (B) age-matched
controls. Ryanodine abolished PE-induced rhythmic activity.

Effects of K rp channel blocker glibenclamide,
cyclo-oxygenase inhibitor indomethacin and
Na*-K*-ATPase inhibitor ouabain

Pretreatment of TA rings from E°x LDLR® mice or age-
matched control mice with 10 uM glibenclamide for 10 min,
10 uM indomethacin for 25 min or 10 uM ouabain for 15 min
before administration of 10 uM PE did not significantly
influence PE-induced rhythmic activity (n=5-6 in each group,
data not shown).

Discussion

In the present study, the vasomotion and endothelial function
were investigated in a murine experimental model of
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Figure 6 (A) Original registration showing the contraction and
rhythmic activity induced by phenylephrine (PE, 10 um) and
relaxation induced by acetylcholine (Ach, 10 um) in thoracic aortic
rings of E° x LDLR® mice. (B) pretreatment of the vessels with 1 mMm
4-AP before addition of PE caused basal tension increase and
induced rhythmic activity. 4-AP decreased the amplitude of PE-
induced rhythmic activity and the relaxation to Ach.

atherosclerosis that closely resembles the human atherosclero-
tic disease. Aorta of E°x LDLR® mice showed enhanced
contractile responses to K and PE but reduced endothelium-
dependent relaxation. Moreover, the experimental results
demonstrated that: (1) PE induced rhythmic activity in TA
rings of both E° x LDLR® and age-matched control mice but
the amplitude of PE-induced rhythmic activity was consider-
ably larger in E° x LDLR® mice than in age-matched control
mice and (2) 1 mM 4-AP, a concentration that selectively
blocks K, channels, evoked basal tension increase in all TA
rings of E°x LDLR® mice and induced rhythmic activity in
approximately 35% of samples, a phenomenon that was not
seen in TA rings of age-matched control mice.
Vasoconstrictor-induced rhythmic activity in vascular
smooth muscles has previously been observed in both
physiological (Gustafsson et al., 1993; Jackson et al., 1991;
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Figure 7 (A) Original registration showing the contraction and
rhythmic activity induced by phenylephrine (PE, 10 um) and
relaxation induced by acetylcholine (Ach, 10 um) in thoracic aortic
rings of age-matched control mice. (B) pretreatment of the vessels
with 1 mm 4-AP for 10 min before addition of PE decreased the
amplitude of PE-induced rhythmic activity and the relaxation to Ach
without affecting basal tension. (C) pretreatment of the vessels with
5 mMm 4-AP for 10 min before addition of PE caused basal tension
increase without inducing rhythmic activity, abolished PE-induced
rhythmic activity and reduced the relaxation to Ach.

Stein & Driska, 1984) and pathological (Myers et al., 1985;
Ross et al., 1980) states. Ca*>*-free solution of Ca>"-channel
blockers have been shown to abolish vasoconstrictor-induced
rhythmic activity in vascular smooth muscle (Jackson et al.,
1991; Stein & Driska, 1984; Myers et al., 1985; Ross et al.,
1980). Moreover, two studies have demonstrated that
vasoconstrictor-induced rhythmic activity in vascular smooth
muscle results from cyclic GMP-dependent activation of K™
channels by endothelium-derived NO (Gustafsson et al., 1993;
Jackson et al., 1991). The rhythmic activity observed in the
present study was abolished by 30 mm K™, removal of the
endothelium, the NOS inhibitor L-NAME, the guanylate
cyclase inhibitor LY-83583 and ryanodine (an inhibitor of
Ca’"-release channels in sarcoplasmic reticulum). On the other
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Figure 8 (A) Original registration showing the contraction and
rhythmic activity induced by phenylephrine (PE, 10 um) and
relaxation induced by acetylcholine (Ach, 10 um) in thoracic aortic
rings of E° x LDLR® mice. (B) pretreatment of the vessels with 1 mm
TEA for 10 min before addition of PE abolished PE-induced
rhythmic activity and reduced the relaxation to Ach without affecting
basal tension.

hand, it was augmented by an increase in extracellular Ca**
concentration and repeated administration of PE. Further-
more, the K, channel blockers TEA and ChTX abolished the
PE-induced rhythmic activity in TA rings of E° x LDLR® mice.
Taken together, these results suggest that enhanced PE-
induced rhythmic activity observed in the aorta of E° x LDLR®
mice results from an increase in activation of K¢, channels
through a NO- and cyclic GMP-dependent mechanism.

K, channels, i.e., 4-AP-sensitive K" channels, are con-
sidered as the major K™ channels controlling resting
membrane potential and [Ca®"]; in vascular smooth muscle
cells (Knot & Nelson, 1995; Yuan, 1995; Leblanc et al., 1994;
Volk et al., 1991) whereas K¢, channels mainly contribute to
the repolarization following increased [Ca’"]; (Brayden &
Nelson, 1992). NO can activate both K, and K¢, channels on
vascular smooth muscle cells through a cyclic GMP-dependent
mechanism, thereby inhibiting the evoked membrane depolar-
ization and increase in [Ca®"]; (Archer et al., 1994; Yuan et al.,
1996; Zhao et al., 1997), and basal release of endothelium-
derived NO contributes to maintenance of normal vascular
tone in humans (Stamler et al., 1994). Obviously, a reduction
in the availability of NO will result in changes in the function
of K, and K, channels on vascular smooth muscle cells and
vasomotor dysfunction. Consistent with the results obtained
from other animal models of atherosclerosis (Freiman et al.,
1986; Kolodgie et al., 1990; Ibengwe & Suzuki, 1986) and
atherosclerotic human coronary arteries (Bossaler ef al., 1987,
Forstermann et al., 1988), the data from the present study
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Figure 9 (A) Original registration showing the contraction and
rhythmic activity induced by phenylephrine (PE, 10 um) and
relaxation induced by acetylcholine (Ach, 10 um) in thoracic aortic
rings of age-matched control mice. (B) pretreatment of the vessels
with | mm TEA for 10 min before addition of PE enhanced PE-
induced rhythmic activity without affecting basal tension but reduced
the relaxation to Ach.

showed that Ach-induced vasorelaxation was reduced in TA
rings of E°x LDLR® mice while SNP-induced vasorelaxation
was unchanged. This suggests that endothelial function was
impaired whereas the relaxatory capacity of the vascular
smooth muscle was intact. More importantly, in the present
study it was found that treatment of TA rings from
E°xLDLR® mice with 1 mM 4-AP resulted in basal tension
increase and induced rhythmic activity. These results indicate
that: (1) the sensitivity of the aortic smooth muscle cells of
E°x LDLR® mice to the K, channel blocker is enhanced
compared with age-matched control mice; (2) the sarcolemmal
depolarization and consequent increase in [Ca®*]; caused by
1 mM 4-AP activate K, channels on the aortic smooth muscle
cells of E° x LDLR® mice; (3) an increase in the opening of K¢,
channels observed in the aorta of E°xLDLR® mice is a
consequence of a decrease in the opening of K, channels and
(4) a decrease in the availability of endothelium-derived NO
rather than a reduction of the number of K, channels or
change in the structure of K, channels is the main factor
causing an increase in the sensitivity of the aortic smooth
muscle cells of E° x LDLR® mice to K, channel blocker.
When the opening of K, channels on the aortic smooth
muscle cells of E°x LDLR® mice is reduced due to lack of
stimulation by NO, the cells are susceptible to be depolarized
resulting in Ca>" entry via voltage-gated Ca>* channels. As a
result, the maximal contractile response of TA rings of
E° x LDLR® mice to high K™ solution and PE was increased,
which has been observed in the thoracic aorta of cholesterol-
fed rabbits (Ibengwe & Suzuki, 1986) and diabetic mice (Piercy

& Taylor, 1998) as well as the abdominal aorta of human
apolipoprotein A-I transgenic rabbits (Lebuffe ez al., 1997).
However, no change in maximal contractile response to PE or
noradrenaline has been reported in cholesterol-fed rabbits
(Kawachi et al., 1984) or Watanabe heritable hyperlipidemic
rabbits (Miwa et al., 1994; Tagawa et al., 1993), respectively.
In fact, a decrease in maximal contractile response to PE has
also been reported in the latter model (Kolodgie et al., 1990).
Use of different concentrations of vasoconstrictors and K™
besides differences in the models and stage of atherosclerosis
may be important reasons for the apparently different results.

Owing to a reduction in the opening of K, channels, the
aortic smooth muscle cells of E° x LDLR® mice are dependent
on compensatory mechanisms to limit Ca>" entry via voltage-
gated Ca®" channels. One such mechanism may be a decrease
in sensitivity of the cells to endogenous and exogenous
vasoconstrictors such as the o-adrenoceptor agonists nora-
drenaline (Ibengwe & Suzuki, 1986) and PE. Another is an
increase in the opening of K, channels, which was observed as
enhanced PE-induced rhythmic activity in the present study.

Since endothelium-dependent vasorelaxation is decreased in
TA rings of E°x LDLR® mice, an increase in NO- and cyclic
GMP-dependent activation of K¢, channels on the aortic
smooth muscle cells of E°x LDLR® mice might result from
production of NO by inducible NOS expressed by smooth
muscle cells (Buttery et al., 1996; Hansson er al., 1994).
However, the selective inhibitor of inducible NOS, 1400 W,
did not affect basal tension, PE-induced rhythmic activity or
Ach-induced relaxation. These results further indicate that the
inhibitory effect of L-NAME on PE-induced rhythmic activity
was related to blockade of endothelial NOS. Therefore, the
most possible mechanism underlying an increase in NO- and
cyclic GMP-dependent activation of K, channels in the aorta
of E°x LDLR® mice is that expression of K¢, channels on
smooth muscle cells is augmented. An increase in the currents
of K¢, channels (England ef al., 1993) and the expression of
Kc. channels (Liu et al., 1997) has recently been observed in
the aortic smooth muscle cells of spontaneously hypertensive
rats.

The mechanism by which TEA enhanced PE-induced
rhythmic activity in TA rings of age-matched control mice
was unclear. The finding that both TEA and 4-AP increased
maximal tension induced by PE but only TEA enhanced
rhythmic activity suggests that the effect was unrelated to the
developed tension of the vessel. One possibility is that the
opening of other K™ channels is compensatorily increased
when K, channels were blocked by TEA and this hypothesis
needs to be established in further studies.

In conclusion, the present results indicate that the opening
of K, channels on aortic smooth muscle cells of E° x LDLR®
mice is reduced so that the cells are susceptible to be
depolarized resulting in Ca®* entry via voltage-gated Ca®*
channels. In this situation, the cells are dependent on
compensatory mechanisms to limit Ca®" entry. One such
mechanism may be a decrease in sensitivity of the cells to
endogenous and exogenous vasoconstrictors, another is an
increase in the opening of K, channels which are activated by
endothelium-derived NO via a cyclic GMP-dependent mechan-
ism.
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