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Summary

Many bird species show the spontaneous development of half by nifedipine (10¢moll~1). Norepinephrine did not
high arterial pressure and vascular lesions in the aorta and alter CCS in chicks, whereas marked dose-dependent
other large arteries. In chickens, arterial pressure tends to increases in CCS were noted in pullets. In contrast to the
increase with age/maturation (particularly in males), and CCS responses to K the norepinephrine-induced CCS
subendothelial hyperplasia (neointima) in the abdominal responses became smaller in adult hens. Isolated
aorta is often seen prior to sexual maturation. The neointimal plagues showed only slight increases in CCS in
mechanisms involved, however, are not known. Our aim, response to 50 mmot K* plus Bay K 8644, whereas clear
therefore, was to determine (1) whether cytosolic G4  responses were noted in aortic smooth muscle tissue
signaling (CCS) responses to vasoactive substances in fowlunderlying the plaques. These results suggest (1) that CCS
aortic smooth muscle differ among chickens at different responses to C& channel agonists increased with sexual
maturation stages and (2) whether CCS responses to €a maturation in fowl, but (2) that CCS responses to
channel agonists in neointimal plaques differ from those in  norepinephrine were low in mature hens and to K plus
normal aortic smooth muscle. Bay K 8644 were low in spontaneously developed

K* increased CCS in a dose-dependent manner in neointima, suggesting that phenotypic modulation of C&
isolated and superfused abdominal aortic smooth muscle channel/norepinephrine receptors may have occurred
tissue from chicks (5-9 weeks old), pullets (11-18 weeks during maturation/aging and in neointima.
old) and adult hens (20 weeks and older); CCS responses
increased as chickens matured. The addition of Bay K 8644 Key words: vascular smooth muscle, neointimal plague?* Ca
(10°moll-1) to Ringer’s solution containing 50 mmolt1K*  signalling, age-dependent response, voltage-gatett €aannel,
further increased CCS, and this response was reduced to chicken.

Introduction

Many bird species have a higher blood (arterial) pressuref chickens prior to sexual maturation. The mechanisms that
than most mammals, and they also spontaneously develogsult in high arterial pressure and vascular lesions in birds,
vascular lesions in the aorta and other large arterioles thhbwever, are not clear.
partly resemble mammalian atherosclerosis (Grollreial. A variety of evidence suggests that cellula?Ga causally
1963; Rymaszewsléat al. 1976; Gupta and Grewal, 1980). In involved in the pathogenesis of atherosclerosis in which
fowl, the increase in arterial pressure appears to be ageytosolic C&" may act as a pathological second messenger
dependent and greater in males than in females (Girard, 197®hair, 1988). In general, arterial [&h is elevated in
Madison and Nishimura, 1994; Weist al. 1957). Our atherosclerotic vessels or arteries from hypertensive animals
previous study indicates that the mean aortic pressure of femgEeckenstein-Griin and Fleckenstein, 1991; Kwan, 1985), and
chickens (White Leghorn, 30—-35 weeks old) was 13812 mmHgnany of the cellular and molecular processes that function
(18.4kPa) (mean is.E.M., N=45), whereas that of males abnormally in atherosclerosis, such as plasma lipoprotein
(54-57 weeks old,N=27) was 176x5mmHg (23.5kPa) processing, growth factor responses and endothelial function,
(Kamimura et al. 1995; Nishimuraet al. 1981). Vascular are known to be Cé-regulated (Phair, 1988). Furthermore, the
plagues, comprising proliferating neointimal cells andresponsiveness of atherosclerotic arteries to vasoactive agents
abundant matrix, are frequently seen in the abdominal aortéa® variably augmented, depending on the stage of
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atherosclerosis (Heistad al. 1984). However, neither the role solution helps to isolate vascular smooth muscle tissue quickly.
of cellular C&* metabolism in neointimal formation nor the Bromo-A23187 (18molll, -70°C), Bay K 8644
time course of changes in cytosolic2€aignal responses to (103moll~1, -70°C) and Pluronic F-127 (20%, room
vasoactive substances during the advancement d®émperature) were dissolved in DMSO and stored as shown.
atherosclerotic vascular lesions is known. Nifedipine (103moll1) was dissolved in DMSO on the day
Because arterial pressure in fowl appears to increase witif an experiment. Stock solutions were diluted with Ringer to
age/maturation, we examined (1) cytosolic2Caignaling appropriate concentrations immediately before use. All
(CCS) responses of abdominal aortic smooth muscle tRinger's solutions were aerated with 95%and 5% CQ.
voltage-gated (K plus Bay K 8644) and hormone-mediated
(norepinephrine) G4 channel agonists in chicks, pullets and Preparation of aortic smooth muscle tissue
adult hens to determine whether changes #f Caannels are For aortic smooth muscle tissue preparations, abdominal
causally related to elevated arterial pressure; and (2) CCfrtae were excised from decapitated chickens (one 10 mm
responses of aortic smooth muscle in spontaneously developgeigment from 9-week-old or younger chicks; two 10mm
neointimal plaques to determine whether vascular smootbegments from birds 11 weeks old or older) and cleared of
muscle phenotypes are modulated during neointima formatiosurrounding adipose and connective tissues in MEM Hank
supplemented with an additional 10 mméINaCl to simulate
avian serum. The endothelium was removed by rubbing the
luminal surface with a cotton swab. The aortic smooth muscle
Animals and maintenance layers were carefully isolated from the adventitia using fine
Female domestic fowballus gallus(White Leghorn breed, forceps under a dissecting microscope in aerated chilled
DK DeKalb strain), 3-43 weeks of age (body masdlissection Ringer’'s solution. We used avian Ringer’s solution
163-1837 gN=71) were used for the present studies. One-dayeontaining 50 mmolf mannitol because the adventitia can be
old chicks were kindly provided by DeKalb Poultry Researcheasily peeled off, without damaging the aortic smooth muscle
Inc. (Dr Larry F. Vint). Chicks were maintained in layers, in a slightly hyperosmotic solution. Hyperosmotic
temperature-controlled brooders (25-37 °C) for 4 weeks ansblution has been used for dissecting renal tubules without
thereafter kept in groups (5-25 birds per cage) in large indo@itering transport properties (Naginesti al. 1984). Isolated
pens (1.181.02¢x1.88m) (length x width x height) in  abdominal aortic smooth muscle layers (final area 48mm)
temperature-controlled rooms (22—-24°C) with a photoperiodvere placed on a glass coverslip, filling the third quarter of
of 12h:12h light:dark. Chickens under 20 weeks old were fedpace from the top (which includes the entire beam path) and
with Start and Grow (Purina, St Louis, MO, USA; 17% were glued at the corners with Super Glue (Super Glue Co.,
protein, 1% C#&) and thereafter with Layena (Purina; 16 % Hollis, NY, USA). Various methods of adhering tissues to the
protein, 3.5% C#&). Multiple vitamins (Vita-Start, GQF, glass coverslip were tested, including mechanical attachment,
Savannah, GA, USA; 0.23t}) were added to drinking water cell tack, gelatin, etc. Super Glue consistently provided a good

Materials and methods

for chickens in brooders. mounting on the coverslip. We used a minimal amount of glue,
restricting it the corners, to avoid possible interference between
Drugs and reagents the glue and the fluorescence. Similarly, neointimal

Norepinephrine, epinephrine, phenylephrine, nifedipineproliferative plaque (if any) in the abdominal aorta (most
digitonin, Triton X-100, bovine serum albumin (BSA) and frequent location) was removed and mounted onto a coverslip
EGTA were purchased from Sigma Chemical Company (Sis described above (Fig. 1). Histological examination of the
Louis, MO, USA). Acetoxymethyl ester of Fura-2 (Fura-2 AM, plague showed marked subintimal thickening, consisting of a
1mmolrl in dry dimethylsulfoxide, DMSO; Molecular proliferation of spindle-shaped fibromuscular cells and
Probes, Inc., Eugene, OR, USA), Pluronic F-127 (Moleculaabundant matrix (Fig. 1). The time necessary for aortic smooth
Probes, Inc.), Gd ionophore (Bromo-A23187), minimum muscle dissection was 10—15min, and all tissue specimens were
essential medium with Hank’s balanced salt solution (MEMequilibrated in avian Ringer’s solution (pH7.4) at 37 °C for at
Hank, Gibco) and Bay K 8644 (Calbiochem Corporation, Sateast 30 min after being mounted on the coverslip.

Diego, CA, USA) were purchased commercially. Avian

Ringer’s solution (referred to as Ringer) contains (in mmjl | Cytosolic C&* measurement

115.0 NaCl, 10.0 sodium acetate, 5.0 KCI, 2.5 @aGl5 The cytosolic C& signals of aortic smooth muscle cells
MgClz, 0.8 NaHPQ4, 0.2 NaHPQs, 25.0 NaHCQ@, 8.3  were determined using a fluorescent indicator, Fura-2 AM, and
glucose, 5.0 alanine, 0.11 ascorbic acid and 0.025% BSa dual-wavelength spectrofluorophotometer (Shimadzu, RF-
(PH7.4, 307.8#2.0mosmolkg. Ringer's solutions 5000) (Wanget al. 1992; Yuet al. 1989). The isolated aortic
containing 10-50 mmoft K* were prepared by replacing smooth muscle tissues, mounted on the glass coverslips as
NaCl with KCI; we confirmed that there was no change irdescribed above, were placed in a flow-through fluorescence
osmolality. Mannitol (50 mmolt) was added to the Ringer’s cuvette (approximately 1.8 ml) and superfused with prewarmed
solution used for tissue dissection (dissection Ringeraerated avian Ringer's solution by a peristaltic pump
osmolality 358+2 mosmolkg; N=61); a slightly hypertonic (3 mImin1); the cuvette was placed in a water-jacketed holder
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tissue preparations were superfused first with Ringer’s solution
for another 5-10min to measure control levels and then with
Ringer containing a test drug.
Initially, we attempted to conduct @msitu calibration for
each tissue at the end of each experiment by saturating the
tissue with cytosolic CGd. To attempt saturation, we used a
Ca* ionophore in the presence of extracellular2Ga
depolarization induced by*plus Bay K 8644 or digitonin-
induced cell membrane lysis. We could not, however, obtain
reliable calibrations to assess absolute concentrations for
cytosolic C&*. We therefore expressed the CCS of aortic
Neointima smooth muscle tissues by the ratio of fluorescence emission
at 510 nm evoked by the two excitation wavelengths (340 nm
and 380 nm) as an index for cytosolic2Ctevels. Levels of
autofluorescence were subtracted prior to calculation of the
fluorescence ratio. To ensure that the acetoxymethyl ester
form of Fura-2 was hydrolyzed in the cells by cellular
enzymes to bind to cytosolic €awe released loaded Fura-
2 from the tissue/cell preparation by cell membrane lysis
with digitonin (5-10min). Digitonin (10-40g mI™)
increased fluorescence emission, with the excitation
maximum at a wavelength of approximately 340nm. The
addition of EGTA (20 mmoHt, 10min) to chelate Ca
e . J o decreased fluorescence and shifted the peak towards 380 nm,
—— "":?gr_': R | Adventitia i dicating that the changes in fluorescence are likely to
N g 5,-4"' i reflect changes in cytosolic &alevels. Furthermore,
'—ﬂgﬁ'g"@ addition of Triton X-100 (1 %) caused no specific membrane
Fig. 1. Macroscopic (A) and histological (B) examination of alysis and increased the fluorescence intensity only slightly,

neointimal plaque (cross section of approximately one-third of thguggesting that Fura-2 compartmentalization, if any, is
neointima) spontaneously developed on the ventral side of thginimal.

abdominal aorta immediately above the ischiadic bifurcation (17-

week-old male chicken). Neointimal plaques were isolated from the Experimental protocols

aortae and u_sed for cytosolic fCh measurement. Neointimal We defined the maturation stages of chickens as follows: (1)
growth comprises fibromuscular cells and matrix under a layer of

endothelium. Smooth muscles are compressed to thin layers una%l?iCkS (5-9 weeks of age), (2) pullets (11-18 weeks of age)
the plaque. Scale bars: A, 2mm: B 150. and (3) hens (20 weeks old and over).

Endothelium

Vascular
smooth
muscle

CCS responses to 50 mmdIK*, K* plus Bay K 8644 and
nifedipine in aortic smooth muscle (protocol 1)

maintained at 37 °C. After measurement of autofluorescence, We examined whether*Kinduced depolarization and Bay
the tissue preparations were incubated with Fura-2 AM 8644 increase the CCS. The isolated aortic smooth muscle
(4pumol ™) and Pluronic F-127 (0.02%) for 60min. In tissues were superfused in the following order: Ringer (for
preliminary studies, we incubated aortic smooth muscle tissud$) min), 50 mmolt! K* Ringer (12 min), 1®moll~1 Bay K

for 30—-120min with 2—-@moll~1 Fura-2 AM. Prolonging 8644 in 50mmoi! K* Ringer (12min), 1®moll?
incubation beyond 60min did not increase Fura-2 loadingjifedipine in 50 mmoli! K* Ringer plus Bay K 8644 (15 min)
suggesting that Fura-2 had penetrated throughout the aoréed Ringer (10 min).

smooth muscle layers (126.7x16uB, N=7) within 60 min.

Excitation spectra before and after Fura-2 loading wer&*-induced CCS responses in aortic smooth muscle tissues
superimposed to confirm sufficient uptake of the fluorescerftom chickens at different maturation stages (protocol 2)
indicator (approximately two- to threefold increase in 340nm We examined whether CCS responses tar€rease in a
fluorescence) by the aortic smooth muscle tissue. Theose-related manner and are altered by the stage of maturation.
excitation wavelength was alternated at 8s intervals betweéfhe effects of 10, 20, 30 and 50mmdIIK* on the

340 and 380 nm, while fluorescence at 510 nm was recordddiorescence ratio were tested in chicks, pullets and hens. The
continously. The tissues were excited by a light sourcéssues were superfused with Ringer's solutions containing
perpendicular to them, and emission was measured at 90 ° 16-50 mmoltl K+, each for 8 min, in a cumulative fashion.
the light. When a stable baseline of Fura-2 fluorescence rat@nly birds that exhibited no macroscopically visible neointima
at 340 nm/380 nm had been obtained, the aortic smooth musétethe aorta were used for this protocol.
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Norepinephrine-induced CCS responses in aortic smooth  (by 20.3+2.2% from the control Ringer leveR<0.05,
muscle tissues from chickens at different maturation stages ANOVA) after superfusion with 50 mmofi K* (Fig. 2). The
(protocol 3) addition of Bay K 8644 (I&moll1) to 50 mmolt1 K+ further

We examined whether CCS responses to norepinephrif@creased the fluorescence ratio (by 39.7+6.7 % from the control
increase in a dose-dependent manner and are altered Bipger level;P<0.01, ANOVA). The fluorescence ratio was
age/maturation. The effects of 80107, 106 and 105mol|1  partially reduced by nifedipine (10mol ) (P<0.05 compared
norepinephrine were tested in chicks, pullets and hens. OnWith fluorescence ratio changes evoked by Bay K 8644 plus
birds that exhibited no macroscopically visible neointima in thé0 mmol ' K*; ANOVA). The fluorescence ratio became even
aorta were used for this protocol. The tissues were superfusyver when the aortic smooth muscle tissue was again
with Ringer's solutions containing 1 to 105moll-t  superfused with Ringer's solution.

norepinephrine for 8 min each in a cumulative fashion.
K*-induced cytosolic G4 signaling responses in aortic

CCS signaling responses to 50 mmbK* and 50 mmol smooth muscle tissues from chickens at different maturation
K* plus Bay K 8644 in isolated neointimal plaques and stages (protocol 2)
underlying aortic smooth muscle tissues (protocol 4) Fig. 3 shows representative examples dfitkduced CCS

Since it has been postulated that medial smooth muscle cetlbanges in a young and a mature bird, while Fig. 4 gives a
are mobilized and proliferate in the subendothelial region tsummary of the dose—response curves from chicks (5—9 weeks
form neointima, we intended to determine whether the CC8f age, 535+649,N=6), pullets (11-18 weeks of age,
responses of neointimal plaques t&#Cehannel agonists are 1144+91g,N=6) and mature hens (31-40 weeks of age,
similar to those in intact aortic smooth muscle tissues. Th2439+26 g,N=6). In chicks, the fluorescence ratio increased
neointimal plague and aortic smooth muscle tissuesignificantly in response to 50 mmotIK* (by 18.9+1.9 %;
underlying and cephalad to the plaque were removed from tHe<0.05 compared with Ringer, ANOVA). In pullets, the
same chicken, and CCS responses to 50 nhd{f and fluorescence ratio increased (compared with Rirfeed,01 at
50mmoll K* plus Bay K 8644 (1®molll) were all doses, ANOVA) in a dose-dependent fashion (20 mmhol |
examined. To eliminate a possible effect of time on the&*, 10.3+4.2 %; 30 mmott K+, 29.1+15.0 %; 50 mmott K+,
viability of tissue preparations, the order of measurements &0.5+11.8%). In hens, the fluorescence ratio also increased
cytosolic C&* in the plaque, aortic smooth muscle tissuemarkedly (compared with Ringer?<0.01 at all doses,
underlying the plague and aortic smooth muscle tissuUBNOVA) (20mmol! K*, 23.842.1%; 30mmott K+,
cephalad to the plaque were altered randomly. Aortae that d80.6+3.3%; 50 mmofft K*, 36.7+6.1%). Furthermore, the
not show spontaneous development of neointima were not

used in this protocol. INifedipineI
Data analysis IM.
The autofluorescence at 340 and 380 nm was subtracted frof Ringer K+ Ringer Ringer

the experimental fluorescence level prior to the calculation 0§
the fluorescence ratio at 340 nm/380 nm. The mean values aﬁé’j
standard errorssg.M.) of fluorescence ratios calculated at 8s §
intervals during the treatment were considered to represent CGS
responses to the designated treatments. The mean of tiee
fluorescence ratios from the initial 3 min was used to represe

the norepinephrine effect. A two-factor analysis of variance2
(ANOVA) followed by, when applicable, the Newman—Keuls

multiple-comparisons test was used to evaluate the results & Abdominal ASM tissues

1.07

protocols 1, 2 and 3. Pairedests and independertests were = 081 (N=5)
used for statistical analysis of protocol 4. & 0 10 20 30 40
T Time (min)
Results Fig. 2. Time course of the increase in cytosolicz*‘Csignaling

Cytosolic Cca+ signaling responses to 50 mmdiK*, K* plus (expressed as the Fura-2 fluorescence ratio at 340nm/380nm)

Bay K 8644 and nifedipine in aortic smooth muscle tissues duced by 50mmoft K* and 50mmoltt K* plus Bay K 8644
(protocol 1) (10°molIY) in abdominal aortic smooth muscle (ASM) tissues.

] ] Addition of nifedipine (10°moll™}) (in Ringer containing
The mean age of the birds used for this protocol was 18.0+450 mmo| 11 K* plus Bay K 8644) partially reduced the fluorescence

weeks, and the mean body mass was 1251+2K86)( The ratio. The figure shows the mean of five experiments (four pullets
time courses of changes in the fluorescence ratio followinand one mature hen, 18.0+4.0 weeks old)<(.05, **P<0.01,
various treatments are shown in Fig. 2. The mean fluorescencompared with the mean level of the control period (Ringer
ratio (mean value of designated treatment period) was increassuperfusion) by a paireetest.
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10 i Fig. 4. Cumulative dose-response curves of cytosoli¢*Ca
signaling (expressed as the Fura-2 fluorescence ratio at
081 Abdominal ASM tissue 340 nm/380 nm) evoked by 5-50 mmdi K* in superfusate were
(age 31 weeks) compared among abdominal aortic smooth muscle tissues from
067 , , , , chicks (5-9 weeks of age), pullets (11-18 weeks of age) and adult
0 800 1600 2400 3200 hens (31-40 weeks of age). The-ikduced fluorescence ratio
Time (9) increased in a dose-related fashion in pullets and hens. The K

induced responses also increased progressively with age
Fig. 3. Representative recordings of cytosolic2‘Caesponses (maturation) at all dosesP&0.05, **P<0.01 compared with basal
(expressed as the Fura-2 fluorescence ratio at 340nm/380nm) (5 mmol 1 K*) fluorescence ratio within the groupP<0.01
Ringer’'s solution containing 10-50 mmotIK* in aortic smooth compared with chicks;¢P<0.01 compared with pullets at

muscle (ASM) tissues from a chick (A) and a mature hen (B). Threspective K concentration (ANOVA). See text for percentage
fluorescence ratio increased in a dose-related fashion, and tchange at each dose. Values are meass.it., N=6.
increases in fluorescence ratio were much larger in the mature bird.

Fura-2 fluorescence ratio prior to*Kapplication (chicks  Norepinephrine-induced cytosolic €asignaling responses
0.747+0.054; pullets 0.960+0.061; hens 1.178+0.056) and thé aortic smooth muscle tissues from chickens in different age
fluorescence ratio evoked by khcreased progressively with groups (protocol 3)

age/maturation at all doseB<0.01, ANOVA) (Fig. 4). The Fig. 5 shows representative recordings of norepinephrine-
percentage increases in the fluorescence ratio at 20 mrkdl|  induced CCS changes in a chick and a pullet, and Fig. 6 gives
(the steepness of the curve) were also significantly higher ithe summary dose—-response studies from chicks (5—-8 weeks of
the order chicks<pullets<hens. There were no significardge, 437+43 g\N=7), pullets (12—-18 weeks of age, 1283+66 g,
differences in autofluorescence levels at 340nm (arbitraril=4) and adult hens (20-37 weeks of age, 1513+R&4).
units) (chicks 34.045.8; pullets 56.2+11.9; hens 54.1+10.6) din chicks, the fluorescence ratio during the control Ringer
in the 340nm/380nm autofluorescence ratios (chickperiod was low (0.828+0.088), and the fluorescence ratio did
1.15+0.03; pullets 1.16+0.04; hens 1.13+0.04) among the thre®t increase in response to norepinephrine. In pullets, the
groups. After incubation with Fura-2 AM and Pluronic F-127,fluorescence ratio prior to drug application was higher
the fluorescence level at 340nm increased approximatel).300£0.119) than in chicks and increased significantly
twofold (chicks 68.4+9.4; pullets 129.4+24.3; hens 97.0+23.9)(ANOVA), responding to norepinephrine in a dose-dependent
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norepinephrine of cytosolic €asignals (expressed as the Fura-2
2.4 fluorescence ratio at 340nm/380nm) were compared among
abdominal aortic smooth muscle tissues from chicks (5-8 weeks of
1.7 4 age), pullets (12-18 weeks of age) and hens (20-37 weeks of age).
The norepinephrine-induced fluorescence ratios increased in a dose-
104 o ‘ ‘ ‘ ‘ . ‘ related fashion in pullets, but not in chicks and hens. The
1 Ringer 108 107 10% 105 Ringer _In putiets, ; ( _ 1S.
fluorescence ratios evoked by norepinephrine were higher in pullets
0.3 Abdomina ASM tissue than in chicks at all doseB<€0.01; ANOVA), whereas no significant
€ Norepinephrine/Ringer > (age 14 weeks) differences in fluorescence ratio were noted between chicks gnd
0.4 - T T T T T hens. P<0.05, *P<0.01 compared with basal fluorescence ratio
0 800 1600 2400 3200 4000 within each group;3<0.01 compared with chicksPP<0.01
Time (9) compared with hens (ANOVA). Values are mearse.

Fig. 5. Representative recordings of cytosolic 2‘Caesponses
(expressed as the Fura-2 fluorescence ratio at 340nm/380ni
to Ringer's solution containing norepinephrine @ifol =1 to

10°molI™) by aortic smooth muscle (ASM) tissues from a chick gy grescence level at 340nm increased two- to threefold
(A) and a pullet (B). Norepinephrine increased the fluorescencgchickS 152.0459.5; pullets 179.550.5; hens 188.8+74.6).
ratio only slightly in the chick, whereas the fluorescence ratio wa ' '

increased by the €4 ionophore Bromo-A23187 (18moll™). Cytosolic C&* signaling responses to 50 mmdiK* and
Dose-_depen_dent increases in fluorescence ratio in response to 50 mmol 1 K* plus Bay K 8644 in isolated neointimal
norepinephrine occur in the pullet. . . .

plagues and underlying aortic smooth muscle tissues

(protocol 4)

manner (Fig. 6) (percentage increase from Ringer: Fig. 7 shows recordings from a single bird and Fig. 8
108mol I, 3.6+3.4; 10’moll™1, 34.8+15.4; 1®Fmolll, summarizes the CCS responses to 50 mrhd{t and to the
71.4+34.7; 1Pmoll1, 91.3+47.4). In hens, however, the combination of 50 mmott K* plus Bay K 8644 in isolated
fluorescence ratio (0.956+0.076) showed only small increasegointimal plaques, aortic smooth muscle tissues underneath
in response to norepinephrine, and there was no clear doske plaques and aortic smooth muscle tissues cephalad to the
related response. There was a significant increase plaques (macroscopically intact area) from hens 30+2.6 weeks
norepinephrine responses in pulleR®<@.01 at all doses, of age (1509+63gN=15). In most cases, we excised these
ANOVA) compared with chicks, whereas no significantthree tissues from the same birds for examination of each type
differences in CCS responses were noted between chicks antiCa* response. In neointimal plaques, both 50 mriak*
hens at any dose of norepinephrine. There were no significaand K plus Bay K 8644 increased the fluorescence ratio only
differences in autofluorescence levels at 340nm (arbitrarglightly from the basal level (Fig. 7). In aortic smooth muscle
units) (chicks 41.3+5.9; pullets 53.1+8.4; hens 52.8+13.3) otissues underlying the plaque, the fluorescence ratio
in 340nm/380 nm autofluorescence ratios (chicks 1.10+0.030.899+0.091) was increased significantly (14.1+3.5%,
pullets 1.12+0.02; hens 1.17+0.04) among the three groupB<0.05, paired-test) by 50 mmo! K* compared with the
After incubation with Fura-2 AM and Pluronic F-127, the Ringer control. The aortic smooth muscle tissue cephalad to
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the plague (macroscopically intact) showed two types o#@pplication of 50mmolt K* (by 35.3%9.1%) and after

responses: (i) marked responses and (ii) poor responses. In Fagplication of K plus Bay K 8644 (by 54.2+15.7 %). In aortic

8, we show the average of all cases (i and ii), whereas Fig.sooth muscle with poor responses, the basal fluorescence

represents a bird that showed marked CCS responses in tiagio was low (0.694+0.065) but was increased significantly

aortic smooth muscle underlying and cephalad to the plaque®<0.01) (9.4+1.9% and 19.8+2.8%, respectively) by the

In aortic smooth muscle tissues that showed marked responsesperfusion of 50mmott K+ and K plus Bay K 8644.

the fluorescence ratio prior to drug application was higlFurthermore, the magnitude of responses to 50 nhélt

(1.537+0.120) and it increased furthd?<Q.05, N=4) after = was significantly higher (independdrtest) in aortic smooth
muscle under plaquesP<€0.05) or cephalad to plaques

19- A 1«50 mmol [-1 . (P<0.01) than in neointimal plaques.
' KCI Ringer There were no significant differences among plaques (PI,
Bay K 8644 N=12), aortic smooth muscle tissues qnderneath the plaques
101 Ringer Ringer (UP, N=13) and aortic smooth muscle tissues cephalad to the
plagues (CP,N=12) in autofluorescence levels at 340nm
08 (arbitary units) (PI, 78.8+15.7; UP, 60.1+10.6; CP, 84.4+30.3).
The autofluorescence ratio at 340nm/380nm was slightly
higher (independent-test) in Pl (1.40+0.07) than in UP
067 (1.18+0.05, P<0.05) or CP (1.12+0.03P<0.01). After
o incubation with Fura-2 AM and Pluronic F-127, the
S 04- 1 fluorescence level at 340 nm increased two- to threefold (PI,
& 220.31£40.0; UP, 141.0+34.2; CP, 203.4+58.8).
g 147
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2 124 Discussion
-% Ca2* channels in fowl aortic smooth muscles
E 101 Freshly isolated aortic smooth muscle preparations
5 responded to K Bay K 8644 and nifedipine, indicating that
@ fowl aortic smooth muscle cells possess voltage-gated and
s 087 hormone-mediated Gachannels. Bay K 8644 is structurally
~
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Fig. 7. Time course recordings of cytosolic2€Csignaling responses Fig. 8. Changes in cytosolic &asignaling responses (expressed as
(expressed as the Fura-2 fluorescence ratio at 340 nm/380nm) the Fura-2 fluorescence ratio at 340 nm/380nm) to 50 nénilt

50 mmol i1 K+ and 50 mmoli! K* plus Bay K 8644 (1 mol ™) in (open columns) and 50 mmotK* plus Bay K 8644 (1®mol 1)
neointimal plaque (A), abdominal aortic smooth muscle (ASM)(filled columns) in neointimal plaque, abdominal aortic smooth
tissue under the plaque (B) and abdominal aortic smooth muscmuscle tissue (ASM) under the plaque and aortic smooth muscle
tissue cephalad to the plaque (C) from an 18-week-old pulletissue cephalad to the plaque. The three types of tissue were
Neointimal plaque was removed from the underlying abdominacollected simultaneously from the same bird in 12 of 15 birds. The
aortic smooth muscle tissue under a dissecting microscope albasal fluorescence ratios during control Ringer superfusion were:
placed on a coverslip (see Materials and methods). Thplaque, 0.640+0.074; aortic smooth muscle underlying the plaque,
macroscopically intact abdominal aortic smooth muscle tissu0.899+0.091; and aortic smooth muscle cephalad to the plaque,
cephalad to the plague was selected. Note that the ordinate sc0.975+0.132. P<0.05, **P<0.01 compared with the respective basal
differs in B and C. fluorescence ratio by pairédest. Values are means£.m.
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similar to the dihydropyridine-type €aentry blockers and, in  develops in adult chickens, it is possible that the presence of
general, Bay K 8644 and high fKare considered to activate microscopic vascular lesions may reduce the responsiveness to
identical voltage-sensitive €achannels (Dubé&t al. 1985).  norepinephrine, although we selected for the present studies
In the present study, however, the addition of Bay K 8644 t¢except protocol 4) abdominal aortae that showed no
a high dose of Kfurther increased CCS, and nifedipine did macroscopically visible vascular plaques.
not completely abolish their effects, suggesting that part of the There were no significant differences among the three
CCS changes evoked by knd Bay K 8644 may be mediated groups in either autofluorescence levels or the fluorescence at
viaa C&* channel other than the L-type voltage-gated channe340 nm after Fura-2 loading, so that the observed maturation
or may interact with the same channel & different (age)-dependent changes in CCS responses are not due to age-
mechanisms. An additive effect ofkand Bay K 8644 has related differences in autofluorescence or Fura-2 loading.
been reported in rat renal mesangial cells €¥al. 1989) and  Furthermore, in all experiments, autofluorescence levels were
‘aged’ pig coronary arterial rings (Dulsd al. 1985). It has subtracted prior to the calculation of fluorescence ratios. The
been postulated that depolarization by high][Kay restore laboratory chow for adult hens contains a higher”*Ca
the coupling mechanism between the Bay K 8644 receptor amdncentration than the chow given to chicks and pullets (to
the C&* channel and activate the €&hannel to the threshold compensate for C& loss from laying eggs). It is unlikely,
level for Bay K 8644 (Dubét al. 1985). however, that the enhanced CCS responses with
maturation/age can be ascribed to the difference i# Ca

Age-related changes in cytosolicZaignaling responses  concentration in the diet since (i) CCS responses tanid

We found (1) that in fowl aortic smooth muscle tissues, CC®orepinephrine are higher in pullets than in chicks, although
increases in response to extracellular application ofakd  both were maintained on the same food; (ii) the plasn® Ca
norepinephrine in a dose-related manner, and (2) that CQ&vels of laying hens (Laverty and Wideman, 1985) are similar
responsiveness (the steepness of the dose—response curvesp tilnose of pullets (Kissell and Wideman, 1985); and (iii) the
K* and norepinephrine is low in chicks and increases witlCa&* gradient across the cell membrane is so great that if a
maturation, but that norepinephrine responses are reducedsiight change in extracellular €zconcentration were to occur
adult birds. The mechanism for these age (maturation)t would not alter the rate of €ainflux or the responsiveness
dependent changes in €aignaling is unclear at present, but of CCS to C&* channel agonists.
voltage-sensitive or hormone-operatec?'Cehannels (om- In the present study, the fluorescence ratio of aortic smooth
adrenoceptors) may not be fully expressed in chicks; as thmuscle tissues during the control period (presumably reflecting
birds mature, the number and sensitivity (or opening time) dfasal cytosolic Cd signal levels) was higher in pullets than
Ca&* channels (or norepinephrine receptors) may increasé chicks, but the difference between pullets and hens was not
leading to the increase in &a conductance. Marked consistent. Overall, age and basal fluorescence ratio showed a
differences in response to KCI suggest that the maturation/agereak positive correlationr£0.421,N=72). Chickens have a
related changes occur primarily in the handling of extracellulahnigher arterial pressure than mammals, and arterial pressure
Ca* via changes in Cd channels, whereas the reduced CCSends to increase with maturation, particularly in males,
responses to norepinephrine in the aortae from adult birds magaching a plateau (Girard, 1973; Kamimwet al. 1995;
reflect phenotypic modulation of norepinephrine receptor8ladison and Nishimura, 1994; Nishimweal. 1981). Plasma
or/and post-receptor signal pathways, such as the G-proteicatecholamine levels are also higher, particularly in males
mediated receptor—€achannel coupling mechanism (Nebigil (Kamimura et al. 1995; Madison and Nishimura, 1994;
and Malik, 1993). Nishimuraet al. 1981), and fowl arterial pressure is reduced

Previously, it was reported that endothelium-dependertty blockade of the adrenergic nervous system, suggesting that
relaxation induced by acetylcholine and angiotensin Il irsympathetic activities may be elevated. Although it is not
chickens (Yamaguchi and Nishimura, 1988) is alsccertain whether there is a causal relationship between cytosolic
maturation/age-dependent (Hasegawa al. 1993). The C&" levels and elevated arterial pressure in chickens, it has
relaxation responses were not clearly seen in chicks, wherelasen reported that cytosolic €devels and muscle tension are
marked relaxation responses developed with maturation of thegher in aortae from spontaneously hypertensive rats than in
birds. Furthermore, angiotensin-ll-induced or acetylcholinethose from control rats or from spontaneously hypertensive rats
induced relaxation diminished in mature birds when arteriafreated with angiotensin-converting enzyme inhibitors (®hda
pressure reached a plateau and neointimal lesions developad 1990). Similarly, increased intracellular Tdevels and
on the abdominal aorta. The time course of maturationenhanced Ca signal transduction have been demonstrated in
dependent changes in CCS responses to norepinephrifieshly isolated aortic smooth muscle cells from hypertensive
observed in the present study agrees approximately with thats (modified coarctation) (Papageorgiou and Morgan, 1991)
time course of age-dependent changes in endotheliunand in cultured vascular smooth muscle cells from
dependent vasorelaxation, suggesting that impaired vasculspontaneously hypertensive rats (Bendhatkal. 1992),
endothelium—smooth muscle communication may altesuggesting that abnormal €ahandling may exist in
vascular function phenotypes such ag‘Ghannel activities. hypertensive vessels (Kwan, 1985). No difference was
Furthermore, since diffuse subendothelium thickening oftembserved, however, between spontaneously hypertensive rats
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and Wistar-Kyoto rats (normotensive) in intracellular?Ca The small but demonstrable CCS responses # Claannel
levels of either intact mesenteric arteries or primary or firsagonist and the presence of myofilament bundles in neointima
subcultures of myocytes, whereas passaged myocytes from tfMadison and Nishimura, 1994; A. B. Madison and
same arterioles of spontaneously hypertensive rats exhibitétl Nishimura, unpublished results) suggest that neointimal
elevated basal Galevels and enhanced responsiveness teells are of smooth muscle origin. Neointimal cells in fowl
angiotensin (Bukoski, 1990). Similarly, resting cytosoliccontain abundant endoplasmic reticulum, Golgi bodies, vesicle
[Ca2*] and responses to *Kand K plus Bay K 8644 in structures and extracellular matrix, showing the features of a
pancreatic arterioles did not differ between spontaneoushgynthetic state’ (Moss and Benditt, 1970; Madison and
hypertensive rats and control rats (Stathal. 1992). Nishimura, 1994; A. B. Madison and H. Nishimura,
unpublished results). The vascular smooth muscle cells change
Altered cytosolic C# signaling in impaired aortic smooth  their phenotypes from a contractile to a synthetic state (or
muscles dedifferentiated state) in culture and in fetal and atherosclerotic
The present study indicates that aortic smooth muscle tissuesssels of humans and other mammals (Gabkiaal. 1984;
from chickens that developed neointima showed variabl&lukhovaet al. 1991; Schwartzt al. 1995). In addition to
responses to Kand K plus Bay K 8644. In general, the CCS morphological characteristics, altered cytoskeletal protein
responses to Kin aortic smooth muscle in these chickens (Fig.expressions, such as the ratiooséctin and its isoforms and
8) were lower than those of the group showing no macroscoptbe ratio of vimentin to desmin, have been reported in
neointima (Fig. 4, hens) and showed only small increases aftatherosclerotic vessels (Gabbiaeti al. 1984; Schmidet al.
additional Bay K 8644, suggesting that the properties 01982) and may affect the responsiveness of vascular smooth
voltage-gated Ca channels may be altered in the neointimamuscle cells to Ca channel agonists and vasoactive
and underlying (or adjacent) vascular smooth muscle cellsubstances.
Recent evidence suggests that cellula#*@aetabolism may Avian aortae possess two phenotypically different cell
be causally related to atherogenesis (Fleckenstein-Griin apdpulations; in adult chickens, the tunica media shows
Fleckenstein, 1991; Phair, 1988). Orimo and Ouchi (1990jegularly alternating layers of tracts of classical smooth muscle
reported that the cytosolic [€3 in cultured vascular cells (lamellar cells) separated by layers of fibroblast-like
endothelial cells was elevated by cardiovascular risk factoristerlamellar cells (Schmidt al. 1982). Lamellar cells express
(such as free radicalsh vitro, whereas pretreatment with a-actin, myosin, desmin and other contractile smooth-muscle-
nifedipine inhibited the increases in both cytosolicf¢and  specific proteins, but interlamellar cells lack smooth muscle
low-density lipoprotein transport across endothelial cells. It isharacteristics (Benson and Yablonka-Reuveni, 1992),
thus possible that the increased influx of‘Ciato vascular suggesting that these two types of cells may represent two
endothelial cells caused by various risk factors may furthedifferent cell lineages. We assume that the lamellar cells that
damage the function of endothelial cells, resulting in plateletonstitute the major population of intact aortic smooth muscle
aggregation and increased uptake of low-density lipoproteipells are primarily responsible for the CCS responses*fo K
and other macromolecules from the plasma (Orimo and OucHBay K 8644 and norepinephrine. The relative contribution of
1990), whereas inhibition of €ainflux may prevent the lamellar cells and interlamellar cells to age/maturation-
damage. Similarly, G4 channel antagonists inhibited balloon- dependent alteration in cytosolic 4a responsiveness,
catheter-induced vascular smooth muscle proliferatiomowever, is not clear.
(Jacksoret al.1988) and phenotypic modulation to ‘immature’ It remains uncertain which factors determine phenotypic
cell types (Paulettet al. 1992). These findings appear to modulation from the contractile to the synthetic type (or fetal
suggest that dysfunction of the Lachannels or of G4  type) of vascular smooth muscle cells. It has been reported that
handling at cell membranes may underlie altered vasculaultured smooth muscle cells from human atherosclerotic
function. plagues secrete a mitogenically active substance that
Neointimal lesions develop spontaneously in youngmmunologically resembles platelet-derived growth factors
chickens prior to sexual maturation as well as in blood vesse(kibby et al. 1988). Furthermore, mRNA for platelet-derived
in which endothelial injury was evoked by a balloongrowth factor and for the platelet-derived growth factor
catheter (Madison and Nishimura, 1994; A. B. Madison andeceptors is localized to specific cell types within the human
H. Nishimura, unpublished results). The spontaneouslatherosclerotic plagque; mesenchymal-like intimal cells
developed neointimal plague in fowl is unique in that itdominantly express the platelet-derived growth factor A chain
develops at an early stage in life without excess cholesterol/f@&chwartz et al. 1995; Wilcox et al. 1988). Therefore,
in the diet. The present study indicates that CCS responseseanhanced levels of growth factors in the local environment may
voltage-gated G4 channel agonists are low but demonstrablesvoke phenotypic modulations of vascular smooth muscle cell
in spontaneously developed neointima. The low CCSunctions. It has been shown that incubation of cultured
responses in neointima are not due to damage to the tissuyssuitary cells with epidermal growth factor reduces the activity
during dissection, since neointimal cells grow well in cultureof voltage-gated L-type G& channels (Hinkleet al. 1993).
medium and incorporatéH]thymidine into DNA (Shimadat  Similarly, platelet-derived growth factor reduces vascular
al. 1996; T. Shimada and H. Nishimura, unpublished resultssmooth muscle cell populations that respond to voltage-
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dependent and inositol-trisphosphate-mediateé" €Channel AND MARK, A. L. (1984). Augmented responses to vasoconstrictor
agonists (Masu@t al. 1991). Furthermore, the fact that the stimuli in hypercholesterolemic and atherosclerotic monkeys.
change in the time course of endothelium-dependent relaxationCirculation Res54, 711-718.

approximately agrees with that of CCS responses thIINKLE, P. M., NeLsON, E. J.AND HAYMES, A. A (1993).. Regulation
norepinephrine in chickens suggests that endothelium—smoothe! L-type voltage-gated caicium channels by epidermal growth
muscle communication plays an important role in the, '2ctor-Endocrinologyl33 271-276.

maintenance of normal vascular function phenotypes Jackson, €. L., Bus, R. C.anp Bowver, D. E. (1988). Inhibitory
P YPES. effect of calcium antagonists on balloon catheter-induced arterial

smooth muscle cell proliferation and lesion sia¢herosclerosis
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