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The aim of the present study was to examine the functional
changes that occur when a rabbit carotid artery is cultured in
serum-free medium. In endothelium (EC)-intact arteries cul-
tured under serum-free conditions, acetylcholine (ACh)-in-
duced relaxation responses were partially, yet significantly,
reduced when compared with freshly isolated arteries. After
pretreatment with NG-nitro-L-arginine methyl ester (L-NAME),
a nitric oxide synthase inhibitor, application of ACh resulted
in a significant contraction in organ cultured arteries. The
amplitude of the ACh-induced contractions increased with the
duration of culture. In EC-denuded arteries cultured under
serum-free conditions, ACh induced responses similar to those
in EC-intact arteries pretreated with L-NAME. Furthermore,
ACh caused a significant increase in intracellular Ca2+ con-
centration ([Ca2+]i) in EC-denuded arteries cultured under
serum-free condition for 7 days. There was little change in
either [Ca2+]i or tension in freshly isolated carotid rings. There
was no difference in sodium nitroprusside-induced relaxation
responses between fresh and cultured arteries. These results
suggest that prolonged culture of carotid arteries under serum-
free conditions changes the functional properties of vascular
reactivity in rabbit carotid arteries.
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INTRODUCTION

Smooth muscle cells in primary culture pro-

gress from a contractile to a synthetic phenotype;

a process involving changes in both morphology

and the loss of contractile proteins.1 The changes

in contractility have been attributed to the loss of

extracellular matrix or cell-cell contact in vascular

and intestinal smooth muscle primary culture.2-4

Maintenance of the contractile phenotype in vitro

will allow a stable background against which in-

terventions under controlled experimental condi-

tions leading to phenotypic modulation (e.g.

chronic control of reactivity) could be assessed.

Smooth muscle cultured under normal environ-

mental condition (maintained extracellular matrix

and cell-cell contacts) is expected to contribute to

maintenance of the contractile phenotype.5,6 In-

deed, studies have shown that contractility of vas-

cular smooth muscle is well maintained in organ

culture for several days, especially under serum-

free conditions. in serum-free conditions, vascular

cells remain in a quiescent state and smooth mus-

cle phenotypes are well maintained, in contrast to

the arteries cultured with fetal bovine serum.7-10

These reports suggest that organ culture under

serum-free conditions will keep vasculature in a

contractile phenotype over a longer period of

time. If that is the case, it could be a useful tool

for analyzing the effect of growth factors on

chronic regulation of vascular tone. Rogers et al.
5

reported, however, that the electrical activity of

canine colonic strips was abolished after culturing

strips under serum-free conditions. Furthermore,

in our preliminary experiments, acetylcholine

(ACh) caused vasoconstriction in organ cultured

arteries, the opposite of the results obtained in

freshly isolated arteries. These findings question

the validity of organ culture raised under serum-

free conditions as a good experimental control.

Thus, the aim of the present study was to inves-

tigate phenotypic changes of endothelium or

smooth muscle cells that are kept under serum-

free conditions. In addition, this study attempts to
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determine whether the ACh-induced abnormal

vascular response is associated with endothelium

or smooth muscle cell organ culture conditions.

MATERIALS AND METHODS

Tissue preparation and organ culture procedure

After anesthetizing a rabbit with pentobarbital

sodium (60 mg/Kg), carotid arteries were isolated

under sterile conditions and placed in sterile

Hanks' balanced salt solution containing 1%

penicillin-streptomycin. Fat and adventitia were

removed and the carotid artery was cut into rings

(~2 mm wide) for contraction measurements and

helical strips (2 mm wide, 5 mm long) for intracel-

lular Ca2+ concentration ([Ca2+]i) measurement.

The strips were placed in 2 ml of serum-free

Dulbecco's modified Eagle's medium (DMEM)

with 1% penicillin-streptomycin. Strips were

maintained at 37 in an atmosphere of 95% O2

and 5% CO2 for up to 7 days. In some experi-

ments, the endothelium was removed by gently

rubbing the intimal surface of the ring with the

flat surface of a forcep. Freshly isolated arteries

were also prepared as described above.

Tension measurement

Carotid arterial rings were placed in normal

physiological salt solution (PSS) that contained

(mM): 136 NaCl, 5.4 KCl, 2.5 CaCl2, 1.0 MgCl2, 24

NaHCO3, 5.5 Glucose. EDTA (1 mM) was added

to remove contaminating heavy metal ions which

catalyze oxidation of organic chemicals in PSS. A

high K+ (70 mM) solution was prepared by re-

placing NaCl with an equimolar amount KCl.

These solutions were saturated with 95% O2 and

5% CO2 mixture at 37 and pH 7.4.

Muscle contraction was recorded isometrically

with a force displacement transducer (UFER,

Tokyo, Japan). Each arterial ring was attached to

a holder under a resting tension of 0.8 g. After a

30 min equilibration in a 3 mL organ bath, each

strip was repeatedly exposed to the high K+

solution until responses became stable. Concentra-

tion-response curves were obtained by cumulative

application of relaxants after precontraction in-

duced by phenylnephrine (PE) reached a steady-

state level.

Fura-2 loading and simultaneous measurements

of tension and [Ca2+]i

[Ca2+]i and the magnitude of muscle contraction

were measured as described by Kwon et al.11

Briefly, muscle strips were exposed to the

acethoxymethyl ester of fura-2/AM (fura-2, 5 M)μ

in the presence of 0.01% cremophore EL for 5-6

hr at room temperature (22-24 ). After fura-2

loading, a carotid arterial strip was placed in the

experimental chamber, and illuminated alterna-

tively (48 Hz) with 340 nm and 380 nm light. The

change in [Ca2+]i was expressed as the ratio of

fluorescence induced by 340 nm (F340) and 380

nm (F380) light. The fluorescence was filtered

using 510 nm filter and detected with a spectro-

photometer (CAF 110, Japan Spectroscopic, Tokyo,

Japan). The change in [Ca2+]i induced by ACh was

expressed as a percentage of the PE-induced ratio.

Chemicals

The chemicals used were Hank's balanced salt

solution, penicillin-streptomycin, DMEM (GIBCO

BRL, Carlsbad, CA, USA), phenylnephrine, ACh,

sodium nitroprusside, L-NAME (Sigma Chemical,

St. Louis, MO, USA), Fura-2/AM and cremophore

(Molecular Probe, Eugene, OR, USA).

Statistics

The results of experiments are expressed as the

mean ± S.E.M. Statistical evaluation of the data

was performed by Student's t-test for comparison

between two groups. A p value less than 0.05 was

considered significant. The number of prepara-

tions from separate animals was indicated by n.

RESULTS

In freshly isolated arteries (fresh arteries),

acetylcholine (ACh) relaxed the phenylnephrine

(PE)-induced contraction in a concentration-de-

pendent manner. These ACh-induced relaxation

responses were also observed in arteries cultured
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under serum-free conditions (cultured arteries).

The magnitude of the ACh-induced relaxation

response was significantly reduced in cultured

arteries. In 3 day culture, 10-8M ACh induced

significant reduction, and 10-5-10-8M ACh did the

same in 7 day culture. To evaluate the changes in

ACh-induced relaxation responses in cultured

arteries, the concentration-response curve ob-

tained after relaxation was normalized to the

maximal relaxation for each experimental condi-

tion. Concentration-response curves were shifted

to the right for both 3 and 7 day cultured arteries

when compared with fresh arteries (Fig. 1, n = 14).

When arteries were pretreated with L-NAME (3

× 10-5M), a Nitric Oxide Synthase (eNOS) inhibi-

tor, ACh-induced relaxation was partially yet sig-

nificantly reduced in fresh arteries. Peak relaxa-

tions occured at 10-5 M ACh and were 91.8 ± 2.7%

vs. 23.5 ± 4.2% (control vs. L-NAME treated fresh

arteries, n = 12). In cultured arteries, ACh-induced

relaxation was completely abolished at low con-

centration, however, a high concentration of ACh

caused a contraction that correlated with the

duration of culture. The peak contractions oc-

curred at 10-5M ACh and were 13.0 ± 3.4% and

35.2 ± 5.3% of PE-induced contraction in 3 days

and 7 days cultured arteries, respectively (n = 10,

Fig. 2).

To investigate the involvement of endothelium

(EC) on ACh-induced contraction in cultured ar-

teries, we measured the effect ACh was on vas-

cular contractility in EC-denuded arteries. In EC-

denuded, fresh arteries, cumulative application of

ACh had no apparent effect on tension (peak

contraction at 10-5M ACh; 2.6 ± 0.8%; n = 14). In

EC-denuded, cultured arteries, cumulative appli-

cation of ACh caused a significant increase in

tension that correlated to the duration of culture.

The peak contractions occured at 10-5M ACh and

were 7.1 ± 2.7% and 32.2 ± 7.9% in 3 and 7 day

cultured arteries, (n = 10, Fig. 3). There was no sta-

tistical difference in the amount of ACh-induced

contraction between EC-intact and EC-denuded

cultured arteries when treated with L-NAME. In

L-NAME-treated 7 day cultured arteries at the

peak of 10-5 M ACh, contractions of 35.2 ± 5.3%

vs. 32.2 ± 7.9% occurred in EC-intact vs. EC-

denuded, respectively (p>0.05, n = 10).

We also examined the relaxant effect of sodium

nitroprusside (SNP) on the PE-induced contrac-

tion. In both EC-denuded fresh and cultured ar-

teries, SNP relaxed the PE-induced precontraction

(1 M PE) in a concentration-dependent mannerμ

(0.001 to 10 M SNP). The relaxant effects of SNPμ

in the fresh and cultured arteries were not sig-

nificantly different. Peak relaxations of 105.6 ±

1.7% vs. 103.4 ± 1.0% occurred at 10-5 M SNP in

fresh vs. cultured arteries (p>0.05, n = 15, Fig. 4).

To investigate the mechanism of ACh-induced

contraction in cultured arteries, we measured the

[Ca2+]i and contraction simultaneously in EC-

denuded and L-NAME pretreated arteries. In EC-

denuded, fresh arteries, 10 M ACh had no effectμ

on [Ca2+]i and contraction inducing -4.0 ± 1.6%

Fig. 1. Concentration-response relationship
for the relaxant effect of acetylcholine (ACh)
on the phenylnephrine (PE)-induced con-
tractions in endothelium (EC)-intact rabbit
carotid arteries. Carotid arterial rings were
cultured in serum-free Dulbecco's modified
Eagle's medium (DMEM) for up to 7 days.
ACh was cumulatively added after PE-in-
duced contraction had reached a steady
state. The difference between steady state
precontraction and basal tension was con-
sidered one hundred percent. Results are
expressed as mean ± S.E. (n = 14). The inset
indicates the concentration-relaxation rela-
tionship after the relaxation was normalized
to the maximal relaxation at each experi-
mental condition. *denotes significant dif-
ference from freshly isolated arteries (p <
0.01).
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and 5.0 ± 1.6% changes in [Ca2+]i and contraction,

respectively (n = 6). But in EC-denuded, cultured

arteries, ACh (10 M) caused a significant increaseμ

both in contraction and [Ca2+]i. The percent

changes in [Ca
2+
]i and contraction were 20.4 ±

5.2% and 34.9 ± 7.4%, respectively (n = 6). The

differences between fresh and cultured arteries for

both contraction and [Ca
2+
]i are significant (Fig. 5).

DISCUSSION

The results show that ACh-induced EC-depen-

dent relaxation (EDR) in cultured arteries raised

in serum-free medium was significantly reduced.

Also, ACh caused significant contraction in cul-

tured arteries pretreated with L-NAME. Agonists

like ACh produce nitric oxide (NO) by increasing

Fig. 3. Concentration-response relationship of the effect of
ACh on EC-denuded carotid arteries that were freshly
isolated ( ),cultured in serum free DMEM for 3 days ( )
or cultured for 7 days ( ). ACh was cumulatively added
after PE-induced contraction had reached a steady state.
The difference between steady state precontraction and
basal tension was considered one hundred percent. Re-
sults are expressed as mean ± S.E. (n = 10). *and **denote
significant difference from freshly prepared arteries (p <
0.05 and p < 0.01, respectively).

Fig. 4. Concentration-response relationship of the effect
of SNP on endothelium-denuded carotid arteries that
were freshly isolated ( ), cultured for 3 days ( ) and
7 days ( ). Sodium nitroprusside (SNP) was cumu-
latively added after PE-induced contraction had reached
a steady state. The difference between steady state pre-
contraction and basal tension was considered one hun-
dred percent. Results are expressed as mean ± S.E. (n =

15).

Fig. 2. Effect of Nitric oxide synthase inhi-
bitor, L-NAME, on the ACh-induced re-
laxation responses in EC-intact, freshly iso-
lated rabbit carotid arteries (A) and arteries
cultured in serum-free DMEM for up to 7
days (B). Concentration-response curve
shows ACh-induced change of tension in
arteries that were: freshly prepared ( ),
cultured for 3 days ( ), and cultured for 7
days ( ). N

G
-nitro-L-arginine methyl ester

(L-NAME; 30 M) was added 30 minutesμ
before PE (1 M) application. Reμ sults are
expressed as mean ± S.E. (n = 10). *and
**denote significant difference from freshly
isolated arteries (p < 0.05 and p <0.01, res-
pectively).
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[Ca2+] in endothelium thus activating eNOS.12,13

NO produced by EC then activates guanylate

cyclase and increases cGMP content in smooth

muscle.14 cGMP activates cGMP-dependent pro-

tein kinase, which leads to muscle relaxation by

decreasing [Ca2+] and/or the Ca2+ sensitivity of

the contractile apparatus.
15
If ACh-induced EDR

in cultured arteries is reduced due to decreased

production of NO, pretreatment with L-NAME

should abolish the ACh-induced EDR difference

between fresh and cultured arteries. It is in-

teresting, however, that ACh-induced EDR was

partly inhibited by L-NAME in fresh arteries, yet

ACh caused vasoconstriction in cultured arteries

(Fig. 2). Furthermore, an increase in eNOS mRNA

and upregulation of NO production in mesenteric

arteries cultured under serum-free conditions

have been reported.8 Another possible explana-

tion is that NO responsiveness may be decreased

in cultured smooth muscle arteries. In the present

study, though, there was no difference in SNP-

induced relaxation responses between fresh and

cultured arteries (Fig. 4). These results suggest

that a reduction of the ACh-induced EDR in the

present experiment might be due to enhanced

production of vasoconstrictive substance (eg,

endothelin) in endodermal tissue or the changes

in the functional properties of smooth muscle in

cultured arteries. The overproduction of vasocon-

strictive agents can be ruled out, because we

found similar ACh-induced vasoconstriction in

EC-denuded arteries (Fig. 3).

The contractility of smooth muscle depends on

[Ca
2+
] or the Ca

2+
sensitivity of the contractile

element. The level of [Ca
2+
] can be increased by

Ca2+ influx from extracellular space or release

from internal stores.16 ACh can increase the [Ca2+]

through activation of muscarinic receptors (M2 or

M3 receptors), which results in Ca2+ release from

internal stores.
17
The application of ACh in EC-

denuded arteries increased [Ca2+] in cultured

arteries, but not in fresh arteries. This ACh-in-

duced Ca
2+
increase might be due to over-expres-

sion of muscarinic receptors or supersensitivity to

ACh. In a study with rat tail arteries, Lindqvist et

al18 reported that sensitivity to norepinephrine

was higher in organ cultured arteries as compared

to freshly isolated arteries. Abel et al.19 also

Fig. 5. ACh-induced changes in [Ca2+]i and contraction in EC-denuded, freshly prepared arteries and carotid arterial
strips cultured in serum-free DMEM for 7 days. A) Typical recordings of simultaneous measurement of [Ca

2+
]i (upper

panel) and tension (lower panel) in rabbit carotid arteries. L-NAME (30 M) was added 30 minutes before applicationμ
of PE (1 M). ACh (10μ M) was added after PE-induced contraction reached steady-state conditions. B) Mean changesμ
in [Ca

2+
]i induced by ACh in freshly prepared arteries and arteries cultured for 7 days. Results are expressed as mean ±

S .E. (n = 6). The PE-induced change in ratio was considered one hundred percent. C) Mean changes in contraction
induced by ACh in freshly prepared arteries and arteries cultured for 7 days. Results are expressed as mean ± S.E. (n=
). The PE-induced contraction was considered one hundred percent. *denotes significant difference from freshly pre-
pared arteries (p < 0.01).
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observed sensitization to norepinephrine in organ

cultured portal veins. Rogers et al.5 reported a

sensitization to ACh in organ cultured canine

colonic smooth muscle. These reports suggest the

possibility that sensitivity to ACh or over-ex-

pression of muscarinic receptors may occur in

rabbit carotid arteries during organ culture under

serum-free conditions, and result in an increase in

[Ca2+] and tension in cultured arteries.

In summary, EC-dependent relaxation induced

by ACh was partially but significantly reduced in

cultured arteries. After pretreatment of L-NAME,

ACh caused significant vasoconstriction in cul-

tured arteries, and increased both tension and

[Ca2+] in EC-denuded, cultured arteries. The SNP-

induced relaxation response was not changed

with culture. These results may provide insight

into how the functional changes of vessel tissue

occur during organ culture.
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