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Expression of several cytoskeletal proteins
in ovine cerebral arteries: developmental
and functional considerations

Yu Zhao, Harvey Xiao, Wen Long, William J. Pearce and Lawrence D. Longo

Center for Perinatal Biology, Departments of Physiology and Pharmacology and Obstetrics and Gynecology, School of Medicine, Loma Linda University,
Loma Linda, CA 92350, USA

Cytoskeleton proteins play important roles in regulating vascular smooth muscle (VSM)
contraction and relaxation. We tested the hypotheses that the expression levels of several of
these proteins change significantly during the course of development, and that these changes
contribute to age-related changes in contractile responses. In cerebral arteries from 95-day (d)
gestation and 140-d fetus, newborn lambs, and adult sheep, by Western immunoblot (n = 5
for each age) we quantified the relative expression of α-actin, α-tubulin, cyclophilin A, and
proliferating cell nuclear antigen (PCNA). In addition, we examined middle cerebral artery
tension responses to phenylephrine (PHE) stimulation in the absence or presence of cyto-
chalasin D (3 × 10−7

M) and nocodazole (3 × 10−6
M), inhibitors of α-actin and α-tubulin

polymerization, respectively. The expression levels of α-actin and cyclophilin A varied little
during the course of development. In contrast, α-tubulin expression was ∼2.5-fold greater
in both fetal age groups as compared to adult. Also, as compared to adult and as expected,
expression of PCNA was several-fold greater in cerebral arteries of the 95-d fetus (×8), 140-d
fetus (×5), and newborn (×3). In both adult and fetal middle cerebral artery, cytochalasin
D-induced inhibition of actin polymerization decreased PHE-induced contraction, to∼60 and
∼40% of control, respectively (despite no significant change in expression level). In contrast,
α-tubulin inhibition by nocodazole showed little effect on PHE-induced tension (in spite of the
age-related decrease in expression). In conclusion, expression levels ofα-actin, a thin filament
proteininvolvedincontraction,remainedrelativelyconstantduringthecourseofdevelopment,
as did the effects of inhibition of its polymerization on contractility. In contrast, α-tubulin,
important in intracellular protein trafficking, showed a significant age-related decrease in
expression and played a relatively minor role in contractility. The present studies suggest
that other cytoskeletal structural proteins and/or elements of pharmaco-mechanical coupling
are important to developmental differences in cerebrovascular contractility. In addition, the
relatively constant expression levels of α-actin and cyclophilin A with development, suggest
that these are useful internal standards for studies of cytosolic protein expression.
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A major challenge in cell biology is biocomplexity, i.e.
an understanding of the manner in which cell and tissue
behaviours emerge from the interactions within
complex molecular networks. Linear models of
signal transduction pathways have provided valuable
information on the role of various receptors, second
messengers, enzymes, and other elements of the signalling
cascade in terms of cell function and dynamics. For

instance, for vascular smooth muscle (VSM) such analysis
has provided many useful insights (see Horowitz et al.
1996; Somlyo & Somlyo, 2003). Nonetheless, increasingly
it is becoming evident that a more complex model, which
incorporates interactions among multiple molecular
components including those commonly viewed as ‘just
structural’, will be required to understand emergent
properties of diverse cell activity, and the underlying
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basis of biocomplexity (Ingber, 2003a,b; Pollard,
2003).

One aspect of understanding the relation of function to
structure in VSM requires knowledge of the relative roles
of thin filaments (actin) and thick filaments (myosin) in
contraction/relaxation responses (Pollard, 2003; Somlyo &
Somlyo, 2003). As a corollary, such understanding requires
knowledge of the relative abundance of these and other
cytoskeletal components. Considerable evidence suggests
that the amount and function of many of these cytoskeletal
proteins differ in a tissue-specific and age-dependent
manner (Ingber, 1997; Janmey, 1998; Geiger et al. 2001).
During the past decade, our group has reported on a
number of factors of importance in the functional aspects
of cerebral artery contraction/relaxation mechanisms, and
the manner in which these differ significantly as a function
of developmental age (Longo et al. 1996, 2000; Zhou et al.
1997; Long et al. 1999, 2000, 2002; Lin et al. 2003; Zhao
et al. 2003; Geary et al. 2004).

From these studies, an important question arises as to
the extent to which the expression levels of several of the key
cytoskeletal proteins change with developmental age, and
the manner in which disruption of their structure affects
vascular contractility. Thus, for α-actin, a key structural
protein often used to normalize expression, we tested the
hypothesis that cytochalasin D-induced inhibition of poly-
merization, as measured by the phenylephrine (PHE)-
induced contraction pattern, would help to elucidate
its role in vascular function. In a similar manner, for
α-tubulin, a protein involved in intracellular trafficking,
we examined the role of nocodazole-induced inhibition
of polymerization on PHE-induced contractile response.
In addition, we tested the hypothesis that expression
levels of several key elements of the cytoskeleton change
dramatically with developmental maturation from pre-
term, to term fetus, to newborn, and to adult. To test this
latter thesis, we measured the expression of several cyto-
solic proteins: α-actin, α-tubulin, and the ‘housekeeping’
protein cyclophilin A. Although these proteins are used
widely for normalization, their stability with development
is unknown. Finally, we quantified levels of proliferative
cell nuclear antigen (PCNA), which would be expected to
be elevated in proliferating cells, as a ‘positive control’ for
age-related changes. These measurements are important,
we believe, in terms of establishing appropriate internal
standards when measuring various proteins, the levels
of which might vary with developmental age. Thus,
these studies serve as a prelude to studies on the role
of other related cytoskeletal proteins in agonist-induced
cerebrovascular contractile responses, and their role in
developmental changes. Importantly, we believe, the study

helps to lay the groundwork for studies of the functional
role of thin filament regulation in VSM, particularly as
regards the developing organism.

Methods

Tissue preparation

We obtained cerebral arterial samples from pre-term
(∼95 days gestation) and near-term (∼140 days) fetal
sheep, newborn lambs (7–10 days), and young female
non-pregnant ewes (< 2 year) (n = 5 sets of samples for
each age group). Sheep were obtained (Nebeker Ranch,
Lancaster, CA, USA) and were killed using 100 mg kg−1

intravenous pentobarbital sodium. Immediately after kill
the main branch anterior, middle and posterior cerebral
arteries, as well as common carotid arteries, were dissected
out, cleaned in Krebs buffer, and wrapped in aluminium
foil, snap-frozen in liquid nitrogen, and stored at −80◦C
until use. In addition, for studies of cerebral artery contra-
ctility we obtained branches of the middle cerebral artery
(∼200 µm in diameter, 4 mm in length) for measurement
of tension in response to agonist ± inhibitor. We have
shown that this method of dissection has no significant
effect on vascular contractility (Pearce et al. 1991; Longo
et al. 1996). All surgical and experimental procedures
were performed within the regulations of the Animal
Welfare Act, strictly adhered to the principles outlined in
The National Institutes of Health’s Guide for the Care and
Use of Laboratory Animals and The Guiding Principals in
the Care and Use of Animals, approved by the Council of
the American Physiological Society, and were governed
by the Animal Care and Use Committee of Loma Linda
University.

Western immunoblot assay

For each protein studied, we obtained tissue from at least
10 separate fetuses of each age group, and five newborns
and adults. For each immunoblot assay, cerebral arteries
from two fetal sheep, one adult, or one newborn were
pooled separately to obtain ∼0.5 g of tissue. Frozen tissue
samples were homogenized in the lysing buffer (20 mm
Tris-HCl, 1 mm EDTA, 1.5 mm MgCl2, 10 mm KCl, 1 mm
dithiothreitol, 1 µg ml−1 pepstaten, 1 µg ml−1 leupeptin,
1 µg ml−1 aprotinin, pH 7.4) with a glass tissue grinder.
Homogenized samples then were centrifuged at 1000 × g
for 15 min. Nuclei and debris were discarded, and the
supernatant stored at −20◦C.

A 10% polyacrylamide gel was loaded with 15 µg
of protein mixed with an equal volume of 2 ×electro-
phoresis sample buffer per lane. We demonstrated this
concentration to be on the linear part of the protein
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concentration–density curve (data not shown), and
determined the protein concentration by a modification of
the Bradford method (Bradford, 1976). Before loading, the
samples were boiled for 5 min, and then electrophoresed at
90 V for 2.5 h. We used a Mini Trans-Blot Electrophoretic
Transfer Cell system (Bio-Rad Laboratories, Hercules, CA,
USA) to transfer proteins from the gel to a nitrocellulose
membrane at 100 V for 1 h. As an aside, we used the
same membrane to quantify expression of each of the four
proteins.

We performed blocking for non-specific binding by
incubating the membrane overnight in blotting solution
(5% non-fat milk in 1 × tris-buffered saline (TBS) with
0.1% Tween-20 (TTBS)) at 4◦C. Then we performed a 3 h
incubation of primary antibodies in blotting solution at
room temperature (22◦C). To establish the levels of VSM
α-actin, we used a 1 : 16 000 dilution of mouse monoclonal
anti-smooth muscle specific α-actin (Sigma Chemical
Co., St Louis, MO, USA). To establish the expression
level of microtubules in cerebral arteries, we quantified
α-tubulin by Western immunoblots using a 1 : 200 dilution
of mouse monoclonal anti-α-tubulin antibody (C-20;
SC 7394; Santa Cruz Biotechnology, Santa Cruz, CA,
USA). For cyclophilin A, we used a 1: 2000 dilution
of rabbit polyclonal anti-cyclophilin A antibody (United
States Biological, Swampscott, MA, USA). For PCNA, we
used a 1 : 200 dilution of rabbit polyclonal anti-PCNA
antibody (FL-261; SC-7907; Santa Cruz Biotechnology).
We then washed the membrane three times with
TTBS, and incubated it with horseradish perioxidase
(HRP)-conjugated secondary antibody for 1.5 h at a
1 : 1000 dilution at room temperature. Following the
secondary antibody incubation, the membrane was
washed 3 times in TTBS, for 5 min each time. The
membrane was then incubated with a chemiluminescent
reagent (Santa Cruz Biotechnology) for 1 min, and the
protein band was detected and the density determined by
use of the ChemiImager (Alpha Innotech, San Leandro,
CA, USA). To minimize variation due to protein loading,
we used the same membrane for measurement of the four
proteins studied. The adult expression level was given the
value of unity, and the expression levels of the other age
groups expressed as a fraction of the adult value. Values for
the adult expression levels varied by ±10% (s.e.m.). Unless
otherwise noted, all chemical compounds were purchased
from Sigma Chemical Co.

Measurement of isometric tension

As noted above, we isolated and removed without
stretching middle cerebral arteries from near-term fetal
and non-pregnant adult sheep. From each animal we

obtain four artery segments and removed the endothelium
as we have previously described (Longo et al. 1996, 2000).
Four-millimetre segments of each vessel were cannulated
with tungsten mounting wires and suspended between
a force transducer (159901-A, Radnoti, Monrovia, CA,
USA) and a micrometer-driven post used to control resting
tension. The vessels were suspended in an oxygenated
standard Krebs solution containing (mm): 122 NaCl, 25.6
NaHCO3, 5.56 dextrose, 5.17 KCl, 2.49 MgSO4 1.60 CaCl2,
0.114 ascorbic acid, and disodium 0.027 EDTA. The bath
chambers were bubbled with 95% O2–5% CO2 at 37◦C.
We allowed 30 min for equilibration at optimum resting
tension. Based on our previous studies, the optimum
resting tension was 0.6 g for fetal and 0.7 g for adult middle
cerebral arteries (Pearce et al. 1991; Long et al. 1999, 2000).

Relative roles of α-actin and α-tubulin

To determine the potential role of α-actin and
α-tubulin in modulating PHE-induced changes in middle
cerebral artery vascular tension of the two age groups,
we quantified this variable in the absence or presence
of selective inhibitors of polymerization. For all studies,
after initial K+ (120 mm) depolarization to determine
maximum tension achieved at 120 mm K+ (K max),
we plotted PHE dose–response curves to establish the
maximum contraction, percentage K max, and pD2 (n = 5
for each). Then, to examine the effect of α-actin in
tension development, and on the basis of a preliminary
study to determine optimal dose, we gave 3 × 10−7 m
cytochalasin D and 15 min later performed a PHE
dose–response study (10−9–10−3 m). To examine the effect
of α-tubulin on contraction, we quantified PHE-induced
changes in tension after administration of the inhibitor
nocodazole (3 × 10−6 m). From these data we plotted the
shift in the PHE dose–response curves.

Statistical analysis

All individually shown experiments are representative of
a least five separate experiments in as many animals,
performed in duplicate and subjected to analysis of
variance and Dunnett’s multiple comparison. Results were
considered statistically significant with P < 0.05.

Results

α-actin

As seen in (Fig. 1A) the density of the Western immuno-
blots for α-actin were remarkably stable with age from
95-d fetus, to term fetus, to newborn, and to adult.
The lower panel shows the mean values of densitometric
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analysis normalized to the value for the adult (n = 5 each).
See Table 1 for values of total cytosolic protein relative to
that of the adult.

α-Tubulin

Figure 1B shows the immunoblots for α-tubulin in
cerebral arteries of the four age groups. The lower
panel shows the densitometric analysis normalized to
the value for the adult (n = 5 each). Clearly maturation
was associated with significant decreases in α-tubulin
expression (Table 1).

α-actin and PHE-induced contraction

Figure 2 shows control phenylephrine dose–response
curves in both adult and term fetal middle cerebral
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Figure 1. α-actin and α-tubulin expression in ovine cerebral
arteries
A, Western immunoblot (upper panel) and densitometric analysis
(lower panel) for the α-actin in fractions of homogenized 95-d and
140-d fetus, newborn, and adult cerebral arteries. Densitometry
measurements were normalized to the density of the α-actin band for
the adult (n = 5, see Methods for details). B, Western immunoblot
(upper panel) and densitometric analysis (lower panel) for the
α-tubulin in fractions of homogenized 95-d and 140-d fetus,
newborn, and adult cerebral arteries. α-Tubulin densitometry
measurements were normalized to the density of the adult value
(n = 5, see Methods for details). Symbols same as in A.

arteries. As also seen in Fig. 2, inhibition of actin poly-
merization with cytochalasin D (3 × 10−7 m) decreased
PHE-induced contraction from control values in both
adult (Fig. 2A) and fetal (Fig. 2C) cerebral arteries. In the
adult artery, cytochalasin D decreased the PHE-induced
maximum (PHEmax) contraction to 62%, while in fetus
PHEmax dropped to 40% of control. This difference in
response was not significantly greater in the fetus than
in the adult (P < 0.07). The pD2 values for adult control
and cytochalasin D dose–response curves were 5.4 ± 0.1
and 5.6 ± 0.1, respectively. For the fetus these values were
5.5 ± 0.1 and 5.3 ± 0.1, respectively (n = 7 each for adult
and fetus).

α-tubulin and PHE-induced contraction

As also seen in (Fig. 2) in contrast to the effect of
α-actin inhibition, inhibition of tubulin with nocodazole
(3 × 10−6 m) did not change PHE-induced maximal
contraction in either adult (Fig. 2B) or fetal (Fig. 2D)
cerebral arteries. The pD2 values also were not changed
significantly (n = 5 each for adult and fetus).

Cyclophilin A

Figure 3A shows the immunoblots for cyclophilin A in
ovine cerebral arteries of the four age groups. The lower
panel shows the densitometric analysis for each of five sets
of blots, normalized to the adult value. Table 1 gives the
mean ± s.e.m. for each age group relative to that of the
adult.

Proliferating cell nuclear antigen

Figure 3B shows the Western immunoblots for PCNA in
cerebral arteries of 95-d and 140-d fetus, newborn, and
adult sheep. The lower panel shows the densitometric
analysis of blots normalized to the value for the adult (n = 5
each). As is evident, the density of this protein decreased
significantly with developmental age from ∼8-fold greater
than adult at 95-d to 3-fold greater in the newborn.

Discussion

Vascular smooth muscle

Vascular (and other) smooth muscle cells possess a
contractile apparatus of actin (thin) and myosin (thick)
filaments, which, following phosphorylation of myosin
light chain, and in association with a number of effector
proteins, produce contraction (Small, 1995; Horowitz et al.
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Table 1. Cerebral artery expression of cytoskeletal proteins α-
actin, α-tubulin, cyclophilin A, and proliferative cell nuclear anti-
gen (PCNA) relative to that of the adult

95 days 140 days Newborn Adult

α-Actin 1.0 ± 0.1 1.0 ± 0.1 1.1 ± 0.1 1.0
α-Tubulin 2.7 ± 0.3† 2.4 ± 0.4† 1.3 ± 0.1 1.0
Cyclophillin A 0.8 ± 0.2 1.2 ± 0.2 0.9 ± 0.1 1.0
PCNA 8.1 ± 1.1† 4.9 ± 1.0∗ 3.0 ± 1.1 1.0

Values given as fraction of that of adult ± S.E.M.; n = 5 for each
measurement from Western immunoblot. †P < 0.01; ∗P < 0.05,
as compared to adult. See Methods for details.

1996; Small & Gimona, 1998; Somlyo & Somlyo, 2003).
Vascular smooth muscle internal scaffolding cytoskeleton
consists of three classes of filamentous assemblies: actin
microfilaments (∼70Å diameter), intermediate filaments
(70–110Å diameter), and microtubules (∼300Å
diameter). In addition, there exists a well-developed
membrane skeleton, which provides the interface between
the extracellular matrix, plasma membrane, and the
contractile structure within the cells (Small & Gimona,
1998; Carpenter, 2000; Pollard, 2003). Because of the
apparent lack of high structural order of smooth muscle
cells (as compared with skeletal or cardiac muscle), the
architecture of the contractile units, the nature of coupling
of the contractile apparatus to the cytoskeleton, the exact
role of the cytoskeleton in the mechanical properties of
the cell and its acute regulation, and the organization of
the contractile apparatus per se, are poorly understood. In
addition, the changes in the cytoskeleton and associated
proteins during the course of development have not been
described.

In the present studies, we show for the first time
the relative constant abundance of the key structural
protein α-actin, during the course of development from
pre-term fetus to adult. Importantly, when actin poly-
merization was blocked, PHE-induced contraction was
significantly inhibited in the middle cerebral artery of
both term fetus and adult. Although this effect was
greater in the fetus, the age-related difference was not
significant statistically. We also found that the expression
of cyclophilin A, a ‘housekeeping’ protein widely used for
normalization, was relatively constant with developmental
maturation. In contrast, expression of α-tubulin, involved
in intracellular protein trafficking, showed a significant
decrease in abundance with age. Nonetheless, following
blockage of microtubule polymerization, this change was
not reflected in a significant decrease in the PHE-induced
contractile response. These findings are of importance
because of their structure–function implications in terms
of the biocomplexity of the contractile apparatus, and

because, in addition to the cytoskeletal proteins per se,
other elements of pharmaco-mechanical coupling play
major roles in developmental changes in cerebrovascular
contractility.

The studies also are of importance, because analysis
of protein abundance requires an internal control or
norminative standard. When considering various tissues
and/or cell types, it is essential to minimize errors due
to variations in loading efficiency. Even for the same
tissue, this is the case when considering responses to
different treatment regimens. In addition, this is of
particular relevance in physiological/biochemical studies
in the developing organism, in which cell size, cell number,
and other variables in a given tissue may change during the
course of maturation.

Actin and actin-associated proteins

In VSM the ‘thin’ filament α-actin, a 42 kDa myofibrillar
protein, interacts with the ‘thick’ filament myosin to
produce contraction. In solutions of low ionic strength, the
actin monomer assumes a globular shape, G-actin. As ionic
strength (K+, Cl−, and so forth), increases to physiological
levels, actin polymerizes into a fibrous F-form, which is
a helix of actin monomers, the thin filaments. Smooth
muscle contraction is regulated by the degree to which
the myosin light chains are phosphorylated (Carpenter,
2000; Somlyo & Somlyo, 2003), and the extent to which a
number of proteins, such as caldesmon, calponin, gelsolin,
et cetera, inhibit the binding properties of actin to myo-
sin (Morgan & Gangopadhyay, 2001; Dos Remedios et al.
2003; Somlyo & Somlyo, 2003). Actin filaments thus can
form stable and labile structures and, with myosin, are
a crucial component of the VSM contractile apparatus.
In the present studies, we show for the first time that
following cytochalasin D-induced inhibition of actin poly-
merization, PHE-induced contraction in both adult and
fetal cerebral arteries decreased significantly. This suggests
that for both age groups actin polymerization plays an
important role in regulating agonist-induced contraction.
This is of importance because of the structure–function
implications of both change and relative constancy in
structural protein expression. In addition, the stable level
of α-actin expression during the course of development
from 95-d fetus to adult, makes it a reasonable
choice as an internal control for studies of protein
expression.

Microtubules

These hollow, cylindrical structures are formed by
two similar, but alternating, 55 kDa subunits, α- and
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β-tubulin, arranged in a helical array. Importantly, micro-
tubules form a network that participates in the movement
of vesicles and organelles within the cell (Yildiz et al.
2004). In this study, we showed that inhibition of
α-tubulin polymerization had no significant effect on
PHE-induced contraction. Although this suggests that
α-tubulin appears not to play a major role in regulating
agonist-induced contraction in cerebral arteries, several
studies have reported on this role for tubulin in other
vessels (Sheridan et al. 1996; Leite & Webb, 1998; Platts
et al. 1999; Paul et al. 2000). The pronounced decrease
in protein expression level with developmental age raises
the question of functional significance in terms of cyto-
plasmic transport and cell signalling mechanisms, and the

Adult

-9 -8 -7 -6 -5 -4 -3

-20

0

20

40

60

80

100

120
PHE
Cyto D

log [PHE](M)

T
en

si
o

n
 (

%
 P

H
E

m
ax

)

Fetus

-9 -8 -7 -6 -5 -4 -3

-20

0

20

40

60

80

100

120
PHE
Cyto D

log[PHE](M)

T
en

si
o

n
 (

%
 P

H
E

m
ax

)

-9 -8 -7 -6 -5 -4 -3

-20

0

20

40

60

80

100

120 PHE
NOC

log [PHE](M)

T
en

si
o

n
 (

%
 P

H
E

m
ax

)

-9 -8 -7 -6 -5 -4 -3

-20

0

20

40

60

80

100

120
PHE
NOC

log[PHE](M)

T
en

ti
o

n
 (

%
 P

H
E

m
ax

)

A

D

C

B

* * * *

*
* * *

*

Figure 2. Phenylephrine (PHE) dose-response relationships for adult and fetal cerebral arteries
PHE-induced contraction in adult (A) and term-fetal (C) middle cerebral arteries with or without inhibition of
actin polymerization. The continuous line represents dose-dependent, PHE-induced contraction (10−9–10−3 M);
the dashed line represents PHE-induced, dose-dependent contraction with inhibition of α-actin polymerization
by cytochalasin D (3 × 10−7 M). Data were normalized as a percentage of maximal contraction in response to
PHE (n = 5 each, ∗P < 0.05). PHE-induced contraction in adult (B) and term-fetal (D) middle cerebral arteries with
or without α-tubulin inhibition. The continuous line represents dose-dependent, PHE-induced contraction, the
dashed line represents PHE-induced, dose-dependent contraction with inhibition of α-tubulin polymerization by
nocodazole (3 × 10−6 M). Data were normalized as a percentage of maximal contraction in response to PHE (n = 5;
∗P < 0.05).

effect of this change in vascular contraction–relaxation
mechanisms. Answers to these questions await future
studies. Additionally, this marked decrease in α-tubulin
expression during the course of development from fetus
to adult makes it an inappropriate choice as an internal
control for protein expression.

Functional correlates of actin–tubulin interactions

In vascular smooth muscle, actin thin filaments (6–8 nm
in diameter), in concert with intermediary filaments
and myosin thick filaments (15–18 nm) play a key
role in cross-bridge regulation of contraction (Morgan
& Gangopadhyay, 2001). Additionally, a number of
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actin binding proteins such as caldesmon and calponin
interact to modulate this process (for review see Gunst &
Tang, 2000). In essence the contraction–relaxation cycle
involves polymerization and depolymerization of actin,
as well as microtubules (∼24 nm) (Somlyo, 1980). Several
studies have examined the effect of disruption of actin
filaments and microtubules on VSM cell function. For
instance in cultured A7γ 5 cells derived from rat aorta,
whole cell voltage-clamp analysis demonstrated ∼36%
inhibition of L-type Ca2+ current by cytochalasin D
(10−4 m; Nakamura et al. 2000). In contrast, disruption
of microtubules by nocodazole (1. 3 × 10−6 m) showed
no such inhibition (Nakamura et al. 2000). Also in
VSM cells from Sprague-Dawley rats, cytochalasin D
(4 × 10−7 m for 60 min) inhibited stretch-induced
activation of extracellular signal-regulated kinases
1/2 (Numaguchi et al. 1999). Several studies have
demonstrated the effect of disruption of actin poly-
merization in other cell types (for instance see Adler
et al. 1983; Stevenson & Begg, 1994; Tseng et al. 1997;
Battistella-Patterson et al. 1997; Filipe & Nunes, 2002;
Hinz et al. 2003).

Cytoplasmic microtubules, in contrast, are believed
to serve as a network by which intracellular vesicles,
organelles and/or kinesin can travel (Yildiz et al. 2004). In
addition, according to the ‘tensegrity’ model of cytoskeletal
structure, microtubules are believed to provide structural
stability, in transferring extracellular mechanical or other
stimuli within the cell (see Ingber, 1991, 3a,b; Kolodney &
Elson, 1995; Paul et al. 2000). Several reports suggest that
disruption of microtubular polymerization increases force
in intact arteries (Sheridan et al. 1996; Leite & Webb, 1998;
Platts et al. 1999), although one study reported a decrease
in force (Battistella-Patterson et al. 1997). In porcine
coronary artery, microtubules appear to contribute mini-
mally to VSM mechanical characteristics, but play a key
role in modulating intracellular Ca2+ signal transduction
(Paul et al. 2000). The present study suggests that, at least
in adult and fetal middle cerebral artery, microtubular
disruption by nocodazole had little effect on PHE-induced
contraction.

Cyclophilin A

Cyclophilin A is a 18 kDa cyclosporin A binding protein
that catalyses the isomerization of proline imidic peptide
bonds. As a cytoplasmic enzyme, it accelerates protein
folding (Stamnes et al. 1992). The fact that expression of
cyclophilin A, a classical ‘housekeeping’ protein, changes
so little with developmental age also makes it a reasonable
choice as an internal marker for protein expression.

Proliferating cell nuclear antigen

PCNA, also known as cyclin (Mathews et al. 1984; Waseem
& Lane, 1990), is a 36 kDa polymerase δ-associated protein
(Bravo et al. 1987) synthesized during early G1 and S
phases of the cell cycle (Bravo & Macdonald-Bravo, 1985;
Woods et al. 1991). The protein is strongly associated with
the cell nucleus during periods of DNA transcription
(Mathews et al. 1984; Bravo & Macdonald-Bravo, 1985;
Bravo et al. 1987). In fact, at least a dozen antigenically
distinct PCNA epitopes exist, and these are localized to
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Cyclophilin A

Figure 3. Cyclophillin A and proliferating cell nuclear antigen
expression in ovine cerebral arteries
A, Western immunoblot (upper panel) and densitometric (lower panel)
analysis for cyclophilin A antigen protein in fractions of homogenized
95-d and 140-d fetus, newborn, and adult cerebral arteries.
Cyclophilin A densitometry measurements were normalized to the
density of the adult value (n = 5, see Methods for details). B, Western
immunoblot (upper panel) and densitometric analysis (lower panel) for
the proliferative cell nuclear antigen protein in fractions of
homogenized 95-dat and 140-d fetus, newborn, and adult cerebral
arteries. PCNA densitometry measurements were normalized to the
density of the adult value (n = 5, see Methods for details). †P < 0.01;
∗P < 0.05; significantly greater than adult.
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different compartments of the nucleus (Waseem & Lane,
1990). As expected, the present study demonstrated much
greater PCNA levels in VSM of the two fetal age groups,
as compared to the adult. This supports the idea of using
PCNA as an index of proliferating VSM cell activity during
the course of development.

Perspective

In previous studies, using several approaches, we have
demonstrated the many respects in which contractility of
developing cerebral arteries differs from that of the adult.
These differences involve both Ca2+-dependent and Ca2+-
independent pathways, and are a consequence, in part,
of significant differences in both thin filament and thick
filament regulation. (For instance see Pearce et al. 1991;
Longo et al. 1996, 2000; Zhou et al. 1997; Long et al. 1999,
2000; Lin et al. 2003; Zhao et al. 2003; Geary et al. 2004.)

Our demonstration that the relative expression of some
cellular proteins changes dramatically with developmental
age, while that of others shows only minimal change,
should come as no surprise. Growth and development is a
dynamic process characterized by changes in expression
of a number of cell cycle-associated proteins (Nurse,
2002) and cytoskeletal proteins (Geiger et al. 2001).
Nonetheless, whether considering various tissues or cell
types, a given tissue in response to various physiological
or pharmacological interventions, or as a function of
developmental age, for comparison of results of a given
protein, mRNA, and so forth, one requires an inter-
nal control. The present study demonstrates that some
components of VSM cytoskeleton such as α-actin and
the cytosolic protein cyclophilin A, may serve as proper
internal controls for equal protein loading in studies of
expression patterns during the course of development. In
contrast, use of α-tubulin would not be appropriate in
this regard. These findings may be of value in studies
of ontogeny of structure–function relations in vascular
smooth muscle.

In addition to their structural contribution per se,
α-actin and α-tubulin play important roles in cell
plasticity, tensegrity, and function (Ingber, 2003a,b;
Pollard, 2003; Somlyo & Somlyo, 2003). The present
study supports the hypothesis that the thin filament
protein α-actin plays a key role in cerebral artery
contraction, a quality of VSM which persists from fetus
to adult. However, the study rejects the hypothesis
that α-actin constitutes a significant factor in the age-
related contractility changes. Additionally, the studies
suggest that expression of α-tubulin, a reflector of
cell maturation and protein trafficking, is not closely

related to contractility per se. Thus, we believe that
findings of the present study have important implications
in regard to age-related changes in vascular function,
and emphasize the importance of many components
of the signal transduction cascade to vascular smooth
muscle function–structure relations. Quite obviously, the
regulation of expression of these proteins, and their
roles in cellular metabolic and signal transduction, in
thin filament versus thick filament regulation, and in
myofilament Ca2+ sensitivity, are issues that require
further study.
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