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Abstract
Lysophosphatidic acid (LPA) has been implicated as causative in phenotypic modulation (PM) of
cultured vascular smooth muscle cells (VSMC) in their transition to the dedifferentiated
phenotype. We evaluated the contribution of the three major LPA receptors, LPA1 and LPA2
GPCR and PPARγ, on PM of VSMC. Expression of differentiated VSMC-specific marker genes,
including smooth muscle α-actin, smooth muscle myosin heavy chain, calponin, SM-22α, and h-
caldesmon, was measured by quantitative real-time PCR in VSMC cultures and aortic rings kept
in serum-free chemically defined medium or serum- or LPA-containing medium using wild-type
C57BL/6, LPA1, LPA2, and LPA1&2 receptor knockout mice. Within hours after cells were
deprived of physiological cues, the expression of VSMC marker genes, regardless of genotype,
rapidly decreased. This early PM was neither prevented by IGF-I, inhibitors of p38, ERK1/2, or
PPARγ nor significantly accelerated by LPA or serum. To elucidate the mechanism of PM in
vivo, carotid artery ligation with/without replacement of blood with Krebs solution was used to
evaluate contributions of blood flow and pressure. Early PM in the common carotid was induced
by depressurization regardless of the presence/absence of blood, but eliminating blood flow while
maintaining blood pressure or after sham surgery elicited no early PM. The present results indicate
that LPA, serum, dissociation of VSMC, IGF-I, p38, ERK1/2, LPA1, and LPA2 are not causative
factors of early PM of VSMC. Tensile stress generated by blood pressure may be the fundamental
signal maintaining the fully differentiated phenotype of VSMC.
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1. Introduction
Distinct from skeletal and cardiac muscle cells, smooth muscle cells (SMC) have a unique
property of plasticity referred to as phenotypic modulation (PM). PM, although
bidirectional, in the present study refers to the process of transition from differentiated
phenotype to dedifferentiated phenotype [1]. The differentiated SMC show a high level of
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expression of a unique repertoire of marker genes that includes smooth muscle α-actin
(SMA) [2], smooth muscle myosin heavy chain (SMMHC) [3], calponin (CN) [4], SM-22α
(SM22) [4,5], and h-caldesmon (CALD1) [6]. They also exhibit an extremely low rate of
proliferation and synthetic activity. In sharp contrast, the dedifferentiated SMC show low
expression of these marker genes and also exhibit a high rate of proliferation and synthetic
activity. In the process of vascular tissue repair, PM of vascular SMC (VSMC) provides
cells with the ability to rapidly fill or replace damage to the vessel. This plasticity of VSMC
is physiologically advantageous. On the other hand, in the process of atherosclerosis, PM of
VSMC provides these cells with the ability to migrate from the tunica media to the intima
and to proliferate there. In this latter case, the plasticity is disadvantageous and pathological
because it leads to neointima formation, an early step in atherosclerotic disease [7–11].

Because PM is a critical process in atherogenesis and vascular injury repair, numerous
studies have attempted to elucidate its causes and mechanism in vivo and in vitro.
Mechanical factors, soluble biochemical factors, and extracellular matrix components have
been proved to induce PM. Studies with cultured cells [12–17] and with intact cultured
vessels [18–21] have shown that mechanical stimulation is able to maintain VSMC in the
differentiated phenotype, typified by a high level of SMC-specific marker genes or a low
proliferation rate. Soluble biochemical factors, including platelet-derived growth factor
(PDGF) [22–25], transforming growth factor (TGF)-β [26,27], and retinoic acid [28–31]
have been shown to affect PM. Extracellular matrix molecules, such as heparin, fibrillar
collagen type I, collagen type IV, and laminin have also been shown to have significant
effects on PM [32–39].

Hayashi and colleagues [40–42] developed a chemically defined culture system for aortic
VSMC containing insulin-like growth factor I (IGF-I) and laminin substratum that they
proposed maintains the differentiated phenotype of VSMC as judged by semiquantitative
reverse transcriptase (RT)-PCR of marker genes. These authors proposed that changes in the
balance between the phosphatidyl inositol 3 kinase (PI3K)/Akt pathway and the extracellular
signal-regulated mitogen-activated kinase 1/2 (ERK1/2 MAPK) pathway determine the
phenotype of VSMC in vitro and in vivo. These investigators also proposed that unsaturated
fatty acyl species of lysophosphatidic acid (LPA) are the single ingredient of serum that
elicits PM of dissociated VSMC in vitro [42] and causes neointima formation in vivo
through activation of ERK and p38 MAPK pathways [42,43]. These interesting findings
raise two questions: First, does the loss of mechanical forces during the dissociation of
VSMC have anything to do with the PM in their model? The nature of blood pressure and
flow creates stimuli in the form of stretch and shear stress that act on the constituents of the
blood vessel wall. While endothelial cells are primarily subjected to the shear stress
resulting from blood flow, VSMC are primarily subjected to the stretch resulting from blood
pressure. When VSMC are dissociated, they become deprived of the mechanical stimuli,
which have been proved by numerous studies [12–21] to play a role in PM. Second, if
inhibition of ERK and the p38 MAPK pathways is a prerequisite for maintaining the
differentiated phenotype [40–43], how can one explain the findings that stretch not only
increased ERK and p38 MAPK activity [44–46], but also at the same time was sufficient for
maintaining the differentiated phenotype [16,17]?

Furthermore, most of these in vitro studies used 1-day-old or older primary cultures or early-
passage VSMC as the benchmark of the differentiated phenotype [40–42,47,48]. This
selection is based on a fundamental assumption that primary or early-passage VSMC have
maintained the fully differentiated phenotype; and this assumption ignores the possibility
that primary or early-passage VSMC, which have been dissociated from the animal for at
least several hours, would not maintain the in vivo differentiated phenotype. This begs the
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question, once VSMC are removed from their in vivo physiological cues, of how early the
VSMC begin to undergo PM. At the present time, how early PM begins remains unclear.

To answer these questions and reconcile the paradoxical findings with those reports
demonstrating that activation of the ERK and p38 MAPK pathways induces PM [40–43] and
that stretch increases ERK and p38 MAPK activity while maintaining the differentiated
phenotype [16,17], we hypothesized that there may exist an early PM of dissociated VSMC
that occurs within hours after the removal of the physiological cues acting on the vessel
wall, which may have escaped detection. In addition, we posited that early PM has a
different molecular mechanism from that of late PM, in which activation of ERK and p38
MAPK pathways is important. Here we introduce the concept of an early phase of PM that
covers the interval from the point of vessel isolation to one day after VSMC culture. With
the availability of LPA1 and LPA2 knockout (KO) mice as well as LPA1&2 double KO
(DKO) mice [64,65], we set out to examine the role of LPA GPCR from these mice along
with stimulation of the PI3K/Akt pathway by IGF-I and MAPK inhibitors PD98059 and
SB203580 in the PM of VSMC.

Here, we examined cultured VSMC [42] and thoracic aortic rings of mice cultured in serum-
free medium for 1, 3, 6, 12, 24, 48, and 72 h. The expression of VSMC-specific marker
genes was determined by quantitative RT-PCR (QPCR) and Western blot analysis. We
found that early PM which manifested in significant downregulation of the expression of
these VSMC-specific marker genes as early as 3 h was followed by substantial decrease in
protein levels by 12 h. Finally, we determined whether loss of mechanical force is the cause
of early PM. Our results suggest that VSMC undergo an early PM within hours after
deprivation of their physiological cues regardless of the expression of LPA1 and LPA2 or
their exposure to the conditions and culture ingredients examined in the present study. In
vivo experiments suggest that this early PM is caused by the loss of signals generated by
blood pressure, which is absent in cells or aortic rings cultured in vitro.

2. Materials and methods
2.1. Materials

Dulbecco's modified Eagle's medium (DMEM)-Ham's F12 50:50 mixture and modified
Eagle's medium were purchased from Mediatech (Herndon, VA). Fetal bovine serum (FBS)
and antibiotics were obtained from GIBCO-BRL (Grand Island, NY). Collagenase type I
and elastase were from Worthington Biochemical Corporation (Lakewood, NJ). Laminin
and IGF-I were from BD Bioscience (Franklin Lakes, NJ). Trypsin inhibitor cocktail and
fatty acid-free bovine albumin, GW9662 were purchased from Sigma (St. Louis, MO).
Antibodies to SM22 and SMA were obtained from Abcam (Cambridge, MA) and Sigma,
respectively. The SuperSignal West Pico Chemiluminescent Substrate system was
purchased from Pierce (Rockford, IL). The Cell Death Detection kit was purchased from
Roche (Nutley, NJ). The Thermo-Script RT-PCR System for first-strand cDNA synthesis,
TRIzol, PCR nucleotide mix, and random primers were purchased from Invitrogen
(Carlsbad, CA). The RT2 Real-Time SYBR Green/ROX was from Super-Array (Frederick,
MD). MAPK inhibitors PD98059 and SB203580 were bought from CalBiochem (San
Diego, CA). LPA (18:1) was from Avanti (Alabaster, AL). All other chemicals were of the
highest purity commercially available.

2.2. Animals
Animal experiments were approved by the University of Tennessee Health Science Center
(UTHSC) Institutional Animal Care and Use Committee. Wild-type (WT) male C57BL/6
mice (4–6 months of age) and SD male rats (250–300 g) were purchased from Charles River
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LAB (Indianapolis, IN). Breeders for LPA1 and LPA2 KO mice were generously provided
by Dr. Jerold Chun (Scripps Inst.; San Diego, CA), and LPA1&2 DKO mice were bred in the
UTHSC animal facility. KO and DKO animals age-matched to the WT mice were used in
the studies described.

2.3. Aortic VSMC cultures
The procedure originally described by Hayashi et al. was followed [42]. Dissociated VSMC
were washed twice with MEM supplemented with 200 µM calcium chloride and 0.1%
bovine serum albumin and resuspended in base medium (DMEM-Ham's F12 50:50 mixture
supplemented with 500 U/ml penicillin, and 500 µg/ml streptomycin) plus 2 ng/ml IGF-1
and plated on 20 µg/ml laminin at a cell density of 0.5×106/ml.

2.4. Aortic ring cultures
The thoracic aorta was isolated as described previously [42]. The attached loose fat and
connective tissue were gently peeled away and cut from the aorta under a dissecting
microscope. The vessel was cut into three equal segments. The proximal aortic ring from an
aorta was mixed with the middle and the distal ring isolated from two other mice; thus, each
sample was derived from three animals representing the entire length of the thoracic aorta.
The rings were cultured in either the base medium, base medium plus 2 ng/ml IGF-1, base
medium plus PD98059 (30 µM) and SB203580 (20 µM), base medium plus 3 µM LPA
(18:1), base medium supplemented with 10% FBS or base medium plus 1 µM GW9662. The
rings were then incubated at 37 °C in a humidified atmosphere of 95% air–5% CO2 for
various periods (1–72 h) or immediately processed for RNA extraction (0 h).

2.5. Elimination of blood flow, pressure, and blood in the rat common carotid artery in vivo
The non-injury rat model originally developed by Yoshida et al. [43] was modified. Briefly,
the right common carotid artery (CCA), the proximal end of the internal carotid artery
(ICA), and the external carotid artery (ECA) of anesthetized rats were surgically exposed.
Three treatments were performed on the CCA. To eliminate the blood flow, pressure, and
blood in the rat CCA, the proximal end of the CCA and ICA were occluded using vessel
clips (Biomedical Research Instruments, Inc.; Silver Spring, MD). The ECA was ligated
distally and cut open to release pressure in the CCA without mechanical injury to it. A
cannula was retrogradely inserted into the ECA and the clip occluding the CCA was
temporarily released during simultaneous injection of 500 µl Krebs solution (120 mM NaCl,
5 mM KCl, 0.62 mM MgSO4, 1.8 mM CaCl2, 10 mM HEPES, 6 mM glucose; pH 7.4) to
flush out residual blood. The CCA was again clipped and depressurized by withdrawing the
cannula, followed by ligation at both ends. To eliminate the pressure and blood flow in the
rat CCA, the ECA was cut open to release pressure, but without cannulating and flushing
with Krebs solution. To eliminate flow only, the ECA was not cut open, and the distal end of
the CCA was ligated first followed by the proximal end. The wounds were closed by
continuous suture, and the rats were allowed to recover on a heating pad for 12 h. At the end
of the recovery period, the CCA was dissected out, cleaned of adventitia, rinsed with saline,
and subjected to RNA extraction followed by QPCR.

2.6. TUNEL assay
Aortic rings were fixed in 10% formalin for 48 h, dehydrated, embedded in paraffin, and
subsequently processed for TUNEL assay. Staining of apoptotic cells was performed with
the Cell Death Detection kit according to the manufacturer's instructions. The ratio of
apoptotic cells was evaluated by counting the TUNEL-positive cells/total cells. The relative
incidence of TUNEL-positive apoptotic cells for each group was normalized to 0-h group.

Guo et al. Page 4

Biochim Biophys Acta. Author manuscript; available in PMC 2012 September 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.7. Real-time quantitative polymerase chain reaction analysis
Aortic rings were homogenized in TRIzol, and total RNA was prepared according to
manufacturer's instructions. Three micrograms of total RNA were used for the subsequent
synthesis of cDNA using the ThermoScript RT-PCR system for first-strand synthesis as
recommended by the manufacturer. Quantitative PCR reactions were performed using 0.5 µl
of the cDNA mix with 300 nmol of each primer in a final volume of 25 µl of 2×RT2 Real-
Time SYBR Green/ROX master mix. The following primer pairs were used: SMA,
AGAGCAAGAGAGGGATCCTGA (forward) and GTCGTCCCAGTTGGTGATGAT
(reverse); SMMHC, GCAATGCGAAAACCGTCAA (forward) and
GATGCGAATGAACTTGCCAAA (reverse); SM22, (forward)
TGAAGAAAGCCCAGGAGCAT and TGCTTCCCCTCCTGCAGTT (reverse); CN,
ACCAAGCGGCAGATCTTTGA (forward) and CATCTGCAAGCTGACGTTGA
(reverse); CALD1, GGAGGCTGATCGAAAAGCTA (forward) and
AGCTTCTGCCCTTCTCCTTT (reverse); GAPDH, CTGCACCACCAACTGCTTAG
(forward) and GGGCCATCCACAGTCTTCT (reverse); HPRT1,
AAGCTTGCTGGTGAAAAGGA (forward) and TTTCAAATCCAACAAAGTCTGG
(reverse); RPL13a, ACAAGAAAAAGCGGATGGTG (forward) and
GCTGTCACTGCCTGGTACTTC (reverse); LPA1 receptor,
GTCTTCTGGGCCATTTTCAA (forward) and (TCATAGTCCTCTGGCGAACA
(reverse); LPA2 receptor, GGGCCAGTGCTACTACAACG (forward) and
ACCAGCAGATTGGTCAGCA (reverse); and PPARγ GGGCGATCTTGACAGGAA
(forward) and CACCTCTTTGCTCTGCTCCT (reverse). The primer sets were designed by
using Primer Express software from ABI (Foster City, CA) and Primer 3 software from
Whitehead Institute (Cambridge, MA). Amplification was performed for 40 cycles at 94 °C/
15 s and 60 °C/60 s. Quantitative values were obtained from the threshold cycle value (Ct),
which is the point where a significant increase of fluorescence is first detected.

For the in vitro culture experiments, the transcript number of GAPDH was quantified as an
internal RNA control, and each sample was normalized on the basis of its GAPDH gene
content. The relative gene expression level of each gene was then normalized to the 0-h
group (calibrator). Final results, expressed as N-fold difference in gene expression relative
to GAPDH of the 0-h group, termed N, were calculated as: N=2(Ctgroup−Ctcalibrator)

(http://dorakmt.tripod.com/genetics/realtime.html), where Ct values of the group and
calibrator were determined by subtracting the average Ct value of a target gene from the
corresponding Ct value of the GAPDH gene.

For the in vivo surgical treatment experiments, the average transcript numbers [66] of
GAPDH, HPRT1, and RPL13a were quantified as an internal RNA control to counteract the
relatively larger variability inherited by in vivo experiments. To take advantage of the paired
experimental design, the ratio of each SMC-specific marker gene expression level (treatment
side/sham side) was calculated for each rat. The mean ratio was then calculated for each
treatment group. We named this mean ratio the “phenotype index”. If the treatment had no
effect on PM, the phenotype index should be close to 1. If the treatment caused PM, the
phenotype index should be significantly less than 1.

2.8. Western blot
Aortic rings were washed twice with ice-cold PBS and homogenized in a reducing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer on ice.
Tissue lysates were centrifuged at 10,000 ×g for 10 min, separated using 10% SDS-PAGE,
and transferred to a polyvinylidene difluoride membrane. Immunocomplexes were
visualized and quantified using the SuperSignal West Pico chemiluminescent substrate
system. Anti-GAPDH immunoreactivity was used as the loading control.
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2.9. Statistical analysis
Data are presented as mean±SEM. All experiments were done on with three to ten animals
(n=3–10). Western blots are representative of three experiments, and each experiment
represents tissue collected from three mice. Student's t-test (for samples with unequal
variances) or one-way ANOVA (for samples with equal variances) with appropriate post
hoc testing was used to determine the significance of the differences between means. P<0.05
was regarded as statistically significant.

3. Results
3.1. Early PM in cultured dissociated aortic VSMC

IGF-I and laminin has been shown to prevent the PM of dissociated VSMC [41,42,67].
Following these procedure to the best of our ability, our results showed a clear decrease in
the VSMC marker gene expression after 1 day of culture (Fig. 1). Varying IGF-I and
laminin concentration, including micromolar concentrations of LPA or 10% serum in the
medium, did not alter this trend in our hands (data not shown). This apparent contradiction
between our data and those previously reported can potentially be explained by the
difference in the reference point chosen. We used freshly isolated cells within 2 h of
dissociation from mice as the reference point. In contrast, other authors used 1-day cultured
cells as the reference point [41,42,67]. By choosing this later time as the reference point,
they may have missed the early PM that took place during the first 24 h. Because it takes 2–
3 h to obtain dissociated VSMC, to further elucidate the early phase of PM and to eliminate
effects due to disruption of physiological cell-to-cell contacts present in the vessel wall, we
chose to culture aortic rings, which could be isolated within 30 min.

3.2. Apoptosis in cultured aortic rings
It is well known that once cells are deprived of their physiological cues, they will undergo
apoptosis. To determine the extent of apoptosis in the cultured aortic rings, we assessed
apoptosis during the culture using TUNEL staining. The data showed that even though there
was a slight increase in apoptosis after 24 h culture, this increase was not statistically
significant up to 12 h (Fig. 2).

3.3. Early PM in cultured aortic rings
To determine the early time course of PM of VSMC, we cultured the aortic rings from WT
mice for 0 h to 72 h and quantified SMC-specific marker gene expression. We found that
every marker gene we chose to monitor showed a statistically significant decrease within 3 h
of culture. The decrease reached nadir after 12 h of culture and then leveled off (Fig. 3A).
The expression level after 12 h of culture was less than 25% of the expression level in vivo.
To monitor whether there was an accompanying change at the protein level, we selected the
12 h, 24 h, and 48 h cultured aortic rings to assess protein expression for SMA and SM22.
We found that SMA and SM22 proteins had already decreased significantly after 12 h of
culture (Fig. 3B). These results indicate that PM of VSMC that begins at the mRNA level
within 3 h after dissection is followed by a decrease at the protein level within 12 h after
dissociation.

3.4. Effects of IGF-I and MAPK inhibitors on early PM
IGF-I plus laminin or the combined application of the MAPK inhibitors PD98059 plus
SB203580 has been shown to prevent modulation of VSMC in vitro [40–42]. To determine
whether these mechanisms play a role in early PM, we cultured the aortic rings in the
presence of IGF-I or PD98059 plus SB203580 for 12 h. Under these conditions, we found
that all the SMC-specific marker genes we monitored decreased to less than 20% of that
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level in the 0-h group (Fig. 4). These results showed that neither IGF-I nor PD98059 plus
SB203580 could block the early PM of VSMC in the aortic ring cultures. This implicates
that early PM is not likely to be affected by the balance between the PI3K/Akt and the
ERK1/2 and p38 MAPK pathways.

3.5. Effect of LPA and serum on early PM
LPA is a mitogen to subcultured VSMC [50]. It has also been reported that unsaturated
species of LPA present in serum promote PM in cultured VSMC [42]. To clarify whether
unsaturated LPA 18:1 also promotes early PM, we cultured the aortic rings in base medium,
base medium plus 3 µM LPA (18:1), and base medium plus 10% FBS. In all cases, we
observed a rapid decrease in marker gene expression (Fig. 5). However, after 6 h of culture,
both LPA and serum marginally accelerated the downregulation of VSMC-specific marker
gene expression (Fig. 5). Nonetheless, after 12 h of culture, there was no statistically
significant effect of LPA or serum on the expression of VSMC marker genes. These results
indicate that the early PM at the end of the initial 12 h period is not significantly affected by
LPA or serum.

3.6. LPA1, LPA2 and PPARγ receptors do not mediate early PM
To obtain direct evidence for the involvement of LPA GPCR in the PM of VSMC, we
performed the same experiments as described above for aortas from WT mice but using
aortic rings isolated from KO mice. In LPA1, LPA2, and DKO mouse lines, the mRNA of all
SMA-specific marker genes decreased significantly after 6 h of culture compared to the 0-h
expression level. Regardless whether GAPDH, β-actin, or 18S-RNA was used as a reference
quantitatively similar trends were observed for each VSMC marker gene (data not shown).
The decrease reached nadir after 12 h of culture and then leveled off (Figs. 6–8), exactly as
seen in the aortic rings of WT mice (Fig. 3). We noticed some variability of the initial
mRNA levels during the first 3 h of culture between different mouse lines. For example,
there was an increased expression of the CALD1 gene in the LPA1 KO mouse line (Fig. 6).
This variability could be explained by individual variation between the mice, or it could be
due to a difference due to knocking down the LPA1 GPCR. We prefer the former
explanation because we found that there was noticeable variability of the expression pattern
of SMC-specific marker genes for the first three time points (0 h, 1 h, and 3 h) between
independent experiments using the same mouse line. However, the significant decrease of
all the marker genes after 6 h of culture was consistently detected in every experiment for
every mouse line tested.

We also examined the LPA1, LPA2, and PPARγ receptor mRNA abundance in aortic rings
isolated from WT mice maintained in serum-free medium for up to 72 h (Fig. 9). LPA1 and
PPARγ showed a similar decrease over the first 12 h of incubation as seen for the VSMC
marker genes, whereas LPA2 showed no significant changes. At the end of the 72-h
incubation period, both LPA1 and LPA2 mRNA levels returned to a level similar to that at
the beginning of the experiment. In summary, the present results indicate that early PM is
not affected by the presence or absence of LPA1, LPA2, or both receptors in the vessel wall.

Our earlier results with cultured VSMC suggested a role for the nuclear hormone receptor
PPARγ in the late stage PM [55]. To test the contribution of PPARγ to the early PM we
treated aortic rings with the specific irreversible antagonist 1 µM GW9662 (Fig. 10).
GW9662 treatment showed no significant attenuation in the decrease of marker gene
expression discounting the role of PPARγ in this stage of PM. These observations mirrored
our findings obtained using aortic rings obtained from PPARγ conditional knockout mice
(data not shown).
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3.7. Loss of blood pressure mediates early PM
The results up to this point implied that early PM was not mediated by dissociation, LPA or
other serum factors. Because the VSMC continuously encounter mechanical stimuli that
have important effects on their phenotype, we modified the non-injury rat model developed
by Yoshida [43] to permit testing the roles of flow, pressure, and blood in early PM in vivo.
As expected, in the presence of all three factors in the control group, early PM did not occur
(Fig. 11). Eliminating flow alone did not induce early PM after 12 h of treatment.
Eliminating both flow and pressure for 12 h induced early PM, and the additional
elimination of blood did not significantly affect the already induced early PM. These results
imply that loss of flow and exposure to blood does not elicit early PM in cultured VSMC or
aortic rings. The loss of stretch induced by static blood pressure alone may be the causal
factor of early PM.

4. Discussion
LPA has not only been implicated in PM but also in normal vascular development [49],
SMC and VSMC mitogenesis [50,51], and contractility [52,53]. Alkyl-LPA has been
identified as a biologically active lipid in mildly oxidized low-density lipoprotein, human
atherosclerotic lesions, and the supernatant of activated platelets [54]. Unsaturated acyl and
alkyl species of LPA have been reported to elicit neointima formation in a non-injury model
of the rat carotid artery [43,55]. Only unsaturated acyl species of LPA cause in vitro PM of
cultured VSMC from the rat aorta [42]. Extracellularly applied LPA is known to elicit its
biological responses through a family of seven GPCRs [56–61]. The LPA receptor subtype
that the rat aorta expresses is the LPA1 receptor subtype, whereas in C57BL/6 mice, LPA1
and LPA2 receptors were detected [55]. The peroxisome proliferator-activated receptor
gamma (PPARγ) has been demonstrated to be an intracellular receptor for LPA and it shows
a structure–activity relationship that matches that of neointima induction in vivo [55,62,63].
Inhibition of PPARγ prevents neointima formation elicited by unsaturated and alkyl species
of LPA [55].

PM is defined as the process of transformation of VSMC from the differentiated phenotype
to a dedifferentiated phenotype [1]. LPA has been implicated in the PM of VSMC as the
single ingredient of serum that elicits PM [42]. In vivo, unsaturated and alkyl ether species
of LPA topically applied to the carotid artery briefly (1 h) cause a profound remodeling and
neointima formation [43,55].PM of VSMC is considered to be an essential event in the
pathogenesis of atherosclerotic disease [7–11]. To gain a better understanding of the role of
LPA in the pathophysiology of the vascular wall, in the present study we have evaluated the
role of LPA GPCR and PPARγ in the transcriptional regulation of VSMC marker genes that
characterize the differentiated phenotype.

First, by culturing the dissociated mouse VSMC, we found that there is an early PM within
24 h of isolation in DMEM-F12 medium supplemented with 2 ng/ml IGF-I on 20 µg/ml
laminin substratum. These conditions were established by Hayashi and colleagues [40–
42,67], aimed at sustaining the differentiated phenotype of rat aortic VSMC. However, these
conditions and variations in the IGF-I and laminin concentrations (data not shown) in our
hands failed to maintain the high level of marker gene expression characteristic of the
differentiated VSMC.

These negative findings prompted us to change from dissociated VSMC cultures to
organotypic cultures of aortic rings, hypothesizing that elimination of the potentially harsh
conditions lasting for up to 2 h during cell dissociation would prevent the rapid loss of the
marker gene expression characteristic to the differentiated phenotype. By using cultured
aortic rings, the processing time was markedly reduced to 15–30 min. Hence, it is reasonable
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to assume that our starting materials, designated as “0 h” cultured aortic rings, possess a
phenotype closest to that of VSMC in vivo. We also excluded apoptosis as a confounding
factor in the cultured aortic rings within 12 h (Fig. 2). We chose DMEM-Ham's F12 50:50
mixture serum-free medium to eliminate any chemical stimulus that could positively or
negatively affect PM. We also tested a variety of supplements ranging from IGF-I, through
LPA to inhibitors of MAPK. Using 0 h cultured aortic rings as the benchmark of the
differentiated phenotype, we were able to reveal that early PM occurs within hours (Fig. 3).
QPCR demonstrated a rapid significant decrease in marker gene expression as early as 3 h
after isolation. This decrease leveled off after 12 h and remained steady for up to 72 h, the
longest time point tested in this study. Our observation concerning the abundance of marker
gene mRNAs was confirmed by Western blotting at 12 h, which corroborates the rapid
decline in the function of these markers. We therefore designated these changes in marker
gene expression as the early phase of PM. Early PM has been implicated in earlier studies in
which the authors noticed a small number of phenotypically modulated cells with fewer
myofilaments in the 1-day culture of free-floating explants [68,69]. To the best of our
knowledge, this finding has not been pursued further. Subsequent studies on the PM of
VSMC did not reveal this early PM because they used at least 1-day-old cultured VSMC as
the benchmark of the differentiated phenotype [40–42,47,48] or they monitored the gene
expression level change using wide time intervals (several days after dissociation from the
animal body). If early PM modulation occurs within 1 day, as shown by our results (Figs. 1
and 3), it is easy to understand why most of the studies have failed to recognize this
phenomenon.

Our studies using dissociated VSMC and isolated aortic ring cultures revealed that the PM
manifested regardless of the presence of LPA. The total amount of LPA in plasma is in the
low nanomolar range [70–74], and the portion derived from isolated platelets remains only a
fraction of that generated ex vivo during blood clotting [70].In the course of blood clotting,
large amounts of LPA are generated, reaching concentrations as high as 5–10 µM
[70,71,75,76], and the molecular species are dominated by the 18:2 and 20:4 unsaturated
acyl species (20% and 34% of total LPA, respectively) [70]. LPA 20:4 is a more potent
activator of platelets than other saturated or mono-unsaturated acyl species [77–79]. Among
the acyl species, 20:4 and 18:2 acyl-LPA are the most potent activators of PPARγ and elicit
neointima formation [55]). In contrast, the saturated acyl species are inactive in eliciting
vascular wall remodeling [43,55]. Using atherosclerotic tissue specimens from patients who
underwent operations for high-grade carotid stenosis, we analyzed the LPA content and
composition of the lipid-rich core that is characterized histologically by extracellular lipid
deposits and beds of foam cells [80]. This region had the highest LPA content [77,81]. The
unsaturated but not the saturated LPA species have been implicated in eliciting the PM of
VSMC [42].

Because it is now well established that extracellular LPA evokes its biological responses
through a subfamily of GPCR, it was important to know which GPCR mediates the early
PM in VSMC. Using LPA1 KO, LPA2 KO, and LPA1&2 DKO mouse lines, we
demonstrated early PM of VSMC in all of these mouse lines (Figs. 6–8). These results imply
that early PM is not mediated through LPA1 or LPA2 receptors, which are the two most
abundantly expressed subtypes in the mouse aorta. Interestingly, we also found that the level
of the intracellular LPA receptors PPARγ also decreased during PM (Fig. 9) and that the
PPARγ antagonist GW9662 failed to prevent early PM (Fig. 10).

In addition, we found that neither IGF-I nor PD98059 plus SB203580 could block the early
PM in cultured aortic rings (Fig. 4). It has been shown that IGF-I or PD98059 plus
SB203580 could block the late PM of primary cultured VSMC derived from rat aortas and
concluded that changes in the balance between the PI3K/Akt pathway and the ERK and p38
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MAPK pathways would determine phenotypes of VSMC [40–42]. Although there are
several differences between our study and those previous reports, which include the
difference in species, the lack of dissociation in the organotypic aortic ring cultures, and the
time scale, the major difference is that we studied the early phase of the PM, whereas the
other reports and our earlier report [55] examined the late phase. At present, definitions of
the “differentiated” and “dedifferentiated” phenotypes are highly arbitrary. However, it is
now clearly established that VSMC exhibit a broad phenotypic spectrum with differentiated
and dedifferentiated phenotypes at the two ends of this spectrum. While PM in one direction
represents the transit from differentiated phenotype to a dedifferentiated phenotype, this
transition seemingly involves an early phase and a late phase. Taking our present study
together with previous reports on this topic, we suggest that the changes in the balance
between the PI3K/Akt pathway and the ERK and p38 MAPK pathways may be involved in
the late stage of PM, but not in early PM.

Furthermore, although LPA and serum have been found to significantly accelerate late PM
of VSMC [42,82], LPA only marginally affected the rate of early PM after 6 h but had no
further effect at 12 h (Fig. 5). It is important to note that under every culture condition that
we have tested, including serum-free, as well as serum-, LPA-, IGF-I-, MAPK and PPARγ
inhibitor-supplemented cultures, the cultured aortic rings consistently showed early PM.
These findings imply that the early phase of PM has a different molecular mechanism than
the late phase does and that other physiological cues may play a fundamental role in
maintaining the differentiated phenotype in vivo.

In addition to biochemical factors, VSMC in vivo are exposed to mechanical factors that are
represented by tensile stress due to blood pressure and shear stress due to flow. To
independently test the effects of blood, pressure, and flow on early PM, we modified the
non-injury rat model developed by Yoshida et al. [43]. By eliminating these physiological
cues in vivo, we were able to show that blood pressure alone maintained the differentiated
phenotype and that loss of the blood pressure might be the cause of early PM in cultured
vascular cells or organs (Fig. 11). After distinguishing early PM from late PM and
demonstrating that early PM is not dependent on the activation of the ERK and p38 MAPK
pathways, we were able to reconcile the paradoxical experimental findings that activation of
ERK and p38 MAPK pathways induces PM and that stretch increases the ERK and p38
MAPK activity while maintaining the differentiated phenotype. Once the cells or arteries are
taken out of the animal and cultured in vitro, the VSMC undergo within hours an early PM
mediated by loss of mechanical stretch that does not involve activation of the MAPK
pathways, and a late PM (within days) mediated by biochemical factors in serum, including
LPA, through activation of MAPK pathways [42,43].

In summary, the important findings in this study are that (1) PM of cultured VSMC can be
divided into an early stage (within hours) and a late stage (within days); (2) early PM is not
mediated by LPA or other blood factors; rather (3) it is mediated by signals due to the loss
of mechanical forces to which VSMC are subjected in vivo; and (4) early PM is not
mediated by the activation of the ERK and p38 MAPK pathways.
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Fig. 1.
Vascular smooth muscle cell (VSMC)-specific marker gene mRNA expression in cultured
VSMC. VSMC isolated from the thoracic aorta were incubated on plates covered with 20
µg/ml laminin in DMEM-Ham's F12 50:50 mixture medium supplemented with 2 ng/ml IGF
for various periods. The 0-day sample represents freshly isolated VSMC dissociated from
the mouse body using a procedure lasting approximately 2 h. Values are means ± SEM for 3
replicates. *Denotes significant difference relative to preceding time point (P<0.05).
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Fig. 2.
Ratio of apoptotic cells in cultured aortic rings. The thoracic aorta was surgically isolated,
cultured in serum-free medium for 0–72 h, and fixed. Apoptotic cells were visualized using
TUNEL staining. The percentage of apoptotic cells was evaluated by counting the stained
cells/total cells. The number of apoptotic cells in each group was normalized to the 0-h
group. Values are means±SEM for 4 random fields. *Denotes significant difference from the
preceding time point (P<0.05).
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Fig. 3.
Vascular smooth muscle cell (VSMC)-specific marker gene mRNA (A) and protein (B)
expression in cultured aortic rings of wild-type (WT) mice. Rings were cultured in serum-
free base medium for 0–72 h prior to RNA or protein extraction. Quantitative RT-PCR was
used to assess the amount of mRNA, and Western blot was used to quantify the expression
of marker proteins. Values are means ± SEM for 3 replicates. *Denotes significant
difference from the preceding time point (P<0.05).
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Fig. 4.
The effect of IGF-I (A) and mitogen-activated protein kinase (MAPK) inhibitors (B) on
early phenotypic modulation (PM) of vascular smooth muscle cells (VSMC). The segments
of the thoracic aorta from wild-type (WT) mice were cultured in serum-free base medium
supplemented with 2 ng/ml IGF-I and PD98059 (PD. 30 µM) plus SB203580 (SB, 20 µM)
for times ranging from 0 to 12 h prior to RNA extraction. Quantitative RT-PCR was used to
assess mRNA levels of marker genes. Values are means ± SEM for 3 replicates. *Denotes
significant differences relative to the base medium (P<0.05).
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Fig. 5.
The effects of lysophosphatidic acid (LPA) and serum on the early phenotypic modulation
(PM) of vascular smooth muscle cells (VSMC). Rings from thoracic aortas of wild-type
(WT) mice were cultured in serum-free base medium, base medium plus 3 µM LPA (18:1),
or base medium plus 10% fetal bovine serum (FBS) for 0–24 h prior to RNA extraction.
Quantitative RT-PCR was used to assess mRNA levels of the VSMC-specific marker genes.
Values are means ± SEM for 3 replicates.
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Fig. 6.
Vascular smooth muscle cell (VSMC)-specific marker gene mRNA expression in cultured
aortic rings of LPA1 knockout mice. Rings from thoracic aortas of wild-type (WT) mice
were cultured in serum-free base medium for 0–72 h prior to RNA extraction. Quantitative
RT-PCR was used to assess mRNA levels of the VSMC-specific marker genes. Values are
means ± SEM for 3 replicates. *Denotes significant differences relative to the 0-h group
(P<0.05).

Guo et al. Page 21

Biochim Biophys Acta. Author manuscript; available in PMC 2012 September 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Vascular smooth muscle cell (VSMC)-specific marker gene mRNA expression in cultured
aortic rings of LPA2 knockout mice. The thoracic aortas of LPA2 knockout mice were
cultured in serum-free base medium for 0–72 h prior to RNA extraction. Quantitative RT-
PCR was used to assess mRNA levels of the VSMC-specific marker genes. Values are
means ± SEM for 3 replicates. *Denotes significant difference from the preceding time point
(P<0.05).
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Fig. 8.
Vascular smooth muscle cell (VSMC)-specific marker gene mRNA expression in cultured
aortic rings of LPA1&2 double knockout mice. Rings from thoracic aortas were cultured in
serum-free base medium for 0–72 h prior to RNA extraction. Quantitative RT-PCR was
used to assess mRNA level. Values are means ± SEM for 3 replicates. *Denotes significant
differences relative to the 0-h group (P<0.05).
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Fig. 9.
Expression of lysophosphatidic acid (LPA) G protein-coupled receptors (GPCR) and
peroxisome proliferator-activated receptor gamma (PPARγ) in aortic rings isolated from
wild-type (WT) mice and cultured in serum-free DMEM-Ham's F12 50:50 medium.
Quantitative RT-PCR was used to assess mRNA levels, and values represent the mean ±
SEM for 3 animals.
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Fig. 10.
Effect of PPARγ antagonist GW9662 (1 µM) on VSMC marker gene expression in cultured
aortic rings. Quantitative RT-PCR was used to assess mRNA levels, and values represent the
mean ± SEM for 3 animals.
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Fig. 11.
The phenotype index of vascular smooth muscle cells (VSMC) in four surgical treatment
groups in vivo. Of the paired common carotid arteries in each rat, one side is treated to
eliminate either flow, pressure, or blood or a combination of these. The other side is
subjected to sham surgical manipulation. After 12 h, rats were sacrificed and common
carotid arteries were used for Quantitative RT-PCR to quantify the expression level of
VSMC-specific marker genes. The ratio of each VSMC-specific marker gene expression
level (treatment side/sham side) was calculated for each rat. The average ratio was then
calculated for each treatment group and termed the “phenotype index”. The values represent
the mean±SEM for 4–10 rats. *Denotes significant differences relative to the control group
with the presence flow, pressure, and blood.
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