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Jia SJ, Jin S, Zhang F, Yi F, Dewey WL, Li PL. Formation and
function of ceramide-enriched membrane platforms with CD38 during
M1-receptor stimulation in bovine coronary arterial myocytes. Am J
Physiol Heart Circ Physiol 295: H1743–H1752, 2008. First published
August 22, 2008; doi:10.1152/ajpheart.00617.2008.—CD38 contains
an ADP ribosylcyclase domain that mediates intracellular Ca2� sig-
naling by the production of cyclic ADP-ribose (cADPR), but the
mechanisms by which the agonists activate this enzyme remain
unclear. The present study tested a hypothesis that a special lipid-raft
(LR) form, ceramide-enriched lipid platform, contributes to CD38
activation to produce cADPR in response to muscarinic type 1 (M1)
receptor stimulation in bovine coronary arterial myocytes (CAMs). By
confocal microscopic analysis, oxotremorine (Oxo), an M1 receptor
agonist, was found to increase LR clustering on the membrane with
the formation of a complex of CD38 and LR components such as
GM1, acid sphingomyelinase (ASMase), and ceramide, a typical
ceramide-enriched macrodomain. At 80 �M, Oxo increased LR clus-
tering by 78.8%, which was abolished by LR disruptors, methyl-�-
cyclodextrin (MCD), or filipin. With the use of a fluorescence reso-
nance energy transfer (FRET) technique, 15.5 � 1.9% energy transfer
rate (vs. 5.3 � 0.9% of control) between CD38 and LR component,
ganglioside M1 was detected, further confirming the proximity of both
molecules. In the presence of MCD or filipin, there were no FRET
signals detected. In floated detergent-resistant membrane fractions,
CD38 significantly increased in LR fractions of CAMs treated by
Oxo. Moreover, MCD or filipin attenuated Oxo-induced production of
cADPR via CD38. Functionally, Oxo-induced intracellular Ca2�

release and coronary artery constriction via cADPR were also blocked
by LR disruption or ASMase inhibition. These results provide the first
evidence that the formation of ceramide-enriched lipid macrodomains
is crucial for Oxo-induced activation of CD38 to produce cADPR in
CAMs, and these lipid macrodomains mediate transmembrane signal-
ing of M1 receptor activation to produce second messenger cADPR.

lipid microdomains; sphingolipid; lipid mediator; smooth muscle;
calcium signaling

CYCLIC ADP-RIBOSE (cADPR), an alternative Ca2� mobilizing sec-
ond messenger to inositol 1,4,5-trisphosphate [Ins(1,4,5)P3], has
been indicated to participate in the regulation of many cell
functions or physiological processes, including insulin secre-
tion, egg fertilization, cell proliferation, nitric oxide-induced
Ca2� movement, lymphocyte activation, and neural activity
(13, 37). Recent studies in our laboratory and by others have
reported that in vascular smooth muscle, cADPR contributes to
the Ca2� release from the sarcoplasmic reticulum (SR) induced
by Ins(1,4,5)P3-independent agonists, such as acetylcholine,

oxotremorine (Oxo), 5-hydroxytryptamine, angiotensin II, and
endothelin, leading to the contraction of arterial smooth muscle
via ryanodine receptor (RyR)-mediated intracellular Ca2� re-
lease (5, 11, 26). This cADPR/RyR-mediated Ca2� signaling is
now recognized as a fundamental mechanism regulating vas-
cular function. CD38 is one of the important enzymes respon-
sible for the production and metabolism of cADPR in vascular
cells, and therefore CD38/cADPR pathway is considered as an
important signaling pathway in the regulation of vasomotor
responses (32). It is believed that the activation of this enzyme
participates, at least in part, in Oxo-induced vasoconstriction
and other receptor-mediated agonist responses (21, 38). How-
ever, the precise mechanism by which CD38 is activated by
various agonists still remains unclear. Since this enzyme has
been shown to localize outside cells constitutively in many
studies, it is very puzzling how this enzyme could produce an
intracellular second messenger to exert its signaling action.

Recently, lipid-raft (LR) clustering on the cell membrane is
emerging as a novel mechanism mediating the transmembrane
signaling in response to various stimuli in a variety of cell
types, including lymphocytes, endothelial cells, and neurons
(15, 16, 41). It has been shown that clustered membrane LRs
form membrane signaling platforms, in particular, the ceram-
ide-enriched platforms or macrodomains. These lipid platforms
may recruit or aggregate various signaling molecules such as
trimeric G proteins, small G proteins, sphingomyelin (SM),
tyrosine kinases, NADPH oxidase subunits, phosphatases, and
many others, resulting in the activation of different signaling
pathways. Recent studies have reported that LRs are closely
associated with the CD38 pathway in various lymphocytes and
these LRs may be responsible for endocytosis of CD38 and the
activation of certain signaling pathways (35, 46). However, the
identity of these LRs remains unclear, and it is also unknown
whether LRs during its clustering are involved in cADPR-
mediated Ca2� signaling. In previous studies, a rapid activation
and translocation of acid sphingomyelinase (ASMase) into LRs
were observed in response to various stimuli such as FasL,
TNF-�, and endostatin (29, 33, 41). Moreover, our previous
work also demonstrated that lysosomal ASMase contributes to
the formation of LR redox signaling platforms by hydrolyzing
SM to produce ceramide, which produces ceramide-enriched
macrodomains or LR platforms, ultimately resulting in endo-
thelial dysfunction (18). Based on these observations, the
present study was designed to test the hypothesis that ceram-
ide-enriched LR platforms may mediate an agonist-induced
transmembrane signaling of CD38 and thereby participate in
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Oxo-induced CD38 activation to produce cADPR in coronary
arterial myocytes (CAMs). To test this hypothesis, we first
characterized the formation of ceramide-enriched LR clusters
in CAMs in response to Oxo. We then examined the role of this
LR clustering in aggregation and activation of CD38 in the
membrane of these cells and explored the related molecular
mechanisms mediating Oxo-induced ceramide production and
LR platforms formation via ASMase/ceramide pathway. Fur-
thermore, we determined whether this ceramide-enriched sig-
naling platform with activated CD38 contributes to Ca2�

release in CAMs, ultimately leading to the constriction of
coronary arteries.

MATERIALS AND METHODS

Bovine hearts were purchased from a local slaughterhouse and
were used to isolate coronary artery smooth muscle cells. No living
animals were used for the present study, and therefore there was no
concern over vertebrate animal use.

Cell culture. Bovine CAMs were cultured as described previously
(3, 42–45). Briefly, coronary arteries dissected from bovine hearts
were first rinsed with 5% FBS in medium 199 containing 25 mM
HEPES with 1% penicillin, 0.3% gentamycin, and 0.3% nystatin and
then cut into segments, and the lumen was filled with 0.4% collage-
nase in medium 199. After 30 min of incubation at 37°C, the arteries
were flushed with medium 199. The strips of denuded arteries were
placed into gelatin-coated flasks with medium 199 containing 10%
FBS with 1% L-glutamine, 0.1% tylosin, and 1% penicillin-strepto-
mycin. CAMs migrated to the flasks within 3–5 days. Once cell
growth was established, the arteries were removed and growing
CAMs were cultured in medium 199 containing 20% FBS. The
identification of CAMs was based on positive staining by an anti-�-
actin antibody. Cells of passages 2–4 were used in the present study.

Confocal analysis of LR clusters in CAMs. Individual LRs are too
small (�50 nm in diameter) to be resolved by standard light micros-
copy; however, if LR components are cross-linked in living cells,
clustered raft protein and lipid components can be visualized by
fluorescence microscopy. For microscopic detection of LR platforms,
CAMs were grown on glass coverslips and then treated with different
doses of Oxo (20–120 �M; Sigma, St. Louis, MO) for 15 min to
induce clustering of LRs. In additional groups of cells, LR disruptors
filipin (1 �g; Sigma) or methyl-�-cyclodextrin (MCD; 100 �M;
Sigma) or an ASMase inhibitor desipramine (Des, 10 �M; Sigma)
were added and incubated for 20 min before Oxo stimulation.

These cells were then washed in cold PBS and fixed for 10 min in
4% paraformaldehyde and blocked with 1% BSA in TBS for 30 min.
GM1 gangliosides enriched in LRs were stained by Alexa488-labeled
cholera toxin B (Alexa488-CTXB, 1 �g/ml) (Molecular Probes,
Eugene, OR). The stained cells were then extensively washed, fixed in
4% paraformaldehyde for another 10 min, and mounted on glass slide
with Vectashield mounting media (Vector, Burlingame, CA). The
staining of LRs was visualized using an Olympus scanning confocal
microscope (Olympus, Tokyo, Japan) at excitation/emission of 495/
519 nm. The patch or macrodomain formation of Alexa488-labeled
CTX, namely, gangliosides complex, represents the clusters of LR.
Clustering was defined as one or several intense spots or patches,
rather than diffuse fluorescence on the cell surface, whereas a vast
majority of unstimulated cells displayed a homogenous or diffuse
distribution of fluorescence throughout the membrane. In each exper-
iment, the presence or absence of clustering in 200 cells was inde-
pendently scored by unwitting researchers after the criteria for posi-
tive spots of fluorescence were specified. Cells that displayed a
homogenous distribution of fluorescence were indicated negative.
Results were given as the percentage of cells showing one or more
clusters after indicated treatments.

Colocalization of LR clusters and CD38, ASMase, or ceramide in
CAMs. For dual-staining detection of the colocalization of LRs and
ceramide or ASMase, CAMs were first incubated with Alexa488-
labeled CTX as described in Confocal analysis of LR clusters in
CAMs and then with mouse anti-ceramide IgM antibody (1:200;
Alexis Biochemicals, San Diego, CA) or goat anti-ASMase antibodies
(1:200; Santa Cruz, Santa Cruz, CA) separately in different groups of
cells, which was followed by Cy3-conjugated anti-mouse or Texas
red-labeled anti-goat (Molecular Probes, Eugene, OR) secondary
antibody as needed, respectively.

Fluorescence resonance energy transfer measurement. To further
determine the molecular complex in LR clusters, CAMs were stained
with tetramethylrhodamine isothiocyanate (TRITC) -labeled CTXB
and FITC-labeled anti-CD38 antibody and then visualized under a
confocal microscope. An acceptor bleaching protocol was employed
to measure the fluorescence resonance energy transfer (FRET) effi-
ciency (31, 36). After the prebleaching images were normally taken,
the laser intensity at an excitation wavelength of the acceptor (TRITC)
was increased from 50 to 98 W/cm2 and continued to excite the sample
cells for 2 min to bleach the acceptor fluorescence. After the excitation
intensity was adjusted back to 50 W/cm2, the postbleaching image
was then taken. The FRET images were obtained by the subtraction of
the prebleaching image from the postbleaching image and shown in
blue color. After the measurement of FITC fluorescence intensity in
images acquired at pre- and postbleaching as well as the FRET
images, a FRET efficiency was calculated through the following
formula: E � (FITCpost � FITCpre)/FITCpost 	 100% as described
previously (14), where FITC fluorescence intensity was obtained from
labeling of CD38.

Assay of ASMase activity. The activity of ASMase in CAMs was
determined as described in our previous studies (39). Briefly, homog-
enates from CAMs were centrifuged at 1,000 g for 10 min to remove
cell nuclei, and 50 �l of the supernatant homogenate were used for
enzyme activity analysis. The ASMase activity was measured using
radiolabeled substrate, [N-methyl-14C]-SM (Perkin-Elmer Life Sci-
ences). The assay mixture contained 100 nmol of SM (1,154 dpm/
nmol) in 100 mM sodium acetate (pH 5.0), 0.1% Triton X-100, and
0.1 mM EDTA. After incubation at 37°C for 1 h, the reaction was
stopped by adding 1.5 ml of chloroform:methanol (2:1 vol/vol), followed
by an addition of 0.2 ml of water. A portion of the aqueous phase was
transferred to scintillation vials and counted in a liquid scintillation
counter for radioactivity of the reaction product, [14C]choline phosphate.

Floatation of membrane LR fractions. To isolate LR microdomain
fractions from cell membrane, CAMs were lysed in 1.5 ml morpho-
linoethanesulfonic acid-buffered sample buffer containing (in �mol/l)
25 morpholinoethanesulfonic acid, 150 NaCl, 1 EDTA, 1 PMSF, and
1 Na3VO4 and a mixture of “complete” protease inhibitors and 1%
Triton X-100 (pH 6.5). Cell extracts were homogenized by five
passages through a 25-gauge needle. Homogenates were adjusted with
60% OptiPrep Density Gradient medium to 40% and overlaid with
discontinuous 30% to 5% OptiPrep Density Gradient medium. Sam-
ples were centrifuged at 32,000 rpm for 30 h at 4°C using a SW32.1
rotor. Fractions were collected from top to bottom. For immunoblot
analysis of LR-associated proteins, these fractions were precipitated
by mixing with equal volume of 30% trichloroacetic acid and 30 min
of incubation on ice. Precipitated proteins were spun down by cen-
trifugation at 13,000 rpm at 4°C for 15 min. The protein pellet was
carefully washed with cold acetone twice, air dried, and then resus-
pended in 1 mol/l Tris �HCl (pH 8.0), which was ready for immuno-
blot analysis.

Western blot analysis. For immunodetection of LR-associated
proteins, 50 �l of resuspended proteins were subjected to SDS-PAGE,
transferred onto a nitrocellulose membrane, and blocked as described
previously (41). The membrane was probed with primary monoclonal
antibodies of anti-flotillin-1 (1:1,000, a LR marker proteins; BD
Biosciences, San Jose, CA), anti-CD38 (1:1,000, BD Biosciences), or
anti-ASMase (1:1,000, Santa Cruz) overnight at 4°C, followed by an
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incubation with horseradish peroxidase-labeled anti-mouse or anti-
goat IgG (1:5,000). The immunoreactive bands were detected by
chemiluminescence methods according to the manufacturer’s instruc-
tion and visualized on Kodak Omat film. The intensity of the immu-
noreactive bands was quantified by densitometry.

HPLC analysis of ADP-ribosyl cyclase activity in CAMs. To
determine ADP-ribosyl cyclase activity, homogenates from CAMs
(100 �g protein) were incubated with 100 �M �-nicotinamide gua-
nine dinucleotide (�-NGD�) at 37°C for 90 min. �-NGD� was used
as a substrate to determine ADP-ribosyl cyclase activity because this
enzyme is able to convert NGD into cyclic GDP-ribose (cGDPR) at
the same reaction efficiency as working to convert �-NAD� into
cADPR, but cGDPR unlike cADPR may not be hydrolyzed by
cADPR hydrolase. Therefore, the use of �-NGD� will maximally
detect the production of this enzyme by the blockade of a further
hydrolysis of its products. After the reaction, the mixtures were
centrifuged at 4°C through an Amicon microultrafilter at 13,800 g to
remove proteins, and then cGDPR was analyzed by HPLC with a
fluorescence detector (Agilent 1100 series HPLC system and
G1321aspectrofluorometer). The excitation wavelength of 300 nm and
the emission wavelength of 410 nm were used to detect cGDPR
produced via cADP-ribosyl cyclase. All HPLC data were collected
and analyzed by an Agilent Chemstation. Nucleotides were resolved
on a 3-�m Supelcosil LC-18 column (4.6 	 150 mm) with a 5-�m
Supelcosil LC-18 guard column (4.6 	 20 mm, Supelco, Bellefonte,
BA). The injection volume was 20 �l. The mobile phase consisted of
150 mM ammonium acetate (pH 5.5) containing 5% methanol (sol-
vent A) and 50% methanol (solvent B). The solvent system was a
linear gradient of 5% solvent B in A to 30% solvent B in A over 1 min,
held for 25 min, and then increased to 50% solvent B over 1 min. The
flow rate was 0.8 ml/min. Peak identities were confirmed by the
comigration with known standards. Quantitative measurements were
performed by the comparison of a known concentration of standards.

Measurement of intracellular Ca2� concentration in CAMs. De-
termination of intracellular Ca2� concentration in CAMs was per-
formed to determine the contribution of LR-CD38 platforms to
cADPR-mediated Ca2� signaling. Briefly, CAMs were cultured on a
glass coverslip to reach �60–70% confluence, and the culture me-
dium was then removed. The cells were next loaded with fura-2
acetoxymethyl ester (fura-2 AM, 5 �M; Molecular Probes) at 37°C
for 30 min and incubated for 20 min to allow a complete hydrolysis
of intracellular fura-2 AM to fura-2 in a Ca2�-free Hanks’ buffered
saline solution containing (in mM) 137 NaCl, 5.4 KCl, 4.2 NaHCO3,
3 Na2HPO4, 0.4 KH2PO4, 0.5 MgCl2, 0.8 MgSO4, 10 glucose, and 10
HEPES (pH 7.4). The coverslip was mounted horizontally on a Nikon
Diaphoto TMD inverted microscope (Nikon, Japan). Oxo (80 �M)
was added to the bath solution to induce Ca2� release. This dose of
Oxo was used in our several previous studies where muscarinic type
1 (M1) receptor was activated and cADPR and related Ca2� release
were produced in CAMs (11, 38). To examine the specificity of Oxo
and the role of LRs in Oxo-induced Ca2� release, the cells were
pretreated for 15 min with 8-bromo-cADPR (8-Br-cADPR, a cADPR
antagonist at 30 �M), LR disruptors, filipin (1 �g) or MCD (100 �M),
or an ASMase inhibitor, Des (10 �M), and then Oxo-induced Ca2�

release was redetermined. All these experiments were conducted in
Ca2�-free Hanks’ buffer. A SPOT digital camera (SPOT RT Mono-
chrome; Diagnostic Instruments) was used to record fura-2 fluores-
cence images. Metafluor imaging and analysis software (Universal
Imaging) was used to acquire, digitize, and store the images.

Vascular reactivity in perfused small coronary arteries in vitro.
Vascular reactivity in isolated perfused and pressurized small bovine
coronary artery was measured as described previously (11). The
intramural coronary arteries (
300 �m in diameter) were dissected
from fresh cow hearts and assembled between two glass tips. After a
60-min equilibration period under the transmural pressure of 60
mmHg, Oxo (80 �M) was added to the bath solution to induce
vasoconstriction. When Oxo-induced contraction reached a stable

plateau, the internal diameters of the arteries were measured and
recorded. To examine the contribution of ASM/ceramide and LR/
CD38 pathway to Oxo-induced vasoconstriction, the arteries were
pretreated for 20 min with one of the following compounds: nicotin-
amide (Nicot; 6 mM; an inhibitor of ADP-ribosyl cyclase), 8-Br-
cADPR (30 �M; a cADPR antagonist), LR disruptors, MCD (100
�M), and filipin (1 �g), or an ASMase inhibitor, Des (10 �M). Oxo
(80 �M) was added and the vasoconstrictor response was observed as
described in the protocol without these components. The contractile
responses to Oxo were expressed as the percent reduction in vascular
internal diameters.

Statistics. Data are presented as means � SE. Significant differ-
ences between and within multiple groups were examined using
ANOVA for repeated measures, followed by Duncan’s multiple-range
test. Student’s t-test was used to determine the significance of differ-
ence in two groups of experiments. P 
 0.05 was considered statis-
tically significant.

RESULTS

Cofocal microscopy of Oxo-induced LR clustering in CAMs.
Figure 1A presents the typical fluorescent confocal microscopic
images depicting Alexa488-CTX-labeled patches on the cell
membrane of CAMs. Under the resting condition (control),
there was only a diffuse fluorescent staining on the cell mem-
brane, indicating a possible distribution of a single LR. When
CAMs were incubated with Oxo, some large fluorescent dots
or patches were detected on the cell membrane, indicating LR
patches or macrodomains. Figure 1B summarized the effects of
different doses of Oxo on the LR clustering by counting these
LR clusters or patches. It was found that under control condi-
tion, CAMs displayed a small percentage with LR clustering
(19.6 � 3.9%). After these cells were stimulated with Oxo,
LR-clustered positive cells increased significantly in a dose-
dependent manner. At 80 �M, Oxo increased LR clustering by
65.7 � 9.4% (P 
 0.05, n � 5). This Oxo-induced LR
clustering effect was abolished by LR disruptors, MCD and
filipin, respectively. Des, a selective inhibitor of ASMase, also
inhibited this Oxo-induced LR clustering.

Oxo-induced FRET between CD38 and LR component,
GM1. FRET was detected by FITC-labeled anti-CD38 antibody
and TRITC-labeled CTX. As shown in Fig. 2A, top, the green
image showed the FITC-labeled anti-CD38 antibody, whereas
the red image showed a labeling of GM1 by TRITC-CTX. The
overlaid image mainly showed colocalization, but a subtraction
of pre- from postimage on FITC image represents FRET in that
we used an acceptor (TRITC) bleaching protocol. In this
protocol, TRITC was bleached, and therefore the normally
weakened FITC signal due to energy transferring into neighbor
molecules could be enhanced. The increase in the FITC-
labeled CD38 signal indicates the increase of FRET efficiency,
which was derived from the blockade of acceptation of photons
by TRITC (bleached). Under control conditions, when two
images were overlaid, there was no yellow spots or patches
detected. When CAMs were stimulated by Oxo, yellow spots
were seen, which represent a colocalization of GM1 and CD38
(right). The green fluorescence intensity of FITC-anti-CD38
antibody (middle) increased after the acceptor of TRITC label-
ing CTX was bleached during Oxo stimulation, whereas the
red fluorescence intensity of TRITC labeling CTX almost
disappeared due to bleaching. Under this condition, there was
no yellow spot detectable in the overlaid image. Figure 2A,
bottom, showed a subtracted image between the pre- and
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postacceptor bleaching, and the blue color intensity repre-
sented increased FITC fluorescence due to FRET. Figure 2B
showed the summarized results of FRET analysis. When com-
pared with control (5.3 � 0.9%), the efficiency of FRET in the
Oxo-treated group of CAMs increased significantly to 15.5 �
1.9% (P 
 0.01, n � 5). When a same molecule of the cells
(CD38) was stained by FITC-labeled primary antibody fol-
lowed by TRITC-labeled secondary antibody and subjected to
FRET protocol, a maximal FRET efficiency was 25% (data not
shown). Pretreatment with LR disruptors, MCD or filipin,
decreased the FRET efficiency remarkably. In addition, FRET
efficiency was also inhibited by Des, an ASMase inhibitor
(Fig. 2B).

CD38 aggregation in isolated LR fractions. By Western blot
analysis, the expression of flotillin-1, a LR specific marker,

was primarily found in the fractions between the 5% and 30%
gradients, which was referred to LR fractions previously (27).
As shown in Fig. 3, the ratio of CD38 levels in LR fractions to
those in other fractions were summarized, because their clus-
tering in LR fractions of cell membrane, rather than increase in
expression, is comparable. CD38 could be detected in most of
the membrane fractions from CAMs under control conditions.
There was a marked increase in CD38 protein in LR fractions
when these cells were stimulated by Oxo. However, when the
cells were pretreated by MCD, filipin, or Des, a Oxo-induced
increase in CD38 in LR fractions was significantly blocked.

Contribution of ceramide and ASMase to Oxo-induced LR
clustering. To examine whether ASMase/ceramide is involved
in Oxo-induced LR clustering and whether Oxo-induced LR
clustering forms ceramide-enriched macrodomains, we stained
CAMs with Alexa488-CTX and Texas red-conjugated anti-
ASMase antibody or Cy3-labeled ceramide. As shown in
Fig. 4, Oxo stimulation caused an aggregation of both ceramide
(Fig. 4A) and ASMase (Fig. 4B) in LR clusters (colocalized
with CTX-labeled GM1), which were exhibited by yellow dots

Fig. 2. Fluorescence resonance energy transfer (FRET) between a fluorophore
pair, FITC (donor) and tetramethylrhodamine isothiocyanate (TRITC; accep-
tor) labeled anti-CD38 antibody and LR component, GM1 binder, CTXB,
respectively. Acceptor (TRITC) bleaching protocol was applied to detect the
FRET efficiency. A: typical images depicting FRET between FITC-conjugated
anti-CD38 antibody and TRITC-conjugated CTXB in a control and Oxo-
treated CAM, respectively. B: means � SE of FRET efficiency from 5
experiments. Oxo was found to increase the FRET efficiency, and LR disrup-
tors, MCD (100 �M), filipin (1 �g) or ASMase inhibitor Des (10 �M)
attenuated Oxo-induced increase in FRET efficiency. **P 
 0.01 vs. control;
##P 
 0.01 vs. Oxo-treated group.

Fig. 1. Oxotremorine (Oxo)-induced lipid-raft (LR) clustering in coronary
arterial myocytes (CAMs) membrane in the absence or presence different LR
disruptors. A: representative images of control and Oxo-stimulated CAMs
stained with Al488-cholera toxin B (CTXB). B: CAMs were stimulated with
different doses of muscarinic type 1 (M1) receptor agonist, Oxo (20–120 �M)
for 15 min to induce LR clustering. C: CAMs were stimulated with Oxo (80
�M, 15 min) before and after pretreatment with LR disruptors, methyl-�-
cyclodextrin (MCD; 100 �M), filipin (1 �g), or with a selective acid sphin-
gomyelinase (ASMase) inhibitor, desipramine (Des, 10 �M) for 20 min.
Shown is the percentage of cells displaying LR clustering. Values presented
are means � SE (n � 5 experiments with analysis from more than 1,000 cells).
*P 
 0.05 and **P 
 0.01 vs. control; ##P 
 0.01 vs. Oxo-treated group.
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or patches (right). When these cells were pretreated by either
MCD or filipin, both CTX clusters (Alexa488 green fluores-
cence) and aggregated ASMase (Texas red fluorescence) or
ceramide (Cy3 fluorescence) were no longer observed. Corre-
spondingly, in isolated LR fractions, ASMase was found to be
increased in CAMs treated with Oxo, whereas in other frac-
tions, ASMase contents remained unchanged or reduced. How-
ever, in the presence of LR disruptors, MCD or ASMase
inhibitor, Des, this redistribution of ASMase induced by Oxo
was abolished (Fig. 3).

To further confirm whether ASMase is involved in Oxo-
induced LR clustering, we directly measured ASMase activity
in CAMs. As shown in Fig. 5A, Oxo treatment of CAMs for 15
min markedly increased ASMase activity in CAMs, which was

substantially inhibited by ASMase inhibition with Des. How-
ever, LR disruptors, MCD or filipin, only had minimal inhib-
itory effect on Oxo-induced enhancement of ASMase activity,
suggesting that ASMase activation may precede LR clustering.

Role of ceramide-enriched lipid platforms with CD38 in
Oxo-induced increase in ADP-ribosylcyclase activity in CAMs.
To explore the functional significance of ceramide-enriched
lipid platforms with CD38 in CAMs, we directly observed the
Oxo-induced increase in CD38 activity by HPLC in these cells
before and after a pretreatment with LR disruptors, MCD or
ASMase inhibitor, Des. As shown in Fig. 5B, the conversion
rate of �-NGD to cGDPR was 43.1 � 1.9 under control
conditions. When cells were incubated with Oxo, the rate was
increased significantly (57.6 � 3.9). Pretreatment of CAMs
with ADP-ribosylcylase inhibitor, Nicot, significantly inhibited
Oxo-induced production of cADPR. MCD and filipin also
inhibited the effects of Oxo significantly.

Association of ceramide-enriched lipid-CD38 platforms
with Oxo-induced intracellular Ca2� release in CAMs. To
further determine the role of ceramide-enriched lipid-CD38
platforms in the regulation of intracellular Ca2� release, we
examined Oxo-induced intracellular Ca2� release in CAMs
under control conditions and when they were treated with LR
disruptors, MCD or filipin, and ASMase inhibitor, Des. In
Fig. 6A, typical microscopic digitalized signal plots of Ca2�

release within CAMs bathed in Ca2�-free solution are pre-
sented. It is clear that in the presence of 8-Br-cADPR (a
cADPR antagonist), Des, MCD or filipin, Oxo-induced Ca2�

release in CAMs was significantly reduced compared with Oxo

Fig. 4. Confocal microscopic analysis of ceramide (Ceram) and ASMase
colocalization in LR clusters in CAMs. A: the cells stained with Texas red
(TR)-conjugated anti-ASMase antibody and Alexa488 (Al488)-CTXB. B: the
cells stained with Cy3-conjugated anti-ceramide antibody and Alexa488-
CTXB. Ceramide and ASMase were found to be colocalized with LR marker
when CAMs were stimulated by Oxo. This Oxo-induced colocalization can be
blocked by pretreatment of the cells with LR disruptors (MCD or filipin) and
ASMase inhibitor, Des.

Fig. 3. Western blot analysis of CD38 and ASMase in LR fractions isolated
from CAMs stimulated by Oxo. A: CAMs were treated with Oxo (80 �M, 15
min) alone or with 20-min pretreatment of MCD (100 �M), filipin (1 �g), or
Des (10 �M). Fractions between 5% and 30% gradients were designated as
LRs as indicated by the marker protein flotillin-1. The blot pattern for CD38
and ASMase represents 5 individual experiments. B: quantified data of the ratio
of CD38 or ASMase in LR fraction to that of total in each membrane blot
(LR/Total). It was found that Oxo stimulated both CD38 and ASMase
aggregation into LR fractions, which was significantly attenuated by LR
disruptors and ASMase inhibitors. *P 
 0.05 vs. control; #P � 0.05 vs. control
(n � 5 experiments).
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stimulation alone. Calculated Ca2� concentrations under dif-
ferent conditions are presented in Fig. 6B. In response to Oxo
stimulation, intracellular Ca2� concentration increased from
149.8 � 32.7 to 495.0 � 130.6 nM in CAMs. This Oxo-
induced increase in intracellular Ca2� levels could be attenu-
ated or blocked by inhibition of LR clustering or formation
of ceramide-enriched platforms either with LR disruptors or
ASMase inhibitor.

Role of ceramide-enriched lipid platforms with CD38 in
Oxo-induced vasoconstriction. Consistent with our previous
reports (11, 43), we found that in the presence of Nicot or
8-Br-cADPR, the Oxo-induced contraction of small coronary
arteries was significantly attenuated. The maximal contraction
decreased from 47.2 � 6.8% to 21.1 � 4.2% or 27.3 � 4.8%,
respectively (n � 5). In the presence of MCD or filipin, the
Oxo-induced contraction was also significantly reduced to a
very similar extent to that induced by Nicot or 8-Br-cADPR.
When ASMase inhibitor, Des, was used to treat the coronary

arteries, the maximal contraction induced by Oxo decreased
from 47.2 � 6.8% to 26.5 � 3.9% (n � 5) (Fig. 6C).

DISCUSSION

The main findings of the present study are that 1) Oxo
induced LR clustering in CAMs as shown by the formation of
larger membrane LR patches as detected by confocal micros-
copy; 2) Oxo induced an aggregation of CD38 in LR clusters
with enriched ceramide, which resulted in the increased activ-
ity of CD38 as ADP-ribosylcyclase, and disruption of LRs
inhibited the effects of Oxo on this enzyme activity; and
3) blockade of ASMase/ceramide inhibited Oxo-induced LR
clustering and consequent CD38 activation and cADPR pro-

Fig. 6. Association of ceramide-enriched lipid-CD38 platforms with Oxo-
induced intracellular Ca2� release in CAMs and vessel constriction in small
coronary arteries. A: representative recording of fura-2 Ca2� signals by a high
speed wavelength switch microscopic imaging system. F340/F380, emission
fluorescence ratio with excitation at 340 and 380 nm. B: summarized intracel-
lular free Ca2� level in CAMs treated with Oxo (80 �M, 15 min) alone or with
20-min pretreatment of MCD (100 �M), filipin (1 �g), 8-bromo-cADPR
(8-Br; 30 �M), or Des (10 �M). Values are means � SE from 5 experiments.
[Ca2�]i, intracellular Ca2� concentration. C: summarized data showing the
constriction of small coronary arteries treated with Oxo (80 �M, 15 min) alone
or with 20 min pretreatment of MCD (100 �M), filipin (1 �g), or Nicot (6 mM)
or Des (10 �M). Values are means � SE of 5 experiments. *P 
 0.05 vs.
Oxo-treated group.

Fig. 5. Effects of Oxo on ASMase and ADP-ribosylcyclase activity in CAMs
in the absence or presence of LR disruptors. A: summarized ASMase activity
of CAMs treated with Oxo (80 �M, 15 min) alone or with 20-min pretreatment
of MCD (100 �M), filipin (1 �g), or Des (10 �M). Values are means � SE of
5 experiments. Prot, protein. **P 
 0.01 vs. control; #P 
 0.05 vs. Oxo-
treated group. B: summarized ADP-ribosylcyclase activity of CAMs treated
with Oxo (80 �M, 15 min) alone or with 20-min pretreatment of MCD (100
�M), filipin (1 �g), or nicotinamide (Nicot; 6 mM) or Des (10 �M). Values are
means � SE from 5 experiments. **P 
 0.01 vs. control (Ctrl); #P 
 0.05 vs.
Oxo-treated group; ##P 
 0.01.
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duction, whereby an Oxo-induced increase in intracellular Ca2�

release and vasoconstriction was significantly attenuated. These
results support our hypothesis that ceramide-enriched LR plat-
forms mediate Oxo-induced transmembrane signaling of CD38
and thereby activate its ADP-ribosylcyclase to produce cADPR in
CAMs.

Despite the increasing evidence that cADPR signaling be-
comes an essential mechanism in the regulation of the intra-
cellular Ca2� level in a variety of mammalian cells (6, 19), so
far it remains unknown what mechanism mediates cADPR
production in response to various agonists or stimuli and how
a transmembrane signaling upon agonist stimulation occurs to
activate cADPR producing enzyme and leads to responses of
intracellular effectors. Moreover, there is evidence that CD38,
a major enzyme producing cADPR in mammalian cells or
tissues, is mainly present on the surface of cells serving as an
ectoenzyme (1). It is imperative to know how an ectoenzyme
could produce a second messenger to mediate intracellular
Ca2� signaling as an important function of cADPR. In the
present study, we tested a novel hypothesis that LRs may form
a signaling platform in vascular smooth muscle cells where
CD38 can be aggregated and activated to produce cADPR
when these cells are stimulated by agonists. This LRs-mediated
transmembrane signaling may represent a novel mechanism
initiating cADRP production and subsequent signaling cas-
cade. The rationale of this hypothesis is based on the fact that
the LRs may serve as anchoring platforms for organizing
components of the signal transduction systems (8, 12, 30) and
thereby participate in cellular signaling. In this regard, these
LRs are known as specialized membrane microdomains rich of
cholesterol and sphingolipids, which act as organizing centers
by sequestering specific sets of proteins for different cellular
activities such as membrane molecular trafficking and signal
transduction (2). In vascular smooth muscle cells, LRs have
been demonstrated to play an important role in several cell
signaling pathways, such as agonist-induced Ca2� release,
phosphorylation of EGF receptor, and activation of RhoA (7,
17, 24). Using confocal microscopic analysis of GM1 labeling
by CTX as a marker of LR clusters, we found that under
control conditions, LRs were diffusely distributed throughout
the membrane of CAMs and that stimulation of these cells with
Oxo resulted in a dose-dependent formation of CTX-positive
fluorescent patches, which represented LR clusters or mac-
rodomains. This suggests that LR clustering occurs in arterial
smooth muscle cells in response to agonists such as Oxo.
Given its well-known signaling role, this LR clustering may be
of importance in mediating signal transduction or functional
response in these vascular smooth muscles. Indeed, we dem-
onstrated that this LR clustering was coupled to CD38 aggre-
gation, as shown in confocal microscopic colocalization anal-
ysis, FRET detection, and membrane flotation of LR fractions.
These LR-CD38 complex or membrane platforms may result in
CD38 translocation and activation by agonists such as Oxo. To
our knowledge, these results for the first time provide direct
evidence that LRs are able to be clustered with aggregation of
CD38 in vascular smooth muscle cells. In previous studies, this
LR-mediated CD38 clustering was also reported in T-cells or
B-cells, which participates in the regulation of T-cell or B-cell
function by facilitating critical associations or interactions with
other signaling molecules such as myosin heavy chain class II,
CD9, N-Ras, Akt, Erk, Lck and CD3-� (4, 25, 46, 48).

However, the regulation of lymphocyte function by LR clus-
tering has not been linked to its function of cADPR production
and consequent Ca2� mobilization.

In the present study, we provided further evidence that the
aggregation of CD38 via LR clustering is involved in the activa-
tion of this enzyme to produce cADPR. By HPLC analysis of
cGDPR production as an ADP-ribosyl cyclase activity, Oxo was
found to significantly increase the activity of CD38 in CAMs,
which was blocked by LR disruptors MCD and filipin. This
suggests that LR clustering in these cells importantly contrib-
ute to the activation of CD38 as a cADPR-producing enzyme.
To further determine the role of LR clustering in cADPR-
mediated signaling, we addressed whether the activation of
CD38 via LR clustering is attributed to Oxo-induced Ca2�

release response in CAMs. It has been reported that CD38 is a
crucial pathway mediating Ca2� release, and our previous
work also demonstrated that cADPR-mediated Ca2� mobiliza-
tion represents an important signaling pathway participating in
the Ca2� regulation in vascular smooth muscle cells and in the
vasoconstrictor response of coronary arteries when M1 ACh
receptor is activated (40). Consistent with these previous stud-
ies, the present study found that Oxo induced Ca2� release
from the SR in CAMs buffered in Ca2�-free solution and that
8-Br-cADPR, an antagonist of cADPR, could block the action
of Oxo. Interestingly, in the presence of LR disruptors, MCD
or filipin, Oxo-induced Ca2� release was substantially attenu-
ated. In another series of experiments, we also examined the
contribution of this LR clustering with CD38 to the vasocon-
strictor response to Oxo. It was found that Oxo induced
significant vasoconstriction with a maximal response of 47.2 �
6.8% in perfused and pressurized small coronary arteries,
which was significantly blocked by the LR disruptor, MCD or
filipin. Taken together, these results indicate that LRs and their
clustering importantly participate in the regulation of vascular
function associated with CD38 activation and cADPR-medi-
ated Ca2� release in coronary arteries. To our knowledge, this
represents the first report elucidating the functional association
of LR clustering with CD38 activity to produce cADPR in the
regulation of intracellular Ca2� level of arterial myocytes and
vasomotor response in coronary arteries. Previous studies also
demonstrated the formation of LR-CD38 complex in lympho-
cytes in response to different stimuli (4, 25, 46). However,
these studies did not demonstrate the correlation between the
production of cADPR and agonist receptor functions when LR
clustering occurred, but they assumed that CD38 may serve as
a pleiotropic molecule in LR clusters, whose behavior or
function is independent from its enzymatic activity in these
cells (46). In some other studies, CD38 in LRs has been
demonstrated as an interacting membrane molecule to facilitate
the formation of different signaling complex in lymphocytes,
which activates several different phosphorylation pathways to
regulate cell proliferation or apoptosis (7, 48).

It should be noted that although Oxo or M1 agonist may not
be a major regulator of coronary vascular tone under physio-
logical conditions, the use of this compound represents a
prototype of agonists that stimulates cADPR production and
induces vasoconstriction of bovine coronary arteries because
bovine coronary arteries did not respond to angiotensin II or
norepinephrine to produce vasoconstriction based on our ex-
perience working on this type of arteries for more than 10
years. Another comparable vasoconstrictor in these arteries is
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to thromboxane A2 mimetic, U-46619, a commonly used
agonist in these bovine arteries, but this compound produces
vasoconstriction through Ins(1,4,5)P3 independent of LRs.
With respect to agonists or stimuli that use cADPR as second
messengers, recent studies have demonstrated that there are
Oxo in smooth muscle cells, cholecystokinin in pancreatic
acinar cells, glucose in pancreatic �-cells, physiological con-
tact or fertilization in the eggs, histamine and oxytoxin in
myometrial cells, and thrombin in platelets. Based our results
in using Oxo, an agonist producing comparable vasoconstric-
tion to Ins(1,4,5)P3 stimulator, we believe the LR-mediated
activation of ADP-ribosylcyclase demonstrated in the present
study is mainly attributed to this type of agonists. This LR-
signaling mechanism may not be used by other Ca2� regula-
tory pathways.

To explore the mechanism by which Oxo induces the for-
mation of LR clusters with CD38 in CAMs, we tested a
hypothesis that ASMase or ceramide plays a critical role in
Oxo-induced LR clustering and thereby contributes to corre-
sponding functional changes in CAMs or coronary arterial
smooth muscle. There is considerable evidence that rapid
activation and translocation of ASMase into cell membrane
trigger or facilitate the formation of LR clusters in response to
different stimuli (22). Recent studies in our laboratory have
shown that lysosome-associated vesicle transportation or traf-
ficking of ASMase from intracellular compartments to cell
membrane is a prerequisite for ASMase activation in the
process of LR clustering in endothelial cells (18). This
ASMase translocated into cell membrane hydrolyzes SM to
produce ceramide and leads to the formation of ceramide-
enriched macrodomains or LR platforms, which cluster or
recruit some receptors or signaling molecules (22). The present
study provided several lines of evidence that this translocated
ASMase and consequently produced ceramide are present in
LR clusters with CD38 in CAMs and that ceramide production
from ASMase importantly contributes to the formation and
function of LR clusters with CD38. First, under stimulation of
Oxo, ASMase and ceramide were found to be aggregated in LR
clusters with CD38, as shown by the colocalization of GM1

labeled by Alexa-CTX and ASMase, and ceramide labeled by
Texas red-conjugated anti-ASMase antibody and Cy3-conju-
gated anti-ceramide antibody, respectively. Second, by mem-
brane floatation, ASMase was found to be enriched in LR
fractions and ASMase activity significantly increased in these
fractions. The ASMase inhibitor, Des, could block these ef-
fects, but LR disruptors did not have obvious effects on
Oxo-induced ASMase activation. These results suggest that
ASMase enrichment and activation are involved in Oxo-in-
duced LR clustering, and even ASMase activation precedes the
LR clustering because the LR disruptors could not block the
increased ASMase activity stimulated by Oxo. Third, a bio-
chemical analysis demonstrated that ASMase inhibition by Des
significantly blocked ADP-ribosylcyclase activity of CD38 in
CAMs, indicating that ASMase importantly contributes to
CD38 activation to produce cADPR. Fourth, functional studies
by the measuring intracellular Ca2� level in CAMs and the
vasoconstrictor response of coronary arteries to Oxo provided
evidence that ASMase inhibition attenuated the effect of Oxo-
induced Ca2� activation and vasoconstriction in these arteries.
All these results support the view that ASMase and its product
ceramide pathway play a crucial role in Oxo-induced LR

clustering and consequently CD38 activation and that the
formation of these ceramide-enriched lipid platforms impor-
tantly participate in the CD38-cADPR-mediated signaling
upon activation of M1 receptor in CAMs.

Oxo or some other agonists may produce Ca2� release and
consequent vasoconstriction through several pathways such as
activation of plasma membrane Ca2� channels and Ins(1,4,5)P3

production and resulting intracellular Ca2� release. However,
these two pathways will be blocked by using a Ca2�-free bath
solution in our Ca2� assay and vasoreactivity studies as a
routine in such studies. Under this condition, Ca2� influx is
blocked and therefore its role in mediating Oxo action was
minimized. In addition, it was reported that when cells are
bathed in Ca2� free solution, PLC failed to respond to any
stimulus to produce Ins(1,4,5)P3 (34). Therefore, there was
only a minimal action of Ins(1,4,5)P3 in such preparations.
However, our results did not exclude the action of Ca2� influx
or Ins(1,4,5)P3 in the action of Oxo or other agonists under
other conditions.

There was a concern regarding alternative pathways for
cADPR production. It has been demonstrated that a soluble
protein, ADP-ribosyl cyclase and its membrane-bound homol-
ogous CD38 and CD157, are involved in the production of
cADPR with the substrate NAD� by a cyclizing reaction (9,
23), which has been shown in a variety of cells and tissues such
as sea urchin eggs, pancreatic acinar cells, human T lympho-
cytes, rat brain, and rat smooth muscle cells. Over the last 10
years, we have demonstrated that this cADPR-mediated Ca2�

signaling is present in cardiovascular tissues such as the myo-
cardium, renal microvessel, and coronary arteries (10, 32, 38).
We also demonstrated that ADP-ribosylcyclases activity is
primarily derived from CD38 (a GPI-anchored protein) in
coronary arterial smooth muscle. In addition, other studies
reported that CD38 internalization is of importance in mediat-
ing cADP-ribose production in cell cytosol (14, 47). Therefore,
based on current understanding, the high level of ADP-ribo-
sylcyclase activity to convert NAD� to cADPR may be asso-
ciated with the internalization of a membrane-bound enzyme,
although there may be some unidentified pathways. One such
unidentified pathway was reported recently in myometrial
cells, which possesses ADP-ribosylcyclase activity to produce
cADPR and NAADP independent of CD38 and CD157 (28). In
addition, CD38-mediated cADPR has been reported to be en-
hanced by protein kinase A and cAMP-regulated guanine nucle-
otide exchange factor II (20). It seems that different type of cells
may use different enzymatic pathways to produce cADPR. This
CD38-independent pathway for cADPR production has not yet
been demonstrated in vascular smooth muscle cells. However,
our results in the present studies did not exclude the role of this
CD38-independent pathway in mediating vascular reactivity
under other conditions or when these cells are stimulated by
other agonists.

In summary, the present study demonstrated that Oxo stim-
ulated LR clustering in CAMs and that a membrane signaling
complex or platforms could be formed by LR clustering. This
LR clustering or formation of signaling platforms importantly
participates in Ca2� transient response of CAMs to Oxo and
corresponding coronary arterial constriction. The Oxo-induced
formation of LR signaling platform with CD38 as a complex
was dependent on the enrichment and activation of ASMase
and consequent production of ceramide. Therefore, it is the
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ceramide-enriched macrodomain or lipid platforms that medi-
ate the action of Oxo in mediating CD38 translocation and
activation, thereby producing cADPR to induce Ca2� release
from the SR of CAMs. This LR clustering and consequent
formation of signaling platforms may represent an important
mechanism that is implicated in CD38/cADPR-mediated sig-
naling in coronary arterial smooth muscle in response to
vasoactive agonists such as Oxo.
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