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We report that cultured vascular smooth muscle cells
Ceramide is a lipid second messenger generated by contain basal ceramide levels that can be increased by

membrane hydrolysis of sphingomyelin by sphingomy- incubation with sphingomyelinase. We also report that
elinase, but a role for this novel signaling pathway in treatment of contracted blood vessel segments with
vascular smooth muscle has not been elucidated. both ceramide and sphingomyelinase results in concen-Based upon observations of cytokine-induced in- tration-dependent relaxation.creases in sphingomyelinase activity, we hypothesized
that ceramide plays a cell signaling role in vasodila-
tion. Here, we demonstrate that ceramide is present MATERIALS AND METHODS
at significant basal levels in cultured vascular smooth
muscle cells and that these levels may be increased Cell culture. Vascular smooth muscle cells (VSMCs) were isolated
using exogenous sphingomyelinase. We also report and cultured by explantation. Briefly, segments of Sprague Dawley
that both exogenously added ceramide and sphingo- rat thoracic aorta cleaned of adherent fat, connective tissue and endo-
myelinase cause dose-dependent relaxation in phenyl- thelium were seated in Dulbecco’s modified essential medium

(DMEM) supplemented with 10% fetal bovine serum. After a 7-10ephrine-contracted endothelium-denuded rat thorac-
day period of VSMC proliferation, tissue segments were removed,tic aortic rings. We conclude that the ceramide signal-
and VSMCs were passaged upon confluency. Cells were maintaineding pathway represents a novel signal transduction
through 10-15 passages in DMEM supplemented with 5% fetal bo-

mechanism for vasodilation. q 1997 Academic Press vine serum.

Ceramide measurement. For extraction of cellular lipids, the
methods of Van Veldoven and Bell were used (4). Lipids were ex-
tracted VSMCs after treatment with SMase or vehicle for the indi-

Ceramide is a sphingolipid second messenger formed cated time points. Ceramide measurement was carried out with the
by hydrolysis of membrane sphingomyelin by sphingomy- methods of Preiss, et al. (5). Known concentrations of 1,2-dioleoyl-sn-

glycerol and type III ceramides were used to obtain standard curves.elinase (SMase, 1). Membrane-bound neutral SMase is a
Protein was determined using the Bio-Rad protein assay kit.member of a superfamily of lipid mediator-generating

enzymes including phospholipase A, phospholipase C and Vessel preparation. Male Sprague Dawley rats weighing approxi-
mately 200-250 g were used for this study. After anesthetizing withphospholipase D (2). The A, C, and D forms of phospholi-
pentobarbital (50 mg / kg), the chest was opened and the thoracicpase have well-defined roles in vascular smooth muscle
aorta removed and placed in cold physiologic salt solution (PSS)(130in the context of contraction via generation of lipid second mM NaCl, 4.5 mM KCl, 1.18 mM KHPO4, 1.17 mM MgSO4, 1.6

messengers such as arachidonic acid, diacylglycerol, and mM CaCl2-2H2O, 14.9 mM NaHCO3, 5.5 mM dextrose, and 0.03 mM
phosphatidic acid. While ceramide has been shown to CaNa2 EDTA). Each aorta was cleaned of adherent fat and connective

tissue and cut into rings (4 mm long). Endothelium was removedmediate intracellular signals of cytokines such as such
from the rings by gently rubbing the lumen with the tips of a pairTNF-a, g-INF, and IL-1b (1,3), such a role has not yet
of forceps.been defined for sphingomyelinase and the second mes-

Relaxation response to ceramide/SMase. Aortic rings were mountedsenger ceramide in vascular smooth muscle. Because
between a force transducer (Grass F&03, Quincy, MA) and a displace-these cytokines are all vasodilators, we hypothesized that
ment device in a jacketed organ bath filled with PSS, gassed withceramide plays a signaling role in vascular smooth mus- 95% O2 and 5% CO2, and maintained at 377C. Isometric force was

cle relaxation. measured throughout the experiment. A passive force of 3 g was
applied to the rings for an equilibration period of 1 hr, during which
indomethacin (1005 M) was added to inhibit cyclooxygenase. A con-
centration response curve to phenylephrine (1009 to 1005 M) was1 Correspondence should be addressed to Douglas G. Johns, De-

partment of Physiology, University of Michigan Medical School, Med- constructed for each ring to determine the concentration producing
a half-maximal (EC50) contractile response to phenylephrine. Afterical Science II, Room 7812, 1301 Catherine Road Ann Arbor, MI

48109-0622. Fax: (313) 647-7950. the effects of phenylephrine were washed out, vessel segments were
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solution in 95% ethanol. The concentration of ethanol in the organ
bath did not exceed 0.1%. sn-1,2-Diacylglycerol assay kit was pur-
chased from Amersham Life Sciences.

Statistics. Data are presented as means { standard error of the
mean. For two-group comparisons, Student’s t test was used, with a
p-value less than 0.05 being considered significant.

RESULTS AND DISCUSSION

Cultured VSMCs were used between passages 10
and 15 for this experiment. In the absence of SMase
incubation, VSMCs contained basal levels of ceramide
(0.3 nmol/mg protein). Treatment of VSMCs with exog-
enous SMase (0.1 U/ml) resulted in a time-dependent
increase in intracellular ceramide, ranging from a 12-
fold increase at 5 min, to 17-fold at 30 min (Figure 1).
The basal levels of ceramide determined in this experi-
ment fall within the range of basal values found in
other cell types such as vascular endothelial cells (ap-FIG. 1. Incubation of vascular smooth muscle cells (VSMCs) with
proximately 0.5 nmol/mg prot.), NIH 3T3 fibroblasts0.1 U/ml SMase increases intracellular ceramide. Cultured VSMCs

were treated with 0.1 U/ml SMase for the indicated time points. Basal (6), and human polymorphonuclear leukocytes (7). Pre-
ceramide levels were determined in cells not treated with SMase. vious groups have shown that treatment of various cell
Intracellular ceramide was measured using the methods of Van Veldo- types with SMase results in significant increases inven, et al., and Preiss, et al. (4,5). Stimulated levels measured at 5

intracellular ceramide levels , ranging from 3 to 17-min and longer were significantly greater than basal (p õ 0.05).
fold increase above baseline values at similar time
points (8, 9 ). Therefore, our results are similar to those
reported for other cell systems.contracted with an EC50 dose of phenylephrine. When the contraction

Treatment of phenylephrine-contracted endothe-reached a plateau phase, ceramide (N-acetyl-D-sphingosine, 1009 to
1005 M) or bacterial sphingomyelinase (0.001 to 0.1 U/ml) was added lium-denuded rat thoracic aortic rings with ceramide
cumulatively to the bath. The relaxation response was normalized resulted in a dose-dependent relaxation, with a maxi-
to the percent of the contraction induced by EC50 phenylephrine. mum relaxation of 40% at 10 mM (Figure 2A). For these

Pharmacological agents. The following compounds were used in experiments, a more cell permeant form of ceramide, N-
this experiment: Type III ceramides from bovine brain, N-acetyl-D- acetyl-sphingosine (C2-ceramide), dissolved in absolutesphingosine, sphingomyelinase (from B cereus), phenylephrine HCl,

ethanol was used. Ethanol concentrations in the mus-indomethacin were purchased from Sigma Chemical Co., St. Louis,
MO. N-Acetyl-D-sphingosine was prepared as 2 1 1002 M a stock cle bath did not exceed 0.1%. In a similar set of experi-

FIG. 2. Ceramide causes concentration-dependent relaxation of endothelium-denuded phenylephrine-contracted rat thoracic aortic rings.
Sprague-Dawley rat thoracic aortic rings were contracted with an EC50 of phenylephrine. C2-ceramide (0 - 1005 M) was added, and the
resulting changes in force were recorded as described in Methods. (A) Dose-response curve for ceramide-induced relaxation. (B) Tracing of
relaxation response to ceramide (1005 M) in rat thoracic aortic ring. Relaxation occurring at ceramide concentrations greater than 3 1 1007

Mwas significantly different from EC50 phenylephrine contraction (p õ 0.05).
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FIG. 3. Sphingomyelinase (SMase) causes dose-dependent relaxation of endothelium-denuded phenylephrine-contracted rat thoracic
aortic rings. Sprague-Dawley rat thoracic aortic rings were contracted with an EC50 of phenylephrine. Bacterial SMase (0 - 0.1 U/ml) was
added to the muscle baths, and the resulting changes in force were recorded as described in Methods. (A) Concentration-response curve for
SMase-induced relaxation. (B) Tracing of relaxation response to SMase (0.1 u/ml) in rat thoracic aortic ring. Relaxation occurring at SMase
concentrations greater than 3 1 1003 U/ml was significantly different from EC50 phenylephrine contraction (p õ 0.05).
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