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Membrane-Destabilizing Properties of-Ceramide May Be Responsible for Its
Ability To Inhibit Platelet Aggregatioh
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ABSTRACT. We have studied the effects of short-chain ceramides on platelet structure and function.
N-Acetylsphingosine (&ceramide), a cell-permeable short-chain analogueNaacktyldihydrosphingosine
(Co-dihydroceramide), which lacks the-% double bond, have been investigated--Geramide (15M)
inhibited ADP-induced aggregation by 50% at a platelet concentration of>1.28%/mL, while it took

twice that concentration to inhibit aggregation by 50% when the platelet concentration was doubled. This
indicates that the effect of &£eramide on ADP-induced platelet aggregation depends on the ratio of
ceramide to total platelet lipid, with a ratio of 0.2 giving significant inhibition;-@eramide at a ceramide:

lipid ratio of 0.2 caused platelets to form fenestrations and pseudopodia which were longer and thinner
than those caused by agonists such as ADP or thrombrDilgydroceramide had no effect on ADP-
induced aggregation or platelet morphology at any ceramide:lipid ratio. Platelet lysis was induced by
Co-ceramide at higher ceramide:lipid ratios (0.5), whereasli@ydroceramide did not induce lysis,
suggesting that £ceramide is able to destabilize membranes. This was tested directly by assessing whether
the ceramides induced leakage of 6-carboxyfluorescein from lipid vesicle€e@mide caused nearly

total leakage of dye from the vesicles at a ceramide:lipid ratio of 10. The leakage caused by
C,-dihydroceramide at a ceramide:lipid ratio of 10 was equal to that induced-bgr@mide at a ratio of

0.2 (~3%). The ability of the ceramides to destabilize membranes was also examined by measuring
changes in fluorescence anisotropy of the fluorescent dye 1,6-diphenyl-1,3,5-hexatriene (DPH) incorporated
into lipid vesicles. G-Ceramide induced a larger decrease in anisotropy than a detergent (Triton X-100)
which is known to lyse membranes.,-Dihydroceramide did not alter membrane fluidity. The ability of
C,-ceramide to cause platelet fenestrations, formation of irregular platelet pseudopodia, platelet lysis,
lipid vesicle leakage, and increases in the fluidity of lipid vesicles all suggest tha¢r@mide inhibits
platelet aggregation because it destabilizes the platelet membrari@ihy@roceramide did not inhibit
platelet aggregation and lacked the nonspecific effects on membranes-tiet@ide possessed, suggesting
that G-dihydroceramide is not an appropriate control for the nonspecific effects-oé@amide.

Ceramide has recently been identified as an intracellular The role of protein phosphatases in signal transduction
signaling molecule which may mediate diverse functions such pathways is well documented, stemming from original work
as cell growth, differentiation, secretion, and apoptosjs (  done 30 years ago on the regulation of glycogen metabolism
Initially it was observed that differentiation of HL-60 cells (9). Recently, their involvement in platelet function has
(a human promyelocytic leukemia cell line) induced by come to light {0—18). Two highly specific inhibitors of
vitamin D; caused sphingomyelin turnover and a concomitant protein phosphatase 1 (PP1) and PP2A, okadaic acid and
increase in ceramide levels. This observation lead to the calyculin A, inhibit platelet aggregation and secretigG-
suggestion that a signaling pathway exists in which ceramide 12) as well as alter platelet morpholog$3). Additional
formed by activation of a sphingomyelinase serves as aplatelet studies using these inhibitors have implicated PP1
second messengeP)( Additional studies have identified and/or PP2A in several aspects of platelet function. Watson’s
other inducers of sphingomyelin turnover: interleukin-1 in group has shown that okadaic acid inhibits formation of
human dermal fibroblastg-interferon in HL-60 cells, and  inositol phosphates during thrombin-induced platelet activa-
TNFo. in Jurkat T cells among otherd)( A search for tion, suggesting that phospholipase C is inhibitddl)(
candidate signaling targets of ceramide has implicated Murata et al. {5) and Sakon et al.1¢) have evidence that
ceramide-activated protein phosphatas®, (ceramide-
activated protein kinasdy), protein phosphatase 2A (PP2A)
(5, 6), PKCE (7), and c-raf 8).
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calyculin A inhibits platelet aggregation by blocking®®a  EXPERIMENTAL PROCEDURES

influx, and by blocking the exposure afi,35 on the surface ) i )

of thrombin-stimulated platelets. This inhibition of platelet ~ Materials. p-erythro-C,-Ceramide and-erythro-C,-di-
aggregation was correlated with increased phosphorylationhydroceramide were purchased from Biomol (Plymouth
of the cytoskeletal protein talirL) which has been shown ~Meeting, PA). Stock solutions for both were made at the
to interact with theoyfs integrin (19, 20, an interaction ~ Maximum solubility of Q—dlh):drocegamlde, 14.6 mM in
that may be regulated by talin phosphorylaticL,( 22. ethaanol, and were storgdaﬂo C. [3— H]C,-Ceramide ar_1d
Indications that platelet proteins are actually dephos- [3-"HICzdihydroceramide were a gift from Neale D. Ridg-
phorylated come from Turini et al28) and Wallace and W& (Dalhou5|e University, Canada), an_d each had a specific
Bensusan 24), who found that a 68 kDa protein band is 2activity of 30.8 dpm/pmol%2). The purity of normal and
dephosphorylated during platelet activation. Our own labo- radioactive ceramides was routinely checked by TLC using
ratory has recently shown that this-667 kDa band contains two different solvent systems (methylene chloride/methanol,

the 70 kDa cognate heat-shock protein (hsc70), which is 9:1. \_//v, and diethyl 'ether/methanol, 9:1 v/v) and iodine
dephosphorylated following platelet adhesion to collagen, and St&ining. Both ceramides were found to be stable under these
which exists in a large phosphoprotein complex in resting Storage conditions for up to 6 monthsH]Adenine (30 Ci/
platelets 18). These studies taken together suggest that MMOl) and 6-carboxyfluorescein were from ICN Radio-
protein phosphatases are involved in platelet functidh-(  chemicals (Irvine, CA) and Eastman Kodak (Rochester, NY),
18, 23, 23, with the possibility that PP2A is regulated by respectively. 1,6—D|phenyl—1,3,5-hexatr|en¢ (DPH) was from
ceramide 8, 5, 6. I\/IIoIecuI%r F;]rober? (IEr]u?eneép%lRl;)é)1-P§IT|;og!-2-qlegy;‘|l-
Evidence that sphingolipid signaling may be involved in 9'YC€ro-s-pnosphocholine and L,2-dimyristryl-
platelet function C(I)Dmeg fropm twg studi?as. %isano et28) ( g!y_cero-3-phosphochollne (DMPC) were from Avanti Polar-
observed that the platelet sphingosine mass increases durin Ipids, Inc. (Alabas_ter, AL). _Cholesterol, fatty aqd-free
aggregation, and Yatomi et a26) reported that aggregation SA, and other_spemalty chemicals used were obtained from
is potentiated by sphingosine 1-phosphate which is released>9mMa (St Louis, MO).
by platelets during activation2€). In addition, some Preparation of Human PlateletsHuman venous blood
preliminary work on the role of ceramide in platelet function Was anticoagulated with ACD to a final citrate concentration
has been published. Hannun et al. reported in 19gythat ~ of 11.5 mM in whole blood and centrifuged at 35@wice
C,-ceramide caused slight inhibition of ADP-induced platelet for 3 min and once for 5 min, all at room temperature. The
aggregation and had no effect on thrombin-induced aggrega-Supernatant was gently removed from the centrifuged whole
tion. In a more recent study, Yatomi et a26] studied the blood, and the resultant platelet-rich plasma was mixed with
effects of sphingolipids on platelets and reported that bovine 0-05 volume of ACD, apyrase (grade VII, 5 units/mL
ceramide (type I1l), Gceramide, or Gceramide did not by ~ ADPase activity), indomethacin (1g/mL), and PGi (0.3
themselves (in the absence of agonists such as ADP od/mL) and centrifuged at 620for 20 min. For ceramide
thrombin) cause platelet aggregation or shape change ad!Ptake experiments, the platelet pellet was washed in ACD
detected by a luminometer (aggregometer). Wong and Li With apyrase, centrifuged, and suspended in a modified BSA-
(28) examined the effects of¢Zeramide, Gceramide, and ~ free Tyrode’s-Hepes buffer (140 mM NaCl, 0.34 mM
Co-dihydroceramide on aggregation and found that ¢ N&HPQ, 2.9 mM KCI, 10 mM Hepes, 12 mM NaHGO5
ceramide at a ceramide:lipid ratio of 0.38 inhibited thrombin- MM glucose, 2 mM MgGlL 1 mM CaCh, pH 7.4). For
induced aggregation (0.1 unit/mL), while-Ceramide or & electron microscopy and aggregation experiments, the first
dihydroceramide had no effect. In light of these reports, it 6200 pellet was washed in ACD with apyrase, centrifuged,
seems plausible that platelets might utilize ceramide as a@nd suspended in an Eagleldepes medium33) containing
second messenger. 0.5 mg/mL fibrinogen. Final platelet concentrations were
To test the hypothesis that ceramide is involved in platelet (1=3) x 10/mL. For FHJadenine labeling, the first 620
function, we evaluated the effects of exogenous ceramidePlatelet pellet was suspended in 6 mL of the modified BSA-
on platelets. Since naturally occurring ceramides are es-{rée Tyrode's-Hepes buffer (10aM MgClz, 50uM CaCh)
sentially insoluble in aqueous systems, we employed the With apyrase, left for 20 min at 37C, and incubated with 5
widely used, soluble short-chain analogug-cgramide, ~ #Ci/mL [*H]adenine for 1 h.  ACD (0.05 volume) was then -
which has an acetyl group substituted for the amide-linked @dded, and the platelets were centrifuged and suspended in
acyl chain 9-31). C,-Dihydroceramide, which lacks the ~the modified BSA-free Tyrode'sHepes buffer (2 mM
4-5 double bond in the long chain base, was used as aMdClz, 1 mM CaC}).
negative control to account for possible nonspecific effects ~ Platelet Aggregation AssayPrewarmed platelets were
of C,-ceramide. Similar to previous report87( 29, we incubated with G-ceramide, @dihydroceramide, ethanol
have found that ceramide inhibited ADP-induced platelet Vehicle, or 154 mM NacCl (saline) for 10 min at 3 and
aggregation. We also make the new observation that C then reacted with 1@M ADP or saline for 10 s at a shear
ceramide causes morphological changes similar to thosestress of 20 dyn/ciin a quenched-flow system under
caused by single-chain amphiphiles. Since single-chain physiological flow conditions34). Glutaraldehyde (0.17%
amphiphiles also inhibit aggregation, we have considered thefinal concentration) was used as the quenching agents, and
possibility that the effect of Eceramide on platelets results ~ percent aggregation was determined by counting the percent-
from its ability to destabilize the platelet membrane. To this age loss of single platelets measured by resistive-particle
end, we have also studied the effects ofd@ramide on  counting 84).
model membranes and found that it perturbs model mem- Scanning Electron MicroscopyPlatelets were incubated
branes as well. at 37 °C with Cy-ceramide, @dihydroceramide, ethanol
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vehicle, or with saline for the times indicated, fixed with the fluorescent probe DPH by using«2 of a 3 mM DPH
1% glutaraldehyde, subjected to graded alcohol dehydrationsstock solution suspended in tetrahydrofuran added to 2 mL
as described previoush8%), and observed in a scanning of lipid vesicles (1.5 mol % DPH) and were incubated for

electron microscope (JSM-6400, JEOL). 30 min at 37°C. DPH-labeled LUV’s were suspended in a
[®H]Adenine Release from Platelet&ive hundred micro-  thermostated 50@L quartz cuvette at 37C for 10 min
liters of [PH]adenine-labeled platelets atxd 10¥/mL was before fluorescence measurements were commenced. After

incubated at 37C with C,-ceramide, G-dihydroceramide, a base line anisotropy measurement was performed, additions
Triton X-100, or with ethanol (as vehicle control). After of the appropriate compounds were made, and the sample
15 min, the suspensions were centrifuged at 15000 5 was allowed to equilibrate for 10 min before taking further
min in a microfuge, and a 125 mL aliquot of the supernatant measurements. The following equatiofil) was used to
was removed for liquid scintillation counting. Percent lysis calculate fluorescence anisotropy:(r = [lvww — (Inv/lun)-

was determined by the following equation:S{(— S)/(Ts Ivil[lw + 2(luv/lun)lve], where | refers to measured

— &)] x 100, where is the counts in an aliquot of fluorescence intensity and the V (vertical) and H (horizontal)
supernatant after treatment with test ag&stis the counts subscripts refer to the orientation of the polarizers for the
in an aliquot of supernatant after ethanol treatment, Bnd  excitation beam (first subscript) and the emission beam
is the counts in an aliquot of the total platelet suspension (second subscript), respectively.

after treatment with ethanol. Ceramide Uptake.Five hundred microliters of platelets
Leakage of 6-Carboxyfluorescein from POPC Vesicles (2.5 x 10¥mL) was incubated at 37C with [3-H]C.-
Small unilamellar vesicles composed of 1-palmitoyl-2-oleoyl- ceramide or [3#H]C.-dihydroceramide. After 10 min, a 150
snglycero-3-phosphocholine (POPC SUV's) were made by 4L aliquot of the total suspension was taken for liquid
sonication as described®) in the presence of 200 MM  scintillation counting. The remaining sample was centrifuged
6-carboxyfluorescein (6-CF), pH 7.87). Vesicles were  at 5000 rpm for 2 min in a microfuge and a 160 aliquot
stored at #C until use, at which time an aliquot was passed of the supernatant taken for counting. The short, low-speed
over a gel filtration column of Sephadex G-75 to remove spin was the mildest found that would sediment all the
free 6-CF. Phospholipid concentration was determined by platelets, and this mild spin was used instead of a more
a modification of the procedure described by Bartl88)(  forceful spin to minimize the amount of possible insoluble
6-CF at 200 mM inside the POPC vesicles is mostly self- aggregates of ceramides that were pelleted during centrifuga-
quenched, but when released into the media, such as bytion. Controls using buffer alone were performed to
detergent solubilization of the vesicles, the diluted 6-CF determine the amount of ceramide that would pellet during

fluoresces intensely3(). The increase in fluorescence of the mild spin. Percent uptake was determined using the
6-CF released from the vesicles was measured in an SLM-following equation: [[Tr — S)/Ts] — [(Ts — So)/Ts]] x

8000c spectrofluorometer. Excitation was at 490 nm (4 nm 100, whereTp is the counts in an a|iquot of total p|ate|et
slit width), and emission intensity was monitored at 520 nm suspension,S> is the counts in an aliquot of platelet

(8 nm slit width). Measurements were made at’87ina  supernatan(T is the counts in an aliquot of buffer, argd
thermostated 2.5 mL quartz cuvette. Small volumes of js the counts in an aliquot of buffer supernatant. Radioactive
vesicles were diluted into the modified BSA-free Tyrode’s  ceramides were used to spike stocks of regular ceramides,

Hepes buffer (2 mM MgG| 1 mM CacC}) to yield 2 mL and ~1000 dpm were added to each platelet sample for
total volume. A base line measurement of fluorescence determining uptake.

intensity was made of vesicles alone, and thgic€amide, Statistics. Student'st-test for paired and/or unpaired data

Cz-dihydroceramide, or ethanol v_eh|c|e was added. FIuo- a4 sed to determine the statistical significance of the data
rescence was measured for 15 min, and then a small volum here indicated. Results are expressed as meaSE.

of concentrated Triton X-100 (1.7 mM final) was added in
order to determine the maximum fluorescence attainable ResyLTS
under conditions of totally solubilized vesicles. Percent lysis
was determined by the following equation:F{§ — Fyves)/ Preincubation of washed platelets for 10 min af@#vith
(Fmax — Fveg] x 100, whereFss is the maximum intensity ~ C,-ceramide inhibited platelet aggregation stimulated by 10
approximately 15 min after addition of test ageRtes is uM ADP (Figure 1A), while preincubation with &ihydro-
the intensity of vesicles alone at time zero, ahgx is the ceramide (Figure 1A) or ethanol vehicle (data not shown)
intensity after addition of Triton X-100. had no effect. The aggregation assay was performed using
Fluorescence AnisotropyDMPC/cholesterol (3:1, mole/  a quenched-flow system, and platelets were reacted with 10
mole) large unilamellar vesicles (LUV’s) were made as uM ADP for 10 s at a shear stress of 20 dynfqi34). The
described 39, 4Q. DMPC and cholesterol were dissolved experiment in Figure 1A was performed at two concentra-
together in chloroform, lyophilized overnight, rehydrated in tions of platelets to determine if the inhibition was dependent
buffer (25 mM Hepes, 0.25 mM EDTA, 10 mM NaCl, pH on absolute ceramide concentration, or on the ratio of
7.5), and passed through a hand-held extruder with a 100ceramide to total platelet lipid. When the data are plotted
nm pore size filter 30 times. The concentration of the DMPC against the ceramide:lipid ratio (assuming the ‘total platelet
component of the lipid vesicles was determined by phosphatelipid concentration’ is 6 «M for 1 x 1 platelets/mL;42,
assay 88). Measurements of steady-state fluorescence 43), the aggregation plots essentially overlap at the two
anisotropy were made using an SLM-8000c spectrofluorom- differing platelet concentrations (Figure 1B). This suggests
eter using one detector (L-format) with excitation at 365 nm that the inhibition was dependent on the ratio of ceramide
(4 nm slit width), and emission intensity was monitored at to total platelet lipid. The difference in inhibition of
460 nm (8 nm slit width). The LUV's were labeled with aggregation between,&€eramide and &dihydroceramide
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A pseudopodia that are longer and thinner than those induced
by platelet agonists such as thrombin or AC¥8,(44. The
100 E\I\i morphological effects depended on the ceramide:lipid ratio

irregularly shaped pseudopodia at a constant ceramide:lipid
ratio of 0.24, at two different concentrations of platelets
(Figure 2C,D,G,H). @Dihydroceramide-treated platelets
resembled untreated platelets at both high (Figure 2E,F) and
low (data not shown) platelet concentrations. Ethanol vehicle
at concentrations equal to those used in the ceramide
E #\* exposures had no effect on platelet morphology in any of
ol \} (] the experiments (data not shown). The effects of C
ceramide seen at a lower ceramide:lipid ratio (0.024) were
o 20 40 50 80 100 transient since fenestrations and irregularly shaped pseudo-
Concentration (uM) podia were visible aftea 1 min exposure (Figure 2I) but
B had disappeared within an hour (Figure 2J). These data
indicate that G-ceramide induced changes in platelet mor-
100 f * phology while G-dihydroceramide did not.
1\ It is significant that G-ceramide caused formation of
fenestrations and long, thin, irregularly shaped pseudopodia
(Figure 2) because amphiphiles and detergents generally have
similar effects on platelets as;€eramide 44—51). Am-
phiphiles such as Triton X-100, octyl glucoside, sodium
# dodecyl sulfate (SDS), deoxycholaté5], other bile salts
(46), Brij 58 (polyoxyethylene detergent¥?), lysophos-
\}\i phatidylcholine 44, 48, ganodermic acids4Q), and 13-
\ methylmyristate §0), as well as other free fatty acidS1),
% inhibit ADP-induced aggregation, cause fenestrations, and
' ' ' cause formation of long, thin, irregular pseudopodia in the
absence of increases in intracellular calciu#®)( and/or
T _ cause formation of transient pseudopodia at lower ratios of
FiGure 1: Cp-Ceramide inhibits platelet aggregation. Washed, amphiphile 45). The authors of these studies conclude that
human platelets, prewarmed at 32 for 10 min, were incubated th ffects of h hiohil d ¢ b
with the indicated concentrations of-€Ceramide (closed symbols) € eflects ol such -amphiphiies aré due o membrane
or Cdihydroceramide (open symbols) for 10 min at 37 and perturbatlons. In addition, we noted that incubations of
then reacted with 1M ADP in the quenched-flow system for 10  resting platelets with ratios of£&eramide higher than those

s at a shear stress of 20 dynf(84). Glutaraldehyde (0.17% final  which inhibited ADP-induced aggregation caused platelets
concentration) was used as the quenching agent, and percen

; 4 . d[o lyse as indicated by a total loss of detectable single
aggregation was determined from loss of single platelets measure latelets in the resistive-particle counter (data not shown)
by resistive-particle counting as described under Experimental p : p - .
Procedures. Experiments were performed at two platelet con- Since the effects of £ceramide on platelets generally
centrations: 1.25¢ 10%/mL (circles) and 2.5< 10%/mL (squares). mimicked those of nonspecific amphiphiles, relatively high
The data were normalized such that aggregation stimulated by 10,4tios (0.2) of G-ceramide to platelet lipid were required to

uM ADP in the absence of ceramides was set to 100%. Controls ; : S . ) .
using platelets preincubated with saline and then “reacted” with induce effects in platelets, ang-€eramide is a single-chain

saline gave a background 6f3% loss of singlets (aggregation) ~amphiphile which structurally resembles a detergent, it
due to activation by shear stresses. Platelets preincubated with salinéeemed plausible that our observed effects pt&@amide

and reacted with ADP for 10 s in the quenched-flow apparatus on platelets were due to membrane perturbations. To test
typically gave~75% loss of singlets (no &reramides) at both  this ‘membrane perturbation’ hypothesis, we examined

platelet concentrations. There was no difference in the total amount . y .
of aggregation at the two different platelet concentrations becaused'rectly whether -ceramide actually lyses platelets.

the assay conditions yielded maximal aggregation. Ethanol vehicle ~ Platelets were labeled witfH]adenine and incubated with

had no effect on aggregation. Aggregation is plotted against ceramides for 15 min at 37C, and the amount ofiH]-
CefaTlﬁedCOHC?nttr?ﬁon in (A')dWT'”e'dm EB) tshesz?raﬁllg% data  adenine released to the supernatant was determined as a
are plotted against the ceramide:lipid ratio. Significant differences easure of platelet lysis (Figure 3).,-Ceramide caused

(p < 0.05) between paired £eramide and gdihydroceramide . ) o .

data points for platelet concentrations of *A(¥mL are indicated ~detectable H]adenine release at a ceramide:lipid ratio of
by an asterisk (*) while those for 1.26 10¥/mL are indicated by 0.2 (17 mol %), and this release (62%) became significant

a number sign (#). The data are the mean of four separateat a ceramide:lipid ratio of 0.75 (43 mol%). »Dihydro-

2 since G-ceramide caused formation of fenestrations and
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experiments, and the error bars represergE. ceramide or ethanol vehicle did not cause any leakage of
(Figure 1B) became significant at a ratio of approximately [*H]adenine at any ratio (Figure 3). When an excess of a
0.15, which corresponds to 13 mol %-Ceramide. common detergent that solubilizes membranes (Triton X-100

Scanning electron micrographs showed that€&amide at 6.8 mM) was added to the platelets (Figure 3), 85% release
at a ceramide:lipid ratio of 0.24 (19 mol %) caused a dramatic of [*H]adenine was observed, and-&ramide was able to
shape change of platelets within 1 min (Figure 2C), which approach this amount of release at a ratio of 1 (50 mol %).
was sustained ovel h (Figure 2D). Nearly all of the £ These data indicate that,€eramide can destabilize the
ceramide-treated platelets formed fenestrations and multiplemembrane of platelets, while,ihydroceramide cannot.
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B: Control, 60 min.

D: 50 uM C2, 60 min., C/L = 0.24

- M -
I: 1.5 puM C2, 1 min., C/L = 0.024 J: 1.5 uM Cz, 60 min., C/L = 0.024

Ficure 2: C,-Ceramide causes formation of irregular pseudopodia. Washed, human platelets were incubated with the indicated reagents at
37 °C for 1 or 60 min, fixed in 1% glutaraldehyde, and prepared for scanning electron microscopy. The platelet concentrations in panels
A-F were 3x 108/mL, while in panels G-J they were 1x 109/mL. Ceramide:lipid ratio (C/L) is given in panels-Q. The micrographs
presented are representative of four separate experiments. The gray bars at the bottom of each micrographimdicate 1

To determine if the destabilizing effect of;€eramide lipid vesicles. POPC SUV’'s were made by sonication in
on platelet membranes was general and not peculiar to wholethe presence of 200 mM 6-CF such that 200 mM 6-CF was
cells, a similar experiment was performed using synthetic trapped inside the lipid vesicles. 6-CF is a fluorescent dye
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Ficure 4: C,-Ceramide can cause POPC vesicles to leak. Release
Ficure 3: C,-Ceramide can lyse platelets. 500 of [3H]adenine- of 6-CF from POPC vesicles containing 200 mM 6-CF was

labeled platelets at ¥ 10f/mL was incubated at 37C with C,- monitored by using a spectrofluorometer to measure the increase
ceramide (circles) or £dihydroceramide (squares). After 15 min, in fluorescence intensity over time. 6-CF self-quenches at 200 mM
the suspensions were centrifuged at 15¢fa 5 min, and a 125 inside the vesicles, but when released to the external media, it is

uL aliquot of the supernatant was removed for liquid scintillation diluted and its fluorescence increases. In the main figure, vesicles
counting. The counts in the supernatants with respect to the totalwere incubated at 37C for 15 min either alone (‘no addition’), or
counts in control samples were used to calculate percent lysis aswith C,-ceramide (‘15uM Cj), C,-dihydroceramide (‘15uM
described under Experimental Procedures. Aliquots of total suspen-DHC;’), or 0.1% ethanol vehicle (‘ethanol’). The concentration of
sions of control platelets were typically 25000 dpm while their POPC was 1.aM, giving a ceramide:lipid ratio of 10. Triton X-100
supernatants were typically 5000 dpm. Similar experiments were (1.7 mM final) was added at the end of each run to determine the
done adding Triton X-100 (6.8 mM final) at a detergent:lipid ratio maximum fluorescence attainable if all the 6-CF were to be released
of 100 which caused-85% adenine release. Experiments using from the vesicles. The different runs were then normalized with
ethanol at the same concentrations used to deliver the ceramidesne another such that the maximum fluorescence intensity after
caused less than 1%H]adenine release. The curves shown were addition of Triton X-100 was equal. An addition of Triton X-100
drawn using the sigmoidal curve-fitting tool provided by Origin is shown only for the gceramide run. A typical run of vesicles
software (Microcal Software, Inc., Norhthampton, MA) using the alone gave a base line fluorescence intensity of 695 fluorescence
Boltzmann equation. The bottoraaxis is the ratio of the ceramide  units, which increased to 715 after 15 min at°&7, which further
to platelet lipid, and the top-axis is the actual concentration of increased to 3000 after addition of Triton X-100. The experiments
the ceramides. The data represent the means of three separatshown in the inset used 7.M POPC with additions of Gceramide
experiments, and error bars represerE. Significant differences (‘15 uM C;' or ‘1.5 uM C;’; ceramide:lipid ratios of 2 or 0.2,
(p < 0.05) between paired £eramide and £dihydroceramide respectively) or gdihydroceramide (‘1.5«tM DHC;’; ceramide:
data points are indicated by an asterisk (*). lipid ratio of 2). The data are from a representative experiment of
three that were performed and are plotted as arbitrary fluorescence

which is self-quenched at these high concentrations insideUnits versus time (seconds).
the vesicles, but when released from the vesicles and diluted ) ]
in the medium, its fluorescence intensity increases. Fifteen PPH-labeled DMPC/cholesterol vesicles;¢eramide caused
micromolar G-ceramide (ceramide:lipid ratio of 10) induced @ Significant decrease in fluorescence anisotropy at a cera-
near total leakage of 6-CF from POPC vesicles in 10 min, mide:lipid ratio of 0.3, and_ its effect on 'the change in this
since addition of excess Triton X-100 (1.7 mM) to the C  Parameter was roughly twice that of Triton X-100 (Figure
ceramide-treated sample caused minime8%) increase in 5). G-Dihydroceramide or ethanol vehicle had no significant
fluorescence intensity (Figure 4). Fifteen micromolar C  €ffects on membrane anisotropy. These data suggest that
dihydroceramide (ceramide:lipid ratio of 10) caused little Cz-ceramide influences acyl chain packing in lipid bilayers
leakage beyond that caused by ethanol vehicle (Figure 4).2nd that G-dihydroceramide does not.
The same concentration ob€eramide (15M) at a 5-fold It was important to determine if the differences between
lower ceramide:lipid ratio of 2 caused a 13% increase in C,-ceramide and &£dihydroceramide were due to differences
fluorescence by 10 min. (data partially shown in the inset to in their uptake by membranes. Platelets were therefore
Figure 4). G-Ceramide (1.5tM) at a ceramide:lipid ratio  incubated with radioactive ceramides for 10 min at°g€7
of 0.2 caused a greater increase in fluorescence than a 10and the counts removed from the supernatant by pelleting
fold higher ratio of G-dihydroceramide (1aM) (Figure 4, the platelets by centrifugation were determined. Figure 6
inset). These data indicate that-Geramide can destabilize  shows that platelet uptake of,€eramide and £dihydro-
synthetic membranes as well as platelet membranes and thateramide was essentially equal at ceramide concentrations
C,-dihydroceramide was unable to do so. ranging from 1.5 to 10&M (ceramide:lipid ratios ranging

As a further test of the membrane-perturbing influence of from 0.08 to 0.6). There appeared to be a difference in
C,-ceramide, we determined its effect on membrane fluidity uptake at 5:M, but even if this observation is significant;
as sensed by the fluorescence anisotropy of DPH incorpo-it represented a difference of 30% and could not account
rated into lipid vesicles. DMPC/cholesterol LUV’'s were for the functional and physical differences between the two
used as opposed to POPC SUV’s since the fluorescencecompounds, especially since most of the data obtained in
anisotropy of DPH in POPC vesicles was not significantly this study were done at concentrations belows0 These
affected by lytic concentrations of Triton X-100 (10 mM), data indicate that the different effects of-Gramide and
indicating that DPH was insensitive to membrane perturba- C,-dihydroceramide are unlikely to result from differences
tions in this environment (data not shown). At 3C in in their membrane uptake.
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Ficure 5: C,-Ceramide can affect the fluidity of lipid vesicles.
The effects of G-ceramide (circles), £dihydroceramide (squares),
ethanol vehicle (diamonds), or Triton X-100 (up-triangles) on the
fluorescence anisotropy of DPH incorporated into DMPC/choles-
terol (3:1, mole/mole) LUV's were determined. Lipid concentration
was 32uM, and measurements were made at’@7as described
under Experimental Procedures. The botteiaxis is the ratio of
the ceramide or Triton X-100 to platelet lipid, and the teaxis is

the actual concentration of the ceramides or Triton X-100. The
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induced aggregation, induce fenestrations in platelets, and/
or cause platelets to form irregularly shaped pseudopodia
which are transient at lower amphiphile:lipid ratios.,-C
Ceramide also caused leakage of fluorescent dye from lipid
vesicles (Figure 4) and caused greater increases in the fluidity
of lipid vesicles than did a common detergent, Triton X-100
(Figure 5). Although we cannot categorically exclude the
possibility that G-ceramide may have specific biochemical
interactions, our observations strongly suggest that the ability
of C,-ceramide to inhibit platelet aggregation is the result
of membrane perturbations.

C,-Dihydroceramide exhibited none of the effects dis-
played by G-ceramide in this study, having no influence on
platelet aggregation, platelet morphology, release®dj-[
adenine from platelets, leakage of 6-CF from lipid vesicles,
or membrane fluidity of lipid vesicles. The different effects
of C,-ceramide and &dihydroceramide were not due to
variations in uptake of the two compounds, since both
radiolabeled ceramides were taken up in similar amounts by
platelets (Figure 6). Our results show thagtdihydrocer-
amide did not destabilize membranes as didc€amide.
Since the physical effects of,&@lihydroceramide on mem-

ethanol concentrations were equal to those used as vehicle for thédranes were very different froma&€eramide, @dihydro-
ceramides. Typical fluorescence anisotropy values before ceramideceramide cannot serve as an interpretable control for
treatment were 0.24. The data are the mean of three separatgyonspecific effects of Eceramide.

experiments, and error bars repres¢nSE.
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Ficure 6: Uptake of G-ceramide and g&dihydroceramide by
platelets. Platelets at 256 10¥/mL were incubated at 37C with
[3-2H]C,-ceramide (circles) or [8H]C,-dihydroceramide (squares)
as described under Experimental Procedures. The botaxis is
the ratio of the ceramide to platelet lipid, and the iegxis is the

Comparison of the molecular structures of¢@ramide,
C.-dihydroceramide, and the most common ceramide found
in sphingomyelin from plateletsA8, 52, N-behenylsphin-
gosine (Gxceramide), is relevant in regard to our observa-
tions. G-Ceramide and &-ceramide differ greatly in the
length of their N-linked acyl chains (Figure 7A,B), such that
the two molecules have significantly different physical
properties. Thus, £&-ceramide is essentially insoluble in
agueous solutions, while,t&eramide is soluble to about 50
uM (3, 30. C,-Ceramide is a single-chain amphiphile
resembling a detergent, in contrast tg€eramide which
has two long acyl chains. Double-chain amphiphiles are
generally stable in lipid bilayers while single-chain am-
phiphiles and detergents are well-known to destabilize
bilayers 63). Therefore, it is unclear whetherf&ceramide
would destabilize bilayers to the same extent as does C
ceramide. This raises the possibility that if,@eramide
were generated endogenously from sphingomyelin in plate-
lets, its effects could occur via different mechanisms than
those of exogenously added-€eramide.

actual concentration of the ceramides. Data are plotted as the percent A possible mechanistic explanation for the difference in
of ceramides added to samples that were then taken up by thepehavior of G-ceramide versus Slihydroceramide is
platelets. They are means of four separate experiments, and erro'depicted in Figure 7BE. C,-Ceramide differs structurally

bars represent SE.

DISCUSSION
C,-Ceramide inhibited ADP-induced aggregation (Figure

from C,-dihydroceramide only by the presence of the54

trans double bond (Figure 7B,C). Notably, the secondary
hydroxyl group is in an allyl position relative to the double
bond, and allyl alcohols are invariably more reactive than

1) and induced formation of fenestrations and pseudopodiatheir saturated counterpart4j. The location of the double
(Figure 2) that were longer and thinner than those induced bond allows the formation of resonance structures (Figure

by platelet agonists such as ADP and throml3§,(44. In
addition, G-ceramide induced release dHJadenine from

7D) that could increase the electronegativity of the alcoholic
oxygen atom, stabilizing its ionization and making it more

platelets (Figure 3). A large body of work has shown that prone to be an acceptor in a hydrogen bond (Figure 38) (
the effects of many amphiphiles and detergents on plateletsSince G-ceramide possesses the double bond, the headgroup

are similar to G-ceramide44—51). Thus, amphiphiles such

as common detergents (Triton X-100, SDS, octyl glucoside,

Brij 58), bile salts (deoxycholate), free fatty acids, or
lysophosphatidylcholine have all been shown to inhibit ADP-

of C,-ceramide may therefore be more hydrophilic than that
of Co-dihydroceramide, giving £ceramide different physical
properties than £dihydroceramide. These different physical
properties could contribute to the different effects exerted
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A B C D oxygen atoms of the secondary hydroxyl (Figure 7G). The
QH OH R existence of these two planes would add rigidity and bulk
i H N “WOH to the headgroup of Sceramide. @ Dihydroceramide lacks
o MOH  O=X )wOH O=( )OH the 4-5 double bond and will not form the first plane.

R Absence of the planar double bond will make the headgroup
-OH of C,-dihydroceramide more flexible and less likely to form
the second plane. Without these two planar structures, the

R R headgroup of gdihydroceramide may be less bulky and
-] rigid than the headgroup of )&eramide. In sum, the
¢ n ® potential formation of two rigid planes in the headgroup of
R R C,-ceramide provides an additional mechanistic interpretation

for the differences observed between the effects of these
molecules on bilayers.

We have not studied the detergent properties of the short-
chain ceramides by determining whetherd@ramide was
actually forming micelles because this was not required for
our conclusions. We have investigated the physical proper-
ties of G-ceramide and &dihydroceramide to the extent
of determining their effects on platelet-membrane leakiness
R H (Figure 3), model-membrane leakiness (Figure 4), and model-
g...of G membrane fluidity (Figure 5). In each of these experiments,
R

/c‘ C. C.-ceramide destabilized the membrane whiledydro-
i‘i .....H—o\\c
3

ceramide had no effect. Aqueous solutions efc€ramide
above 10uM become cloudy, implying that micelles are
Ficure 7: Molecular structures of ceramides: possible explanations not present, since micellar solutions are generally clear. C
for the different properties of the£zeramides. (A) The structure  ceramide may prefer structures other than a micelle in

of the most prevalent ceramide found in sphingomyelin from human . - .
platelets (Gceramide): G-ceramide omM-behenylsphingosine aqueous solutions that also destabilize bilayers, such as

(43, 52). (B) The soluble analogue commonly used to study inverted micelles, a_hexagonal p_hase, or large disorganized
ceramide signaling: £ceramide olN-acetylsphingosine. (C) The  aggregates. In addition,,&€eramide at 1..xM, a concen-

analogue used as a control fop-Geramide and which lacks the  tration where the solution is clear, increased the leakiness
4-5 transdouble bond: &dihydroceramide oN-acetyldihydro- of model membranes (Figure 4). Regardless of the mech-

sphingosine. (D) &Ceramide has a double bond not found in C . e . o
dihydroceramide, which is allyl relative to its secondary hydroxyl anism of destabilization, £ceramide destabilized mem-

group and which may allow formation of the depicted resonance branes while gdihydroceramide did not.
structures §4). (E) The increased electronegativity of the oxygen Itis possible that the differences betweendgramide and
of the allyl hydroxyl group of G-ceramide may make it more prone  C,-dihydroceramide that we observe are due to differences

to serve as an acceptor in hydrogen bonds than that ,f C . ; ; ;
dihydroceramided5). The hydrogen from the hydroxyl group of in their stereochemistry. However, both compounds are in

both G-ceramide and &dihydroceramide could serve equally well  the p-erythro configuration, since they were made from
as a donor in hydrogen bonding, but the oxygen efc€&amide stereochemically pure-erythro-sphingosine §8), and the
may be a stronger acceptor. (F) The double bond eéd&tamide  short-chain ceramides retain its stereochemistry.

will form a plane, adding rigidity and bulk to its headgroup. (G) It is also possible that the effects of,€eramide on

The rigidity of the double bond of £ceramide may make the . . .
format?on gf a hydrogen bond between the hydroxy)ll groups more platelets represent an isolated situation, but we do not support

likely. This hydrogen bond would complete asix-membered ring, this hypothesis for the following reasons. Many laboratories
forming a second plane in&eramide’s headgroufs6). (including our own) have used @&eramide as an experi-

mental probe to evaluate potential functional roles for

by the two molecules in this study. Evidence that the allyl ceramide. Based on our results, we believe that the
hydroxyl of G-ceramide makes its headgroup more hydro- nonspecific, membrane-destabilizing effects gfc€ramide
philic than that of G-dihydroceramide may also be seen in should be considered when interpreting these experiments.
the fact that G-ceramide is 5 times more soluble in ethanol Second, human platelets are a well-studied cell for investi-
than G-dihydroceramide (Biomol). gating signal transduction. They are primary human cells

Another possible explanation for the differences between which respond in characteristic ways to a range of agonists
the two short-chain ceramides is also based on the presencébom ADP to thrombin or collagen. Distinct phases of
of the 4-5 trans double bond. The double bond found in function such as aggregation, shape change, adhesion, and
C,-ceramide may add two intramolecular planes to its secretion are easily quantitated. Third, human platelets
headgroup, causing it to be more rigid and bulky than that respond positively to many lipids: lysophosphatidic acid
of C,-dihydroceramide. The double bond between carbon-4 (LPA), platelet activating factor (PAF), arachidonic acid,
and carbon-5 will induce one plane to form that includes thromboxane A(TXA>), and sphingosine 1-phosphafsy.
carbon-3, -4, -5, and -6 (Figure 7F). The plane’s reduced Thus, platelet function is not generally inhibited by lipophilic
mobility may induce an intramolecular hydrogen bond to molecules. In fact, TXA LPA, PAF, diacylglycerol, and
form between the primary and secondary hydroxyl groups, sphingosine 1-phosphate have been reported to cause ag-
completing a six-membered ring§, 57. Completion of gregation or potentiate aggregation or are used as signaling
the six-membered ring would require a second plane to form molecules by platelets during aggregation. Fourth, LPA,
consisting of carbon-1, carbon-2, and both the hydrogen andPAF, TXA;, and sphingosine 1-phosphate structurally re-

Yo-H o



Effects of G-Ceramide on Human Platelets Biochemistry, Vol. 37, No. 7, 1998067

semble detergents. Yet, they stimulate or potentiate ag-cause cell leakines$2, 63. Thus, there is precedence for
gregation, instead of inhibiting aggregation as dige C sphingosine and sphinganine, which are structurally quite
ceramide (Figure 1). Fifth, there is evidence that platelets similar to G-ceramide, being able to destabilize membranes.

use sphingosine and sphingosine 1-phosphate as signaling similar to our study, others have observed differences
molecules £5, 2§, making it plausible that platelets might  petween a sphingolipid and its dihydro form. For instance,
utilize ceramide in a signaling role. Sixth, the effects of coryer et al. 64) showed that Semliki Forest virus was able
detergents on human platelet function have been well- 1o fyse with target membranes containingc@ramide but
characterized in an extensive literature (comments underpot c,-dihydroceramide. The authors attribute this to a
Results, Figure 2). This ‘detergent’ literature allowed us to gpecific interaction between the virus and thedgramide,
evaluate the similarity between the effects ofd@ramide  pyt it is possible that the lack of the double bond ig C
and detergents on platelet function. Last, and importantly, gihydroceramide affects the physical properties of the target
the destabilizing effect of £ceramide on model membranes  memprane such that it is no longer able to fuse with the
represents a general effect that the molecule should exert;j s
on any membrane. Our experiments with synthetic lipid
vesicles are directly relevant in this regard. Therefore, we
feel our conclusions are not limited to platelets.

Three other studies are relevant to our results. Yatomi et
al. (26) reported that bovine ceramide (type lll)s-Geramide,

In addition, the chemical shift observed B{P-nuclear
magnetic resonance (NMR) spectroscopy for the resonance
of the phosphorus nucleus in dihydrosphingomyeib) (s
different and well resolved from that of sphingomyelih (

or C,-ceramide (ceramide:lipid ratic<0.2) did not by = —0.09 ppm). This suggests that the loss of the double

themselves (in the absence of agonists such as ADP c)rbond significantly affects the environment of the phosphorus.

i . . Similarly, the resonances corresponding to the proton as-
thrombin) stimulate platelet aggregation or shape change %Sociated with the third carbon of the sphingoid bases are

detected by a luminometer (aggregometer). However, they . ; - . X ;
did not assay the effects on ADP-induced aggregation Orijolff?hrgnzj%r :jh()eugl;lg ksngrrllgg:rzlglddsém-gmgtgt(ggnlcl)?:;ild]:f?sgtts
check morphology by scanning electron microscopy as we resulting from the loss of the double borb]. The phase

have done here. transition temperature of dihydrosphingomyelin is°@
In 1987, Hannun et al. () reported that gceramide higher than sphingomyelin, indicative that the former forms

(ceramide:lipid ratio of~0.4) caused slight inhibition of 7 .
r , : . amore ordered, rigid structure than the lat@g)( Finally,
ADP-induced platelet aggregation with no effect on thrombin infrared and NMR spectral data acquired by Yappert et al.

induced aggregation. Wong and L2§) found that G- suggest that there is stronger intermolecular H-bonding

ceramide (ceramide:lipid ratio of 0.38) weakly inhibited between dihvdrosphingomvelin molecules than between
thrombin-induced aggregation (0.1 unit/mL), whiles-C Ssphinaom eli)|f1 moFecuI%s (>II\/I C. Yappert. personal com-
ceramide or gdihydroceramide did not. We observed a phingomy - & Yappert, p

munication). These H-bonds may involve the secondary

similar inhibition of aggregation by £ceramide in this study, : . .
but have performed many additional experiments aimed at hydroxyl an_d the amide moieties of apljacent molecules. Thus,
these studies support our conclusion that the loss of the

determining the specificity and potential mechanisms re- . . )
sponsible for G-ceramide’s effects. These additional studies dOUb.Ie bond from the backbong of a sphingolipid affects its
physical and chemical properties.

suggest that inhibition of platelet aggregation bycgramide
is a consequence of membrane destabilization. Our data raise interesting questions for further research,
An explanation for the lack of effect of¢&eramide on but they also address. three important issues.Cé,‘rami_de
aggregation observed by Wong and 28( mentioned above and det_grgents_have similar effects on pIathet@.Céramlde
could be that its N-linked acyl chain is four carbons longer destabilized bilayers at the concentrations-28 u«M)
than that of G-ceramide and this increased length influences commonly used in cell-signaling studies.-Dihydrocer-
its bilayer-perturbing capabilities. The weak effects gf C ~amide does not control for the nonspecific effects ¢f C
ceramide on thrombin-induced aggregation also mentionedceramide. These pbservatlops therefore_call into question
above 27, 2§ are paralleled by the effects of detergents on the use of G-ceramide and £dihydroceramide as ‘mimics’
thrombin-induced aggregation. Thus, Shiao et d)(  ©Of endogenous ceramide.
observed that detergents (Triton X-100, SDS, octyl glucoside, Although delivery of short-chain ceramides to cells is
and deoxycholate) are generally much stronger inhibitors of easier than delivery of endogenous long-chain ceramides,
ADP-induced aggregation than of thrombin-induced ag- the short-chain ceramides should be used cautiously. It is
gregation, agreeing with our hypothesis that the effects of necessary to demonstrate that the short-chain analogues are
C,-ceramide on platelets are a result of membrane destabi-able to represent or ‘mimic’ the physical properties of
lization. endogenous ceramides. Based on our current results, we
The mechanism of action of two other sphingoid bases, think it would be productive to develop methods of delivering
sphingosine and sphinganine, on cells has been questionegndogenous or ‘natural’ ceramides to cells in order to
due to their ability to destabilize cell membranes. Sphin- evaluate their contributions as second messengers. Success-
gosine and sphinganine can inhibit PKC in vitro and have ful delivery of Cg-ceramide to cells has been reported using
been used as tools to evaluate PKC function in cé&l@.( either pure sonicated dispersions or ceramide incorporated
Sphingosine slows platelet aggregati@&Y)( while sphin- into phosphatidylcholine vesicles, although uptake was less
gosine and sphinganine have been reported to block superthan 1% even after overnight incubatior&y{69). Com-
oxide formation by human neutrophil6k). However, the plexing long-chain ceramide with BSA or incorporating
specific biochemical mechanisms responsible for these ceramide into vesicles made of a variety of phospholipids
observations have been questioned, since both drugs can alsor mixtures of phospholipids might be more efficient.
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In this study, we significantly extend previous observations
that G-ceramide can inhibit platelet aggregati@a (28 with
new platelet-morphological studies and by examining the
effect of G-ceramide on model membranes. Our results
provide rational alternatives for interpreting data derived from
experiments that employ the increasingly popular short-chain
ceramides. Many studies have used and continue to sise C
ceramide under the assumption that it mimics effects of
endogenous ceramide.-Dihydroceramide also frequently
serves as a control for nonspecific effects gfd@ramide.
We have shown for human platelets, a well-characterized
system for studying signal transduction initiated by a wide

range of agonists, that use of these short-chain ceramides 24.

may be misleading. In summary, our study shows the ability ,c \jisano N. Yatomi. Y. Yang, L., Qi, R., Asazuma, N., Satoh

of C,-ceramide to inhibit ADP-induced platelet aggregation
could be the result of membrane destabilization. Further,
C.-ceramide and g&dihydroceramide exerted different ‘non-
specific’ effects on membranes, suggesting thati@ydro-
ceramide cannot serve as an appropriate control for the
nonspecific effects of £ceramide.
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