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Abstract

Recent evidence suggests that the ability of ceramides to induce apoptosis is due to a direct action on mitochondria. Mitochondria are known to
contain enzymes responsible for ceramide synthesis and hydrolysis and mitochondrial ceramide levels have been shown to be elevated prior to the
mitochondrial phase of apoptosis. Ceramides have been reported to induce the release of intermembrane space proteins from mitochondria, which
has been linked to their ability to form large channels in membranes. The aim of this study was to determine if the membrane concentration of
ceramide required for the formation of protein permeable channels is within the range that is present in mitochondria during the induction phase of
apoptosis. Only a very small percentage of the ceramide actually inserts into the mitochondrial membranes. The permeability of the mitochondrial
outer membrane correlates directly with the level of ceramide in the membrane. Importantly, the concentration of ceramide at which significant
channel formation occurs is consistent with the level of mitochondrial ceramide that occurs during the induction phase of apoptosis (4 pmol
ceramide/nanomole phospholipid). Similar results were obtained with short- and long-chain ceramide. Ceramide channel formation is specific to
mitochondrial membranes in that no channel formation occurs in the plasma membranes of erythrocytes even at concentrations 20 times higher
than those required for channel formation in mitochondrial outer membranes. Thus, ceramide channels are good candidates for the pathway by
which proapoptotic proteins are released from mitochondria during the induction phase of apoptosis.
© 2006 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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1. Introduction activation of specific caspases and DNases that are responsible

for the execution of apoptosis.

Mitochondria are known to play a major regulatory role in
apoptosis (see for example, Crompton, 1999; Susin et al.,
1998). Early in apoptosis, there is an increase in the
permeability of the mitochondrial outer membrane, that leads
to the release of intermembrane space proteins, including
cytochrome ¢, procaspases, apoptosis inducing factor (AIF),
heat shock proteins, Smac/Diablo, and endonuclease G
(reviewed in Saelens et al., 2004). The release of intermem-
brane space proteins into the cytoplasm is crucial for the

Abbreviations used AIF, apoptosis-inducing factor; C,-ceramide, N-acetyl-
p-erythro-sphingosine; Cq-ceramide, N-hexanoyl-p-erythro-sphingosine; Ci¢-
ceramide, N-hexadecyl-p-erythro-sphingosine; DNP, 2,4-dinitrophenol; BSA,
bovine serum albumin.
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Ceramide is a sphingosine-based lipid that is known to be
involved in the regulation of apoptosis. Its generation is a
common cellular response of a variety of cell types following
exposure to apoptosis-inducing agents (for review see Siskind,
2005). Elevations in cellular ceramide in response to
proapoptotic stimuli occur prior to the mitochondrial phase
of apoptosis (for example, Hannun, 1996; Dbaibo et al., 1997;
Bose et al., 1995; Witty et al., 1996; Thomas et al., 1999;
Raisova et al., 2000; Rodriguez-Lafrasse et al., 2001; Kroesen
et al., 2001). Recent evidence indicates that ceramides act to
induce apoptosis through a direct affect on mitochondria
(Birbes et al., 2001, 2005). Mitochondria contain enzymes
capable of generating ceramide (ceramide synthase and reverse
ceramidase, El Bawab et al., 2000; Shimeno et al., 1998;
Bionda et al., 2004) and several apoptotic stimuli have been
shown to induce apoptosis via an increase in mitochondrial
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ceramide levels (Birbes et al., 2005; Garcia-Ruiz et al., 1997,
Matsko et al., 2001; Dai et al., 2004).

Ceramides have been reported to have numerous effects on
mitochondria, including enhanced generation of reactive
oxygen species, alteration of calcium homeostasis of mitochon-
dria and endoplasmic reticulum, ATP depletion, collapse in the
inner mitochondrial membrane potential; inhibition and/or
activation of the activities of various components of the
mitochondrial electron transport chain, and release of inter-
membrane space proteins (Arora et al., 1997; Di Paola et al.,
2000, 2004; France-Lanord et al., 1997; Garcia-Ruiz et al.,
1997; Ghafourifar et al., 1999; Gudz et al., 1997; Muriel et al.,
2000; Pinton et al., 2001; Quillet-Mary et al., 1997; Siskind
et al., 2002; Zamzami et al., 1995). Short-chain cell permeable
ceramide analogues, such as N-acetyl-p-erythro-sphingosine
(C,-ceramide) and N-hexanoyl-p-erythro-sphingosine (Cg-cer-
amide) have been shown to induce cytochrome c release and
apoptosis when added to whole cell cultures and isolated
mitochondria (Zamzami et al., 1995; Susin et al., 1997a,b;
Zhangetal., 1997; Di Paola et al., 2000, 2004; Aroraet al., 1997;
Ghafourifar et al., 1999); this cytochrome c release was
preventable by pre-incubation with or overexpression of the
anti-death protein Bcl-2 or transfection of cells with Bcl-xp
(Ghafourifar et al., 1999; Zhang et al., 1996; Geley et al., 1997;
Gottschalk et al., 1994; Wiesner et al., 1997). Long-chain
naturally occurring ceramides have also been shown to
induce the release of cytochrome ¢ from isolated mitochondria
(Di Paola et al., 2000, 2004). In addition to cytochrome c, long-
and short-chain ceramides have been shown to induce the
release of AIF, AK-2, and adenylate kinase from isolated
mitochondria (Di Paola et al., 2004; Siskind et al., 2002). Until
recently, it was not clear how ceramide increased the
permeability of the mitochondrial outer membrane to inter-
membrane space proteins. Recent evidence indicates that it is
due to the ability of ceramide to form large protein permeable
channels in planar phospholipid membranes, mitochondrial
membranes and liposomes (Siskind, 2005; Siskind and
Colombini, 2000; Siskind et al., 2002, 2003; Montes et al.,
2002; Pajewski et al., 2005).

Ceramides form oligomeric barrel-stave channels with
estimated diameters larger than 10 nm in planar phospholipid
membranes (Siskind et al., 2003). In mitochondrial outer
membranes, ceramide channels allow the release of proteins up
to 60 kDa in size (Siskind et al., 2002). Even though this cut-off
was measured under denaturing conditions and thus is most
likely an underestimate, it is still in line with the size of
proapoptotic proteins released from mitochondria during
apoptosis (cytochrome c¢ 12 kDa (Dickerson et al., 1971);
endonuclease G 28 kDa (Schafer et al., 2004); AIF 57 kDa
(Mate et al., 2002); Smac/DIABLO 42 kDa (Chai et al., 2001)).
Work with ceramide channels in planar phospholipid
membranes and isolated mitochondria indicate that these
channels are good candidates for the pathway by which
proapoptotic proteins are released into the cytosol during
apoptosis. Ceramide channels would be even stronger
candidates if it was known whether or not the in vitro effects
of ceramide on isolated mitochondria occurred at

physiologically relevant levels of ceramide in the membrane.
It is not currently known what percentage of the ceramide
added to solution actually inserts into membranes and whether
the ceramide that inserts into the membrane is metabolized.
Here, we show that only a small percentage of the ceramide
that is added to isolated mitochondria actually inserts into the
membrane and that very little if any is actually metabolized
during the experimental period. The results of this study show
that the permeability of the mitochondrial outer membrane
directly correlates with the level of ceramide in the membrane.
As little as 4 pmol ceramide per nanomole mitochondrial
phospholipid is required to form ceramide channels large
enough to allow cytochrome c¢ to permeate. Thus, the
concentration of ceramide at which channel formation occurs
is consistent with the level of mitochondrial ceramide that
occurs during the induction phase of apoptosis.

2. Materials and methods
2.1. Reagents

The following reagents were purchased from Avanti Polar
Lipids (Alabaster, AL): C,-ceramide, C,-dihydroceramide,
C¢-ceramide. Antimycin A, 2,4-dinitrophenol (DNP), horse
heart cytochrome c, fatty acid-depleted BSA, and sodium
ascorbate were purchased from Sigma. The following reagents
were purchased from American Radiolabeled Chemical,
Inc. (St Louis, MO): [4,5—3H] N-acetyl-p-erythro-dihydro-
sphingosine, [acetyl-1-'*C] N-acetyl-p-erythro-sphingosine,
and [palmitoyl-1-"*C] N-palmitoyl-p-erythro-sphingosine.

2.2. Preparation of mitochondria

Rat liver mitochondria were isolated by differential
centrifugation of tissue homogenate as described previously
(Parsons et al., 1966) as modified (Siskind et al., 2002).
Mitochondrial intactness was determined by the rate of
oxidation of exogenously-added cytochrome ¢ as compared
to the rate measured with mitochondria with hypotonically
lysed outer membranes as previously described (Douce et al.,
1987) as modified (Siskind et al., 2002).

2.3. Percent insertion of ceramide into mitochondrial
membranes

Mitochondria (0.47 mg/mL mitochondrial protein) were
incubated with fatty acid-depleted BSA for 5 min prior to
the addition of sphingolipids (where indicated) at a molar ratio
of 0.5 BSA to sphingolipids. Mitochondria were incubated
with the indicated concentrations of ['*C] C,-ceramide, []4C]
C,¢-ceramide, or [3H] C,-dihydroceramide for the indicated
time periods. Half the mitochondria were then pelleted
(at 12,000X g for 5min) and the other half left unspun.
Five-hundred microlitres of supernatant was then subjected to
scintillation counting. Percent insertion of radiolabeled
sphingolipids was determined from the difference between
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total radioactivity in the solution and that after removal of
mitochondria by centrifugation.

2.4. Assessment of hydrolysis of ceramides by mitochondria

A 100 pL sample of the mitochondrial supernatant from the
above centrifuged samples exposed to ['*C] C,-ceramide was
removed for assessment of ceramide hydrolysis. Separation of
ceramide hydrolysis products (sphingosine and ['*C] acetyl)
into their corresponding organic and aqueous phases was
performed according to Bligh and Dyer (1959). Briefly, 0.5 mL
H,0 was added to the 100 pL centrifuged supernatant sample
followed by the addition of 0.8 mL. CH;0H and 1.6 mL CHCl;.
The samples were vortexed and put onto ice for 60 min. The
aqueous phase was subjected to scintillation counting.
Hydrolysis of ["*C]-C e-ceramide was assessed by separation
of released hydrolysis products (['*C] palmitate and sphingo-
sine) from both the above mitochondrial pellet and supernatant
samples according to Yavin and Gatt (1969).

2.5. Permeability of the mitochondrial outer membrane

Mitochondria (0.47 mg/mL mitochondrial protein) were
incubated with fatty acid-depleted BSA for 5 min prior to the
addition of sphingolipids at a molar ratio of BSA to
sphingolipids of 0.5. Mitochondria were then incubated with
the indicated concentrations of ceramide for the indicated time
periods. Exogenously-added reduced cytochrome ¢ was then
added and the rate of oxidation was assessed as described
previously (Siskind et al., 2002) by spectrophotometrically
monitoring the rate of absorbance decrease at 550 nm. The
permeability of the mitochondrial outer membrane was
expressed as a percentage of the rate of CN-sensitive oxidation
of exogenously added cytochrome ¢ by mitochondria with
hypotonically lysed outer membranes.

2.6. Erythrocyte experiments

Erythrocytes were isolated as previously described (Siskind
et al., 2005). Briefly, erythrocytes were obtained from
decapitated male Sprague-Dawley rats in a solution of
150 mM NaCl, 4 mM EGTA, 5 mM HEPES pH 7.4 to prevent
clotting. They were used within 3 days. Erythrocytes were
washed in successive centrifugation steps followed by
resuspension in the above buffer. 0.5 mL erythrocytes (4 mg
protein/mL stock) were incubated with fatty acid-depleted
BSA at a molar ratio of BSA to ceramide of 0.5 for 5 min.
Varying concentrations of C,- or C;g-ceramide were added for
a 15 min incubation period. Following the incubation, the
erythrocytes were either evaluated for channel formation or
percent ceramide insertion. Channel formation in erythrocyte
plasma membranes was assessed by monitoring erythrocyte
lysis as described in Siskind et al. (2005). Briefly, following
incubation with ceramides, the cells were sedimented (5 min at
12,000 X g). Four-hundred microlitres of supernatant was
added to 400 pL of Drabkin’s reagent (Sigma Technical
Bulletin No. 525) and the absorbance measured at 540 nm after

5 min. The percent lysis of the erythrocytes was determined
from the maximum possible absorbance at 100% lysis obtained
after the addition of Triton X-100 (0.5% (w/v) final). Insertion
of [14C] C,- or Cj¢-ceramide into the erythrocytes was
evaluated by pelleting half the erythrocyte samples (at
12,000X g for 5 min) and leaving the other half unspun.
Four-hundred microlitres of supernatant was then subjected to
scintillation counting. Percent insertion of radiolabeled
ceramides was determined from the difference between total
radioactivity in the solution and that after removal of
mitochondria by centrifugation.

3. Results and discussion

3.1. Only a small percentage of the ceramide added to solution
inserts into the mitochondrial membranes

Numerous studies have examined the effect of ceramides on
isolated mitochondria (for example, Di Paola et al., 2000, 2004;
Siskind et al., 2002, 2005). Because ceramide exerts its effects
on the mitochondrial membrane, it is its concentration in the
membrane that is relevant and not its absolute concentration
added to solution. Therefore, we first wanted to determine the
amount of ceramide added to isolated mitochondrial suspen-
sions that actually inserts into the mitochondrial membranes.
Before this could be directly measured, several obstacles had to
be overcome. Both long- and short-chain ceramides, as well as
dihydroceramide, when added to an aqueous solution form
aggregates that sediment in a centrifuge at the same speed as
mitochondria (data not shown). In addition, ceramides adhere
to the surfaces of glass, plastic, and Teflon (data not shown).
These problems were overcome by the addition of a small
amount of fatty-acid depleted BSA to the solution prior to the
addition of the ceramide. The molar ratio of BSA to ceramide
that was able to prevent both aggregation in solution and
adherence to surfaces while allowing for insertion of ceramide
into the mitochondrial membranes was 0.5. Higher levels of
BSA prevented the insertion of all ceramides tested.

Fig. 1 shows the percent insertion of C,-ceramide, C,-
dihydroceramide, and C;¢-ceramide as a function of
concentration added to solution (Fig. 1a) and time (Fig. 1b).
The percent insertion of all three ceramides into mitochondria
decreases as the concentration of ceramide added to solution
increases. For example, at 5 min of incubation when 2.5 uM
ceramide is added to solution, 28 +2, 31 +2, and 18 +2% of
the C,-ceramide, C,-dihydroceramide, and C;s-ceramide,
respectively, inserts into the mitochondrial membranes
(Fig. 1a). However, when 20 nM ceramide is added to solution,
only 6.0+1.5, 54+1.3, and 2.0£0.9% of the C,-ceramide,
C,-dihydroceramide, and C,g-ceramide, inserts respectively
(Fig. 1a). The percent insertion decreases to less than 3% for all
three ceramides at 40 uM for 5 min incubation time (Fig. 1a).

Notice that the insertion of C,-ceramide and C,-dihydrocer-
amide is essentially identical. Thus, the inability of dihydro-
ceramide to induce apoptosis is not due a lack of its insertion
into the membrane. Dihydroceramide differs from ceramide
only by the reduction of one double bond. Ceramide-channel
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Fig. 1. Ceramide insertion into mitochondria as a function of absolute
concentration added to solution and time. (a) Percent insertion of ceramides
as a function of concentration added to solution. Isolated mitochondria were
incubated with the indicated concentrations of ['*C] C,- or C;g-ceramide or
[*H] C,-dihydroceramide for 5min and the percent insertion into the
mitochondrial membranes was measured. (b) Ceramide insertion as a
function of incubation time. Isolated mitochondria were incubated with
20 uM ["*C] C,- or C¢-ceramide for the indicated incubation times and the
percent insertion was measured. Results are a representative experiment of
three independent experiments. Error bars are the standard deviations.

formation requires the presence of the 4-5 trans double bond as
dihydroceramide does not form channels even at concen-
trations up to 25 times higher than that required for ceramide
channel formation (Siskind and Colombini, 2000). Thus, the
channel forming ability of ceramides correlates with its
apoptotic activity. Molecular dynamic simulations indicate
that the presence of the double bond stabilizes ceramide
channels via adjacent double bond-double bond interactions
(Anishkin et al., 2006). An alternative hypothesis that could
explain the importance of the double bond for channel
formation is that the trans double bond in ceramide augments
intramolecular hydration/hydrogen bonding in the polar region
(Li et al., 2002; Brockman et al., 2004).

The long-chain naturally occurring C,¢-ceramide consist-
ently has a significantly lower percent insertion than either of
the short-chain ceramide analogues at 5 min incubation.

However, while C,-ceramide insertion does not change with
time, C,g-ceramide insertion increases with incubation time
and is greater than the short-chain ceramide at the longer
incubation times of 15 and 30 min (Fig. 1b, the C,4-ceramide 5
and 30 min points are statistically different, P< 0.05, by the
Student’s t-test). No hydrolysis of C,-ceramide was detected at
any time period. Less than 5% of the C,4-ceramide that inserted
into the mitochondria was metabolized, which was determined
to be statistically insignificant (data not shown).

The permeability of the mitochondrial outer membrane
directly correlates with the level of C,- or C4-ceramide in the
membrane:

The permeability of the mitochondrial outer membrane can
be determined by measuring the bidirectional flux of
cytochrome ¢ as monitored by the CN-sensitive oxidation of
externally-added reduced cytochrome c¢. We previously
employed this method to show that C,- and C¢-ceramide
form channels in the mitochondrial outer membrane that are
large enough to allow for the bidirectional flux of cytochrome ¢
(Siskind et al., 2002). However, only the concentration of
ceramide added to solution was known. We therefore
determined what level of ceramide in the mitochondrial
membranes was required to form channels large enough for
cytochrome c to permeate. As shown in Fig. 2, the permeability
of the mitochondrial outer membrane directly correlates with
the level of C,- or C¢-ceramide in the membrane. Regardless
of the concentration of dihydroceramide, there was no increase
in the permeability of the mitochondrial outer membrane
(Fig. 2). However, as little as 4-6 pmol C,- or C;4-ceramide
per nanomole mitochondrial phospholipids is required for a
significant permeability increase in the mitochondrial outer
membrane. This level of ceramide is on the order of the level of
mitochondrial ceramide increase found during the induction
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Fig. 2. The permeability of the mitochondrial outer membrane correlates with
the level of ceramide in the membrane. Isolated mitochondria were incubated
with ['*C] C,- or Cj¢-ceramide or [*H] C,-dihydroceramide and the
concentration of ceramide in the membrane (as determined from the percent
insertion) as well as the corresponding permeability of the mitochondrial outer
membrane measured via the initial linear rate of oxidation of externally added
reduced cytochrome c. Data are means 4 SD of triplicates from three separate
experiments.
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phase of apoptosis (before or at the time of cytochrome c
release; Birbes et al., 2005; Garcia-Ruiz et al., 1997;
Rodriguez-Lafrasse et al., 2002). Mitochondrial ceramide
levels increased by about 6.5 pmol ceramide/nanomole
phospholipid in MCF7 cells treated with TNFa (Birbes et al.,
2005). Garcia-Ruiz et al. (1997) reported a similar increase in
isolated mitochondria from TNF treated hepatocytes (an
increase of about 4.5 pmol ceramide/nanomole phospholipid).
y-radiation of Jurkat cells induced the formation of 4 pmol
mitochondrial ceramide/nanomole phospholipid (Rodrigue-
z-Lafrasse et al., 2002). Thus, the level of mitochondrial
ceramide required for the formation of protein permeable
channels correlates closely with level of mitochondrial
ceramide formed during the induction phase of apoptosis.

It is important to point out that while there have been
several reports of ceramide-induce cytochrome c release
from isolated mitochondria (Di Paola et al., 2000, 2004;
Arora et al., 1997; Ghafourifar et al., 1999), there have also
been reports to the contrary (Yuan et al., 2003; Novgorodov
et al., 2005; Kristal and Brown, 1999). These contradictory
reports in the literature can be explained by the method used
to add the ceramide to the mitochondria and/or the
incubation conditions. Rapid mixing while simultaneously
adding ceramide to solutions is essential to the efficient
incorporation of ceramide into mitochondria. In addition, a
large molar excess of fatty acid-free BSA is able to prevent
the incorporation of ceramides into mitochondria; this could
explain the negative results obtained for either C,- or Cj¢-
ceramide as reported by Yuan et al. (2003). When only
cytochrome ¢ release is examined as opposed to measuring
the permeability of the mitochondrial outer membrane to
exogenously-added cytochrome ¢, the ionic strength of the
solution plays an important role. Under low ionic strength
conditions, cytochrome ¢ may not detach from the surface
of the mitochondrial inner membrane unless large amplitude
swelling occurs; this may explain the negative results
obtained for Cg-ceramide in Novgorodov et al. (2005) and
for C,-ceramide in Kristal and Brown (1999).

Mitochondrial depletion of C,-ceramide restores the
permeability barrier of the mitochondrial outer membrane.

We previously reported that a fivefold molar excess of
fatty-acid depleted BSA induced C,-ceramide channel
disassembly in planar phospholipids membranes (Siskind et
al., 2002). In addition, this same excess of BSA reversed the
C,-ceramide-induced permeability increase in the mitochon-
drial outer membrane (Siskind et al., 2002). We reasoned
that ceramide channels were in dynamic equilibrium with
ceramide monomers and that the ability of BSA to
disassemble C,-ceramide channels was due to its ability to
bind ceramide monomers in solution and induce channel
disassembly by mass action. Fig. 3a, shows that the ability of
BSA to restore the permeability barrier of the mitochondrial
outer membrane is indeed due its ability to deplete C,-
ceramide from the mitochondrial membrane. A 15 min
incubation of mitochondria with 20 uM C,-ceramide results
in a membrane concentration of 4.8+ 1.3 pmol ceramide/
nanomole phospholipid and a permeability increase of 34.5 +
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Fig. 3. Depletion of C,-ceramide from the mitochondrial membrane restores the
permeability barrier of the mitochondrial outer membrane. (a) Isolated
mitochondria were incubated with 20 pM [**C] C,-ceramide for 15 min
(black bar) or for 5 min followed by a 10 min incubation with a five molar
excess of fatty acid-depleted BSA (white bar). The level of statistical
significance from control (20 uM ['*C] C,-ceramide for 15 min) are: *#*,
P <0.001. (b) The same experiments as in (a) except using ['4C] C;¢-ceramide.
Results are a representative experiment from three independent experiments.
Error bars are the standard deviations.

1.5% (Fig. 3a). A 5 min pre-incubation of isolated
mitochondria with 20 puM C,-ceramide followed by a
10 min incubation with excess of BSA (5:1, BSA: C,-
ceramide mole ratio) resulted in a membrane concentration
of 0.4610.32 pmol C,-ceramide/nanomole phospholipids
and a permeability increase of only 7.81+0.03% (Fig. 3a).
Thus, the ability of BSA to restore the permeability barrier of
the mitochondrial outer membrane is indeed due to the
depletion of ceramide from the membrane.

We previously reported that an excess of BSA was not
able to reverse or prevent the permeability increase induced
by Cj¢-ceramide (Siskind et al., 2002). Fig. 3b, shows that
this is due to an inability of excess BSA to deplete C¢-
ceramide from the membrane; the level of C;4-ceramide in
the membrane as well as the corresponding permeability
increase was essentially identical in the presence or absence
of BSA. The inability of BSA to deplete C,4-ceramide from
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the membrane is most likely due to a greater affinity of C¢-
ceramide for membranes as opposed to BSA. C;s-ceramide
has about double the hydrophobic portion of that of C,-
ceramide and thus has about double the hydrophobic
component of the interaction energy between ceramide and
the membrane. This could make the C;4-ceramide-membrane
interactions stronger than the C,4-ceramide-BSA interactions.
Alternatively, the much lower concentration of free C4-
ceramide in solution may reduce the rate of exchange of C¢-
ceramide resulting in a process that is too slow to detect
under our experimental conditions.

3.2. The ability of ceramide to form channels in membranes is
membrane type dependent

Recent studies indicate that only ceramide generation in
mitochondria, as opposed to other organelles, leads to the
release of cytochrome ¢ and apoptosis (Birbes et al., 2001).
Ceramides induce apoptosis when they are added exogenously
to whole cells (for example, Obeid et al., 1993; Jarvis et al.,
1994; Quintans et al., 1994; Cifone et al., 1994). If ceramide
could form protein permeable channels indiscriminately in any
type of membrane at levels as low as 4—6 pmol ceramide per
nanomole phospholipids, then when added to whole cells it
would induce necrosis and not apoptosis. We therefore wanted
to determine if ceramide could form channels in plasma
membranes using erythrocytes.

Erythrocytes contain osmotically-active solutes, especially
hemoglobin and its counterions that must be balanced by
extracellular solutes to prevent bulk water movement and
cell lysis. The insertion of a channel into the erythrocyte
membrane that allows extracellular solutes to enter results in
an osmotic influx of water, increasing the cell volume and
intracellular pressure until the cell membrane tears and
hemoglobin is released. Thus, ceramide channels present in
the plasma membranes of the erythrocytes only need to be
large enough to allow the passage of small ions (Na* and
Cl) for erythrocyte lysis will occur. As shown in Fig. 4,
regardless of the level of C,- or Cig-ceramide in the
erythrocyte membrane, no ceramide channel is observed.
Ceramides do not form channels in the plasma membranes of
erythrocytes even at membrane concentrations 20 times
higher than that required for channel formation in mitochon-
drial membranes. Thus ceramide can insert into the
membrane but does not form a channel.

The membrane specificity of ceramide channel formation
could be due to several factors. The difference in the lipid
composition of the plasma membrane and the mitochondrial
outer membrane could have a dramatic effect on ceramide
channel function. Ceramide is thought to be a major
participant in reorganizing microscopic membrane rafts into
signaling platforms in response to stress. Consistent with this
notion, evidence indicates that ceramide generation in plasma
membranes occurs within rafts (for review see Gulbins and
Kolesnick, 2003). It is possible that ceramide forms
alternative structures in rafts because of the local concen-
tration of particular lipids and membrane proteins. Future
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Fig. 4. Ceramides do not form channels in the plasma membranes of
erythrocytes. Erythrocytes (4 mg/mL) were incubated with varying concen-
trations of ['4C] C,- or Cj¢-ceramide. Following, a 15 min incubation, the
concentration of ceramide in the membrane and the percent lysis of the
erythrocytes were measured. The percent lysis of the erythrocytes is the amount
of hemoglobin released expressed as a percentage of the total hemoglobin
released after addition of Triton X-100. The data are means+SD of three
separate experiments. Note that the y-axis has been enlarged twofold so as to
better view the data.

studies will investigate the lipid specificity of ceramide
channel formation further.

4. Conclusion

The results of this study strengthen the hypothesis that
ceramide channels are indeed good candidates for the pathway
with which proapoptotic proteins are released from the
mitochondrial intermembrane space into the cytoplasm during
the induction phase of apoptosis. Mitochondria contain the
enzymes necessary for ceramide synthesis and hydrolysis and
mitochondrial ceramide levels have been shown to increase
prior to the release of proapoptotic proteins. The level of
mitochondrial ceramide generated during the induction phase
of apoptosis closely matches the membrane concentration
required for the formation of protein permeable ceramide
channels. Thus, the permeability of the mitochondrial outer
membrane can be tightly regulated by controlling the size of
the ceramide channels via the level of ceramide in the
membrane.
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