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We report that physiological concentrations of both
short- and long-chain ceramides, despite being lipids,
form large stable pores in membranes. Some of these
pores should be large enough to allow cytochrome c to
permeate. Dihydroceramide differs from ceramide by
the reduction of one double bond, and yet both its apo-
ptogenic and channel-forming activities are greatly re-
duced. A structural model provides insight into how
ceramides might form pores. According to a mathemat-
ical model, both the individual conductance of the chan-
nels and the overall membrane conductance are directly
related to the overall concentration of ceramide in the
membrane. Slight changes in concentration have dra-
matic effects on the size of the channels formed, provid-
ing an easy way for rapidly altering membrane perme-
ability by changing the activity of local synthetic and
catabolic enzymes. A possible role for these channels in
apoptosis is discussed.

Ceramide, a sphingosine-based lipid second messenger, is
known to be involved in the regulation of several cellular re-
sponses to extracellular stimuli, including differentiation,
growth suppression, cell senescence, and apoptosis (1–3). The
role of ceramide specifically in apoptosis has attracted great
attention in recent years. Ceramide is generated within the cell
via the hydrolysis of sphingomyelin or de novo synthesis. A net
increase in ceramide levels within the cell is observed in re-
sponse to several inducers of cellular stress (1–3). The contents
of ceramide in the membranes of cells undergoing apoptosis are
thought to reach 10 mol % of the total phospholipid (2). The
wide range biological effects of ceramide, which depend on cell
type, receptors involved, sub-cellular location, and concentra-
tion, suggest the existence of several downstream targets for
distinct intracellular pathways.

Mitochondria have been shown to play a major regulatory
role in cell death via apoptosis (4–8). A key feature is the
release of mitochondrial proteins, including apoptosis-inducing
factor, cytochrome c, procaspases, and heat shock proteins from
the intermembrane space of mitochondria to the cytoplasm
(4–7, 9). The release of intermembrane space proteins into the
cytoplasm is crucial for the activation of specific caspases and
DNases with apoptosis as a final result. Increased ceramide
levels and exogenously added cell-permeable ceramide ana-
logues have been reported to have an effect on various aspects
of mitochondrial function. N-Acetyl-D-erythro-sphingosine (C2-

ceramide)1 has been shown to induce cytochrome c release
when added to whole cell cultures (10–14) and isolated mito-
chondria (15–17). This cytochrome c release can be prevented
by preincubation with or overexpression of the anti-death pro-
tein, Bcl-2 (18), or transfection of cells with Bcl-xL (19, 20). In
addition, solubilized long-chain C16-ceramide has been shown
to induce a large release of cytochrome c when added to mito-
chondrial suspensions (16). Additional effects of ceramide an-
alogues include enhanced generation of reactive oxygen species
(10, 21, 22), alteration of mitochondrial calcium homeostasis
(10, 21, 22), and ATP depletion followed by collapse in the inner
mitochondrial membrane potential (Dcm) (10, 17). In addition,
ceramide has been shown to destabilize membranes and cause
leakage, fusion, and budding of vesicles (23–26). Ceramides
have been reported to mix poorly with phospholipids in bilay-
ers, form distinct ceramide-enriched microdomains, favor the
stability of the gel over the lamellar phase, and facilitate the
lamellar-hexagonal transition of phospholipids (26). Di Paola et
al. (16) recently reported that C2-ceramide, when added to
liposomes, causes a collapse in the membrane potential gener-
ated by reconstituted complex III of the mitochondrial electron
transport chain. Their results indicate that C2-ceramide can
somehow cause an increase in the permeability of membranes.

Although ceramides have been demonstrated to increase the
permeability of membranes, the means by which they do so
remains unclear. We therefore tested the ability of C2- and
C16-ceramides to form channels in membranes lacking pro-
teins, utilizing the planar membrane technique (27) as modi-
fied (28). Here we show that both short- and long-chain ceram-
ides can form large stable channels in membranes and have
provided both structural and mathematical models to provide
insight as to how they might do so. As far as we are aware, this
is the first report of stable pore formation by a lipid in a
membrane. The implication for a role of these ceramide chan-
nels in apoptosis is discussed.

EXPERIMENTAL PROCEDURES

Drugs and Reagents—The following reagents were purchased from
Avanti Polar Lipids: C2-ceramide, C2-dihydroceramide, C16-ceramide,
C18-dihydroceramide, and asolectin (soybean phospholipids).

Electrophysiological Recordings—Planar membranes were formed by
the monolayer method (27), as modified (28), across a 100-mm-diameter
hole in a Saran partition using 1% (w/v) asolectin (soybean phospholip-
ids), 0.2% (w/v) cholesterol in hexane solution. The aqueous solution
contained 1 M KCl, 1 mM MgCl2, 5 mM MES (pH 6.0). The applied
voltage was held constant at 9 mV. Me2SO was used as the vehicle for
C2-ceramide and dihydroceramide experiments such that it was no
more than 0.5% of the total volume of the aqueous solution. Equal
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amounts of the agent being tested were pipetted into the aqueous
solution on both sides of the membrane while stirring to reach the total
concentration indicated. Because of the harsh techniques required for
solubilization of long-chain ceramides, the planar membrane experi-
ments utilizing long-chain ceramides required that the planar mem-
brane be made in their presence. The membrane consisted of 1% (w/v)
asolectin, 0.2% (w/v) cholesterol, and 0.05% (w/v) either C16-ceramide or
C18-dihydroceramide in hexane. All other conditions remained the
same.

RESULTS

C2-Ceramide Increases Membrane Conductance by Forming
Large Stable Channels—The effect of C2-ceramide on mem-
brane conductance was monitored by utilizing the planar mem-
brane technique (27) as modified (28). 5 mM C2-ceramide, a
concentration less than or equal to those used in whole cell and
isolated mitochondrial suspension experiments, when added to
the aqueous phase (either one or both sides), resulted in stable
pore formation in the planar phospholipid membrane. The dis-
crete stepwise current increases are diagnostic of C2-ceramide
pore formation in the membrane (Fig. 1, a–c). The channels
had long lifetimes, and thus the overall conductance of the
membrane increased in a stepwise manner as new channels
formed. As the total membrane conductance increased and the
experiment progressed, the conductance of the individual chan-
nels tended to increase, ranging from about 1 nS early to more
than 200 nS late in the experiment (Fig. 2). Whereas the
stability of the membrane was reduced by the addition of cer-
amide, the discrete conductance increments observed were not

characteristic of simple membrane breakdown. Membranes
lasted as long as 40 min after the formation of the first channel,
achieving total conductance values as high as 2.3 3 103 nS.

The addition of C2-D-erythro-dihydroceramide to the aqueous
phase, at concentrations up to 25 times greater than that of
C2-ceramide, only resulted in a few, low conductive, transient
pores (Fig. 1d). The rare stepwise current increases seen with
dihydroceramide were up to 3 orders of magnitude smaller
than those of C2-ceramide, and the current always returned to
baseline.

A Structural Model For Ceramide Channel Formation—We
propose that annuli of 5 or more ceramide molecules form a
polar center, which can accommodate water and solutes (Fig.
3c). The annuli, stacked in register, should consist of 6 or 7
layers to form a pore that spans the 3- to 3.5-nm-thick hydro-
phobic portion of the membrane. The stacking of the annuli
would be stabilized by intermolecular hydrogen bonds between
amide nitrogens and carbonyl groups located on opposite sur-
faces of each ceramide molecule (see Fig. 3a for the structure of
C2-ceramide). These are the same types of hydrogen bonds that
stabilize the a helices and b-pleated sheets of proteins and are
consistent with the observations of Pascher (29). These inter-
actions can be thought of as forming columns of ceramide
residues that span the membrane (Fig. 3b). Multiple columns
are held together by hydrogen bonding via the hydroxyl groups
proposed to line the channel lumen. Thus, a hydroxyl hydro-
gen-bonded network, not unlike the structure of ice, would line
the wall of the aqueous pore. The number of ceramide columns
formed (or the number of ceramides in the annulus) would
therefore determine the pore size.

The nonapoptogenic precursor, C2-D-erythro-dihydroceram-
ide, lacks the 4,5-trans double bond present in ceramide. Rota-
tion about the 4,5 single bond in dihydroceramide could inhibit
the formation of the large stable pore structures either by
making these structures unstable or preventing their forma-
tion. Because of restricted rotation about the 4,5-trans double
bond, the C3 hydroxyl group would be held in better position for
participating in the hydrogen-bonding network proposed to line
the channel lumen. Note that the secondary alcohol group on
C3 of the sphingoid base backbone is an allyl alcohol and thus
a particularly effective hydrogen-bond donor. This may also be
the functional advantage of the double bond in ceramide and
may explain the ineffectiveness of dihydroceramide.

FIG. 1. C2-ceramide forms channels in planar phospholipid
membranes. a–c, continuous current recordings of channel formation
induced by the addition of 5 mM C2-ceramide to the aqueous solution,
which consisted of 1 M KCl, 1 mM MgCl2, and 5 mM MES (pH 6). The
applied voltage was clamped at 9 mV. d, current recordings in the
presence of 120 mM C2-dihydroceramide. Conditions were as in a–c.

FIG. 2. Distribution of single channel conductances produced
by 5 mM C2-ceramide. Data were compiled from four separate exper-
iments using the conditions stated for Fig. 1, a–c. Only distinct vertical
current increments were measured. The left and right insets are de-
tailed distributions of channels with single channel conductances below
10 nS and greater than 100 nS, respectively.
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A Mathematical Model Relates Overall Ceramide Concentra-
tion in the Membrane to Individual Channel Conductance and
Overall Membrane Conductance—The proposed structure al-
lows for a variable pore size depending on the number of
ceramide molecules forming each channel. Therefore, the like-
lihood of forming channels of a particular size would strongly
depend on the ceramide concentration in the membrane. Like-
wise, the overall conductance of the membrane, reflecting the
number of channels that have formed, would also depend on
the ceramide concentration in the membrane. As was observed,
the conductance of newly formed channels would depend on the
overall conductance of the membrane at that time. A simple
theory puts these observations on a quantitative footing and
yields interesting insights. The concentration of pores, made up
of an i number of ceramide molecules ([Ci]), is related to the
concentration of ceramide molecules in the membrane ([C]) as
shown in Equation 1,

@Ci# 5 k1k2
~i21!@C#i (Eq. 1)

where the constants k1 and k2
(i21) are for the formation of the

first channel and the enlargement of the channel, respectively.
The single channel conductance (gi) of a pore made up of an i
number of ceramide molecules is represented in Equation 2.

gi 5 k3 i2 (Eq. 2)

The total conductance of the membrane (GT) is the summation
of the individual conductances of all the pores in the
membrane,

GT 5 O
i5n

m

@Ci#gi A (Eq. 3)

where n is the number of ceramides in the smallest channel, m
is those in the largest, and A is the area of the membrane.
Theoretical values for average single channel conductances for

a range of total membrane conductances were generated using
Equation 4,

g 5

O
i5n

m

@Ci#gi A

O
i5n

m

@Ci#A

(Eq. 4)

and were compared with the experimental observations (Fig.
4a). For both the theory and the data, as the total membrane
conductance increases, the single channel conductance in-
creases. In addition, the total concentration of ceramide in the
membrane can be related to the number of monomers making
up the channel and the total membrane conductance (Fig. 4b).
Slight changes in concentration have dramatic effects on the
size(s) of channels represented. For a given total membrane
conductance range, there are distinct single channel conduc-
tances that are represented. At low membrane conductances
and low concentrations of ceramide in the membrane, channels
of smaller size are represented. Likewise, at higher total mem-
brane conductances, there are higher concentrations of ceram-
ide in the membrane, and larger channels are observed. This
mathematical model is consistent with both the experimental
observations and the structural model presented above.

C16-Ceramide, like C2-Ceramide, Forms Stable Channels in

FIG. 3. Structural model for ceramide pore formation. a, struc-
ture of a C2-ceramide molecule. b, a column of ceramide residues held
together by intermolecular hydrogen bonds between amide and car-
bonyl groups. This column would span the hydrophobic portion of the
membrane and, in association with other columns, would form pores of
various sizes. c, cross-sectional view of a ceramide channel consisting of
6 columns of ceramide molecules. The columns are held together via
intermolecular hydrogen bonds between hydroxyl groups along the
channel lumen. The ceramide molecules form an annulus that encloses
a polar inner space lined with hydroxyl groups. Note that the hydro-
carbon chain of the sphingoid base backbone has been shortened to
increase the image size of the polar region.

FIG. 4. The average size of ceramide channels increased with
increasing ceramide content in the membrane. a, the average
single channel conductance increased as the total conductance in-
creases. The dots are individual experimental observations, and Equa-
tion 4 was used to generate the fitted lines. The size of the largest
possible channel was chosen to be 200, 800, or 1800 nS. b, the main
figure is a theoretical distribution of single-channel sizes as a function
of ceramide monomer concentration in the membrane (numbers next to
curves). The inset is a plot of the number of channels observed that
would correspond to channels with the indicated number of monomers.
The solid line represents the channels formed at low membrane con-
ductance (bottom fifth), and the dotted line represents the channels
formed at high conductance (top fifth).
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Planar Membranes—To determine the physiological signifi-
cance of C2-ceramide channel formation, the naturally occur-
ring long-chain C16-ceramide was tested for its effects on mem-
brane conductance. When the membrane was made in the
presence of 5 mol % (0.05% w/v) C16-ceramide, stable pore
formation in the membrane was observed (Fig. 5a). C18-Dihy-
droceramide (lacking the 4,5-trans double bond) did not have
any effects on membrane conductance (Fig. 5b). The known
nonideal mixing of ceramides with phospholipids and the for-
mation of ceramide-enriched microdomains may select for
membranes with fewer channels and lower total membrane
conductances, and therefore the histogram in Fig. 5c is proba-
bly biased toward lower channel conductances.

DISCUSSION

The results of this paper provide evidence that both C2- and
C16-ceramide form large stable pores in membranes, whereas
the biologically inactive C2- and C18-dihydroceramides do not.
The inability of other amphiphiles, including detergents, phos-
pholipids, and products of phospholipase activity, to form sta-
ble channels may reside in their inability to form an extensive
hydrogen-bonded network. In our model, hydrogen bonding
stabilizes not only columns of ceramide molecules but also the
polar ring that forms the wall of the aqueous pore.

Channel formation by C2- and C16-ceramides explains their
ability to increase the permeability of membranes. The pores
formed by both short- and long-chain ceramides could be di-
rectly or indirectly related to their apoptotic activity. According
to the bulk properties of water, the pores with conductances
ranging from 1 to 200 nS would have estimated diameters
ranging from 0.8 to 11 nm, respectively. The voltage-dependent
anion channel, located in the outer mitochondrial membrane, is
considered to be a relatively large pore. In the high conduct-
ance state, it only has a single channel conductance of 4 nS (in

the equivalent solution) and cannot allow the passage of cyto-
chrome c (30). The larger ceramide pores, if formed in the outer
mitochondrial membrane, would provide a pathway large
enough for cytochrome c to pass. Alternatively, the ceramide
pores could indirectly cause cytochrome c release through al-
terations in ion homeostasis (increased calcium levels alone are
known to induce cytochrome c release) or through interactions
with Bcl-2 family members. In addition, if ceramide pores
formed in the inner mitochondrial membrane, they would dis-
sipate Dcm and could accelerate electron transport, resulting in
enhanced generation of reactive oxygen species. Results using
C2- and C16-ceramides applied to mitochondrial suspensions
indicated that only C2-ceramide was able to dissipate the inner
mitochondrial membrane potential (16). It has been reported
that the relative proportion of ceramide and phospholipids
plays a large role in the formation of ceramide-enriched mi-
crodomains and the way in which ceramides perturb the struc-
ture of bilayers (26, 31). In addition, the 14 extra CH2 groups of
C16-ceramide would make it much more difficult for the long-
chain ceramides to move between the outer and inner mito-
chondrial membranes through the intervening aqueous phase.
Using an estimated 3 kJ/mol/CH2 residue, the free energy
difference between the hydrocarbon phase and water would
increase by 42 kJ/mol, which translates to a change in parti-
tioning of 3 3 107. Therefore, natural ceramides generated via
de novo synthesis would exert their effects on local membrane
fractions depending on the location of generation resulting in
effects that would differ from those elicited by the more soluble
ceramides.

Ceramide channels consist of hundreds of ceramide mole-
cules, hence their formation and size would be exceedingly
sensitive to the local ceramide concentration. Garcı́a-Ruiz et al.
(21) reported that mitochondria isolated from cells treated with
tumor necrosis factor showed a 2–3-fold increase in mitochon-
drial ceramide concentrations as compared with control cells
(21). They showed that this ceramide is not locally produced
within mitochondria by action of sphingomyelinases acting on
sphingomyelin, as incubation of isolated mitochondria with
sphingomyelinases did not result in an increase in mitochon-
drial ceramide levels (21). Enzymes capable of both de novo
synthesis (ceramide synthase) and hydrolysis (ceramidase)
have been found in mitochondria (32, 33). Thus the dynamic
channel formation and breakdown seen in vitro should also
occur in vivo. These could increase or decrease local levels of
ceramide, and even small changes could alter mitochondrial
membrane permeability by channel formation or dissolution.
Overall ceramide levels are known to increase during apopto-
sis, and thus regulation of the enzymes in the ceramide path-
way is somehow involved in the apoptotic process. Further
characterization of the pores formed by ceramide is underway
and will hopefully provide answers to some of these questions.
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