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Drunken Membranes: Short-Chain Alcohols Alter
Fusion of Liposomes to Planar Lipid Bilayers
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ABSTRACT Although the effects of ethanol on protein receptors and lipid membranes have been studied extensively, etha-
nol’s effect on vesicles fusing to lipid bilayers is not known. To determine the effect of alcohols on fusion rates, we utilized
the nystatin/ergosterol fusion assay to measure fusion of liposomes to a planar lipid bilayer (BLM). The addition of ethanol
excited fusion when applied on the cis (vesicle) side, and inhibited fusion on the trans side. Other short-chain alcohols followed
a similar pattern. In general, the inhibitory effect of alcohols (trans) occurs at lower doses than the excitatory (cis) effect, with a
decrease of 29% in fusion rates at the legal driving limit of 0.08% (w/v) ethanol (IC50 ¼ 0.2% v/v, 34 mM). Similar inhibitory ef-
fects were observed with methanol, propanol, and butanol, with ethanol being the most potent. Significant variability was
observed with different alcohols when applied to the cis side. Ethanol and propanol enhanced fusion, butanol also enhanced
fusion but was less potent, and low doses of methanol mildly inhibited fusion. The inhibition by trans addition of alcohols implies
that they alter the planar membrane structure and thereby increase the activation energy required for fusion, likely through an
increase in membrane fluidity. The cis data are likely a combination of the above effect and a proportionally greater lowering
of the vesicle lysis tension and hydration repulsive pressure that combine to enhance fusion. Alternate hypotheses are also
discussed. The inhibitory effect of ethanol on liposome-membrane fusion is large enough to provide a possible biophysical expla-
nation of compromised neuronal behavior.
INTRODUCTION
Since prehistoric times, ethanol has been used both as
a disinfectant and as an intoxicating and rewarding beverage
(1). Ethanol is typically produced through anaerobic, and
sometimes aerobic, fermentation of sugars by yeast. Fermen-
tation is typically limited to 15% ethanol, as metabolism is
slowed considerably in yeast at this level. Toxicity in yeast
likely occurs through several pathways, including an exces-
sive increase in fluidity of the yeast cell membrane by ethanol
(2). Elucidating the molecular targets of alcohol’s action in
brain and linking these sites to specific behavioral actions of
ethanol is critical for understanding alcohol use, abuse, and
dependence. The exact pathways whereby ethanol exerts its
effect on the brain are controversial, but likely involve a
constellation of effects onmembrane proteins (3–5), electrical
and chemical synaptic transmission, and fluidizing of the lipid
membrane. Being a simple molecule (C2H6O) it would be ex-
pected that ethanol acts through a general mechanism rather
than specific interactions such as antigen-antibody binding.
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Nevertheless, there is mounting evidence that ethanol may
act directly on specific proteins at physiologically relevant
levels as indicated below.

Ethanol’s main effects are on the central nervous system
(CNS). Ethanol acts as a weak anesthetic following the
Meyer-Overton rule, which simply states that the potency of
an anesthetic is proportional to its lipid solubility. This fact
alone has pointed to the nerve cell membrane as a target for
ethanol’s effect on the brain.However, the dogma is that phys-
iologically relevant levels of ethanol (i.e., concentrations
below 100 mM) must be mediated by ligand-gated ion chan-
nels and voltage-gated calcium channels because the mem-
brane lipid disordering properties of ethanol appear above
100 mM and are not physiologically relevant. But despite de-
cades of investigation, the evidence is inconclusive for any
specific molecular target for ethanol on any protein (for re-
views see (6,7)). Many potential protein targets have been
identified (4,8) including voltage-gatedNaþ channels (9), ad-
enylyl cyclase (10,11), guanine nucleotide binding protein Gs

(12), theGLT1 glutamate transporter (13), gap junctions (14),
g-aminobutyric acid (GABA)A receptors (6), n-methyl-d-
aspartate (NMDA) receptors (15), nicotinic acetylcholine
receptor (nAChR) channels (16,17), and the cannabinoid re-
ceptor 1 (18). One system within the brain that appears to
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be sensitive to alcohol dependence is the endocannabinoid
system (for review see (19)). All of these targets most likely
act as an acute effect on the brain and recovery may be linked
to ‘‘hangovers’’ but are likely distinct from ‘‘withdrawal syn-
drome’’ and other effects observed after chronic exposure to
ethanol such as alcoholic neuropathies and delirium.

In addition to the brain, other organs are affected by
ethanol, particularly the liver, which is responsible for the
metabolism of ethanol. Pathologies associated with the liver
and chronic alcohol exposure to the brain are not the topic of
this study and will not be discussed further, although it is
worth noting that ethanol-induced changes in the membrane
properties of hepatocytes may be central to liver disease (see
review (20)).

Alcohol-induced changes in membrane properties could
alter cellular function in two principle ways: indirectly
through membrane-induced changes in protein structure,
or directly through changes in membrane structure. For
example, an increase in Naþ conductance through the mem-
brane could lead to membrane depolarization and firing of
action potentials. Such conductance increases could occur
by the membrane acting on Naþ channels to stabilize the
open state, or by the lipid membrane directly becoming
leaky to Naþ ions. In support of the indirect pathway, it
has been proposed (21), and supported by statistical thermo-
dynamics (3,22) and coarse-grain modeling (23), that
alcohol changes the lateral pressure within the membrane
and that this increase can bias ion channels toward the
closed state. In support of the direct pathway it has be shown
that both ethanol (24) and other anesthetics (25) can change
the permeability of lipid membranes.

One critical neuronal function that requires direct interac-
tion from both proteins and membranes is the process of
neurotransmitter release through exocytosis. Although
SNARE proteins have been shown to directly drive this pro-
cess (26–30), fundamentally it requires the fusion of two
membranes: the synaptic vesicle membrane and the cell
membrane. Alcohols could modify exocytosis and neuro-
transmitter release by either pathway described above or
by two alternative pathways. Alcohols could alter the cell
membrane such that SNARE proteins function more effec-
tively (e.g., create lipid domains that cluster SNARE pro-
teins enhancing their function (31)), or they could alter
the energy required to fuse membranes (thus changing the
timing or extent of neurotransmitter release). All of these
pathways could lead to altered brain function leading to
intoxication. Currently, there is little direct evidence of
enhanced or reduced transmitter release from affected re-
gions of the brain or whether excitatory or inhibitory neu-
rons are involved. Multiple studies have measured changes
in synaptic transmission between neurons following addi-
tion of alcohol, but most propose a postsynaptic target
(17,32–34). Additionally, the vast majority of studies are
done in whole animal or tissue slice preparations where
observation of an ethanol effect depends on a sequence of
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both pre- and postsynaptic events involving many proteins.
This makes it virtually impossible to detect direct effects of
alcohol on the membrane fusion step of exocytosis.

Molecular dynamics simulations (35–39) are one approach
to look directly at the effects of alcohol on membranes. How-
ever as yet, these studies have only modeled the effects of
alcohols on a singlemembrane and not their effect on the pro-
cess of membrane fusion. Using coarse-grained molecular
dynamics simulations, the process of membrane fusion has
been studied (40,41), but not in the presence of alcohols.Add-
ing to the difficulty of understanding how alcohol altersmem-
brane fusion, few techniques are available to study the direct
effect of alcohol on neuronal processes such as exocytosis in
the absence of proteins. One exception is the work by Chan-
turiya et al. (42) where short-chain alcohols were shown to
promote hemifusion between two protein-free membranes.
This and related methods model exocytosis in a protein-free
system by using an osmotic gradient to fuse liposomes to
a planar lipid bilayer (BLM) (43–46). A variation of this,
the nystatin/ergosterol (nys/erg) fusion assay, was originally
developed in our lab (47) to aid in the reconstitution and study
of a chloride channel, but now has been used as a model sys-
tem to study protein (48,49) and lipid (50,51) factors that alter
vesicle fusion. With such model systems, it may be possible
to bridge the gap between molecular models and cellular
studies of how alcohol modulates membrane function during
neuronal synaptic transmission.

In this study we use the nys/erg assay as a model system
of exocytosis to examine what direct effect, if any, short-
chain alcohols have on membranes when two membranes
fuse together. We hypothesized that the direct action of
alcohol on membranes would alter the energy barrier for
fusion and be detected as a change in fusion rates. Consis-
tent with this hypothesis, we observe large enhancements
and significant reductions of fusion rates depending on the
type of alcohol and the side of the membrane exposed.
These results suggest possible additional pathways whereby
ethanol may alter neurotransmitter release in neurons and
hence brain function in humans.
MATERIALS AND METHODS

Materials

All solutions contained 150 mM KCl 8 mM HEPES, pH 7.1 (315 5 3

mOsM), except where noted (alcohol and salt additions). The osmolarity

of all solutions was measured with a m-Osmette Osmometer (Precisions

Systems, Natick, MA). Osmolarity measurements of alcohol-containing

solutions were within 7.5% of values calculated from standard tables

(52). All lipids were obtained from Avanti Polar Lipids (Alabaster, AL),

other reagents were from Fisher Scientific (Waltham, MA).
Liposomes

Artificial vesicles (liposomes) that contain nystatin and ergosterol weremade

as previously described (47,51,53). Briefly, liposomes (10mg/ml)weremade

of a 4:1:1:2 mol ratio containing palmitoyloleoylphosphatidylethanolamine
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(PE), palmitoyloleoylphosphatidylcholine (PC), phosphatidylserine from

porcine brain (PS), and ergosterol. The liposomes were in standard solution

to which 50 mM nystatin was added. Liposome size was measured by a

Brookhaven 90Plus particle sizer (Brookhaven Instruments, Holtsville,

NY). Liposomes were bath sonicated to a final size of 150–300 nm in diam-

eter. The bilayer chambers were filled (1.0 ml in cis and 0.8 ml in trans

chamber) with standard buffer.
Planar bilayers

BLM were made as previously described except cholesterol was added to

23 mol% to a 7:3 mixture of PE:PC. Briefly, the lipid solution (20 mg/ml

decane) was brushed onto the hole using a bubble formed with a pipette

tip dipped in the same lipids as the pretreatment. Membrane capacitance

(Cm) and conductance were measured and the membrane was repainted if

Cm < 50% of maximum expected value based on hole diameter or if Gm

was irregular or greater than 10 pA leak current.
Fusion assay

Fusion was measured with the nys/erg assay developed in our lab

(47,53). This assay has been used continuously in a variety of labs for

fusion/reconstruction studies (48–51,54–60). Liposome fusion to planar

bilayers was measured using standard electrophysiological equipment

(Bilayer Clamp Amplifier model BC-535 or BC-525C, Warner Instru-

ments, Hamden CT). Unless otherwise noted, the membrane-holding po-

tential was –60 mV (trans chamber grounded). Stirring was maintained

at 150–300 rpm to ensure constant delivery of liposomes to the planar

bilayer. The Bilayer Clamp Amplifier was under the control of custom

software using the DasyLab platform (DasyTec, Amherst, NH). Mem-

brane current, voltage, and capacitance were low-pass filtered and saved

to disk at 25 Hz. Fusion was initiated by adding 3–10 ml of liposomes to

the cis chamber to which KCl had been added to create a transmembrane

osmotic gradient. The osmotic gradient was made by adding 100 ml of

3 M KCl to the cis chamber (and withdrawing 100 ml) to give a final

(KCl) of 409 mM (772 5 7 mOsM). This creates a transmembrane

gradient of ~460 mOsM. Fusions were counted manually by the appear-

ance of abrupt rises (<0.1 s) in membrane conductance of at least four

times the RMS noise level, followed by a slower (>0.8 s) fall to baseline.

To control for human bias, some experiments were also counted by a

custom computer program that detected fusions based on the derivative

of the current trace. Although human counting always detected more

fusions, the ratio of fusion rates before and after addition of alcohol

was the same for human and computer-based count rates. Fusions were

recorded on a minute-by-minute basis and 6 min intervals were averaged

for each condition. Typically, two consecutive 6 min intervals were re-

corded before addition of alcohol to the cis or trans compartment. Full

experiments usually lasted 25–40 min with brief interruptions of current

measurements every 6–18 min to monitor membrane capacitance. Fusion

rates were corrected for changes in capacitance. Typically, this was a

relative small correction as experiments with a >25% change in capac-

itance were discarded.

As previously demonstrated (44,45,61), liposomes will fuse when three

conditions are met: 1) the vesicles have an ion channel (e.g., the nystatin

channels) in their membrane, 2) the vesicles adhere or are docked to the

bilayer, and 3) there is an osmotic gradient across the bilayer. Under these

three conditions, there will be a net entry of water from the trans compart-

ment through the bilayer membrane and into the docked vesicle. This water

flux drives the compensatory entry of osmotically active ions (through

nystatin channels) moving down their concentration gradient into the

vesicle. This results in increased vesicular pressure, which increases surface

tension according to the law of Laplace. The increase in tension is relieved

through fusion of the vesicular membrane with the planar membrane,

lowering the system free energy (45,46).
Fluorescence

Sequential additions giving a final concentration of 0.08, 0.2, 0.4, and 4.0%

(v/v) ethanol (EtOH) were made to a solution of nys/erg vesicles (~250 nm

diameter; nystatin ¼ 9.4 mM, ergosterol ¼ 23 mol% in 150 mM KCl 8 mM

HEPES buffer, pH 7.1). Steady-state fluorescence emission was monitored

with a Fluoromax (Jobin Yvon, Edison, NJ) photon-counting spectrofluo-

rometer. Sample homogeneity was maintained by magnetic stirring. Sam-

ples were equilibrated in the fluorometer at 25�C. Emission spectra were

collected at wavelengths appropriate for nystatin: excitation 315 nm,

peak emission 398 nm. Band pass was set at 4 nm. Under the conditions

used, interference from scattered light was negligible.
RESULTS

Difference in fusion rates between cis and trans
added ethanol

Using the nys/erg fusion assay, we were able to assess the
effect of various reagents on fusion of artificial vesicles
(liposomes) to a planar lipid bilayer (BLM). Initial investiga-
tion of ethanol’s effect on vesicle fusion rates was conducted
by adding 3.85% v/v ethanol (660 mM) to either the cis or
trans side of a BLM. The cis side was defined as the side
of the planar membrane to which the vesicles were added.
Ethanol exhibited large and opposite effects when added to
the cis or trans chambers. Ethanol (cis) produced a three-
to fourfold increase in fusion rates compared with controls
(see Fig. 1 A). This excitation occurred within seconds of
addition and decreased only slightly over the 40 min dura-
tion of our experiments, likely due to the reduction of the
vesicle population over time. However, addition of an equal
dose of ethanol to the trans side quickly decreased fusion
rates to near control values (data not shown).

In sharp contrast, when ethanol was first added to the
trans side of the chamber again at 3.85% (v/v), there was
a dramatic decrease in fusion rates as compared with
preaddition rates. This inhibition resulted in fusion rates
decreasing ~7-fold from that observed during control condi-
tions (Fig. 1 B).

Because of the simplicity of our model system, there are
only two obvious locations for the action of ethanol on
fusion rates. Ethanol added to the cis chamber can interact
with the planar membrane and the vesicle membrane.
Ethanol added to the trans chamber can only interact with
the planar membrane. Because of the differing results with
addition of ethanol to different sides of the membrane,
two different mechanisms appear to be responsible. We
hypothesize that the inhibition results from changing mem-
brane properties of the planar membrane and that excitation
is attributable predominantly to effect of ethanol on the ve-
sicular membrane. If correct, the excitatory effect on the
vesicle membrane must surpass the effect of ethanol on
the planar bilayer. This is consistent with our observation
that following increased fusion rates from addition of
ethanol cis, replacing the cis solution with identical but
ethanol-free solution produced a significant decrease in
Biophysical Journal 112, 121–132, January 10, 2017 123



FIGURE 1 Ethanol-induced changes in liposome fusion rates. Both panels show the time course of the membrane current in a typical experiment where

fusions from control (no ethanol) conditions were followed by fusions after the addition of 3.85% v/v ethanol. Each sharp upward spike in current represents

the fusion of one liposome to the bilayer and is marked above with a diamond. (A) The addition of ethanol to the cis chamber more than doubled the fusion

rate (from 15/6 min to 37/6 min). Insert: expanded time trace shows the clear resolution of four fusion events. (B) The addition of ethanol to the trans chamber

suppressed fusion (control: 13/6 min; after trans addition: 1/6 min). The kinetics of current decay remain unchanged following ethanol addition in both cases.

Membrane holding potential Em ¼ –60 mV (current scale is inverted so that upward deflection shows an increase in membrane conductance).
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fusion rates. This decrease was overcome by again adding
ethanol cis, which increased fusion rates above controls.

It is also noteworthy that that is all cases the average
fusion spike height and turnoff time are unchanged after
alcohol addition. Our fusion assay uses the conductance of
many open nystatin channels to detect fusion. Nystatin
channels are stabilized at the boundary of ergosterol-con-
taining superlattices in the vesicle membrane. Following
fusion with an ergosterol-free membrane, ergosterol is lost
and nystatin channels close. We have previously shown
that the time course of nystatin turnoff is correlated with
diffusion of ergosterol out of a lipid superlattice following
fusion (57). The lack of change in turnoff kinetics (Fig. 1)
suggests that alcohol neither speeds up nor slows down
ergosterol diffusion in the fusing vesicle.
cis addition of alcohols

To further characterize the inhibitory and excitatory effects
of alcohols on membrane fusion, we extended our study to
lower concentrations of ethanol and to alcohols of different
chain lengths. It is well known that alcohol chain length is
directly correlated with its bilayer modifying potency
(3,62,63). We hypothesized that if the observed effects on
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vesicle fusion from ethanol were the result of changing of
some membrane properties, then changing alcohol chain
length may influence the magnitude of the excitation and in-
hibition of fusion that we observe.

To test this hypothesis, we measured vesicle fusion rates
in the presence of methanol, ethanol, propanol, and butanol
at several different concentrations. Addition of alcohol was
done in the same manner as described above, with the
alcohol being added either to the cis or trans chambers after
a control period with no alcohol.

cis addition of alcohol models exocytosis with the alcohol
present intracellularly. Using the same quantitative metric
described above to measure the cis ethanol effect, we
measured the percentage increase in fusion rates for all
four short-chain alcohols: methanol, ethanol, propanol,
and butanol at 0.4 and 3.85% v/v (Fig. 2). Control fusion
rates during several 6 min periods in the absence of alcohol
were compared with fusion rates after addition of alcohol to
the cis chamber. Addition of alcohols to the cis chamber re-
sulted in excitation in fusion rates by ethanol, propanol, and
butanol, but not methanol, which gave variable rates with no
significant change in fusion rates at 3.85% and a statistically
significant decrease in vesicle fusion rates to 68% of control
values at 0.4% (Table 1; Fig. 2). However, 8% v/v methanol



FIGURE 2 Effect of methanol, ethanol, propanol, and butanol on vesicle

fusion rates when added to the cis chamber. Fusion rates are presented as a

percentage of the control experiment (before addition of alcohol). Light

gray bars are for 0.4% v/v alcohol and dark gray bars are for 3.8% v/v

alcohol. Ethanol and propanol similarly enhanced fusion rates at each

dose. Butanol slightly enhanced fusion rates at the higher dose. In contrast,

methanol did not significantly enhance fusions, but actually reduced fusion

rates at 0.4% v/v. Error bars are mean5 SE; additional details are given in

Table 1. P-values (compared with control): * < 0.05, ** < 0.01.
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did enhance vesicle fusions (data not shown). Ethanol and
propanol caused similar increases in vesicle fusion rates
with a ~70% increase at 0.4% v/v and a three- to fourfold
increase at 3.85% v/v. The largest alcohol, butanol, was
much less effective at increasing fusion rates. We antici-
pated that with butanol, the excitation would increase due
to increasing alcohol chain length and lipid solubility. Sur-
prisingly, this was not the case. Effectiveness and signifi-
cance of the change in fusion rates for all alcohols at both
doses are given in Table 1.
TABLE 1 cis Addition of Alcohols

Alcohol

(% v/v)

Molarity

(mM)

Fusion Rates

Mean 5 SE n

Methanol 0.40% 100 68% 5 8% 6

3.85% 950 76% 5 10% 5

Ethanol 0.40% 70 167% 5 16% 7

3.85% 660 396% 5 50% 12

Propanol 0.40% 55 178% 5 13% 4

3.85% 515 348% 5 67% 4

Butanol 0.40% 45 118% 5 17% 7

3.85% 420 174% 5 31% 14

Bolding indicates higher dose of alcohol.
trans addition of alcohol

Adding alcohol to the trans chamber models exposure as
would normally occur in humans, with the alcohol initially
present extracellularly. In contrast to the enhancement seen
with cis addition, trans addition reduces vesicle fusion rates.
As shown in Fig. 3, at 3.85% (v/v) alcohol fusion rates were
decreased to 14%–40% of controls rates, depending on the
alcohol. The extent of inhibition between alcohols was not
significant. However, with the exception of the low dose
of methanol and propanol, all were significantly different
from controls. A decrease in fusion rates was also seen in
extended experiments without addition of alcohol, presum-
ably because of depletion of the vesicle pool. The white bars
in Fig. 3 show that this decrease only became significant af-
ter 300 fusions. Therefore, we excluded data with greater
than ~300 fusion. See Table 2 for complete summary of
experimental values with trans alcohol.
Ethanol dose response curve for fusion

To further determine the effectiveness of ethanol in inhibit-
ing fusion at physiologically relevant concentrations and the
IC50 of ethanol added to the trans chamber, we expanded the
range of doses. Fig. 4 shows the ethanol dose response
curve. The IC50 was determined from the least squares
best-fit dose curve through the data and was 0.20% (v/v)
or 34 mM. At 0.08% w/v (17 mM), the established legal
driving limit in the United States for blood alcohol concen-
tration, there was a 29% decrease in fusion rates as
compared with control fusion values. Thus, when ethanol
is applied to the extracellular side of a model membrane
at physiologically relevant concentrations, a significant
decrease in fusion rates is observed.
Ethanol changes membrane fluidity

We considered the possibility that the changes in fusion
rates may be due to fluidity changes in either the vesicle
or bilayer membrane. To independently measure fluidity
changes in membranes due to ethanol, we took advantage
of the fact that nystatin, used for the fusion assay above,
also fluoresces in membranes (64). The fluorescence of
nystatin has been shown to reflect membrane fluidity (65).
When a membrane is more rigid, nystatin partitions deeper
into the bilayer and its fluorescence increases. On the other
hand, when nystatin is in bulk solution or not partitioned as
deeply, its fluorescence is somewhat quenched. Thus, a
decrease in fluorescence emission corresponds to an in-
crease in membrane fluidity.

As shown in Fig. 5, ethanol decreases nystatin fluores-
cence, and hence increases membrane fluidity with a dose
curve very similar to that shown for fusion in Fig. 4. The
IC50 was ~0.1% v/v ethanol, which compares well with
0.2% v/v ethanol obtained with the fusion assay for trans
Biophysical Journal 112, 121–132, January 10, 2017 125



FIGURE 3 Same as Fig. 2 except showing the

decrease in fusion rates when alcohols are added

to the trans chamber. trans addition models initial

extracellular exposure of cells to alcohol. The level

of inhibition increased with dose. White bars show

fusion rates in extended control experiments. Rates

started to fall off after ~300 fusion events. Error

bars show mean 5 SE; additional details are given

in Table 2.
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addition. At the legal limit of alcohol (0.08% w/v), there
was a 30% decrease in fluorescence emission. Decreases
in fluorescence emission (increase in membrane fluidity)
was also seen with methanol, propanol, and butanol (data
not shown). Although fluorescence spectroscopy cannot
distinguish whether or not alcohol is being added to the
cis or trans side of the bilayer membrane, what is clear is
that physiologically relevant concentrations of ethanol
change membrane properties in ways that correlate well
with decreases in fusion rates due to ethanol in the planar
membrane, but do not correlate with increases in fusion
rates with ethanol in the vesicle membrane (cis addition).
Alcohols do not act by an osmotic mechanism

A mechanism by which trans alcohol could reduce fusion
rates is through the depletion of the osmotic driving force.
Because our system is a protein-free system where fusion is
driven by an osmotic gradient, any increase in the osmolar-
ity of the trans chamber could reduce the tonicity across
the bilayer membrane and thereby reduce fusion rates.
The transmembrane osmotic gradient initially was ~460
mOsM (cis side high, see Materials and Methods). Raising
the trans side by adding enough alcohol to cancel this
gradient would be expected to stop fusions. Fig. 6 shows
that this is clearly not the case. The dashed line in Fig. 6
shows the predicted reduction in fusion rate if alcohols
TABLE 2 trans Addition of Alcohols

Alcohol

(% v/v)

Molarity

(mM)

Fusion Rates

Mean 5 SE n

Methanol 0.40% 100 65% 5 9% 3

3.85% 950 39% 5 11% 5

Ethanol 0.44% 75 46% 5 6% 5

3.85% 660 14% 5 3% 4

Propanol 0.40% 55 79% 5 9% 3

3.85% 515 28% 5 9% 4

Butanol 0.36% 40 54% 5 10% 7

3.81% 415 40% 5 9% 8

Bolding indicates higher dose of alcohol.
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added to the trans side reduced fusion through an osmotic
mechanism. The ‘‘þ’’ at 100% reduction in fusion rates
shows the point where the osmolarity of the alcohol addi-
tion would exactly cancel out the higher osmolarity of the
cis side. No fusions would be expected at and above this
osmolarity. At lower osmolarities, a linear relationship be-
tween osmolarity and fusion (actually surface tension in the
vesicle membrane) is assumed based on Eq. 15 of (45).
Note that most of the alcohols at 3.8% (v/v) would be pre-
dicted to totally block fusion, which was not observed.
Additionally, ethanol at 0.4% (solid diamond) and methanol
at 3.8% (solid circle) both reduce fusion by ~60%, but pro-
duce vastly different increases in osmolarity (50 and 850
mOsM, respectively).

To further test for a possible osmotic effect, additional ex-
periments were performed where equiosmolar amounts of
3M KCl were added to the cis chamber simultaneous with
addition of alcohol to the trans chamber (data not shown).
These simultaneous addition experiments produced inhibi-
tion of fusion that was not significantly different from those
without equiosmolar KCl (Fig. 3). These data rule out a sig-
nificant role of osmotic forces in the observed effect of alco-
hols on vesicle-membrane fusion. This is also consistent
with short-chain alcohols having a fairly high permeability
through the membrane (63), although not high enough
(due to the large volume of the chambers) to significantly
raise the alcohol concentration on cis side.
DISCUSSION

As shown in Fig. 1, we observe a strong effect of ethanol on
the process of membrane-membrane fusion, a core step in
cellular exocytosis. Addition to the cis side increased fusion
(Fig. 2) and trans addition inhibited fusion (Fig. 3) with an
IC50 of 34 mM (Fig. 4). Because osmotic forces do not play
a significant role in producing the effect (Fig. 6), we assume
that alcohols are altering fusion by their direct action on
membranes. Methanol has the shortest carbon tail and is
consequently the least lipid-soluble of the alcohols. Hence,
we anticipated that methanol would have the smallest effect



FIGURE 4 Ethanol added to the trans chamber inhibits fusion rates with

an IC50 of 0.20% v/v (34 mM). At 0.08% w/v ethanol, the legal driving

limit, there was a 29% decrease in fusion rates. Error bars are mean 5

SE; N ¼ 3–5.
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on bilayer properties, interacting primarily at the interface
between lipid heads and water. Conversely, of the alcohols
tested, butanol has the longest carbon tail and is conse-
quently the most lipid-soluble. We expected butanol to
have the most dramatic effect on bilayer properties because
it inserts deeper into the lipid tails and equilibrates quickly
FIGURE 5 Ethanol decreases membrane fluidity as reflected by the

decrease in nystatin fluorescence. Standard nystatin-containing vesicles

were exposed to the indicated percentage (v/v) of ethanol and fluorescence

emission at 398 nm was monitored. The decrease in fluorescence with

increasing ethanol concentration has an IC50 of 0.095% (16 mM). Error

bars are mean 5 SE; N ¼ 7.
across the membrane. With trans addition, the variability in
our data was too large to draw any direct conclusions about
potency as a direct function of carbon chain length, but all
alcohols produced a significant reduction compared with
controls (Fig. 3). With cis addition (Fig. 2) the biphasic
enhancement is significant, with fusion rates peaking with
ethanol and propanol and falling off with methanol and
butanol. Below we consider multiple mechanisms that
may underlie these results. trans addition is considered first,
as it is simpler.
Possible mechanisms for inhibition of fusion by
trans addition of alcohol

A likely mechanism by which alcohol could inhibit fusion is
through increased disordering and increased fluidity of the
bilayer membrane. It is known that ethanol increases mem-
brane fluidity and that cholesterol decreases fluidity by
increasing the order and packing of the lipids (65). Further-
more, ethanol’s disordering effect is more potent in choles-
terol-containing membranes (66,67). If the suppression of
fusion by trans addition is due to increased fluidity of the
planar membrane then this same suppression would be ex-
pected with cis addition also, because in both cases the
planar bilayer is exposed to alcohol. Consequently, the exci-
tation due to cis addition would have to be due to a signifi-
cantly stronger mechanism(s), to overcome the fluidity-
induced inhibition in the planar membrane. However, if
alcohol flip-flop across the membrane is slow, then the
change in fluidity might only effect the exposed leaflet of
the planar membrane. A membrane with different fluidity
in each leaflet could enhance fusion of vesicles on one
side and suppress fusion of vesicles on the other, thus
directly explaining the key observation of this study.

If alcohols affect fusion by acting on only one leaflet of
the bilayer membrane, then two things must be true: each
leaflet of the membrane must be able to form a domain in-
dependent of the other side, and alcohol flip across the mem-
brane must be slow on the timescale of our experiments. In
support of the first point, Collins and Keller (68) have shown
that different lipid domains can exist independently in each
leaflet of a membrane. The issue of alcohol flip, however,
requires further examination. Flip times for short-chain al-
cohols have not been directly measured; however, flip of
ionized fatty acids has been reported to be no slower than
seconds (69), and for unionized fatty acids on the milli-
second timescale (70). Results from molecular modeling
show flip of ethanol, propanol, and butanol on the sub-
microsecond timescale, depending on lipid composition
(35,37,38). Additionally, butanol was observed to enhance
fast phospholipid flip on the timescale of microseconds
(38). These data are consistent with alcohol flip-flop occur-
ring much faster than the time course of our experiments and
hence imply that asymmetrically distributed alcohol is not
the main factor altering vesicle fusion rates. This is also
Biophysical Journal 112, 121–132, January 10, 2017 127



FIGURE 6 Changes in the apparent osmotic

gradient do not correlate with reduced fusion rates.

Addition of alcohols to the trans chamber reduced

fusion rates but did not correlation with respect to

the corresponding osmolarity changes. The ‘‘þ’’

at 0.46 OsM and 100% reduction in fusions shows

the osmolarity increase needed to exactly match the

osmotic gradient in the chamber, which should stop

fusion. The dashed line is the expected correlation,

assuming osmotic forces drive the reduction in fu-

sions produced by alcohols. The fusion rates data

are from Fig. 3; error bars are 95% confidence

limits.
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consistent with our conclusion that these alcohols have high
membrane permeability and hence cannot change fusion
rates through an osmotic (tonic) mechanism.

The suppression of fusion due to addition of alcohol to the
trans side is most likely explained by the fluidizing effect of
alcohol on both leaflets of the planar membrane. This is also
consistent with data that cholesterol in the planar bilayer in-
creases vesicle fusion rates, presumably through a decrease
in membrane fluidity (51). The fluorescence data (Fig. 5)
confirm that ethanol increases membrane fluidity as re-
flected by the decrease in nystatin fluorescence. However,
if ethanol is altering fluidity in the vesicle, then it did not
change the fluidity of the sections of the membrane superlat-
tice containing ergosterol and nystatin channels, since chan-
nel turnoff time was not altered (see Fig. 1). Thus, our
current data support the hypothesis presented previously
that decreased fluidity of the planar membrane (due to addi-
tion of cholesterol) enhances fusions and increased fluidity
(due to addition of alcohol) suppresses fusion.
Possible mechanisms for enhancement of fusion
by cis addition of alcohol

It is more difficult to narrow down possible mechanisms for
the enhancement of fusion rates following addition of
alcohol. This is both because our results are biphasic and
because alcohol may be acting at the planar membrane,
the vesicle membrane, or the thin layer of water between
them. One mechanism by which alcohol can enhance vesicle
fusion is by decreasing vesicle lysis tension. Ly and Longo
(63) showed that methanol, ethanol, and butanol (propanol
was not included in their study) decrease vesicle lysis ten-
sion (see also (71)). A general decrease in lysis tension in-
creases the probability that any docked vesicle will fuse
with the BLM, under the same fixed driving force (45,46)
and hence increases fusion rates. We consider this the
most likely mechanism and discuss it further below, after
considering several alternatives.

Another potential mechanism by which alcohol can result
in increased fusogenicity of vesicles is through increased
128 Biophysical Journal 112, 121–132, January 10, 2017
interdigitation of tails within the membrane. Interdigitation
happens when alcohol inserts at the head groups, expanding
the membrane and leaving extra room for the lipid tails of
opposing leaflets to overlap. During this process alcohol,
which primarily resides adjacent to the phosphate group
(39), decreases the extent of water hydration of the lipid
heads and provides greater exposure of the lipid tail; pro-
cesses that could increase the likelihood of fusion events
(72). However, interdigitation is usually only observed in
pure PC membranes and at alcohol concentrations higher
than 5% v/v (36,72,73). Therefore, interdigitation does not
explain the phenomena we observe at lower doses with
membranes that contain PC, PE, and cholesterol lipids
(see Materials and Methods). Interdigitation would also pro-
duce an increase in bilayer membrane capacitance, which
we and others (42) did not observe.

A more plausible hypothesis is that alcohol can enhance
the rate of fusion by promoting a hemifusion state between
the vesicle and the BLM. Chanturiya et al. (42) showed that
alcohols promote membrane hemifusion, a preliminary
stage on the pathway to fusion. Specifically, methanol,
ethanol, and butanol increased the prevalence of hemifusion
by 5–50 times when compared with alcohol-free control
conditions. They found that hemifusion occurs in the same
range of concentrations that we utilize in our assay; how-
ever, the enhancement in hemifusion plateaus ~2% v/v.
We continue to observe increasing fusion rates with
increasing alcohol concentration as high as 8% v/v (data
not shown). Thus, it is likely that if alcohol enhances
fusion through the promotion of hemifusion, then additional
mechanisms of enhancement, such as the reduction of lysis
tension or interdigitation, must be responsible when concen-
trations exceed 2% v/v.

Alcohol could also induce fusion by lowering the hydra-
tion repulsive pressure, either directly or indirectly. One of
the major barriers inhibiting the fusion of two lipid bilayers
is the layer of water between them creating a hydration
repulsive pressure (74). Alcohol at the surface of the mem-
brane can replace water thereby lowering the hydration
repulsive pressure (75). Additionally, alcohol may indirectly
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influence the hydration repulsive force by increasing the sur-
face area of the lipid interface through its insertion into the
leaflets. Such changes depend on the exact composition
of lipids (35). The increase in surface area will decreases
hydration pressure (76). This suggests a plausible mecha-
nism for the action of alcohol in increasing fusion as it
has been shown that alcohol increases surface area per
head group (63).

Alcohol could alter fusion by changing membrane curva-
ture. Previously we and others showed that cholesterol,
which can cause membranes to have negative curvature, en-
hances membrane fusion (51,77,78). We considered the pos-
sibility that alcohol might also alter fusion by changing
membrane curvature. Because the bilayer membrane is
planar, it seemed most likely that any change would act pri-
marily on vesicle membranes and would depend on vesicle
size. However, we cannot rule out an effect on bilayer mem-
brane curvature due to asymmetric alcohol distribution
across the membrane. With respect to vesicle size, we noted
that ethanol had the same effect on vesicles that were twice
as large or twice as small as control vesicles and there was
no shift in the size of the fusing vesicles (estimated from
conductance spike height) following addition of alcohol
(data not shown).

Finally, we also considered the possibility of the increase
in fusion rates observed is simply an artifact specific to
the constraints of our system. Specifically, the observed
enhancement might be due to alcohol increasing the sensi-
tivity of the nys/erg fusion assay. The assay uses nystatin
channels in vesicular membranes to detect when vesicles
fuse to a BLM. Because alcohols influence various mem-
brane properties, changing lipid behavior and domains, it
is possible that alcohol’s impact on the bilayer influences
the conductance, grouping, or structure of nystatin channels.
Changes in nystatin conductance could increase the
observed fusion rate through two mechanisms. 1) Increased
nystatin conductance would make each fusion easier to
observe. Hence fusion of vesicles with only a few nystatin
channels, that would not be observed before alcohol addi-
tion, would be detected after addition. 2) Changes in
nystatin conductance could alter the population of vesicles
able to fuse under the specific osmotic conditions of the
assay (45). To test these possibilities, we directly measured
nystatin conductance in an ergosterol-containing planar
bilayer as previously reported (47), and then added ethanol.
At low doses (<0.5% v/v) ethanol had no measurable
effect on nystatin conductance, but at higher doses nystatin
conductance dropped by up to half of the alcohol-free
controls (data not shown). This is consistent with the fluo-
rescence data that show nystatin moving out of the mem-
brane following ethanol addition (Fig. 5). This decrease
would lead to an underestimate of fusion rates and therefore
can be ruled out as the mechanism that is producing
the observed enhancement. Furthermore, this mechanism
cannot produce the inhibitory effect observed with alcohol
in the trans chamber since the trans chamber does not
come in contact with the vesicles or their nystatin channels
until after fusion events.

Of the six possible mechanisms presented above for the
enhancement of fusion by cis addition of alcohol, two
seem most likely: decreasing vesicle lysis tension and
lowering the hydration repulsive pressure. With both of
these mechanisms alcohol would be expected to enhance
fusion only if added to the cis side. If these are indeed the
two major factors for enhancing fusion, then their combined
effect must still overcome the reduction in fusion caused by
the increased fluidity of the planar membrane by alcohol.

The extent of enhancement due to decreases in lysis ten-
sion and hydration pressure is dependent on both concentra-
tion and alcohol chain length. According to Ly and Longo
(63) the lysis tension decreases with concentration and
with chain length. This is mostly consistent with all of our
data except for butanol, where it was unexpectedly less
effective than propanol and ethanol at promoting fusion
(Fig. 2). We also observe a mild suppression of fusion
with low doses of methanol implying that with this short-
chain alcohol the small decrease in lysis tension in vesicles
and the mild lowering of the hydration repulsive pressure
between vesicle and planar bilayer are not sufficient to over-
come the inhibition to fusion caused by the increased
fluidity of the planar membrane. For butanol, we speculate
that the presence of sterol (cholesterol in the planar mem-
brane and ergosterol in the liposomes) alters the membrane
response to this longer alcohol. The alcohol-induced mem-
brane changes reported by Ly and Longo (63) were for ste-
rol-free membranes. They report that alcohol absorption
into the membrane generally expanded the membrane
heads. However, in the presence of sterol, the longer hydro-
carbon chain of butanol would compete with the sterol and
would not be expected to localize in the membrane in the
same way. Indeed, Brahm (79) observed an unexpected
increased in membrane permeability with butanol that
may be attributable to cholesterol in the membrane. A
clearer understanding of butanol’s interactions with sterol-
containing membranes may provide further clues on the ac-
tion of this alcohol on membrane fusion and exocytosis.
CONCLUSIONS

In many past studies of the direct effect on lipid membranes
caused by ethanol and other short-chain alcohols, relatively
high concentrations of ethanol (500–2000 mM) were
required to observe a measurable effect (6,7,24,71). The ma-
jor finding of this research is that relatively low doses of
ethanol (0.08% w/v or 17 mM) added to the membrane cor-
responding to the extracellular side are sufficient to cause a
29% inhibition in fusion rates of liposomes to BLMs. Mul-
tiple mechanisms are likely responsible for the effects of
alcohol on liposome-membrane fusion and these effects
will depend on the specific composition of the membranes
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(35). Application of these results to in vivo studies will
require consideration of how additional components in
cell membranes might modulate these results. For example,
synaptic vesicles are known to contain not only the lipids
PE, PC, PS, and sterol (used in this study), but also phospha-
tidylinositol (PI), sphingomyelin, and hexylceramide (80). It
is likely that proteins associated with the fusing membranes
will also modify the alcohol-induced effects.

Although these data do not prove that the pharmacolog-
ical effects of ethanol on humans are due to a suppression
of exocytosis and neurotransmitter release from neurons, it
seems worth pointing out that the effect we observe in our
simplified model of membrane-membrane fusion is large
enough to provide a possible biophysical explanation of
compromised neuronal behavior. For example, an ethanol-
induced general decrease in neurotransmitter release may
lead to a greater relative decrease from excitatory versus
inhibitory synapses leading to a general depression of the
CNS. This is consistent with fast-scan cyclic voltammetry
results using mice brain slice preparations where ethanol
causes inhibition of dopamine release at terminals in the
striatum with an IC50 of 40–60 mM (17,81).
AUTHOR CONTRIBUTIONS

B.H. conceived the initial study. B.H., J.P., and S.R.Z ran bilayer experi-

ments. D.H. ran fluorescence experiments. J.P. and D.J.W wrote most of

the article. All authors helped analyze results and prepared figures.

D.J.W. provided training for all protocols.
ACKNOWLEDGMENTS

We thank Coulson Huntington, Ben Cutler, Colby Erickson, David Calder-

wood, and Mitchell Allphin for their help in running some of the bilayer

experiments including osmolarity measurements, as well as Scott C. Stef-

fensen, Jeff G. Edwards, and J. Walter Woodbury for their helpful com-

ments and review of the manuscript.
REFERENCES

1. Vallee, B. L. 1998. Alcohol in the western world. Sci. Am. 278:80–85.

2. You, K. M., C. L. Rosenfield, and D. C. Knipple. 2003. Ethanol toler-
ance in the yeast Saccharomyces cerevisiae is dependent on cellular
oleic acid content. Appl. Environ. Microbiol. 69:1499–1503.

3. Cantor, R. S. 2001. Breaking the Meyer-Overton rule: predicted effects
of varying stiffness and interfacial activity on the intrinsic potency of
anesthetics. Biophys. J. 80:2284–2297.

4. McCool, B. A. 2011. Ethanol modulation of synaptic plasticity. Neuro-
pharmacology. 61:1097–1108.

5. Eckenhoff, R. G. 1998. Do specific or nonspecific interactions with
proteins underlie inhalational anesthetic action? Mol. Pharmacol.
54:610–615.

6. Harris, R. A., J. R. Trudell, and S. J. Mihic. 2008. Ethanol’s molecular
targets. Sci. Signal. 1:re7.

7. Sun, G. Y., and A. Y. Sun. 1985. Ethanol and membrane lipids. Alcohol.
Clin. Exp. Res. 9:164–180.

8. Krasowski, M. D., and N. L. Harrison. 1999. General anaesthetic ac-
tions on ligand-gated ion channels. Cell. Mol. Life Sci. 55:1278–1303.
130 Biophysical Journal 112, 121–132, January 10, 2017
9. Horishita, T., and R. A. Harris. 2008. n-Alcohols inhibit voltage-gated
Naþ channels expressed in Xenopus oocytes. J. Pharmacol. Exp. Ther.
326:270–277.

10. Pandey, S. C. 1998. Neuronal signaling systems and ethanol depen-
dence. Mol. Neurobiol. 17:1–15.

11. Yoshimura, M., S. Pearson, ., C. E. Gonzalez. 2006. Identification of
ethanol responsive domains of adenylyl cyclase. Alcohol. Clin. Exp.
Res. 30:1824–1832.

12. Hoffman, P. L., and B. Tabakoff. 1990. Ethanol and guanine nucleotide
binding proteins: a selective interaction. FASEB J. 4:2612–2622.

13. Rao, P. S. S., and Y. Sari. 2012. Glutamate transporter 1: target for the
treatment of alcohol dependence. Curr. Med. Chem. 19:5148–5156.

14. Steffensen, S. C., K. D. Bradley, ., J. G. Edwards. 2011. The role of
connexin-36 gap junctions in alcohol intoxication and consumption.
Synapse. 65:695–707.

15. Stobbs, S. H., A. J. Ohran, ., S. C. Steffensen. 2004. Ethanol
suppression of ventral tegmental area GABA neuron electrical trans-
mission involves N-methyl-D-aspartate receptors. J. Pharmacol. Exp.
Ther. 311:282–289.

16. Borghese, C. M., L. A. Henderson, ., R. A. Harris. 2003. Sites of
excitatory and inhibitory actions of alcohols on neuronal alpha2beta4
nicotinic acetylcholine receptors. J. Pharmacol. Exp. Ther. 307:42–52.

17. Schilaty, N. D., D. M. Hedges, ., S. C. Steffensen. 2014. Acute
ethanol inhibits dopamine release in the nucleus accumbens via a6
nicotinic acetylcholine receptors. J. Pharmacol. Exp. Ther. 349:
559–567.

18. Basavarajappa, B. S., and B. L. Hungund. 2005. Role of the endocan-
nabinoid system in the development of tolerance to alcohol. Alcohol
Alcohol. 40:15–24.

19. Pava, M. J., and J. J. Woodward. 2012. A review of the interactions
between alcohol and the endocannabinoid system: implications for
alcohol dependence and future directions for research. Alcohol.
46:185–204.

20. Sergent, O., D.-A. Fatiha, and D. Lagadic-Gossmann. 2012. Up-to-date
insight about membrane remodeling as a mechanism of action for
ethanol-induced liver toxicity. In Trends in Alcoholic Liver Disease
Research—Clinical and Scientific Aspects. I. Shimizu, editor. InTech,
Rijeka, Croatia.

21. Gruner, S. M., and E. Shyamsunder. 1991. Is the mechanism of general
anesthesia related to lipid membrane spontaneous curvature? Ann. N.Y.
Acad. Sci. 625:685–697.

22. Cantor, R. S. 1997. The lateral pressure profile in membranes: a phys-
ical mechanism of general anesthesia. Biochemistry. 36:2339–2344.

23. Frischknecht, A. L., and L. J. Frink. 2006. Alcohols reduce lateral
membrane pressures: predictions from molecular theory. Biophys. J.
91:4081–4090.

24. Komatsu, H., and S. Okada. 1997. Effects of ethanol on permeability of
phosphatidylcholine/cholesterol mixed liposomal membranes. Chem.
Phys. Lipids. 85:67–74.

25. Blicher, A., K. Wodzinska, ., T. Heimburg. 2009. The temperature
dependence of lipid membrane permeability, its quantized nature,
and the influence of anesthetics. Biophys. J. 96:4581–4591.

26. Weber, T., B. V. Zemelman, ., J. E. Rothman. 1998. SNAREpins:
minimal machinery for membrane fusion. Cell. 92:759–772.
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