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SUMMARY

The physical properties of vesicles containing phosphatidylcholine (PC) and gangliosides
were evaluated by the fluorescent probes 1,6-diphenyl-1,3,5-hexatriene, trans-parinarate
(probes of the lower acyl regions), and 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-
hexatriene (a probe of the glycerol backbone and upper acyl regions). Exposure of PC
vesicles to ethanol produced a decrease in polarization of fluorescence of these probes,
but large concentrations (200-600 mM) were required. Incorporation of 10 mole% rat
brain synaptic gangliosides into the PC vesicles enhanced the effect of ethanol by several-
fold. Synaptic gangliosides also enhanced the effect of ethanol on vesicles containing
cholesterol in addition to PC. Comparison of mono-, di-, tri-, and asialogangliosides,
sphingosine, and sphingomyelin indicated the importance of the oligosaccharide moiety,
but not the sialic acid residues, in the enhancement of ethanol action by gangliosides.
Variation of assay temperature and the acyl composition of the PC demonstrated that
gangliosides increased the effects of ethanol only if the lipids were near the phase
transition temperature. Gangliosides also produced a marked enhancement of the effect
of pentobarbital on fluorescence polarization of probes in PC vesicles. The membrane
partioning of pentobarbital was increased by gangliosides, but it was not clear that this
increase in drug concentration in the membrane was sufficient to account for the large
change in fluorescence polarization. These results suggest that ganglioside content may
be an important determinant of the effects of alcohols and barbiturates on biomembranes.
In particular, the high drug sensitivity of neuronal membranes may be related to the

enrichment of gangliosides in these membranes.

INTRODUCTION

Alcohols and barbiturates disorder brain synaptic
membranes (1-3). These effects occur at drug concentra-
tions which are associated with intoxication and anes-
thesia in vivo and may be relevant to the pharmacological
actions of the agents (1-3). Although intact synaptic
membranes are perturbed by anesthetic concentrations
of ethanol or pentobarbital, vesicles composed of phos-
pholipids and neutral lipids from these membranes are
relatively insensitive to effects of the drugs (1, 2). These
results suggest that some constituent of synaptic mem-
branes can increase the sensitivity of phospholipids to
the disordering effects of alcohols and barbiturates. Gan-
gliosides are found in high concentrations in brain and
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represent an important component of synaptic mem-
branes (4, 5). It is important to note that in the most
common procedures for extraction of membrane lipids
(6, 7), gangliosides are lost into the aqueous phase* (8)
and are not included in most studies of membrane lipids.
Gangliosides have been implicated as binding sites for
calcium, neurotransmitters, cholera toxin, and tetanus
toxin (9-11), and may regulate the activity of brain
adenylate cyclase (12). There are few studies of the
effects of gangliosides on membrane physical properties,
but they have been shown to broaden the phase transi-
tion of DMPC® and to increase the rigidity of liquid

4R. J. Hitzemann, unpublished data. -

5 The abbreviations used are: DMPC, dimyristoylphosphatidylcho-
line; DOPC, dioleoylphosphatidylcholine; DPH, 1,6-diphenyl-1,3,5-
hexatriene; DPPC, dipalmitoylphosphatidylcholine; DSPC, distearoyl-
phosphatidylcholine; Gp,,, disialoganglioside; Ga, monosialoganglio-
side; Gr, trisialoganglioside; PBS, phosphate-buffered saline; PC,
phosphatidylcholine; POPC, palmitoleoylphosphatidylcholine; THF,
tetrahydrofuran;, TMA-DPH, 1-(4-trimethylammoniumphenyl)-6-
phenyl-1,3,5-hexatriene.
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crystalline phospholipids (13). The experiments reported
here were designed to elucidate the effects of gangliosides
on the drug sensitivity of phospholipid vesicles. The lipid
order, or “fluidity,” was determined from the polarization
of fluorescence of probe molecules incorporated into the
vesicles. Most of the studies used DPH, a fluorescent
probe of the terminal portions of the lipid acyl groups
(14, 15). This probe has proven to be a sensitive indicator
of the effects of ethanol and pentobarbital (1, 2). Two
other fluorescent probes, TMA-DPH, which is localized
near the membrane surface (16), and trans-parinarate,
which is sensitive to the middle portions of the acyl
chains (17, 18), were also tested. Gangliosides are local-
ized in the outer half of the synaptic bilayer (19). The
other major lipid constituents of this leaflet are PC and
cholesterol (20). Accordingly, we chose PC and PC/
cholesterol mixtures as the lipid matrix for evaluation of
the effects of gangliosides. Most of the studies reported
here used a mixture of gangliosides extracted from rat
brain synaptic membranes, although some studies com-
pared the effects of different species of brain ganglio-
sides. The experiments demonstrated that gangliosides
markedly enhance the sensitivity of phospholipid vesicles
to the effects of ethanol and pentobarbital. To our knowl-
edge, this is the only membrane component which pro-
duces such an effect. Therefore, this study represents the
first demonstration of synthetic vesicles which retain the
sensitivity of intact synaptic membranes to these drugs.

METHODS

Materials. Sphingomyelin (bovine brain), DMPC, DOPC, DPPC,
and DSPC were obtained from Sigma Chemical Company (St. Louis,
Mo.). No impurities were detected by thin-layer chromatography (silica
gel H; CHCly/CHyOH/NH,OH; 14:7:1) and were used without purifi-
cation. Asialoganglioside (asialo Gy,), monosialoganglioside (Ga), di-
sialoganglioside (Gp,,), and sphingosine were obtained from Supelco,
Inc. (Bellefonte, Pa.). DPH, TMA-DPH, and trans-parinarate were
from Molecular Probes, Inc. (Junction City, Ore.). 1-Palmitoyl-2-ar-
achidonyl-[arachidonyl-1-'*C]phosphatidylcholine, 5-{ring-2-'*C]pen-
tobarbital, and *H;O were obtained from New England Nuclear Cor-
poration (Boston, Mass.). Synaptic gangliosides were extracted from
synaptic plasma membranes from adult rat brain (21) and purified
essentially by the method of Ledeen and Yu (8). The ganglioside
mixture consisted of 2.0% Gq:, 22.7% Grw, 10.7% Gy 2.45% Gpa/rie,
28.1% Gpua, 2.6% Gs, 19.4% Gy, 3.0% Gz, 8.6% Gous + Gue, and 1.0%
unknown.

Preparation of lipid vesicles. Phospholipid (60 nmoles, dissolved in
ethanol) was mixed with various amounts of sphingolipids (0-10
moles%; see Results for details) dissolved in CHCly/CH3;0H (2:1) and
0.5 nmole of fluorescent probe dissolved in THF (DPH), THF/H.0O
(1:1) (TMA-DPH), or ethanol (trans-parinarate). All solutions were
stored under argon at —20°. The mixtures of lipids and probe were
dried to a thin film by a stream of nitrogen and stored overnight under
vacuum. One milliliter of PBS (NaCl, 8 g/liter; KCl, 0.2 g/liter;
KH,PO,, 0.2 g/liter; Na,HPO,- 7H,0, 1.15 g/liter; 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, 0.48 g/liter; pH 7.4) was added to each
sample, and the tubes were purged with argon and incubated in the
dark with occasional vortexing at about 10° above the phase transition
temperature of the phospholipid. The samples were then placed in a
bath-type sonicator for 1 min. (In one experiment, vigorous vortexing
was compared with sonication, and both methods of vesicle preparation
gave similar results.) These procedures give large multilamellar vesicles
containing ganglioside and phospholipid (13). Vesicles of pure ganglio-
side were not formed because the concentration was well below the
critical micellar concentration for gangliosides (0.2 mg/ml). After vig-
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orous vortexing, the vesicle suspension was transferred to a quartz
cuvette (10 X 4 mm) for fluorescence measurements.

Fluorescence measurements. An HH-1 T-format polarization spec-
trofluorimeter (BHL Associates, Burlingame, Calif.) with fixed excita-
tion and emission polarization filters was used to measure fluorescence
intensity parallel (;) and perpendicular (/) to the polarization plane
of the exciting light (2). Polarization of fluorescence [(I; — I,)/(; +
1,)] and intensity of fluorescence (Ij + 2I,) were calculated by an on-
line microprocessor. Fluorescence lifetime and rotational relaxation
time were determined with an SLM 4800 spectrofluorimeter as de-
scribed previously (2). For DPH and TMA-DPH, the excitation wave-
length was 362 nm, and a 03FCGO01 filter (band pass of 310-390 nm)
(Melles Griot, Irvine, Calif.) was used in the excitation beam and
03FIR045 filters (band pass of 424-444 nm) were used for the emitted
light. For trans-parinarate, the excitation wavelength was 324 nm, and
03FIV113 (band pass of 380-440 nm) filters were used for the emission.
Cuvette temperature was maintained by a circulating water bath and
monitored continuously by a thermister inserted into the cuvette to a
level just above the light beam. After determination of the baseline
fluorescence polarization, aliquots (1-40 ul) of ethanol or pentobarbital
solution were added and polarization was determined 2-4 min later (1,
2).

Lipid partitioning of pentobarbital. To determine whether ganglio-
sides altered the membrane partitioning of pentobarbital, vesicles of
DMPC were prepared with or without Gy,. Vesicles were prepared as
described above except that 1500 nmoles of DMPC and 150 nmoles of
Gy were suspended in 1 ml of PBS. The vesicles were incubated with
3 mM pentobarbital containing 0.5 uCi of [**C]pentobarbital and 2 uCi
of *H,0 for 20 min at 30°. The vesicles were pelleted (100,000 X g for
90 min), the supernatant was removed, and the amount of *H and C
in the pellet was determined by liquid scintillation counting for dual
label (Beckman LS9000 with data reduction program 951956). These
data were used to determine the amount of water trapped in the pellet,
the amount of pentobarbital in the trapped water, and the amount of
pentobarbital in the lipid (22). The amount of phospholipid recovered
in the pellet was determined with separate samples which contained
(*C]PC and did not contain [*‘C]pentobarbital.

Statistical analysis. The effects of drug addition on fluorescence
polarization were evaluated by a Student’s t-test for paired samples.
Comparisons between groups used a ¢-test for unpaired samples.

RESULTS

Effects of gangliosides on ethanol-induced membrane
perturbation. Fluorescent probes were used to assess the
membrane-disordering effects of ethanol. DPH was used
as a probe of the hydrophobic core of the membrane (14,
15). The fluorescence polarization of DPH incorporated
into DMPC vesicles was decreased by in vitro exposure
to ethanol, suggesting an increase in probe mobility (15).
However, these vesicles were rather insensitive to
ethanol, as a concentration of 200-400 mM was tequired
to produce a clear decrease in polarization (Fig. 1). In-
corporation of 1-10 mole% synaptic gangliosides into the
DMPC vesicles markedly enhanced the effect of ethanol.
With 10% gangliosides, a significant (p < 0.05) decrease
in polarization was obtained with the lowest concentra-
tion of ethanol tested (56 mM). In other experiments,
TMA-DPH was used as a probe of the outer portions of
the membranes (16), and trans-parinarate was used as
probe of the lower region of the acyl chains (17, 18).
trans-Parinarate also partitions into the more rigid (gel
phase) domains of the membrane (18). With vesicles of
DMPC alone, an ethanol concentration of about 400 mM
was required to produce a decrease in the fluorescence
polarization of either TMA-DPH or trans-parinarate
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F1G. 1. Effects of ethanol on the fluorescence polarization of DPH
incorporated into vesicles of DMPC or DMPC and synaptic gangliosides

Vesicles were exposed to the concentration of ethanol indicated on
the abscissa; the change in fluorescence polarization is shown on the
ordinate. @, Vesicles of DMPC; O, DMPC plus 1 mole% gangliosides;
A, DMPC plus 3 mole% gangliosides; O, DMPC plus 10 mole% gan-
gliosides. Assay temperature was 30°. Values represent the mean from
three to five preparations. For each value, the standard error of the
mean was <0.002. Values for baseline polarization are given in Table
3.

(Fig. 2). Addition of 10 mole% of synaptic gangliosides
greatly increased the sensitivity of the membranes to
ethanol. For all three probes, 10 mole% gangliosides
enhanced the action of ethanol by about 5-fold (Figs. 1
and 2). However, DPH was more sensitive than TMA-
DPH or trans-parinarate to the effects of ethanol with
both DMPC and DMPC-ganglioside vesicles.

A decrease in fluorescence polarization usually reflects
an increase in the mobility of the probe, but could result
from an increase in fluorescence lifetime without a
change in probe mobility (15, 23, 24). To distinguish
between these possibilities, the fluorescence lifetime of
DPH in vesicles of DMPC and DMPC plus ganglioside
was determined in the absence and presence of ethanol.
In agreement with studies of synaptic membranes (2),
ethanol did not alter fluorescence lifetime; ganglioside
also failed to affect lifetime (Table 1). Once fluorescence
lifetime is known, changes in probe mobility can be
quantified by calculating the rotational relaxation time
(15). Ethanol produced a larger decrease in rotational
relaxation time of DPH in vesicles of DMPC plus gan-
glioside than in vesicles of DMPC alone (Table 1). Thus,
the observed changes in polarization reflect changes in
probe mobility. Based on the literature in this area, we
will consider an increase in probe mobility indicative of
an increase in membrane fluidity or disorder (1, 2, 14—
18, 23, 24). This interpretation is strengthened by the
observation that similar results were obtained from three
probes with different molecular configurations, different
membrane locations and different types of motion within
the membrane (14, 16, 18, 23, 24).

The importance of the acyl composition of the PC in
the effects of gangliosides was studied by comparing the
ethanol sensitivity of vesicles of DPPC, DSPC, and
DOPC with and without the addition of 10 mole% syn-
aptic gangliosides. DPH was used as the fluorescent
probe in these studies. At 30° (the temperature used in
the experiments with DMPC described above), DPPC
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Fi1G. 2. Effects of ethanol on the fluorescence polarization of TMA-
DPH (upper panel) or trans-parinarate (lower panel) incorporated into
vesicles of DMPC or DMPC and synaptic gangliosides

Vesicles were exposed to the concentration of ethanol indicated on
the abscissa; the change in fluorescence polarization is shown on the
ordinate. @, Vesicles of DMPC; 00, DMPC plus 1 mole% gangliosides;
O, DMPC plus 10 mole% ganglioside. Assay temperature was 30°.
Values represent the mean from three to four preparations. For each
value, the standard error of the mean was <0.002. Values for baseline
polarization are given in Table 3.

showed little effect of ethanol even at a concentration of
560 mM (Fig. 3, left panel). Addition of gangliosides
produced only a slight enhancement of ethanol action.
Because DPPC exists in a gel phase at 30° whereas
DMPC is in a liquid crystalline phase at that temperature
(25), we postulated that the effects of gangliosides may

TABLE 1
Effects of ethanol on the fluorescence lifetime (1) and rotational
relaxation time (p) of DPH in vesicles of DMPC or DMPC + Gy
Vesicles were prepared of DMPC or DMPC plus 10 mole% Gyq;
DPH fluorescence was determined at 30° before and after addition of
170 mM ethanol.

Preparation 7° p° Ap®
nsec nsec nsec
DMPC 88+0.1 105%02
+ ethanol 85+02 9.7+£02° 08=+0.1
DMPC + Gy 9.0+0.2 141%02°
+ ethanol 88+02 11.6+02> 25+0.2°

® Values are means + standard error of the mean, n = 3.
® Significant effect of ethanol (p < 0.01).
¢ Significant effect of ganglioside (p < 0.01).
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FIG. 3. Effects of ethanol on the fluorescence polarization of DPH in vesicles of DPPC or DPPC and synaptic gangliosides above or below the

phase transition temperature

Vesicles were exposed to the concentration of ethanol indicated on the abscissa; the change in fluorescence polarization is shown on the
ordinate. @, Vesicles of DPPC; O, DPPC plus 10 mole% gangliosides. Data shown in the left panel were obtained at 30°, those in the right panel
at 47°. Values represent the mean from three to four preparations. The standard error of the mean was <0.002. Values for baseline polarization

are given in Table 2.

require the presence of fluid phases. At 47°, gangliosides
augmented the membrane-disordering effects of ethanol
on DPPC vesicles to an extent similar to that observed
with DMPC at 30° (Fig. 3). In addition, gangliosides
enhanced the effects of ethanol on DSPC vesicles at 65°
(Fig. 4), a temperature 6° above the phase transition
temperature of DSPC. Gangliosides did not alter the
action of ethanol below the phase transition of DSPC
(data not shown). These results suggest that more fluid
lipids may be more affected by inclusion of gangliosides.
This possibility was evaluated by monitoring the effects
of ethanol on DMPC and DMPC/ganglioside vesicles
cooled through the phase transition temperature (Fig. 5).
Ganglioside (10 mole%) elevated the phase transition by
about 2° and enhanced the effect of ethanol at tempera-
tures near the phase transition.

Cholesterol is a major component of synaptic mem-
branes, and it was of interest to determine the effects of
gangliosides on vesicles containing DMPC and 33 mole%
cholesterol. As noted by others, cholesterol increased the
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FiG. 4. Effects of ethanol on the fluorescence polarization of DPH in
vesicles of DSPC or DSPC and synaptic gangliosides

Vesicles were exposed to the concentration of ethanol indicated on
the abscissa; the change in fluorescence polarization is shown on the
ordinate. @, Vesicles of DSPC; O, DSPC plus 10 mole% gangliosides.
Assay temperature was 65°. Values represent the mean from three to
four preparations. The standard error of the mean was <0.002. Values
for baseline polarization are given in Table 2.

sensitivity of DMPC to a high concentration of ethanol
(26) but did not alter the effects of low concentrations
(Fig. 6). Synaptic gangliosides markedly enhanced the
sensitivity of DMPC/cholesterol vesicles to all concen-
trations of ethanol. This increased sensitivity to ethanol
was more pronounced at 47° than at 30° (Table 2).

All of the experiments presented above were carried
out with mixed synaptic gangliosides. To determine the
structure-activity relationship of the gangliosides, sev-
eral sphingolipids were incorporated (10 mole%) into
DMPC vesicles, and the ethanol sensitivity was deter-
mined (Fig. 7; Table 2). The largest enhancement of
ethanol action was obtained with asialo Gu;, followed by
Gmi, Gpis, and Grp. Sphingosine and sphingomyelin
produced little enhancement.

Effects of gangliosides on lipid rigidity. In addition to
altering the drug sensitivity of DMPC vesicles, ganglio-
sides also alter the baseline polarization of fluorescent
probes in the lipid. Addition of synaptic gangliosides to
DMPC increased the fluorescence polarization of DPH,
TMA-DPH, and trans-parinarate (Table 3). The baseline
polarization of DPH was increased by sphingolipids in
the order following: asialo Gy; > Gmi > Gpia > Grib >
sphingosine > sphingomyelin (Table 2).

Effects of gangliosides on the sensitivity of DMPC to
pentobarbital. The membrane-disordering effect of pen-
tobarbital was studied with vesicles of DMPC and DMPC
plus 10 mole% Gp;.. Fluorescence polarization of DPH
was again used as a measure of membrane order. Vesicles
of DMPC were not affected by in vitro exposure to
concentrations of pentobarbital of 0.2-1.6 mM (Fig. 8).
DMPC vesicles containing ganglioside, however, were
quite sensitive to these concentrations of pentobarbital.

Effects of gangliosides on the membrane partitioning of
pentobarbital. Because the membrane-disordering effects
of ethanol and pentobarbital are dependent on their
membrane concentrations (2, 20), it was of interest to
determine whether gangliosides increased the amount of
drug in the lipid phase. It is difficult to measure the
membrane concentration of ethanol because of its low
lipid solubility, but the partioning of [**C]pentobarbital
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F1G. 5. Effects of ganglioside and ethanol (80 mM) on the phase transition of DMPC

DPH was incorporated into DMPC (left panel) or DMPC plus 10 mole% Gp, (right panel). Fluorescence polarization was determined in the
absence (@, @) and presence (O, 0) of 80 mM ethanol. Temperature was decreased from 45° to 22° at a rate of 0.5°/min. Values are the means
from temperature scans obtained with three different membrane preparations. For each point, the standard error of the mean is smaller than

the size of the symbols.

may be quantitated. Using an aqueous concentration of
3 mM pentobarbital, vesicles of DMPC contained 0.022
+ 0.001 moles of pentobarbital/mol lipid whereas vesicles
of DMPC plus 10 mole% Gp,. contained 0.040 + 0.003
mole of pentobarbital/mole of lipid (mean + standard
error of tpe mean, n = 3). Thus, ganglioside increased
the membrane solubility of pentobarbital by 77% (p <
0.01).

DISCUSSION

The present results imply that gangliosides enhance
the membrane-disordering effects of ethanol and of pen-
tobarbital. The increased sensitivity to ethanol was ob-
served with phosphatidylcholine vesicles containing gan-
gliosides extracted from brain synaptic membranes as
well as purified gangliosides. These results may be rele-
vant to the actions of alcohols and barbiturates on syn-
aptic membranes. Brain gangliosides are enriched in
neuronal membranes, where they account for 5-15% of
the lipid (4, 5, 27). Because gangliosides are specifically
localized in the outer half of the synaptic bilayer, their
concentration in that leaflet is 10-30% (19, 27). Phos-
phatidylcholine is also localized in the external face of
synaptic membranes (20). Thus, a mixture of ganglio-
sides and PC or gangliosides, PC, and cholesterol (an-
other major synaptic lipid) represents a reasonable model

of the external half of the synaptic membrane bilayer.
Other studies have shown that intact synaptic mem-
branes are more sensitive to the membrane-perturbing
action of ethanol and pentobarbital than are vesicles
formed from lipids (phospholipids or phospholipids plus
neutral lipids) extracted from the membranes (1, 2).
Thus, the sensitivity of synaptic membranes to the dis-
ordering effects of intoxicant-anesthetic drugs may be
due, at least in part, to the presence of gangliosides in
the membranes. This role of gangliosides has important
consequences for the “disordered lipid” hypothesis of
intoxication and anesthesia. One criticism of this hy-
pothesis is that pharmacologically relevant concentra-
tions of anesthetics have little or no effect on the order

of phospholipid vesicles (28). The concentration of

ethanol in the aqueous phase of mouse brain at the time
of regaining righting reflex is 115 mM (calculated from
the data in ref. 29 by assuming that brain tissue is 77%
water and the membrane-water partition coefficient of
ethanol is 0.1). The present study confirmed that con-
centrations of ethanol greater than 200 mM are required
to perturb PC or PC/cholesterol vesicles, yet PC/gan-
glioside or PC/cholesterol/ganglioside vesicles were
much more sensitive to ethanol and were affected by
concentrations of ethanol (50-120 mM) associated with
intoxication and anesthesia in vivo. A separate issue is
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F1G. 6. Effects of ethanol on the fluorescence polarization of DPH in
vesicles of DMPC, cholesterol, and synaptic gangliosides

Vesicles were exposed to the concentration of ethanol indicated on
the abscissa; the change in polarization is shown on the ordinate. @,
Vesicles of DMPC; O, vesicles of DMPC plus 33 mole% cholesterol; O,
vesicles of DMPC, cholesterol (33 mole%), and gangliosides (10
mole%). Assay temperature was 47°. Values represent the mean from
three preparations. The standard error of the mean was <0.002. Values
for baseline polarization are given in Table 2.

TABLE 2

Comparison of baseline polarization of DPH fluorescence with the
decrease in polarization produced by ethanol for different lipids

Lipid mixture Assay Baseline Ethanol-induced

temperature polarization®  decrease in
polarization®
Sphingolipid effects
1. DMPC 30 0.140 0.005
2. DMPC + SG* 30 0.187 0.016
3. DMPC + Asialo Gyn 30 0.188 0.018
4. DMPC + Gy 30 0.177 0.012
5. DMPC + Gp,a 30 0.175 0.013
6. DMPC + G 30 0.168 0.011
7. DMPC + sphingomyelin 30 0.153 0.008
8. DMPC + sphingosine 30 0.165 0.010
Cholesterol effects
9. DMPC + Chol* 30 0.294 0.005
10. DMPC + Chol + SG 30 0.260 0.008
11. DMPC 47 0.073 0.004
12. DMPC + Chol 47 0.171 0.005
13. DMPC + Chol + SG 47 0.161 0.015
Acyl group and temperature effects
14. DMPC 65 0.040 0.002
16. DMPC + SG 65 0.051 0.006
16. DPPC 30 0.391 0.002
17. DPPC + SG 30 0.344 0.004
18. DPPC 47 0.124 0.006
19. DPPC + SG 47 0.131 0.016
20. DSPC 65 0.068 0.005
21. DSPC + 8G 65 0.067 0.011
22. DOPC 30 0.090 0.006
23. DOPC + SG 30 0.091 0.005
24. DOPC/DPPC (2:3) + SG 47 0.121 0.013
25. DOPC/DPPC (3:2) + SG 47 0.109 0.011

®Values are the means of three to five determinations. For the baseline
polarization, variation among replicates was usually less than 0.005.

 Represents the decrease in polarization produced by in vivo exposure to 280
mM ethanol. Values are the means of three to five determinations; variation
among replicates was usually less than 0.003.

¢ SG, synaptic gangliosides. The ganglioside (or sphingolipid) concentration
was 10 mole% in all cases.

4 Chol, cholesterol. The concentration was 33 mole%.
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F1G. 7. Effects of ethanol on the fluorescence polarization of DPH in
vesicles of DMPC or DMPC with sphingolipids

Vesicles were exposed to the concentration of ethanol indicated on
the abscissa; the change in polarization is shown on the ordinate. ®—
—@, DMPC; - - -00, DMPC plus sphingomyelin; ll——, DMPC plus
sphingosine; O---O, Gpi; A—A, Gy; A---A, asialo Gy The
concentration of sphingolipid was 10 mole% in all cases. Assay tem-
perature was 30°. Values are the mean from three to four preparations.
The standard error of the mean was 20.002. Values for baseline
polarization are given in Table 2.

TABLE 3
Effects of synaptic gangliosides on baseline fluorescence polarization of
probe molecules in DMPC vesicles
Mole% Polarization of fluorescence*
gangliosides DPH TMA-DPH  trans-Parinarate

0 0.143 £ 0.002 0.230 + 0.002 0.152 £ 0.001
1 0.152 + 0.002* 0.235 + 0.003 0.152 + 0.003
3 0.164 + 0.002* 0.250 + 0.002*> 0.158 + 0.002°

10 0.189 + 0.001° 0.262 + 0.002* 0.167 + 0.004°

* Values represent means + standard error of the mean, n = 3-5.
Fluorescence was determined at 30°.

® Significant effect of ganglioside (p < 0.01).

¢ Significant effect of ganglioside (p < 0.05).
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FiG. 8. Effects of pentobarbital on the fluorescence polarization of
DPH in vesicles of DMPC or DMPC and ganglioside

Vesicles were exposed to the concentration of pentobarbital shown
on the abscissa; the change in fluorescence polarization is shown on
the ordinate. ®, Vesicles of DMPC; O, DMPC plus 10 mole% Gpi,.
Assay temperature was 30°. Values are the mean of three preparations.
The standard error of the mean was =0.002.
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whether the changes in membrane order produced by
pharmacologically relevant concentrations of ethanol are
sufficient to alter membrane function. There is evidence
that relatively small changes in fluorescence polarization
may result in significant functional changes (see refs. 1
and 30), but a definitive answer to this crucial question
will require further studies.

The enhancement of alcohol action by gangliosides
required that the PC be slightly above the phase transi-
tion temperature. This finding may be related to the
observations of Tillack et al. (13) that asialo Gy and
DMPC form different types of mixtures depending upon
the temperature. In the gel phase, the ganglioside appears
to be segregated between ridges of PC, but above the
phase transition the ganglioside exists as single mole-
cules or small clusters. In a more fluid lipid (POPC at
room temperature), the ganglioside forms large clusters.
Thus, enhancement of ethanol action may occur only
when gangliosides are able to mix with the PC and
interact with most of the PC molecules. If the tempera-
ture (or fluidity) is either too low or too high, the gan-
gliosides separate laterally into a separate phase which
may have little influence on the properties of the PC
phase.

One possible mechanism for the enhancement of
ethanol and barbiturate effects by gangliosides is an
increased penetration of the drugs in the lipid phase.
Studies of the partitioning of pentobarbital demonstra-
ted that gangliosides did increase the membrane concen-
tration of the drug. However, the increase in drug con-
centration was only 77%, and even an 8-fold increase in
pentobarbital concentration produced only a slight de-
crease in the polarization of DPH in pure DMPC,
whereas ganglioside resulted in a 10-fold enhancement
of pentobarbital action. It is possible that gangliosides
do not affect all portions of the membrane equally and
produce a large increase in drug concentration in specific
regions. For example, if gangliosides increase the drug
partitioning into fluid-phase lipids, but not into gel-
phase lipids, then drug effects would not be enhanced
below the phase transition temperature (31).

A comparison of several sphingolipids indicated the
importance of the oligosaccharide moieties of the gan-
gliosides for the enhancement of ethanol action. Sphin-
gomyelin and sphingosine produced only a slight increase
in alcohol effect, indicating that the acyl portion of
gangliosides was not of primary importance in their
action. The most potent compound was asialo Gy, dem-
onstrating the importance of the oligosaccharide constit-
uents and the lack of importance of the sialic acid groups.
The latter is also indicated by the similar effects of G,
Gp1a, and Gryp. Sialic acid allows gangliosides to bind
calcium and to interact with PC (9, 10, 27). Apparently
neither of these factors was important for the enhance-
ment of alcohol actions. The lack of a role for calcium
was also noted in experiments where the effect of syn-
aptic gangliosides on alcohol sensitivity was not altered
by the addition of 0.1 mM CaCl; or ethylene glycol bis(g-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid to the as-
say medium.®

¢D. M. Baxter and R. A. Harris, unpublished data.

These results suggest that the ganglioside content of
biological membranes is one factor that determines the
sensitivity of the membranes to ethanol and other intox-
icant-anesthetic drugs. Several reports indicate that al-
cohols stimulate synaptic neuraminidase activity (32)
and that chronic ethanol ingestion changes the ganglio-
side and sialoglycoprotein content of mammalian mem-
branes (33, 34). Although we failed to detect any effect
of alcohol treatment on the ganglioside content of syn-
aptic membranes (29), it is tempting to speculate that
some of the changes in the physical properties of
symnaptic membranes produced by chronic alcohol ex-
posure may be due to subtle alterations in ganglioside
arrangement or metabolism.
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