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ABSTRACT: Docosahexaenoic acid (DHA) and other polyunsaturated fatty acids (PUFAs) promote GABAA

receptor [3H]-muscimol binding, and DHA increases the rate of GABAA receptor desensitization. Triton
X-100, a structurally unrelated amphiphile, similarly promotes [3H]-muscimol binding. The mechan-
ism(s) underlying these effects are poorly understood. DHA and Triton X-100, at concentrations that
affect GABAA receptor function, increase the elasticity of lipid bilayers measured as decreased bilayer
stiffness using gramicidin channels as molecular force transducers. We have previously shown that
membrane protein function can be regulated by amphiphile-induced changes in bilayer elasticity and
hypothesized that GABAA receptors could be similarly regulated. We therefore studied the effects of four
structurally unrelated amphiphiles that decrease bilayer stiffness (Triton X-100, octyl-â-glucoside, capsaicin,
and DHA) on GABAA receptor function in mammalian cells. All the compounds promoted GABAA receptor
[3H]-muscimol binding by increasing the binding capacity of high-affinity binding without affecting the
associated equilibrium binding constant. A semiquantitative analysis found a similar quantitative relation
between the effects on bilayer stiffness and [3H]-muscimol binding. Membrane cholesterol depletion,
which also decreases bilayer stiffness, similarly promoted [3H]-muscimol binding. In whole-cell voltage-
clamp experiments, Triton X-100, octyl-â-glucoside, capsaicin, and DHA all reduced the peak amplitude
of the GABA-induced currents and increased the rate of receptor desensitization. The effects of the
amphiphiles did not correlate with the expected changes in monolayer spontaneous curvature. We conclude
that GABAA receptor function is regulated by lipid bilayer elasticity. PUFAs may generally regulate
membrane protein function by affecting the elasticity of the host lipid bilayer.

γ-Aminobutyric acid (GABA)1 is the major inhibitory
neurotransmitter in the vertebrate central nervous system,
and altered GABAergic neurotransmission has been impli-
cated in major neurological and psychiatric disorders such
as epilepsy, brain ischemia, mood disorders, and schizo-
phrenia (1). GABA mediates fast inhibitory synaptic trans-
mission through GABAA receptors, which are ligand-gated
ion channels modulated by numerous compounds of diverse
chemical structure. Specific, pharmacological regulation of
GABAA receptor function can be analyzed using well-
described theories of ligand-receptor interactions. However,
many compounds that regulate GABAA receptor function are
amphiphiles, which may change the physical properties of
the host lipid bilayer (e.g., polyunsaturated fatty acids

(PUFAs) (2, 3), Triton X-100 (4), benzodiazepines, barbi-
turates, long-chain alcohols, and anesthetics (5)). The
functional importance of such changes is poorly understood,
and attempts to determine whether a given amphiphile
regulates membrane protein function by specific and/or
nonspecific bilayer-mediated mechanisms are often hampered
by a lack of understanding of the latter.

Membrane protein function can be regulated by am-
phiphile-induced changes in the elastic properties of the host
lipid bilayer. Because of the hydrophobic interactions
between a membrane protein transmembrane region (TMR)
and the lipid bilayer core, a protein conformational change
that involves the protein-bilayer hydrophobic interface can
cause a local bilayer deformation (6-12) (Figure 1A). Lipid
bilayers are elastic bodies, and the total energetic cost (free
energy change) of the conformational change (∆Gtot) may
be expressed as

where ∆Gint is the intrinsic energetic cost of the protein
conformational change, and∆Gdef is the bilayer deformation
energy given by the bilayer elastic properties (in the
following summarized as the bilayer elasticity, meaning that
an increased elasticity decreases the absolute value of∆Gdef

and vice versa). The protein-bilayer hydrophobic interac-
tions therefore provide an energetic coupling between protein
conformation and bilayer elasticitysand thus between protein
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function and bilayer molecular composition, which deter-
mines the elasticity (6-13). The feasibility of this hydro-
phobic coupling mechanism (11) has been demonstrated
using the gramicidin (gA) channel, a model membrane
protein, in planar lipid bilayers (for a recent review, see ref
13). gA channels are peptide cation channels formed by the
trans-bilayer association of two monomers (Figure 1B).
When the length of the channel hydrophobic exterior
(hydrophobic length,l) is shorter than the thickness of the
bilayer hydrophobic core (hydrophobic thickness,d0), chan-
nel formation involves a local bilayer deformation, in which
the bilayer hydrophobic thickness locally adjusts to match
the channel hydrophobic length. The bilayer in reaction
imposes a disjoining force on the channel (Figure 1B). The
channel appearance rate and lifetime depends on the bilayer
elasticity, which determines the magnitude of the disjoining
force. Using a variety of different manipulations, it has been
shown that changes in bilayer molecular composition can
alter the bilayer elasticity sufficiently to cause substantial
changes in gA channel function (11-16). gA channels further
provide a tool to measure the effects of amphiphiles on the
bilayer elasticity experienced by an embedded protein (11-
16). A change in bilayer elasticity that decreases the
disjoining force on the channel, and thus increases gA
channel appearance rate and lifetime, operationally is
defined as a decrease in bilayer stiffness and vice versa
(11-14).2

Voltage-dependent sodium channels (VDSC) from skeletal
muscle are regulated by amphiphiles that alter lipid bilayer
stiffness measured using gA channels (11, 12). Triton X-100,
octyl-â-glucoside, capsaicin, and other structurally unrelated
amphiphiles that decrease bilayer stiffness promote VDSC
inactivation. At low concentrations of the compounds, this
effect is quantitatively related to the increase in gA channel
lifetime. Cholesterol, which increases bilayer stiffness, in
contrast, inhibits VDSC inactivation. Similar results have
been obtained on N-type calcium channels (14).

Triton-X100 increases GABAA receptor high-affinity [3H]-
muscimol binding without altering the equilibrium constant
(Kd) that describe the binding affinity of high-affinity binding
(4). Specific interactions between Triton-X100 and the
GABA receptor have not been identified. Docosahexaenoic
acid (DHA) and several other PUFAs similarly increase
GABAA receptor [3H]-muscimol binding (3). Further, DHA
increases the rate of GABAA receptor desensitization (2, 17).
The effects of PUFAs have not been shown to depend on
specific interactions, and the underlying mechanisms are
poorly understood. However, PUFAs, as Triton X-100, affect
the physical properties of lipid bilayers (18, 19). Recent
studies show that DHA and other PUFAs, at concentrations
that affect GABAA receptor function (g3 µM), decrease lipid
bilayer stiffness measured using gA channels (20, 21).
Further, PUFAs promote inactivation of VDSC (22), simi-
larly to other amphiphiles that decrease bilayer stiffness (11).
We therefore hypothesized that GABAA receptor function
could be regulated by the elasticity of the host lipid bilayer
and thus that the effects of Triton-X100 and DHA could be
mimicked by other amphiphiles that decrease bilayer stiff-
ness. To test this hypothesis, we studied the effects of Triton-
X100, octyl-â-glucoside, capsaicin, and DHA on [3H]-
muscimol binding and electrophysiological properties of
GABAA receptors heterologously expressed in mammalian
cells. The effects of membrane cholesterol depletion on [3H]-
muscimol binding were similarly studied.

MATERIALS AND METHODS

Cell Culture and Transfection.HEK293 cells stably
expressing recombinant human GABAA R1â2γ2S receptors
were a kind gift from T. Holm Johansen, NeuroSearch A/S.
Human GABAA R5â2γ2S receptors were stably expressed in
CHO cells by transfection with pcDNA3 plasmids directing
the expression of humanR5, â2, andγ2S GABAA receptor
subunits. The plasmids were constructed as previously
described (23). Transfection was performed using the Lipo-
fectamin method, according to the instructions provided by
the manufacturer (GibcoBRL). HEK293 and CHO cells were
cultured in DMEM and Ham’s medium, respectively,
supplemented with 10% fetal calf serum, penicillin (50 units/
mL), and streptomycin (50µg/mL) (all from GibcoBRL).
Cells were maintained at 37°C ambient atmosphere with
5% CO2.

Chemicals.Triton X-100 (10% vol/vol, protein-grade,
Calbiochem) and octyl-â-glucoside (>97% purity, Calbio-
chem) were dissolved directly into the experimental solutions.
Capsaicin and docosahexaenoic acid (both from Sigma) were
dissolved from stock solutions in DMSO. In the experimental
solution, the concentration of DMSO never exceeded 1‰,
which did not affect GABAA receptor binding or electro-
physiological properties.

Ligand Binding Assay.Membranes for binding experi-
ments were prepared from HEK293 or CHO cells expressing
R1â2γ2S or R5â2γ2S receptor, respectively, or from whole rat
brain. Membranes were stored at-80 °C for up to 3 months,
which did not affect GABAA receptor ligand binding
properties. Membranes were resuspended at 0.1 mg protein/
mL (corresponding to a volume of∼10µL) in 100 mM KCl,
10 mM KH2PO4, pH 7.4, and incubated with 10 nM [3H]-
muscimol for 1 h at 20°C in a total volume of 0.5 mL. The

2 The term bilayer elasticity is used broadly to describe the bilayer
elastic response to a deformation associated with a protein conforma-
tional change, whereas the bilayer stiffness is specifically related to
the bilayer deformation associated with gA channel formation (11-
14, 16).

FIGURE 1: (A) Membrane protein conformational change, which
involves the protein-bilayer hydrophobic interface, perturbs the
surrounding bilayer. (B) Gramicidin channel formed by the trans-
bilayer association of two monomers. Because of the mismatch
between the bilayer hydrophobic thickness (d0) and the channel
hydrophobic length (l), channel formation is associated with a local
elastic bilayer deformation, with a linear extent, 2u0 ) (d0 - l),
which is released when the monomers dissociate. (Modified from
ref 12.)
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protein concentration was determined using the Bio-Rad
Protein Assay Kit (Bio-Rad Laboratories, Inc). Separation
of bound from free radioligand was done either by centrifu-
gation at 20 000g (5 min at 4°C) to study total (both high
and low affinity) specific binding or by rapid filtration
through Whatman GF/B filters to study high-affinity binding
selectively. Specific [3H]-muscimol binding was defined as
the difference between total binding and nonspecific binding
(i.e., binding in the presence of 1 mM GABA). Competition
binding experiments were performed in the presence of
GABAA receptor ligands at concentrations ranging from
10-10 to 10-4 M.

Manipulation of Cell Membrane Cholesterol Content.
Manipulation of cell membrane cholesterol content, using
methylated-â-cyclodextrin (MâCD) (average MW 1338,
Cyclodextrin Technologies Development), was done as
described previously (11). In short, cholesterol depletion or
repletion involved exposing cells to 5 mM MâCD, or 5 mM
MâCD-cholesterol complex (MâCD/cholesterol ratio 10:
1), dissolved in growth medium. To prepare the MâCD-
cholesterol complex, chloroform was evaporated from a
cholesterol-chloroform solution (Sigma). MâCD dissolved
in growth medium was added, and the solution was vortexed
for 5 min and subsequently incubated in a rotating water
bath overnight. Prior to application, the solution was filtered
through a 0.45µM syringe filter to remove excess cholesterol
crystals. Preparation of MâCD followed the same procedure,
except that no cholesterol was added. Following manipulation
of the cellular cholesterol content, binding experiments on
membrane preparations were performed as described above.
Membrane cholesterol content was determined using a
commercial enzymatic kit (CHOD-PAP, Cat. No. 2016630,
Roche Diagnostics).

Analysis of Competition Binding Experiments.Results of
the competition binding experiments were analyzed using
mass action law and the program LIGAND (24). This
program allows large sets of binding isotherms to be
simultaneously fitted with models describing the interaction
between multiple ligands and experimental conditions. The
mathematical analysis of such complex binding designs is
thoroughly described in ref24. GABAA R1â2γ2S receptor
high-affinity [3H]-muscimol binding was studied in three
independent displacement experiments each measuring [3H]-
muscimol binding under control conditions or in the presence
of Triton X-100, âOG, capsaicin, or DHA (Table 1). The
binding parametersBmaxandKd, describing high-affinity [3H]-
muscimol binding, were obtained by simultaneous analysis
of three sets of five binding isotherms. The data were
compared to three models: an unconstrained free-Kd/free-
Bmax model, in which bothBmax andKd were allowed to vary
among the five different experimental situations, and shared-
Kd/free-Bmax and free-Kd/shared-Bmax models, where either
Bmax or Kd was allowed to vary. (In all models,Kd was shared
in the three experiments performed under the same condi-
tions.) Statistical evaluation of the shared-Kd/free-Bmax and
free-Kd/shared-Bmax model involved a test of whether the
goodness-of-fit was significantly decreased as compared to
the unconstrained model (24).

Total (both high and low affinity) specific muscimol
binding to the GABAA R5â2γ2S receptor was studied in three
independent competition binding experiments each measuring
binding in the control situation or in the presence of Triton

X-100 (Table 2).Bmax and the apparentKd were obtained by
simultaneous fitting of three sets of two binding isotherms
using the three models described above.

Whole-Cell Voltage Clamp.GABAA receptors expressed
in HEK293 or CHO cells were studied using the whole-cell
voltage-clamp technique. Voltage protocol and data acquisi-
tion were controlled using an RK-400 amplifier (Biologic,
Claix, France) and pClamp 8.1 (Axon Instruments, Foster
City, CA). Currents were low-pass filtered at 1 kHz and
sampled at 2 kHz. Patch pipets had a tip resistance of 2-4
MΩ. Series resistance was 80% compensated. The extra-
cellular solution was composed of (in mM): 145 NaCl, 3
KCl, 1.5 CaCl2, 1 MgCl2, 6 glucose, and 10 HEPES and
adjusted to pH 7.4 with NaOH. The electrode solution was
composed of (in mM): 145N-methyl-D-glucamine hydro-
chloride, 5 K2ATP, 2 MgCl2, 1.1 EGTA, 0.1 CaCl2, and 5
HEPES, adjusted to pH 7.2 with KOH. Test solutions were
applied using a fast superfusion system with a solution
exchange time of∼20 ms.

Analysis of Voltage-Clamp Experiments.Results of volt-
age-clamp experiments were analyzed using pClamp 8.1
(Axon Instruments, Foster City, CA). The time course of
current decay in the presence of GABA was fitted by a
double exponential function

whereI(t) is the current at timet, andAslow andAfast are the
amplitudes of currents desensitizing with time constantsτslow

andτfast, respectively.Asteadyis the nondesensitizing current
component. In 4 out of 25 cells expressingR1â2γ2S receptors,
the currents induced by 15µM GABA were best described
by a single exponential function. To study a homogeneous
control population, these cells were excluded from the
analysis (the effects of the amphiphiles were not qualitatively
different in these cells). Statistical analysis of the changes
in the kinetic parameters was based on the geometric mean
( SEM, using Studentst-test or One Way Analysis of
Variance (ANOVA), with Dunnetts Method as a post hoc
test. For simplicity, the absolute values given in the text
represent the arithmetic mean( SEM.

RESULTS

Effects of Triton X-100, Octyl-â-glucoside, Capsaicin, and
DHA on [3H]-Muscimol Binding.We studied specific binding
of the agonist [3H]-muscimol to human GABAA R1â2γ2S

receptors in membranes from transfected HEK293 cells.
In radioligand binding studies, [3H]-muscimol has been found
to interact with a high-affinity site on the receptor (e.g., (25)
and (26)). In electrophysiological studies, the agonists GABA
and muscimol both activate the receptor via binding to a
(functional) low-affinity site (25). High- and low-affinity
binding of GABA to may involve interactions with confor-
mational variants of the same site (e.g., ref26). In the present
study, GABAA receptor [3H]-muscimol binding was initially
studied using rapid filtration for recovery of bound ligand,
meaning that only high-affinity binding was detected. Triton
X-100, octyl-â-glucoside, capsaicin, and DHA, four struc-
turally unrelated amphiphiles that decrease bilayer stiff-
ness (11-14, 20, 21), all increased [3H]-muscimol binding
in a concentration-dependent manner. Figure 2 shows the
effects on [3H]-muscimol binding as a function of the

I(t) ) Aslow exp{-t/τslow} + Afast exp{-t/τfast} + Asteady
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nominal amphiphile concentration used in the experiments.
Similar results were obtained on humanR5â2γ2S receptors
expressed in CHO cells and native GABAA receptors in rat
brain homogenate (data not shown). At the highest concen-
trations used, the amphiphiles decreased [3H]-muscimol
binding and ultimately prevented assessment of binding (as
may be seen for octyl-â-glucoside in Figure 2). This is likely
due to disruption of cellular membranes, which can be caused
by high concentrations of such amphiphiles, cf. (11).3

Three hundred micromolar Triton X-100, 10 mM octyl-
â-glucoside, 1 mM capsaicin, or 300µM DHA caused a∼2-
fold increase in high-affinity [3H]-muscimol binding (Figure
2). Similar concentrations of Triton X-100 and DHA have
been shown to promote GABAA receptor muscimol binding
in previous studies (3, 4). For all four amphiphiles, these
concentrations are considerably higher than the nominal
concentrations shown to modulate ion channel function in
electrophysiological experiments (e.g., gA channels (11, 12,
14, 20, 21), VDSC (11, 12, 22), N-type calcium channels
(14), or GABAA receptors (2, 17)). However, due to the
higher lipid/electrolyte volume ratio in the binding experi-
ments, the amphiphile concentrations in the cell membrane
lipid bilayers are not likely to be considerably higher than
in the voltage-clamp experiments. This will be discussed
below (note that all amphiphile concentrations given in the
present study are nominal concentrations).

Cholesterol Modulation of [3H]-Muscimol Binding.Cho-
lesterol increases the stiffness of lipid bilayers measured
using gA channels, and membrane cholesterol depletion has
the opposite effect (11, 14, 27). We therefore studied the
effects of cholesterol depletion on high-affinity [3H]-mus-
cimol binding to GABAA R1â2γ2S receptors, expressed in
HEK293 cells. In control cells, the cholesterol content was
24.0 ( 2.6 µg/mg protein (n ) 10), which is similar to

previous findings (11). Cholesterol depletion, performed by
exposing cells to 5 mM methyl-â-dextrin (MâCD) for 30,
60, or 90 min (n ) 2, 2, 3), led to a gradual increase in
[3H]-muscimol binding. Figure 3 shows normalized results
from three independent series of experiments. Exposure to
MâCD for 90 min decreased the cholesterol content by 55%,
whereas [3H]-muscimol binding was increased by 70%. In
cells depleted for 90 min, cholesterol repletion, by exposure
to 5 mM MâCD/cholesterol complex for 30, 60, or 90 min,
led to a gradual normalization of both cholesterol content
and [3H]-muscimol binding.

Equilibrium Binding Isotherms.High-affinity [3H]-mus-
cimol binding to GABAA R1â2γ2S receptors in HEK293 cells
was further investigated in homologous competition binding
experiments. The effects of 250µM Triton X-100, 10 mM
âOG, 300µM capsaicin, or 300µM DHA on the binding
isotherms for [3H]-muscimol were studied. To quantify the
changes in the binding capacity (Bmax) and the equilibrium
binding constant (Kd) describing the binding affinity, the
results were simultaneously analyzed using mass action law
(see Materials and Methods). Three independent sets of five
binding isotherms (representing the four amphiphiles and
control) were analyzed. Three models were fitted to the
results: an unconstrained model where bothBmax andKd were
allowed to vary among the experimental conditions (free-
Kd/free-Bmax) and two constrained models where eitherBmax

or Kd was allowed to vary (shared-Kd/free-Bmax or free-Kd/
shared-Bmax, respectively). Statistical evaluation of the con-
strained models involved a test of whether the goodness-of-
fit was significantly decreased relative to the unconstrained
model (see Materials and Methods).

A fit of the data to the unconstrained model suggested
that the amphiphiles increasedBmax, while Kd was unaltered.
Table 1 shows the values ofBmax andKd obtained using either
the free-Kd/free-Bmax model or the shared-Kd/free-Bmax model.
The use of the shared-Kd/free-Bmax model did not decrease

3 Triton X-100 and octyl-â-glucoside in aqueous solution will damage
lipid bilayers at concentrations near their critical micellar concentration
of 300µM and 25 mM, respectively (30). In the binding experiments,
where the volume ratio between the lipid and the aqueous phase is
∼50:1, this will occur at higher concentrations.

FIGURE 2: High-affinity [3H]-muscimol binding to GABAA R1â2γ2S
receptors in HEK293 cell membranes as a function of nominal
amphiphile concentration. The nominal concentration is based the
amount of amphiphile added to the experimental system with a
total volume of 0.5 mL. Results from two independent set of
experiments, each involving duplicate determinations of specific
[3H]-muscimol binding. Results normalized by specific binding in
the absence of amphiphile. Mean( range.

FIGURE 3: Effects of cholesterol depletion and subsequent choles-
terol repletion on (O) cholesterol content and (b) GABAA-receptor
[3H]-muscimol binding. Results from three sets of experiments, each
involving duplicate measurements, normalized by the value in
control cells. For cells exposed to MâCD for 0 or 90 min or to
MâCD for 90 min and subsequently to MâCD/cholesterol for 90
min, the results are given as mean( SEM (n ) 3). For cells
exposed to MâCD for 30 or 60 min or to MâCD for 90 min and
subsequently to MâCD/cholesterol for 30 or 60 min, the results
are given as mean( range,n ) 2 (the apparent decrease in [3H]-
muscimol binding, using MâCD exposure 90 min, thus is not
statistically significant.)
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the goodness-of-fit relative to the unconstrained model (p
) 0.385). The free-Kd/shared-Bmax model, in contrast, was
unable to describe the data (p < 0.001). We therefore
accepted the shared-Kd/free-Bmax model. Using this model,
the amphiphiles caused a 2-3-fold increase inBmax, while
Kd was unaltered (∼6 nM). These values are remarkably
similar to those obtained using the unconstrained model
(Table 1).

The mechanisms underlying the promotion of high-affinity
[3H]-muscimol binding were further investigated in homolo-
gous competition binding experiments, where total (both high
and low affinity) specific [3H]-muscimol binding to GABAA
R5â2γ2S was detected using centrifugation for recovery of
bound ligand (see Materials and Methods) (25). In these
experiments (in contrast to the experiments measuring only
high-affinity binding), the free-Kd/shared-Bmax model did not
decrease the goodness-of-fit relative to the unconstrained
model (p ) 0.408). Table 2 shows the values ofBmax and
KD, obtained using either the free-Kd/free-Bmax model or the
free-Kd/shared-Bmax model. The shared-Kd/free-Bmax model
was unable to describe the data (p < 0.01). We therefore
accepted the free-Kd/shared-Bmax model. Using this model,
the (apparent)Kd was decreased from∼100 to∼6 nM by
Triton X-100, whileBmax was unaltered. Thus, when both
high-and low-affinity binding is detected, Triton X-100
increases the apparent binding affinity but does not alter the
total binding capacity.

In summary, Triton X-100, octyl-â-glucoside, capsaicin,
and DHA have similar effects on GABAA receptor [3H]-

muscimol binding. High-affinity binding is increased, and a
high-affinity state of the receptor (which may represent a
number of distinct molecular states) is promoted, while the
binding affinity is unaltered. When total binding affinity is
detected, Triton X-100 increases the apparent binding affinity
but does not affect the total binding capacity. The simplest
explanation for these findings is that the amphiphiles shift
the equilibrium between preexisting receptor states toward
a high-affinity state but do not alter the total number of
binding sites.

We further studied the effects of Triton X-100, octyl-â-
glucoside, capsaicin, and DHA on GABAA receptor function
using the whole-cell voltage clamp technique. These experi-
ments provided an additional test of whether the compounds
regulate the receptor in a similar manner. Moreover, the
reversibility of the amphiphile-induced effects, and possible
membrane damage, could be assessed using this experimental
system.

Whole-Cell Voltage-Clamp Experiments.In the voltage-
clamp experiments, the amphiphiles were applied to HEK293
cells expressing GABAA R1â2γ2S receptors using a fast
superfusion system. The amphiphile were used at concentra-
tions previously shown to modulate ion channel function in
electrophysiological studies (e.g., gA channels (11, 12, 14,
20, 21), VDSC (11, 12, 22), N-type calcium channels (14),
or GABAA receptors (2, 17)).

Current responses were induced by 1 min applications of
15 µM GABA (equal to the EC50 value found by Saxena
(28)) with 4 min intervals. GABA was applied three times
alone (control conditions) and three times in the presence
of 10 µM Triton X-100, 2.5 mM octyl-â-glucoside, 3µM
DHA, or 50µM capsaicin (continuously added from the end
of the last control application). Finally, GABA was applied
three times after washout of the tested compound. Timed
control experiments followed the same protocol. Figure 4
shows current traces from single experiments.

All the amphiphiles decreased the peak current (Ipeak) and
increased the rate of receptor desensitization. Similar effects
were observed on GABAA R5â2γ2S receptors expressed in
CHO cells (results not shown). Triton X-100, octyl-â-
glucoside, capsaicin, and DHA reducedIpeak by 30, 20, 65,
and 65%, respectively (Figures 5A and 6A). In timed control
experiments,Ipeak was not significantly altered (p > 0.05).
Unless otherwise noted, the effects of the amphiphiles were
determined by comparing the last current in the presence of
test compound with the last control current prior to the
application (labeled a and b, respectively, in Figure 4). In
the control situation, the decay time to 75% of the initial
peak current amplitude (t0.75) was equal to 3.5( 0.7 s (n )
5). Triton X-100, octyl-â-glucoside, capsaicin, and DHA
decreasedt0.75 by 90, 81, 57, and 78%, respectively, as
compared to 31% in timed control experiments. For all
amphiphiles, the decrease int0.75was significantly larger than
in the timed controls (p < 0.05). The kinetics of the current
decay was further analyzed by fitting a double exponential
function to the decaying current in the presence of GABA.
A time period of∼40 s, starting from the time of steepest
current descend, was fitted (see Materials and Methods).
Figure 5 shows the kinetic parameters in experiments with
Triton X-100, and in timed control experiments, as a
function of time. Figure 6 shows summaries of all the

Table 1: Effects of 250µM Triton X-100, 10 mM
Octyl-â-glucoside, 300µM Capsaicin, or 300µM DHA on GABAA

Receptor High-Affinity [3H]-Muscimol Binding

Kd Bmax

nM ratio nM ratio

Free-Kd/free-Bmax

Control 7.5 1 0.21 1
octyl-â-glucoside 6.3 0.8 0.40 2.0
Capsaicin 7.5 1.0 0.57 2.8
DHA 5.4 0.7 0.49 2.4
Triton X-100 6.2 0.8 0.47 2.3

Shared-Kd/free-Bmax p ) 0.385a

Control 6.4 1 0.19 1
octyl-â-glucoside 6.4 1 0.41 2.2
Capsaicin 6.4 1 0.53 2.8
DHA 6.4 1 0.53 2.8
Triton X-100 6.4 1 0.48 2.6
a p refers to the null hypothesis that the goodness-of-fit is significantly

decreased as compared to the unconstrained model (see Materials and
Methods).

Table 2: Effects of 250µM Triton X-100 on Total Specific
[3H]-Muscimol Binding to GABAA R5â2γ2S Receptors

Kd Bmax

nM ratio nM ratio

Free-Kd/free-Bmax

Control 123 1 0.41 1
Triton X-100 0.10 0.001 0.35 0.85

Free-Kd/shared-Bmax p ) 0.408a

Control 101 1 0.37 1
Triton X-100 5.6 0.055 0.37 1
a p refers to the null hypothesis that the goodness-of-fit is significantly

decreased as compared to the unconstrained model.
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amphiphile-induced changes in GABAA receptor kinetics
(values from the last control, test, and washout current,
respectively.)

In the control situation, the time constants,τslow andτfast,
equaled 21( 5 and 4( 1 s (Figures 5B and 6B). The
corresponding relative current amplitudes,Aslow/Ipeak and
Afast/Ipeak, and the relative magnitude of the nondesensi-

tizing current component,Asteady/Ipeak, equaled 0.50( 0.02,
0.34 ( 0.03, and 0.12( 0.01, respectively (Figures 5C,D
and 6C,D). (Because the fitting was started at the time of
steepest current descend, rather than atIpeak, the sum of these
values is<1.)

As shown in Figure 6, the amphiphiles caused a∼2-fold
increase inAfast/Ipeak and a∼2-fold decrease inAslow/Ipeak,
the effects of octyl-â-glucoside onAfast/Ipeakand of DHA on

FIGURE 4: Effects of amphiphiles on currents induced by 15µM GABA. Current responses to 60 s applications of GABA were recorded
in the control situation, during application of test compound, and after washout. Holding potential-40 mV. (A) Current traces from a
single experiment showing the effect of 10µM Triton X-100, continuously applied from the end of the third to the end of the sixth GABA
application. Inset: scaled and superimposed currents showing the first 10 s of the desensitization time course of the GABA response (a)
and the GABA+ Triton X-100 response (b). (B-D) Current traces from single experiments with octyl-â-glucoside, DHA, or capsaicin,
respectively. Experimental conditions as in Figure 4A.

FIGURE 5: Time-dependent changes in GABAA R1â2γ2S receptor
kinetics in experiments with (b) 10µM Triton X-100 or (O) timed-
control experiments. (A) Normalized peak currents. (B) Desensi-
tization time constants. Upper and lower panel:τslow and τfast,
respectively. (C) Upper and lower panels:Aslow/IpeakandAfast/Ipeak,
respectively. (D) The magnitude of the nondesensitizing current
component relative to the peak current,Asteady/Ipeak. Experimental
conditions as in Figure 4. Geometric mean( SEM,n ) 7, 5; Triton
X-100, control. Note that these values may differ slightly from the
arithmetic mean( SEM given in the text.

FIGURE 6: Amphiphile modulation of GABAA R1â2γ2S receptor
kinetics. (b) 10 µM Triton X-100; (2) 2.5 mM octyl-â-glucoside;
(1) 50 µM capsaicin; (9) 3 µM DHA; or (O) timed controls. (A)
Normalized peak currents. (B) Desensitization time constants. Upper
and lower panel:τslow andτfast, respectively. (C) Upper and lower
panel: Aslow/Ipeak andAfast/Ipeak, respectively. (D) The nondesensi-
tizing current component,Asteady/Ipeak. Experimental conditions as
in Figure 4. Geometric mean( SEM,n ) 7, 3, 3, 3, 5, respectively.
Note that these values may differ slightly from the arithmetic mean
( SEM given in the text.
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Aslow/Ipeakwere not statistically significant, however. To some
extent, the observed changes inAfast/IpeakandAslow/Ipeakwere
due to the fact that the time of steepest current descent
occurred earlier in the presence of the amphiphiles (results
not shown).τfast was decreased by Triton X-100, capsaicin,
and DHA, whileτslow was decreased by octyl-â-glucoside
and DHA (p < 0.05). In timed controls, the time constants
were not significantly altered (Figure 6B). Triton X-100,
octyl-â-glucoside, and capsaicin caused a∼70% decrease
in Asteady/Ipeak, which was larger than the∼30% decrease in
timed controls (p < 0.05). DHA did not affectAsteady/Ipeak.

The amphiphile-induced changes in GABAA receptor
function were fully reversible. After washout of the test
compound, none of the kinetic parameters differed signifi-
cantly from their preapplication value (Figures 5 and 6). In
accordance with previous results (11, 12), the amphiphiles
did not alter the membrane conductance in the absence of
GABA.

In summary, the amphiphiles affect GABAA receptor
kinetics in a similar manner. They all decreaseIpeak. Further,
they all decreaset0.75 and the ratio betweenAslow/Ipeak and
Afast/Ipeak, while the desensitization time constants are de-
creased or unaltered. Triton X-100, octyl-â-glucoside, and
capsaicin also decreaseAsteady/Ipeak, suggesting that steady-
state desensitization is promoted, while DHA does not have
this effect (at least for the combination of 15µM GABA
and 3µM DHA). Ipeak, t0.75, Aslow/Ipeak, Afast/Ipeak, andAsteady/
Ipeak are all sensitive to changes in both receptor activation
and desensitization rates. It is possible that the amphiphiles
affect both these rates. Because the activation process is
likely to be faster than the solution exchange of the system
(∼20 ms), the activation rate was not studied in the present
investigation. However, taken together, we conclude that all
the amphiphiles increase the rate of desensitization. For
DHA, this is in agreement with previous findings (2). The
more detailed kinetic analysis shows differences between the
effects of the compounds.

We note that adsorption of the negatively charged fatty
acid DHA to the plasma membrane may change the electrical
field sensed by the GABAA receptor. However, the DHA-
induced increase in the rate of GABAA receptor desensitiza-
tion is not likely to be due to this effect. First, the trans-
bilayer movement of fatty acids is fast (29). Second, the rate
of current decay was not affected by shifting the membrane
potential from-40 to+40 mV (data not shown). Further, a
previous study of native GABAA receptors in rat substantia
nigra neurons found that the DHA-induced decrease in
GABA receptor peak current was independent of the holding
potential (17).

DISCUSSION

Previous studies have shown: first, that Triton X-100 and
DHA increase GABAA receptor [3H]-muscimol binding (3,
4); second, that Triton X-100 promotes a high-affinity
receptor state without altering the binding affinity of this
state (4); and third, that DHA (3µM) decreases GABA-
evoked currents and increases the desensitization rate (2, 17).
We now show that all these effects are shared by Triton
X-100, octyl-â-glucoside, capsaicin, and DHA, four structur-
ally unrelated amphiphiles that decrease bilayer stiffness.

Amphiphile Concentrations in Electrophysiological and
Ligand Binding Experiments.The amphiphile concentrations

shown to affect GABAA receptor desensitization in the
present study are similar to those observed to regulate gA
channels, VDSC, N-type calcium channels, and GABAA

receptors in previous electrophysiological studies (2, 11, 12,
14, 17, 20, 21). An estimate of the concentrations of Triton
X-100 and octyl-â-glucoside in the cellular membranes may
be obtained from their critical micellar concentrations (CMC
) 300 µM and 25 mM, respectively (30)). In the voltage-
clamp experiments, a single cell is continuously superfused
with electrolyte solution using a fast superfusion system. The
volume of the aqueous phase may thus be considered as
infinite as compared to the volume of the cell membrane
lipid bilayers. In such a system, the bilayer mole fraction of
an amphiphile (up to an aqueous concentration of 0.1 CMC)
may be approximated as∼Ca/CMC, whereCa is the aqueous
concentration (31, 32). Thus, for Triton X-100, an aqueous
concentration of 10µM should lead to bilayer mole fraction
of 3:100. For octyl-â-glucoside, an aqueous concentration
of 2.5 mM should lead to a mole fraction of 10:100. The
bilayer concentrations of Triton X-100 and octyl-â-glucoside
thus should be similar.

The amphiphile concentrations that promote GABAA

receptor muscimol binding are considerably higher than those
that affect receptor desensitization in the electrophysiological
experiments. However, due to the very different electrolyte/
lipid volume ratios in the two systems, a direct comparison
of the nominal concentrations used is problematic. In the
binding experiments, membrane fragments with a volume
of ∼10µL were incubated in 0.5 mL of electrolyte containing
the amphiphile of interest. A rough estimate of the amount
of lipid in this system may be obtained by assuming that
the membrane fragments represent only phospholipids. In
this case, the lipid/electrolyte volume ratio would be 1:50.
The specific density of phospholipids is about 1050 g/L (33),
and the average molar weight is about 700 g/mol. Using these
values, 10µL of membrane fragment should contain 15×
10-6 mol of lipid. A total of 0.5 mL of electrolyte with a
Triton X-100 concentration of 300µM (the concentration
causing a 2-fold increase in muscimol binding) contains 15
× 10-8 mol of Triton X-100. A considerable amount of this
will adsorb to the membrane lipid bilayers. If it all adsorbed,
the bilayer mole fraction of Triton X-100 would be∼1:100.
This is comparable to the estimate for the electrophysiologi-
cal experiments (for comparison, if a Triton X-100 concen-
tration of 10µM had been used in the binding experiments,
the bilayer mole fraction would be∼3:10 000). The con-
centrations of Triton X-100 in the lipid bilayers thus seem
to be in a similar range in the two experimental systems.

Effects of Triton X-100, Octyl-â-glucoside, Capsaicin, and
DHA. GABAA receptor gating may be summarized as
transitions between closed, open, and desensitized states
(each possibly representing several molecular states). Pro-
longed exposure to agonists shifts the closed/openT
desensitized distribution toward the desensitized state, with
the highest agonist affinity (34). Given that we find that
Triton X-100, octyl-â-glucoside, capsaicin, and DHA pro-
mote a high-affinity state of the receptor, one would expect
receptor desensitization to be promoted. Indeed, the com-
pounds all increase the rate of desensitization. Further, Triton
X-100, octyl-â-glucoside, and capsaicin decreaseAsteady/Ipeak,
suggesting that steady-state desensitization is promoted. DHA
does not affectAsteady/Ipeak, which may reflect qualitatively
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different DHA effects in the binding versus electrophysi-
ological experimentssand thus of DHA versus the other
amphiphiles. It may also reflect that DHA hasquantitatiVely
different effects on the rates of receptor activation and
desensitization, which determineIpeak. Apart from the effects
on Asteady/Ipeak, the four amphiphiles modulate GABAA

receptor function in a remarkably similar manner in two
different experimental assays. The following discussion will
focus on these shared effects, which suggest a common
mechanism of action.

Mechanisms of ActionsRole of Specific Interactions.
Could the shared effects of Triton X-100, octyl-â-glucoside,
capsaicin, and DHA be due to specific interactions with the
GABAA receptor? This is very unlikely. First, their structures
are very different. Second, these compounds have shared
effects on a number of structurally different membrane
proteins (see below). Third, removing a natural membrane
component, cholesterol, has a similar effect on [3H]-
muscimol binding. Fourth, the binding experiments were
done on membrane fragments excluding energy-dependent
specific intracellular pathways. Taken together, these findings
lead us to conclude that specific interactions are very unlikely
to account for the shared effects of the compounds.

An early study suggested that Triton X-100 increases
specific [3H]-muscimol binding to GABAA receptors by
removing an endogenous inhibitory substance from cellu-
lar membranes (35). In the present study, such a mechan-
ism would not explain: first, the reversible modulation of
GABAA receptor kinetics in continuously superfused cells
(the effects of Triton X-100 applied for 5 min were slowly
reversible (see Figure 5), but the current inhibition induced
by a brief (∼10 s) application was reversible in<1 s);
second, the reversible modulation of [3H]-muscimol binding
by cholesterol depletion; and third, the very similar quantita-
tive relation between amphiphile-induced changes in bilayer
stiffness and GABAA receptor function (see below).

Mechanisms of ActionsRole of Changes in Lipid Bilayer
Elasticity. Could the shared effects of the amphiphiles be
due to changes in the elastic properties of the host lipid
bilayer? The effects qualitatively correlate with the changes
in bilayer stiffness measured using gA channels. That is,
Triton X-100, octyl-â-glucoside, capsaicin, and DHA in-
crease both gA channel appearance rate and lifetime (τ),
whereas cholesterol has the opposite effects (11, 12, 14, 20,
21). A more quantitative evaluation can be obtained by
comparing the effects on [3H]-muscimol binding and gA
channel lifetime (τ), as will be described in the following.

The length of the hydrophobic exterior of a gA channel
(l) is ∼2.2 nm (36). Channel formation in a lipid bilayer
with a hydrophobic thickness,d0, larger thanl will be
associated with a bilayer deformation of 2u0 ) d0 - l, where
u0 is the linear extent of the deformation in each monolayer
(Figure 1B) (10-12, 14, 16). Channel dissociation involves
a separation of the monomers to a distanceδ (∼0.16 nm
(37, 38)), where channel conductance is lost. The activation
energy for channel dissociation (∆G*) may be described as

where∆Gint
/ is the intrinsic activation energy involved in

separating the monomers and∆Gdef is the change in the
bilayer deformation energy associated with altering the

bilayer deformation from 2u0 (corresponding to the conduct-
ing channel) to 2u0 - δ (corresponding to the monomer
separation when conductance is lost). The channel dissocia-
tion rate constantkd () 1/τ) is given by

whereR andT are the gas constant and the temperature in
Kelvin, respectively, and 1/τ0 is a frequency factor for the
reaction (16). Using eqs 2 and 3, the relation between amphi-
phile-induced changes in∆Gdef and ln{τ} will given by

where∆∆Gdef ) ∆Gdef,amph- ∆Gdef,contr, and the subscripts
amph and contr denote the presence and absence of am-
phiphile, respectively. That is, ln{τamph/τcontr} is a linear
function of ∆∆Gdef.

Low concentrations of Triton X-100, octyl-â-glucoside,
capsaicin, and other amphiphiles promote inactivation of
VDSC inactivation in quantitative correlation with ln{τamph/
τcontr} measured in dioleoylphosphatidylcholine/n-decane
bilayers (11, 12). In the present [3H]-muscimol binding
experiments, the lipid/electrolyte volume ratio is considerably
higher than in the gA channel experiments (1:50 and∼1:
1000, respectively (11)). Therefore, such a direct comparison
cannot be performed. A semiquantitative comparison of the
effects in the two systems can be obtained by expressing
the effects on [3H]-muscimol binding as a function of
Cbind‚ln{τamph/τcontr}/CgA, where Cbind is the nominal am-
phiphile concentration in the binding experiments and
ln{τamph/τcontr} represents the change in gA channel lifetime
previously obtained for a low amphiphile concentration,CgA.
Figure 7 shows GABAA receptor [3H]-muscimol binding
(results from Figure 2) as a function ofCbind‚ln{τamph/τcontr}/
CgA (values for Triton X-100, octyl-â-glucoside, and cap-
saicin from refs11 and 12) and values for DHA from
Michael Bruno and Olaf S. Andersen, Cornell University,

∆G* ) ∆Gint
/ + ∆Gdef (2)

FIGURE 7: Amphiphile modulation of GABAA receptor high-affinity
[3H]-muscimol binding as a function ofCbind‚ln{τamph/τcontr}/CgA
for gA channels in dioleoylphosphatidylcholine/n-decane bilayers.
Binding results from Figure 2. Previously determined values of
ln{τgA,amph/τgA,contr}: 0.747 (3µM Triton X-100) and 0.750 (300
µM octyl-â-glucoside) from ref11; 0.259 (10µM capsaicin) from
ref 12; and 0.155 (3µM DHA) from Michael Bruno and Olaf S.
Andersen, personal communication (see also refs20 and21). The
values of ln{τgA,amph/τgA,contr} represent the lowest amphiphile
concentrations studied.

ln{kd} ) -ln{τ} ) -∆G*/RT- ln{τ0} (3)

ln{τamph/τcontr} ) ∆∆Gdef/RT (4)
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personal communication). Despite the dissimilarity of the
amphiphiles and the experimental systems, the binding curves
are similarly shaped and, at most, 4-fold shifted along the
x-axis (values giving a 2-fold increase in binding are related
as 1, 1.2, 1.3, and 4.3 for DHA, capsaicin, octyl-â-glucoside,
and Triton X-100, respectively).

In summary, the amphiphiles, despite their structural
dissimilarity, in two different experimental systems, modulate
GABAA receptor function in a remarkably similar manner.
The effects correlate qualitatively with the changes in bilayer
stiffness measured using gramicidin channels as molecular
force transducers. A semiquantitative analysis shows very
similar correlations between the effects on GABAA receptors
and gA channels. Similar correlations are found for VDSC
and N-type calcium channels (11, 12, 14), as well as for
other structurally unrelated membrane proteins (see below).
Taken together, these findings lead us to conclude that
GABAA receptor function can be regulated by amphiphile-
induced changes in lipid bilayer elasticity.

Bilayer Elasticity and Membrane Protein Function.Given
that GABAA receptors are regulated by bilayer elasticity, one
would expect receptor function to involve conformational
changes at the hydrophobic exterior of the TMR (as have
been described for a number of different membrane proteins,
cf. ref 11). This notion is supported by studies using the
substituted cysteine accessibility method (cf. ref39). Further,
structurally related proteins would be expected to be similarly
regulated. GABAA receptors belong to the Cys-loop super-

family of ligand-gated ion channels, including the nicotinic
acetylcholine (nAChR), glycine, and 5-HT3 receptors, con-
sidered to possess a common quaternary structure. Desen-
sitization of the nAChR is associated with conformational
changes at the hydrophobic exterior of the TMR (40). Triton
X-100 causes a time-dependent block of the nAChR,
suggesting that desensitization is promoted (41), and solu-
bilization of nAChR in Triton X-100 or octyl-â-glucoside
promotes a receptor structure similar to the desensitized state
(42). Further, long-chain fatty acids decrease nAChR single-
channel open time (43), and capsaicin inhibits acetylcholine-
induced currents (44). Cholesterol, in contrast, promotes a
resting (nondesensitized) state of the nAChR (45). Finally,
in 5-HT3 and glycine receptors, Triton X-100 promotes
binding of the agonist quipazine (46) and the competitive
antagonist strychnine (47), respectively. The notion that
GABAA receptors are regulated by bilayer elasticity thus is
supported by structural and functional studies in other Cys-
loop receptors.

A regulatory mechanism based on amphiphile-induced
changes in bilayer elasticity would be expected to affect
membrane protein function generally. Table 3 shows the
effects of the amphiphiles used in the present study on gA
channel appearance rate and dissociation rate (kd ) 1/τ) and
on the function of five other channel types, altogether
representing three protein superfamilies. At nanomolar
concentrations, some of these compounds regulate protein
function by specific mechanisms. We cannot exclude that

Table 3: Amphiphile Modulation of Ion Channel Functiona

a Gramicidin channels (gA), voltage-dependent sodium channels (VDSC), N-type calcium channels (N-type Ca2+), calcium-activated potassium
channels (BKCa), nicotinic acetylcholine receptors (nAChR), and GABAA receptors. Arachidonic acid (AA). *: R. Søgaard, unpublished observations.
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such mechanisms could be involved in the examples listed;
however, all the examples involve concentrations that affect
bilayer stiffness. Despite the structural dissimilarity of the
amphiphilessand the channel typessthere is a remarkable
correlation between the effects on bilayer stiffness and the
effects on channel function. These proteins may thus all be
regulated by lipid bilayer elasticity.

How Could GABAA Receptor Function Be Regulated by
Lipid Bilayer Elasticity?Although previous investigations
suggest that GABAA receptor function involves conforma-
tional changes at the hydrophobic exterior of the TMR (cf.
ref 39), the structural information is insufficient to evaluate
how the bilayer elastic properties could affect the conforma-
tion of the receptor. Results of studies which have investi-
gated the regulation of gA channel function by lipid bilayer
elasticity provide a basis for discussion of the mechanisms
possibly involved.

gA channel formation is associated with a compression
and bending of the monolayers in the lipid bilayer im-
mediately surrounding the channel (Figure 1B). Using the
continuum theory of elastic crystal deformations, the bilayer
deformation energy,∆Gdef, may be approximated as

where∆Gcont is the energetic contribution described by the
bilayer continuum elastic properties, and∆Gpacking is a
contribution from local changes in lipid packing (16, 48, 49).
For a given bilayer deformation,∆Gcont is determined by
the monolayer spontaneous curvature,c0 () 1/R0, whereR0

is the radius of the curvature adopted by the monolayers in
the absence of the hydrophobic interactions between the
monolayers4), as well as by the bilayer elastic compression
and bending moduli (16, 48, 49). ∆Gcont may be ap-
proximated as

where the coefficientsHB, HX, andHC are determined by
the bilayer elastic moduli as well as byd0 and the channel
radius (12, 49). ∆Gcont is associated with a bilayer disjoining
force on the channelF () {d∆Gcont}/{d2u0}) given by

The interplay between the energetic contributions to∆Gcont

is complex and not fully understood (48, 49). However, using
eq 6 (and a relaxed boundary condition, where the energetic
penalty due to local lipid packing at the channel-bilayer
interface is ignored (48, 49)), the absolute magnitude of
∆Gcont, and thus the bilayer stiffness reflected inF, should
be reduced by maneuvers that decrease the compression and
bending moduli as well as by maneuvers that promote a
positivec0 (49).

Triton X-100 promotes a positivec0, and octyl-â-glucoside
is likely to have the same effect (12). DHA and capsaicin,
in contrast, promote a negativec0 (12, 18). The effects on
gA channelssand on GABAA receptorssthus cannot be
explained by changes inc0, per se.

Generally, the reversible adsorption of water soluble
amphiphiles to a lipid bilayer will tend to decrease the bilayer
compression and bending moduli (50-59). This mechanism
is likely to contribute to the regulation of gA channel function
by Triton X-100, octyl-â-glucoside, DHA, and capsaicin (11,
12) and may contribute to the effects on GABAA receptor
function.

The correlation between the effects of the amphiphiles,
studied in the present investigation, on the function of
GABAA receptors and gA channels does not imply similar
conformational changes in the two channel types. A change
in the energetic cost of the bilayer deformation associated
with gA channel formation would be expected to alter also
the bilayer deformation energy associated with more complex
protein conformational changes (10). However, one mech-
anism by which the GABAA receptor function could be
regulated by the elasticity of the host lipid bilayer is if a
functional transition involved a change in receptor hydro-
phobic length. Such a change may actually be suggested by
the altered subunit tilt associated with desensitization of the
structurally related nAChR (40).

Role of Lipid Bilayer Fluidity.Amphiphile-induced changes
in membrane protein function have often been ascribed to
changes in the fluidity of the host lipid bilayer. Micelle-
forming amphiphiles, such as Triton X-100 and octyl-â-
glucoside, decrease the bilayer acyl chain order and increase
the fluorescent depolarization of bilayer-embedded diphenyl-
hexatriene (DPH), which has been interpreted to signify that
the bilayer fluidity is increased (60, 61). Capsaicin and
PUFAs have similar effects (19, 62), while cholesterol
decreases bilayer fluidity. Nevertheless, the effects of these
compounds on GABAA receptor function cannot be explained
in terms of altered fluidity. The causal relation between
bilayer fluidity and membrane protein function has never
been clear (63). Further, while the term bilayer fluidity
strictly refers only to the rate of molecular motion in a lipid
bilayer, the fluorescent depolarization of DPH reflects both
the rate and extent of molecular motion, and the acyl chain
order is a measure of the extent of motion (63). Finally, while
a change in bilayer fluidity might be argued to affect the rate
of a protein conformational transition (reflecting a change
in the associated activation energy), a change in fluidity,per
se, cannot affect the equilibrium distribution between protein
conformational states, which is given by the free energy
difference between the states (63). The increase in GABAA
receptor [3H]-muscimol binding, induced by Triton-X100,
octyl-â-glucoside, capsaicin, and DHA, thus cannot be
explained in terms of altered bilayer fluidity.

Modulation of Membrane Protein Function by PUFAs.
The effects of DHA on GABAA receptor function conform
to those of structurally different amphiphiles that decrease
bilayer stiffness. A similar correlation is seen for several other
ion channels (Table 3). This leads us conclude that DHA-
induced changes in bilayer stiffness contribute to the
modulation of GABAA receptor function. The fact that DHA
does not decreaseAsteady/Ipeak suggests that specific mecha-
nisms may also be involved. At micromolar concentrations,
a number of PUFAs, such as arachidonic acid (AA) (see
Table 3), decrease bilayer stiffness (20, 21) and regulate the
function of a variety of membrane proteins, cf. refs64 and
65. PUFAs may thus generally regulate membrane protein

4 R0 refers to a neutral plane where the bilayer elastic energies
associated with bending and compression are energetically uncoupled
(66-68).

∆Gdef ) ∆Gcont + ∆Gpacking (5)

∆Gcont ) HB(2u0)
2 + HX2u0c0 + HCc0

2 (6)

F ) 2HB(2u0) + HXc0 (7)
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function both by specific mechanisms and by affecting the
elasticity of the host lipid bilayer.
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