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ABSTRACT. Docosahexaenoic acid (DHA) and other polyunsaturated fatty acids (PUFAS) promoteGABA
receptor H]-muscimol binding, and DHA increases the rate of GAB#&ceptor desensitization. Triton
X-100, a structurally unrelated amphiphile, similarly promotés]{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 GABAreceptors could be similarly regulated. We therefore studied the effects of four
structurally unrelated amphiphiles that decrease bilayer stiffness (Triton X-100peghytoside, capsaicin,

and DHA) on GABA, receptor function in mammalian cells. All the compounds promoted GARaeptor
[®H]-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 afdd]imuscimol binding. Membrane cholesterol depletion,
which also decreases bilayer stiffness, similarly promoteid-inuscimol binding. In whole-cell voltage-
clamp experiments, Triton X-100, octghglucoside, 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.

y-Aminobutyric acid (GABA} is the major inhibitory (PUFAS) @, 3), Triton X-100 @), benzodiazepines, barbi-
neurotransmitter in the vertebrate central nervous system,turates, long-chain alcohols, and anesthetiy. (The
and altered GABAergic neurotransmission has been impli- functional importance of such changes is poorly understood,
cated in major neurological and psychiatric disorders such and attempts to determine whether a given amphiphile
as epilepsy, brain ischemia, mood disorders, and schizo-regulates membrane protein function by specific and/or
phrenia (). GABA mediates fast inhibitory synaptic trans- nonspecific bilayer-mediated mechanisms are often hampered
mission through GABA receptors, which are ligand-gated by a lack of understanding of the latter.
ion channels modulated by numerous compounds of diverse  Membrane protein function can be regulated by am-
chemical structure. Specific, pharmacological regulation of phiphile-induced changes in the elastic properties of the host
GABA, receptor function can be analyzed using well- lipid bilayer. Because of the hydrophobic interactions
described theories of ligangeceptor interactions. However, between a membrane protein transmembrane region (TMR)
many compounds that regulate GABAeceptor function are  and the lipid bilayer core, a protein conformational change
amphiphiles, which may change the physical properties of that involves the proteinbilayer hydrophobic interface can

the host lipid bilayer (e.g., polyunsaturated fatty acids cause alocal bilayer deformatiod12) (Figure 1A). Lipid
bilayers are elastic bodies, and the total energetic cost (free

energy change) of the conformational chang&g;) may
be expressed as
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NAChR, nicotinic acetylcholine receptor; PUFAs, polyunsaturated fatty following summarized as the bilayer elasticity, meaning that
acids; TMR, transmembrane region; VDSC, voltage-dependent sodium gn increased e|asticity decreases the absolute vald&gf
channelsAGeon, bilayer deformation energy described by continuum 5,4 vice versa). The proteirbilayer hydrophobic interac-
elastic propertiesAGees, bilayer deformation energy§Gpacking €nergetic . . . . .
contribution from changes in local lipid packingGuy, total energetic  tionS therefore provide an energetic coupling between protein
cost of protein conformational change. conformation and bilayer elasticityand thus between protein
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A

Triton-X100 increases GABAreceptor high-affinity {H]-

B
muscimol binding without altering the equilibrium constant
%?% %% (Ky) that describe the binding affinity of high-affinity binding
g ggg % (4). Specific interactions between Triton-X100 and the

gg GABA receptor have not been identified. Docosahexaenoic
$ acid (DHA) and several other PUFAs similarly increase
TF GABA receptor fH]-muscimol binding 8). Further, DHA

i §<?>I} o increases the rate of GAB#&eceptor desensitizatiog,(17).
d %3322{({{5 / The effects of PUFAs have not been shown to depend on
O0SEG* specific interactions, and the underlying mechanisms are

iF poorly understood. However, PUFASs, as Triton X-100, affect
FIGURE 1: (A) Membrane protein conformational change, which the physical properties of lipid bilayerd & 19). Recent
involves the proteirrbilayer hydrophobic interface, perturbs the studies show that DHA and other PUFAs, at concentrations
surrounding bilayer. (B) Gramicidin channel formed by the trans- that affect GABA, receptor function¥ 3 uM), decrease lipid

bilayer association of two monomers. Because of the mismatch . ; ;
between the bilayer hydrophobic thicknesk) (and the channel bilayer stiffness measured using gA channe§ (21).

hydrophobic lengthl}, channel formation is associated with a local  Further, PUFAs promote inactivation of VDS@2), simi-

elastic bilayer deformation, with a linear extentip2= (do — 1), larly to other amphiphiles that decrease bilayer stiffné4} (
which is released when the monomers dissociate. (Modified from We therefore hypothesized that GARBAeceptor function
ref12) could be regulated by the elasticity of the host lipid bilayer

) ) - ] and thus that the effects of Triton-X100 and DHA could be
function and bilayer molecular composition, which deter- mimicked by other amphiphiles that decrease bilayer stiff-
mines the elasticity@—13). The feasibility of this hydro-  pegs, To test this hypothesis, we studied the effects of Triton-
phobic coupling mechanismi{) has been demonstrated x100, octyls-glucoside, capsaicin, and DHA orfH]-
using the gramicidin (gA) channel, a model membrane \scimol binding and electrophysiological properties of
protein, in planar lipid bilayers (for a recent review, see ref GABA, receptors heterologously expressed in mammalian

13). gA channels are peptide cation channels formed by the ce|is. The effects of membrane cholesterol depletiorfidi [
trans-bilayer association of two monomers (Figure 1B). muscimol binding were similarly studied.

When the length of the channel hydrophobic exterior
(hydrophobic lengthl) is shorter than the thickness of the MATERIALS AND METHODS
bilayer hydrophobic core (hydrophobic thicknedg, chan-
nel formation involves a local bilayer deformation, in which Cell Culture and TransfectionHEK293 cells stably
the bilayer hydrophobic thickness locally adjusts to match expressing recombinant human GABAS2y»s receptors
the channel hydrophobic length. The bilayer in reaction were a kind gift from T. Holm Johansen, NeuroSearch A/S.
imposes a disjoining force on the channel (Figure 1B). The Human GABA, asf32y2s receptors were stably expressed in
channel appearance rate and lifetime depends on the bilayeCHO cells by transfection with pcDNA3 plasmids directing
elasticity, which determines the magnitude of the disjoining the expression of humaams, (,, andy.s GABAA receptor
force. Using a variety of different manipulations, it has been subunits. The plasmids were constructed as previously
shown that changes in bilayer molecular composition can described 23). Transfection was performed using the Lipo-
alter the bilayer elasticity sufficiently to cause substantial fectamin method, according to the instructions provided by
changes in gA channel functiohd—16). gA channels further  the manufacturer (GibcoBRL). HEK293 and CHO cells were
provide a tool to measure the effects of amphiphiles on the cultured in DMEM and Ham’s medium, respectively,
bilayer elasticity experienced by an embedded protEln-( supplemented with 10% fetal calf serum, penicillin (50 units/
16). A change in bilayer elasticity that decreases the mL), and streptomycin (5@g/mL) (all from GibcoBRL).
disjoining force on the channel, and thus increases gA Cells were maintained at 37C ambient atmosphere with
channel appearance rate and lifetime, operationally is 5% CO.
defined as a decrease in bilayer stiffness and vice versa Chemicals.Triton X-100 (10% vol/vol, protein-grade,
(11-14)2 Calbiochem) and octyB-glucoside ¢97% purity, Calbio-
Voltage-dependent sodium channels (VDSC) from skeletal chem) were dissolved directly into the experimental solutions.
muscle are regulated by amphiphiles that alter lipid bilayer Capsaicin and docosahexaenoic acid (both from Sigma) were
stiffness measured using gA channdl$, (L2). Triton X-100, dissolved from stock solutions in DMSO. In the experimental
octyl-8-glucoside, capsaicin, and other structurally unrelated solution, the concentration of DMSO never exceeded 1%,
amphiphiles that decrease bilayer stiffness promote VDSC which did not affect GABA receptor binding or electro-
inactivation. At low concentrations of the compounds, this physiological properties.
e_ffe_ct is quantitatively rel_ateq to the increase in gA chann_el Ligand Binding AssayMembranes for binding experi-
lifetime. C_:holle.sterol, wh!ch increases pllgyer stiffness, in hents were prepared from HEK293 or CHO cells expressing
contrast, |ph|b|ts VDSC inactivation. Similar results have \Bay2s OT 0sBay2s receptor, respectively, or from whole rat
been obtained on N-type calcium channellé)( brain. Membranes were stored-a80 °C for up to 3 months,
which did not affect GABA receptor ligand binding
2The term bilayer elasticity is used broadly to describe the bilayer properties. Membranes were resuspended at 0.1 mg protein/

elastic response to a deformation associated with a protein conforma-mL (corresponding to a volume 6f104L) in 100 mM KClI
tional change, whereas the bilayer stiffness is specifically related to M !

the bilayer deformation associated with gA channel formatibh( 10 mM KHPO;, pH 7.4, _and incubated with 10 nMH]-
14, 16). muscimol fa 1 h at 20°C in a total volume of 0.5 mL. The
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protein concentration was determined using the Bio-Rad X-100 (Table 2) Bmaxand the apparen€y were obtained by
Protein Assay Kit (Bio-Rad Laboratories, Inc). Separation simultaneous fitting of three sets of two binding isotherms
of bound from free radioligand was done either by centrifu- using the three models described above.
gation at 20 009 (5 min at 4°C) to study total (both high Whole-Cell Voltage ClampgGABAA receptors expressed
and low affinity) specific binding or by rapid filtration in HEK293 or CHO cells were studied using the whole-cell
through Whatman GF/B filters to study high-affinity binding voltage-clamp technique. Voltage protocol and data acquisi-
selectively. Specific3H]-muscimol binding was defined as tion were controlled using an RK-400 amplifier (Biologic,
the difference between total binding and nonspecific binding Claix, France) and pClamp 8.1 (Axon Instruments, Foster
(i.e., binding in the presence of 1 MM GABA). Competition City, CA). Currents were low-pass filtered at 1 kHz and
binding experiments were performed in the presence of sampled at 2 kHz. Patch pipets had a tip resistance-df 2
GABA, receptor ligands at concentrations ranging from MQ. Series resistance was 80% compensated. The extra-
10%0to 104 M. cellular solution was composed of (in mM): 145 NaCl, 3
Manipulation of Cell Membrane Cholesterol Content. KCI, 1.5 CaC}, 1 MgCk, 6 glucose, and 10 HEPES and
Manipulation of cell membrane cholesterol content, using adjusted to pH 7.4 with NaOH. The electrode solution was
methylateds-cyclodextrin (M3CD) (average MW 1338, composed of (in mM): 14%-methylp-glucamine hydro-
Cyclodextrin Technologies Development), was done as chloride, 5 KATP, 2 MgCh, 1.1 EGTA, 0.1 CaG| and 5
described previouslyl@). In short, cholesterol depletion or HEPES, adjusted to pH 7.2 with KOH. Test solutions were

repletion involved exposing cells to 5 mMACD, or 5 mM applied using a fast superfusion system with a solution
MSBCD—cholesterol complex (MCD/cholesterol ratio 10:  exchange time 0f~20 ms.
1), dissolved in growth medium. To prepare thggG®D— Analysis of Voltage-Clamp Experimeniesults of volt-

cholesterol complex, chloroform was evaporated from a age-clamp experiments were analyzed using pClamp 8.1
cholesterot-chloroform solution (Sigma). WICD dissolved (Axon Instruments, Foster City, CA). The time course of
in growth medium was added, and the solution was vortexed current decay in the presence of GABA was fitted by a
for 5 min and subsequently incubated in a rotating water double exponential function
bath overnight. Prior to application, the solution was filtered
through a 0.4%M syringe filter to remove excess cholesterol () = Agow €XX —UTgont T Apast XK —UTiasd + Asteany
crystals. Preparation of BCD followed the same procedure, _ )
except that no cholesterol was added. Following manipulation Wherel(t) is the current at timé, andAsiow andAws are the
of the cellular cholesterol content, binding experiments on @mplitudes of currents desensitizing with time constangs
membrane preparations were performed as described above2Nd sy respectively Aseaqyis the nondesensitizing current
Membrane cholesterol content was determined using acomponent. In 4 out of 25 cells expressingzy»s receptors,
commercial enzymatic kit (CHOD-PAP, Cat. No. 2016630, the currents induced by 18Vl GABA were best described
Roche Diagnostics). by a single exponential function. To study a homogeneous
Analysis of Competition Binding Experimerfesults of contro! population, these cellg were excluded frc.)m.the
the competition binding experiments were analyzed using analy5|s (the effects of the am_phlphlles were not qualitatively
mass action law and the program LIGAND24]. This Fhfferen_t |n.these cells). Statistical analysis of the changes
program allows large sets of binding isotherms to be i the kmetlt_: parameters was based on the geometric mean
simultaneously fitted with models describing the interaction £ SEM, using Students-test or One Way Analysis of
between multiple ligands and experimental conditions. The Variance (ANOVA), with Dunnetts Method as a post hoc
mathematical analysis of such complex binding designs is test. For simplicity, the absolute values given in the text
thoroughly described in re24. GABAa ouf2y2s receptor  'epresent the arithmetic mean SEM.
high-affinity [*H]-muscimol binding was studied in three RESULTS
independent displacement experiments each meastHihg [
muscimol binding under control conditions or in the presence  Effects of Triton X-100, Octy#-glucoside, Capsaicin, and
of Triton X-100, fOG, capsaicin, or DHA (Table 1). The DHA on [PH]-Muscimol Binding We studied specific binding
binding parameterB.xandKg, describing high-affinity H]- of the agonist JH]-muscimol to human GABA ou32)2s
muscimol binding, were obtained by simultaneous analysis receptors in membranes from transfected HEK293 cells.
of three sets of five binding isotherms. The data were Inradioligand binding studies’H]-muscimol has been found
compared to three models: an unconstrained K¢g#ee- to interact with a high-affinity site on the receptor (e.g5)(
Bmaxmodel, in which botlBna.xandKy were allowed to vary ~ and 6)). In electrophysiological studies, the agonists GABA
among the five different experimental situations, and shared-and muscimol both activate the receptor via binding to a
Ka/freeBmax and freeKy/sharedBnax models, where either  (functional) low-affinity site 25). High- and low-affinity
Bmax0r Kqg was allowed to vary. (In all model&q was shared  binding of GABA to may involve interactions with confor-
in the three experiments performed under the same condi-mational variants of the same site (e.g.,26f. In the present
tions.) Statistical evaluation of the sharkgfreeB.x and study, GABA, receptor $H]-muscimol binding was initially
freeKy/sharedBmax model involved a test of whether the studied using rapid filtration for recovery of bound ligand,
goodness-of-fit was significantly decreased as compared tomeaning that only high-affinity binding was detected. Triton
the unconstrained mode24). X-100, octyl-glucoside, capsaicin, and DHA, four struc-
Total (both high and low affinity) specific muscimol turally unrelated amphiphiles that decrease bilayer stiff-
binding to the GABA, asf32y2sreceptor was studied in three  ness 11—14, 20, 21), all increased®H]-muscimol binding
independent competition binding experiments each measuringin a concentration-dependent manner. Figure 2 shows the
binding in the control situation or in the presence of Triton effects on $H]-muscimol binding as a function of the
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receptors in HEK293 cell membranes as a function of nominal g ee 3: Effects of cholesterol depletion and subsequent choles-
amphiphile concentration. The nominal concentration is based the g, repletion on®©) cholesterol content an®j GABA s-receptor
amc:untlof amahlphlle added t(I) thfe experimental system with fa [3H]-muscimol binding. Results from three sets of experiments, each
total volume of 0.5 mL. Results from two independent set of j,olying duplicate measurements, normalized by the value in
experiments, each involving duplicate determinations of specific onrol cells. For cells exposed toAGD for 0 or 90 min or to
[*H]-muscimol binding. Results normalized by specific binding in MACD for 90 min and subsequently toA@D/cholesterol for 90
the absence of amphiphile. Meanrange. min, the results are given as meanSEM (n = 3). For cells
exposed to MCD for 30 or 60 min or to MCD for 90 min and

) o ) ] ) subsequently to KCD/cholesterol for 30 or 60 min, the results
nominal amphiphile concentration used in the experiments. are given as meatt range,n = 2 (the apparent decrease #]-
Similar results were obtained on humagSz,y.s receptors muscimol binding, using MCD exposure 90 min, thus is not

expressed in CHO cells and native GARfeceptors in rat  Statistically significant.)

brain homogenate (data not shown). At the highest concen-previous findings 11). Cholesterol depletion, performed by
trations used, the amphiphiles decreaséd]-muscimol exposing cells to 5 mM methy3-dextrin (MBCD) for 30,
binding and ultimately prevented assessment of binding (asgp, or 90 min ¢ = 2, 2, 3), led to a gradual increase in
may be seen for octyk-glucoside in Figure 2). This is likely  [sH}.muscimol binding. Figure 3 shows normalized results

by high concentrations of such amphiphiles, dff)¢ MACD for 90 min decreased the cholesterol content by 55%,
Three hundred micromolar Triton X-100, 10 mM octyl-  \yhereas JH]-muscimol binding was increased by 70%. In
B-glucoside, 1 mM capsaicin, or 3G DHA caused a-2- cells depleted for 90 min, cholesterol repletion, by exposure

fold increase in high-affinity*H]-muscimol binding (Figure 1o 5 mmM MBCD/cholesterol complex for 30, 60, or 90 min,
2). Similar concentrations of Triton X-100 and DHA have |eq to a gradual normalization of both cholesterol content
been shown to promote GABAreceptor muscimol binding 59 BH]-muscimol binding.
in previous studies3 4). For all four amphiphiles, these Equilibrium Binding IsothermsHigh-affinity [3H]-mus-
concentrat?ons are considerably hi_gher than the nqmin_al cimol binding to GABA, ay32y2s receptors in HEK293 cells
concentrations shown to modulate ion channel function in yas further investigated in homologous competition binding
electrophysiological experiments (e.g., gA channgls {2, experiments. The effects of 250M Triton X-100, 10 mM
14, 20, 21), VDSC (11, 12, 22), N-type calcium channels BOG, 300u4M capsaicin, or 30qcM DHA on the binding
(14), or GABA, receptors 2, 17)). However, due to the  isotherms for $H]-muscimol were studied. To quantify the
higher lipid/electrolyte volume ratio in the binding experi- changes in the binding capacit.) and the equilibrium
ments, the amphiphile concentrations in the cell membranebinding constantKy) describing the binding affinity, the
lipid bilayers are not likely to be considerably higher than regyits were simultaneously analyzed using mass action law
in the voltage-clamp experiments. This will be discussed (see Materials and Methods). Three independent sets of five
below (note that all amphlphlle concentrations given in the binding isotherms (representing the four amphiphiles and
present study are nominal concentrations). control) were analyzed. Three models were fitted to the
Cholesterol Modulation of¥H]-Muscimol Binding.Cho- results: an unconstrained model where @ik, andKy were
lesterol increases the stiffness of lipid bilayers measured 5jowed to vary among the experimental conditions (free-
using gA channels, and membrane cholesterol depletion hast/freeBmax) and two constrained models where eitBggy
the opposite effectl(l, 14, 27_). We therefor_e .studied the  or K, was allowed to vary (sharedy/freeBmay or freeKd
effects of cholesterol depletion on high-affinit$H]-mus-  ghareds,., respectively). Statistical evaluation of the con-
cimol binding to GABA\ ouf3zy2s receptors, expressed in  girained models involved a test of whether the goodness-of-
HEK293 cells. In control cells, the cholesterol content was fjt was significantly decreased relative to the unconstrained
24.0 £ 2.6 ug/mg protein ( = 10), which is similar to model (see Materials and Methods).
A fit of the data to the unconstrained model suggested
~ 3Triton X-100 and octy}3-glucoside in agueous solution will damage  that the amphiphiles increasBg.y While Kq was unaltered.
lipid bilayers at concentrations near their crltlcal.ml.cellar concentration Table 1 shows the values Bf,.xandKy obtained using either
of 300uM and 25 mM, respectively3Q). In the binding experiments, the freeK y/free-Bya, model or the sharely/free Bya, model

where the volume ratio between the lipid and the aqueous phase is !
~50:1, this will occur at higher concentrations. The use of the shardada/freeBmnax model did not decrease
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the goodness-of-fit relative to the unconstrained mogel (
= 0.385). The fredky/sharedBnax model, in contrast, was
unable to describe the datg (< 0.001). We therefore
accepted the shard€l/free-Bnax model. Using this model,
the amphiphiles caused a-3-fold increase iBmax, While

Kq was unaltered~+6 nM). These values are remarkably

Sggaard et al.

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

similar to those obtained using the unconstrained model explanation for these findings is that the amphiphiles shift

(Table 1).

Table 1: Effects of 25&M Triton X-100, 10 mM
Octyl-3-glucoside, 30Q:M Capsaicin, or 30tM DHA on GABAA
Receptor High-Affinity PH]-Muscimol Binding

Kd Bmax
nM ratio nM ratio
FreeKd/freeBmax
Control 7.5 1 0.21 1
octyl-5-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
SharedKd/freeBmax p = 0.385

Control 6.4 1 0.19 1
octyl-5-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

ap refers to the null hypothesis that the goodness-of-fit is significantly

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, ocf3A-
glucoside, capsaicin, and DHA on GARAeceptor 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. the voltage-
clamp experiments, the amphiphiles were applied to HEK293
cells expressing GABA ouf.y2s 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 channdlg, (12, 14,

20, 21), VDSC (11, 12, 22), N-type calcium channeldl4),

decreased as compared to the unconstrained model (see Materials ang, GABA, receptors 2, 17)).

Methods).

Table 2: Effects of 25&M Triton X-100 on Total Specific
[®H]-Muscimol Binding to GABA, as32)y2s Receptors

Kd Bmax
nM ratio nM ratio
FreeKd/free-Bmax
Control 123 1 0.41 1
Triton X-100 0.10 0.001 0.35 0.85
FreeKy/sharedBmax p = 0.408
Control 101 1 0.37 1
Triton X-100 5.6 0.055 0.37 1

ap refers to the null hypothesis that the goodness-of-fit is significantly
decreased as compared to the unconstrained model.

The mechanisms underlying the promotion of high-affinity
[®H]-muscimol binding were further investigated in homolo-
gous competition binding experiments, where total (both high
and low affinity) specific fH]-muscimol binding to GABA
asf2y2s was detected using centrifugation for recovery of
bound ligand (see Materials and Method&p)( In these

Current responses were induced by 1 min applications of
15 uM GABA (equal to the EG, 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 uM Triton X-100, 2.5 mM octylg-glucoside, 3uM
DHA, or 50uM 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 currépty and
increased the rate of receptor desensitization. Similar effects
were observed on GABAsf,y2s receptors expressed in
CHO cells (results not shown). Triton X-100, ocfs-
glucoside, capsaicin, and DHA reduckeh« by 30, 20, 65,
and 65%, respectively (Figures 5A and 6A). In timed control
experiments]eak Was not significantly alteredp(> 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

experiments (in contrast to the experiments measuring onlyapplication (labeled a and b, respectively, in Figure 4). In

high-affinity binding), the frees/sharedBmax model did not

the control situation, the decay time to 75% of the initial

decrease the goodness-of-fit relative to the unconstrainedpeak current amplitudey(;s) was equal to 3.5- 0.7 s o=

model = 0.408). Table 2 shows the values Bf.x and
Kb, obtained using either the frd&/freeByax model or the
freeKg/sharedBmax model. The share#z/freeBmax model
was unable to describe the dafa € 0.01). We therefore
accepted the frely/sharedBnax model. Using this model,
the (apparentKq was decreased frony100 to~6 nM by
Triton X-100, while Bmax was unaltered. Thus, when both
high-and low-affinity binding is detected, Triton X-100

5). Triton X-100, octylg-glucoside, capsaicin, and DHA
decreasedy ss by 90, 81, 57, and 78%, respectively, as
compared to 31% in timed control experiments. For all
amphiphiles, the decreasetiyswas significantly larger than

in the timed controlsg < 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

increases the apparent binding affinity but does not alter thecurrent descend, was fitted (see Materials and Methods).

total binding capacity.
In summary, Triton X-100, octyB-glucoside, capsaicin,
and DHA have similar effects on GABAreceptor $H]-

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
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Ficure 4. Effects of amphiphiles on currents induced byNd GABA. Current responses to 60 s applications of GABA were recorded

in the control situation, during application of test compound, and after washout. Holding pote#@iainV. (A) Current traces from a

single experiment showing the effect of AWM 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). (BD) Current traces from single experiments with ogdytflucoside, DHA, or capsaicin,

respectively. Experimental conditions as in Figure 4A.
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Ficure 6: Amphiphile modulation of GABA a,2y2s receptor
kinetics. @) 10 uM Triton X-100; (a) 2.5 mM octyl{3-glucoside;
(¥) 50 uM capsaicin; @) 3 uM DHA,; or (O) timed controls. (A)

control experiments. (A) Normalized peak currents. (B) Desensi- Normalized peak currents. (B) Desensitization time constants. Upper

tization time constants. Upper and lower panmglsw and tras,
respectively. (C) Upper and lower paneksion/| peak@ndAsas| peak

and lower panelrg oy and g, respectively. (C) Upper and lower
panel: Agiow/l peak and Asasf 1 peae respectively. (D) The nondesensi-

respectively. (D) The magnitude of the nondesensitizing current tizing current componenfisieadylpearr EXperimental conditions as

component relative to the peak curreAtieaqylpea Experimental
conditions as in Figure 4. Geometric mearsEM,n= 7, 5; Triton

in Figure 4. Geometric meah SEM,n=7, 3, 3, 3, 5, respectively.
Note that these values may differ slightly from the arithmetic mean

X-100, control. Note that these values may differ slightly from the + SEM given in the text.

arithmetic meant SEM given in the text.

amphiphile-induced changes in GARAeceptor kinetics

tizing current componenfsieadyl pea €qualed 0.56t 0.02,
0.34+ 0.03, and 0.12t 0.01, respectively (Figures 5C,D

(values from the last control, test, and washout current, and 6C,D). (Because the fitting was started at the time of

respectively.)

In the control situation, the time constantge, and ass,
equaled 21+ 5 and 44+ 1 s (Figures 5B and 6B). The
corresponding relative current amplitudeSyow/lpeak and

steepest current descend, rather thdp.at the sum of these
values is<1.)

As shown in Figure 6, the amphiphiles caused2fold
increase iNAgsllpea and a~2-fold decrease iMsionl peak

Asasilpeas and the relative magnitude of the nondesensi- the effects of octyj3-glucoside omAss{lpeaxand of DHA on
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Asion/l peakWere not statistically significant, however. To some shown to affect GABA receptor desensitization in the
extent, the observed change g/l peakandAsiow/ | peakwere present study are similar to those observed to regulate gA
due to the fact that the time of steepest current descentchannels, VDSC, N-type calcium channels, and GABA
occurred earlier in the presence of the amphiphiles (resultsreceptors in previous electrophysiological studizd (, 12,
not shown).trst Was decreased by Triton X-100, capsaicin, 14, 17, 20, 21). An estimate of the concentrations of Triton
and DHA, while r50, Was decreased by octghglucoside X-100 and octylg-glucoside in the cellular membranes may
and DHA (p < 0.05). In timed controls, the time constants be obtained from their critical micellar concentrations (CMC
were not significantly altered (Figure 6B). Triton X-100, = 300uM and 25 mM, respectively30)). In the voltage-
octyl-5-glucoside, and capsaicin caused-@0% decrease  clamp experiments, a single cell is continuously superfused
iN Asteadylpea Which was larger than the30% decrease in  with electrolyte solution using a fast superfusion system. The
timed controls | < 0.05). DHA did not affectAsicadf! peak volume of the aqueous phase may thus be considered as
The amphiphile-induced changes in GABAeceptor infinite as compared to the volume of the cell membrane
function were fully reversible. After washout of the test lipid bilayers. In such a system, the bilayer mole fraction of
compound, none of the kinetic parameters differed signifi- an amphiphile (up to an aqueous concentration of 0.1 CMC)
cantly from their preapplication value (Figures 5 and 6). In may be approximated asC/CMC, whereC, is the aqueous
accordance with previous resultkl( 12), the amphiphiles  concentration31, 32). Thus, for Triton X-100, an aqueous
did not alter the membrane conductance in the absence ofconcentration of 1@M should lead to bilayer mole fraction

GABA. of 3:100. For octylB-glucoside, an aqueous concentration
In summary, the amphiphiles affect GARAreceptor of 2.5 mM should lead to a mole fraction of 10:100. The
kinetics in a similar manner. They all decredsg. Further, bilayer concentrations of Triton X-100 and ocfdglucoside

they all decreasé 7s and the ratio betweeAsiow/l peak and thus should be similar.
Asasllpeas While the desensitization time constants are de- The amphiphile concentrations that promote GABA
creased or unaltered. Triton X-100, ocfiAglucoside, and receptor muscimol binding are considerably higher than those
capsaicin also decrea®geadflpear SUggesting that steady- that affect receptor desensitization in the electrophysiological
state desensitization is promoted, while DHA does not have experiments. However, due to the very different electrolyte/
this effect (at least for the combination of 181 GABA lipid volume ratios in the two systems, a direct comparison
and 3uM DHA). lpeak to.75 Asiow/|peak Avastlpeak @aNdAsteaay of the nominal concentrations used is problematic. In the
Ipeakare all sensitive to changes in both receptor activation binding experiments, membrane fragments with a volume
and desensitization rates. It is possible that the amphiphilesof ~10uL were incubated in 0.5 mL of electrolyte containing
affect both these rates. Because the activation process igshe amphiphile of interest. A rough estimate of the amount
likely to be faster than the solution exchange of the system of lipid in this system may be obtained by assuming that
(~20 ms), the activation rate was not studied in the presentthe membrane fragments represent only phospholipids. In
investigation. However, taken together, we conclude that all this case, the lipid/electrolyte volume ratio would be 1:50.
the amphiphiles increase the rate of desensitization. ForThe specific density of phospholipids is about 1050 @B)(
DHA, this is in agreement with previous finding8)( The and the average molar weight is about 700 g/mol. Using these
more detailed kinetic analysis shows differences between thevalues, 1QuL of membrane fragment should contain ¥5
effects of the compounds. 107% mol of lipid. A total of 0.5 mL of electrolyte with a
We note that adsorption of the negatively charged fatty Triton X-100 concentration of 30@M (the concentration
acid DHA to the plasma membrane may change the electricalcausing a 2-fold increase in muscimol binding) contains 15
field sensed by the GABAreceptor. However, the DHA-  x 1078 mol of Triton X-100. A considerable amount of this
induced increase in the rate of GARAeceptor desensitiza-  will adsorb to the membrane lipid bilayers. If it all adsorbed,
tion is not likely to be due to this effect. First, the trans- the bilayer mole fraction of Triton X-100 would bel:100.
bilayer movement of fatty acids is fag9). Second, the rate  This is comparable to the estimate for the electrophysiologi-
of current decay was not affected by shifting the membrane cal experiments (for comparison, if a Triton X-100 concen-
potential from—40 to+40 mV (data not shown). Further, a tration of 10uM had been used in the binding experiments,
previous study of native GABAreceptors in rat substantia the bilayer mole fraction would be-3:10 000). The con-
nigra neurons found that the DHA-induced decrease in centrations of Triton X-100 in the lipid bilayers thus seem
GABA receptor peak current was independent of the holding to be in a similar range in the two experimental systems.
potential 7). Effects of Triton X-100, Octy#-glucoside, Capsaicin, and
DHA. GABA, receptor gating may be summarized as
DISCUSSION transitions between closed, open, and desensitized states
Previous studies have shown: first, that Triton X-100 and (each possibly representing several molecular states). Pro-
DHA increase GABA receptor H]-muscimol binding 8, longed exposure to agonists shifts the closed/open
4); second, that Triton X-100 promotes a high-affinity desensitized distribution toward the desensitized state, with
receptor state without altering the binding affinity of this the highest agonist affinity3@). Given that we find that
state 4); and third, that DHA (3uM) decreases GABA-  Triton X-100, octyl$-glucoside, capsaicin, and DHA pro-
evoked currents and increases the desensitization;&t@)( mote a high-affinity state of the receptor, one would expect
We now show that all these effects are shared by Triton receptor desensitization to be promoted. Indeed, the com-
X-100, octylf3-glucoside, capsaicin, and DHA, four structur- pounds all increase the rate of desensitization. Further, Triton
ally unrelated amphiphiles that decrease bilayer stiffness. X-100, octyl{3-glucoside, and capsaicin decredsgadfl peax
Amphiphile Concentrations in Electrophysiological and suggesting that steady-state desensitization is promoted. DHA
Ligand Binding Experiment3he amphiphile concentrations does not affecBseadflpea Which may reflect qualitatively



GABAA Receptor Function and Bilayer Elasticity

different DHA effects in the binding versus electrophysi-
ological experimentsand thus of DHA versus the other
amphiphiles. It may also reflect that DHA hgsantitatively
different effects on the rates of receptor activation and
desensitization, which determihga. Apart from the effects
on Asteadylpeas the four amphiphiles modulate GABA
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 ActionRole of Specific Interactions.
Could the shared effects of Triton X-100, ocfjAglucoside,
capsaicin, and DHA be due to specific interactions with the
GABA\ receptor? This is very unlikely. First, their structures

are very different. Second, these compounds have shared

effects on a number of structurally different membrane
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Ficure 7: Amphiphile modulation of GABA receptor high-affinity

proteins (see below). Third, removing a natural membrane [34]-muscimol binding as a function oing*IN{ TampHTeont} /Coa

component, cholesterol, has a similar effect oi]{
muscimol binding. Fourth, the binding experiments were

done on membrane fragments excluding energy-dependen{
specific intracellular pathways. Taken together, these findings

for gA channels in dioleoylphosphatidylcholinedecane bilayers.
Binding results from Figure 2. Previously determined values of
N{ Tga ampHTgacon} : 0.747 (3uM Triton X-100) and 0.750 (300

UM octyl-g-glucoside) from refl1; 0.259 (10uM capsaicin) from

ref 12; and 0.155 (M DHA) from Michael Bruno and Olaf S.

lead us to conclude that specific interactions are very unlikely Andersen, personal communication (see also26fand21). The

to account for the shared effects of the compounds.

values of I§7gaampTgacond represent the lowest amphiphile

An early study suggested that Triton X-100 increases concentrations studied.

specific PH]-muscimol binding to GABA receptors by

removing an endogenous inhibitory substance from cellu-

lar membranes3b). In the present study, such a mechan-
ism would not explain: first, the reversible modulation of
GABA, 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 inl s);
second, the reversible modulation éfi[-muscimol binding

by cholesterol depletion; and third, the very similar quantita-

bilayer deformation from &, (corresponding to the conduct-
ing channel) to B, — ¢ (corresponding to the monomer
separation when conductance is lost). The channel dissocia-
tion rate constanky (= 1/7) is given by
In{ky} = —In{z} = —AG*RT — In{ 7y} 3)

whereR andT are the gas constant and the temperature in
Kelvin, respectively, and 1§ is a frequency factor for the
reaction (6). Using eqs 2 and 3, the relation between amphi-

tive relation between amphiphile-induced changes in bilayer phile-induced changes ifGeer and I{z} will given by

stiffness and GABA receptor function (see below).
Mechanisms of ActionRole of Changes in Lipid Bilayer
Elasticity. Could the shared effects of the amphiphiles be

In{ Tampt(Tcont} = AAG‘de1/RT (4)

due to changes in the elastic properties of the host lipid where AAGget = AGgef.amph— AGuetconts and the subscripts
bilayer? The effects qualitatively correlate with the changes amph and contr denote the presence and absence of am-

in bilayer stiffness measured using gA channels. That is,

Triton X-100, octyl$-glucoside, capsaicin, and DHA in-
crease both gA channel appearance rate and lifetihe (
whereas cholesterol has the opposite effetis12, 14, 20,
21). A more quantitative evaluation can be obtained by
comparing the effects orPHl]-muscimol binding and gA
channel lifetime €), as will be described in the following.
The length of the hydrophobic exterior of a gA channel
() is ~2.2 nm B6). Channel formation in a lipid bilayer
with a hydrophobic thicknessj, larger thanl will be
associated with a bilayer deformation af2= dy — |, where
U is the linear extent of the deformation in each monolayer
(Figure 1B) (0—12, 14, 16). Channel dissociation involves
a separation of the monomers to a distadcé~0.16 nm
(37, 38)), where channel conductance is lost. The activation
energy for channel dissociatioAG*) may be described as

(2)
where AG;, is the intrinsic activation energy involved in
separating the monomers amdGqes is the change in the

bilayer deformation energy associated with altering the

AG* = AG;

int

+ AGy

phiphile, respectively. That is, {lampTcond IS @ linear
function of AAGget.

Low concentrations of Triton X-100, octyl-glucoside,
capsaicin, and other amphiphiles promote inactivation of
VDSC inactivation in quantitative correlation with{lthmpd
Teony Measured in dioleoylphosphatidylcholinglecane
bilayers (L1, 12). In the present3H]-muscimol binding
experiments, the lipid/electrolyte volume ratio is considerably
higher than in the gA channel experiments (1:50 ard
1000, respectivelyl(l)). 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 JH]-muscimol binding as a function of
ChoingIN{ TampHTcont /Cga, Where Cying is the nominal am-
phiphile concentration in the binding experiments and
IN{ TampTcone} represents the change in gA channel lifetime
previously obtained for a low amphiphile concentratiGgp.
Figure 7 shows GABA receptor fH]-muscimol binding
(results from Figure 2) as a function Gfing:IN{ TamptTcont} /

Cya (values for Triton X-100, octyB-glucoside, and cap-
saicin from refs1l and 12) and values for DHA from
Michael Bruno and Olaf S. Andersen, Cornell University,
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Table 3: Amphiphile Modulation of lon Channel Function

Prokaryotic
Superfamily Voltage dependent channels Cys-loop receptors
channel

(Channel gA VDSC N-type Ca®’ BK¢, |nAChR GABA,

Appear. | Dissoc. | Activ- |Inactiv-| Activ- |Inactiv-| Activ- |Desensi-|Desensi-| Musc.
|Function

Rate Rate | ation | ation | ation | ation | ation |tization |tization |binding

IbHA peo2an| o 2| 22 1022 1469) T3 1@ | 1O
AA @] 2| 2 122) 07" 1700 D 63) e 16
Triton X-100 QUi [unl oun Tun QU U e 1 1@
Octy]-ﬁ-glucoside T(n: |l gun T(m oue T(m T(u} T T
Capsaicin B 12| o> 102 ol [ i
Cholesterol depl. | TUZM [Uim9) oun (L 1
ICholesterol J'(If,' 14) T(H: i4) l{”} ‘L(H} 0{14] ‘L{M] J’(B} i{éﬁj i

aGramicidin channels (gA), voltage-dependent sodium channels (VDSC), N-type calcium channels (N4typeakaum-activated potassium
channels (BIgy), nicotinic acetylcholine receptors (NAChR), and GABreceptors. Arachidonic acid (AA). *: R. Sggaard, unpublished observations.

personal communication). Despite the dissimilarity of the family of ligand-gated ion channels, including the nicotinic
amphiphiles and the experimental systems, the binding curvesacetylcholine (hnAChR), glycine, and 5-HTeceptors, con-

are similarly shaped and, at most, 4-fold shifted along the sidered to possess a common quaternary structure. Desen-
x-axis (values giving a 2-fold increase in binding are related sitization of the nAChR is associated with conformational
as 1,1.2,1.3, and 4.3 for DHA, capsaicin, ogtytfucoside, changes at the hydrophobic exterior of the TMIR)( Triton

and Triton X-100, respectively). X-100 causes a time-dependent block of the nAChR,

In summary, the amphiphiles, despite their structural suggesting that desensitization is promotét),(and solu-
dissimilarity, in two different experimental systems, modulate bilization of nAChR in Triton X-100 or octyB-glucoside
GABA, receptor function in a remarkably similar manner. promotes a receptor structure similar to the desensitized state
The effects correlate qualitatively with the changes in bilayer (42). Further, long-chain fatty acids decrease nAChR single-
stiffness measured using gramicidin channels as molecularchannel open time4@), and capsaicin inhibits acetylcholine-
force transducers. A semiquantitative analysis shows veryinduced currents4d). Cholesterol, in contrast, promotes a
similar correlations between the effects on GAB#&ceptors resting (nondesensitized) state of the nACHR) ( Finally,
and gA channels. Similar correlations are found for VDSC in 5-HT; and glycine receptors, Triton X-100 promotes
and N-type calcium channeldk, 12, 14), as well as for binding of the agonist quipazinel®) and the competitive
other structurally unrelated membrane proteins (see below).antagonist strychnine4{), respectively. The notion that
Taken together, these findings lead us to conclude thatGABA, receptors are regulated by bilayer elasticity thus is
GABA receptor function can be regulated by amphiphile- supported by structural and functional studies in other Cys-
induced changes in lipid bilayer elasticity. loop receptors.

Bilayer Elasticity and Membrane Protein FunctidBiven A regulatory mechanism based on amphiphile-induced
that GABA4 receptors are regulated by bilayer elasticity, one changes in bilayer elasticity would be expected to affect
would expect receptor function to involve conformational membrane protein function generally. Table 3 shows the
changes at the hydrophobic exterior of the TMR (as have effects of the amphiphiles used in the present study on gA
been described for a number of different membrane proteins,channel appearance rate and dissociation kate (L/r) and
cf. ref 11). This notion is supported by studies using the on the function of five other channel types, altogether
substituted cysteine accessibility method (cf.38). Further, representing three protein superfamilies. At nanomolar
structurally related proteins would be expected to be similarly concentrations, some of these compounds regulate protein
regulated. GABA receptors belong to the Cys-loop super- function by specific mechanisms. We cannot exclude that
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such mechanisms could be involved in the examples listed; Generally, the reversible adsorption of water soluble
however, all the examples involve concentrations that affect amphiphiles to a lipid bilayer will tend to decrease the bilayer
bilayer stiffness. Despite the structural dissimilarity of the compression and bending mod8iX-59). This mechanism
amphiphiles-and the channel typeghere is a remarkable s likely to contribute to the regulation of gA channel function
correlation between the effects on bilayer stiffness and the by Triton X-100, octylg-glucoside, DHA, and capsaicit 1,
effects on channel function. These proteins may thus all be 12) and may contribute to the effects on GABAeceptor
regulated by lipid bilayer elasticity. function.

“How Could GABA Receptor Function Be Regulated by The correlation between the effects of the amphiphiles,
Lipid Bilayer Elasticity?Although previous investigations  t,died in the present investigation, on the function of
suggest that GABA receptor function involves conforma- GABA, receptors and gA channels does not imply similar
tional changes at the hydrophobic exterior of the TMR (cf. qnformational changes in the two channel types. A change
ref 39), the structural information is insufficient to evaluate ;, the energetic cost of the bilayer deformation associated
how the bilayer elastic properties could affect the conforma- ith gA channel formation would be expected to alter also
tion of the receptor. Results of studies which have investi- o bilayer deformation energy associated with more complex

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 energyAGqer, may be approximated as
=AG, .+ AG

cont

AGges ()
whereAGgont is the energetic contribution described by the
bilayer continuum elastic properties, am®iGpacking IS a
contribution from local changes in lipid packingg, 48, 49).

For a given bilayer deformatiom\G¢ont is determined by
the monolayer spontaneous curvatwg(= 1/R,, whereRy

is the radius of the curvature adopted by the monolayers in

packing

protein conformational changes(). However, one mech-
anism by which the GABA 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 nAChR40).

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 ogtyl-
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 increased6Q, 61). Capsaicin and
PUFAs have similar effects1®, 62), while cholesterol

the absence of the hydrophobic interactions between thedecreases bilayer fluidity. Nevertheless, the effects of these

monolayer$), as well as by the bilayer elastic compression
and bending moduli 16, 48, 49). AGcn: Mmay be ap-
proximated as

AGon= Hg(2Up)? + Hy UGy + Hey? (6)
where the coefficient$ls, Hx, andHc are determined by
the bilayer elastic moduli as well as loly and the channel
radius (2, 49). AG.ontis associated with a bilayer disjoining
force on the channdf (= {dAGcong /{ d2uo}) given by

F = 2Hg(2uy) + Hycy (7

The interplay between the energetic contribution& @on
is complex and not fully understoodg 49). However, using

eg 6 (and a relaxed boundary condition, where the energetic

penalty due to local lipid packing at the channbllayer
interface is ignored48, 49)), the absolute magnitude of
AGcon, and thus the bilayer stiffness reflectedrnshould

compounds on GABAreceptor function cannot be explained
in terms of altered fluidity. The causal relation between
bilayer fluidity and membrane protein function has never
been clear §3). Further, while the term bilayer fluidity
strictly refers only to the rate of molecular maotion 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 motié8)( 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 fluigigy,

se cannot affect the equilibrium distribution between protein
conformational states, which is given by the free energy
difference between the stateg3). The increase in GABA
receptor fH]-muscimol binding, induced by Triton-X100,
octyl-3-glucoside, capsaicin, and DHA, thus cannot be
explained in terms of altered bilayer fluidity.

Modulation of Membrane Protein Function by PUFAs.

be reduced by maneuvers that decrease the compression ani€ €ffects of DHA on GABA receptor function conform

bending moduli as well as by maneuvers that promote a
positive ¢y (49).

Triton X-100 promotes a positive, and octylg-glucoside
is likely to have the same effect?). DHA and capsaicin,
in contrast, promote a negativg (12, 18). The effects on
gA channels-and on GABA, receptors-thus cannot be
explained by changes i, per se

4Ry refers to a neutral plane where the bilayer elastic energies

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 GABA, receptor function. The fact that DHA
does not decreas®eadflpeak SUggeESts 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 stiffne29(21) and regulate the

associated with bending and compression are energetically uncouplednction of a variety of membrane proteins, cf. ré#and

(66—68).

65. PUFAs may thus generally regulate membrane protein
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function both by specific mechanisms and by affecting the
elasticity of the host lipid bilayer.
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