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Abstract

Introduction—Inhaled anesthetics are interfacially active, concentrating at interfaces such as the
protein/water or bilayer/water interfaces. We tested the hypothesis that interfacial activity was a
sufficient condition for anesthetic-like modulation of receptor function by applying surfactants to y-
aminobutyric acid type A (GABA,), glycine, and N-methyl-D-aspartate (NMDA) receptors. We
defined anesthetic-like modulation as an increase in currents through native channels that isoflurane
and ethanol increased currents through, and a decrease in currents through channels that isoflurane
and ethanol decreased currents through. We also tested the null hypothesis that there would be no
difference in modulation of channel currents by surfactants in receptors with point mutations that
diminished their response to isoflurane and ethanol compared to the native version of these receptors.

Methods—The effect of seven surfactants with different head group charges (anionic, cationic,
zwitterionic, and uncharged) and tail lengths (eight carbons and twelve carbons) on homomeric wild
type ol and mutant ay (S2671) glycine receptors, wild type a1B2y2s and mutant a1 (S2701)Boyos
GABAA receptors, and wild type NR1/NR2A and mutant NR1(F639A)/NR2A NMDA receptors
was studied. Receptors were expressed in Xenopus laevis oocytes and studied using two-electrode
voltage clamping.

Results—All seven surfactants, isoflurane, and ethanol potentiated GABA receptor function. Six
of seven surfactants, isoflurane, and ethanol potentiated glycine receptor function. Six of seven
surfactants, isoflurane, and ethanol inhibited NMDA receptor function. For the mutant receptors,
five of seven surfactants increased currents through GABA receptors, while six of seven surfactants
increased currents through glycine receptors. Six of seven surfactants decreased currents through the
NMDA receptor. In contrast to isoflurane and ethanol, surfactants as a group did not diminish
modulation of mutant compared to wild type receptors.

Conclusion—These findings identify another large class of compounds (surfactants) that modulate
the function of GABA,, glycine, and NMDA receptors in a manner that is qualitatively similar to
inhaled anesthetics. We cannot reject the hypothesis that interfacial activity is a sufficient condition
for anesthetic-like modulation of these receptors. Mutations that diminish the modulatory effect of
isoflurane and ethanol did not diminish the modulatory effect of the surfactants.

Keywords

Anesthesia; GABAA receptor; Glycine receptor; NMDA receptor; detergent; surface-active agents;
interfacial activity

Address correspondence to Dr. Sonner, Department of Anesthesia and Perioperative Care, Room S-455i, University of California, San
Francisco, CA 94143-0464. Telephone 415-476-6735; FAX 415-502-5375; email sonnerj@anesthesia.ucsf.edu.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang and Sonner

Page 2

Introduction

Inhaled anesthetics have historically been discovered either serendipitously (1), or through an
empirical process of trial and error. Once knowledge of the biological targets upon which
inhaled anesthetics act is obtained, however, it should be possible to design new anesthetics;
this has been reported for other drugs (2). Such knowledge may include that of putative binding
sites on ion channels (3), or sites on soluble proteins like albumin (4) that are used as models
for anesthetic interactions with proteins and for which there are x-ray diffraction crystal
structures.

For 80 years the Meyer-Overton hypothesis (5) predicted best what compounds were inhaled
anesthetics. Meyer and Overton hypothesized that solubility in a bulk lipid phase predicted the
anesthetic potency of a molecule (6). However, in the past fifteen years exceptions have
undermined the validity of the hypothesis. Some compounds (such as alcohols) are more potent
than predicted by the hypothesis, and other compounds (transitional compounds) are less potent
than predicted (7). Still others (nonimmobilizers) lack anesthetic effects altogether (8).

The interfacial theory of anesthesia remedied the deficiencies of the Meyer-Overton
hypothesis. Interfacial concentration was found to predict anesthetic potency even for
compounds that disobeyed the Meyer-Overton relationship, implying that interfacial activity
was a necessary condition of inhaled anesthetic action (9). This theory envisages that inhaled
anesthetics act at the boundary (interface) between a polar and nonpolar phase, such as the
boundary between a bilayer and water, or possibly a protein and water. Nuclear magnetic
resonance (NMR) spectroscopy has confirmed the predicted interfacial localization of volatile
compounds for model membranes (10,11).

In the present study, we asked whether interfacial activity could predict compounds with
anesthetic-like effects. A compound is interfacially active if it accumulates at an interface.
Surfactants are interfacially active amphiphiles containing a hydrophobic “tail” and a
hydrophilic “head” (Fig 1), which can interact favorably with the hydrophobic and hydrophilic
phases present at an interface. We reasoned that if interfacial activity were a sufficient condition
of anesthetic action, then surfactants should show anesthetic-like effects.

Because many surfactants are large, charged molecules that cannot cross the blood brain
barrier, we could not determine their potency in animals. We accordingly chose to test their
potency on receptors which have been conjectured to mediate the effects of inhaled anesthetics.
Our strategy for testing this hypothesis was as follows. We used surfactants with two tail lengths
(eight and twelve carbons) and four head group charges (anionic, cationic, zwitterionic, and
uncharged), for a total of seven surfactants (we could not obtain a zwitterionic eight carbon
surfactant). We applied these compounds to three anesthetic-sensitive receptors: two inhibitory
[y-amino butyric acid type A (GABA,), and glycine] receptors and one excitatory [N-methyI-
D-aspartate (NMDA)] receptor, predicting they would enhance the function of GABA and
glycine receptors and inhibit the function of NMDA receptors (12,13) as the volatile anesthetics
isoflurane and ethanol do.

We also tested these surfactants on GABA,, glycine, and NMDA receptors engineered with
point mutations that diminish the modulatory effect of isoflurane and ethanol (12-17). The
investigators who engineered these point mutations envisioned that the mutations altered a
binding site for isoflurane and ethanol. In contrast, we considered it unlikely that the larger
and sometimes charged surfactants we used would could all bind to a single site, and therefore
hypothesized that the point mutations would not, in general, diminish the modulatory effect of
the surfactants.
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All surfactants were applied at the same aqueous concentration to each channel. We chose this
to be 5 micromolar, the anesthetic ECs for dodecanol in tadpoles (18), the uncharged 12 carbon
alcohol and surfactant we studied.

Materials and Methods

Materials

Studies on animals were approved by the institutional animal care and use committee at
University of California, San Francisco.

Wild-type and mutant o1(S2701)B,y2s GABAA receptor and wild-type and mutant o1(S2671)
glycine receptor clones were a gift of Professor R. Adron Harris (University of Texas, Austin).
Wild-type and mutant NMDA receptor [NR1(F639A)/NR2A] clones were a gift of Professor
John J. Woodward (Medical University of South Carolina). Xenopus laevis female frogs were
purchased from Nasco (Modesto, CA). Absolute ethanol and the surfactants sodium dodecyl
sulfate (SDS; 99% purity), dodecanol (97%), octanol (99%), sodium n-octyl sulfate (SOS;
99%), (1-octyl)trimethylammonium bromide (OTABR; 97%), (1dodecyl)trimethylammonium
chloride (DTACL; 97%), 3-(dodecyldimethylammonio)propanesulfonate (DAPS) were
purchased from Sigma-Aldrich (St. Louis, MO). Isoflurane was donated by Baxter Healthcare
(Deerfield, IL).

Oocyte Expression

lon channel expression in Xenopus laevis oocytes was described previously (19,20).

We studied GABA, receptors comprised of human ay (wild-type or S2701) and y,s and rat
B, subunits (0i1:B2:v2s injected into oocytes in a molar ratio 1:1:6), homomeric human al (wild-
type or S2671) glycine receptors, and NMDA receptors comprised of human NR1 (wild-type
or F639A) and NR2A (injected into oocytes in a molar ratio 1:1). The cDNAs encoding
GABA receptor aq wild-type and mutant subunits were cloned into a pBK-CMV vector, and
cDNAs encoding GABA receptor B, and yo5 and glycine receptor o4 wild-type and mutant
were cloned into a pCIS2 vector. The cDNAs encoding NMDA NR1 wild-type and NR2A
were cloned intoa pcDNA1 vector, whereas cDNAs encoding NMDA NR1 mutant were cloned
into a pcDNA3 vector.

Two-electrode Voltage Clamp Recording

Two-electrode voltage clamping was performed as described previously (19,20), with the
following modifications.

Isoflurane was applied at a concentration of 0.3mM, and ethanol at 200mM. 5 uM of each
surfactant was applied to oocytes expressing GABA, glycine, or NMDA receptors. The
GABA concentrations equivalent to 20% of the maximal effective concentration (EC,q) and
the glycine concentrations equivalent to ECs were used in our studies. 10 uM glycine, which
provides a maximal response for both wild-type and mutant receptors, was employed in all the
studies of NMDA receptors. Glutamate concentrations equivalent to ECsq were applied.

For each oocyte, stable inward currents in response to application of agonist(s) were verified
by application of agonist(s) for 20 seconds followed by a 5 to 6 minute washout (for
GABA, and glycine receptors) or 3 to 4 minute washout (for NMDA receptors), which was
repeated three times. Each surfactant was then applied to oocytes for 100 seconds, followed
by coapplication of agonist(s) with the surfactant for 20 seconds. Return to baseline response
to agonist(s) after washout of the test compound for 4 minutes was confirmed.
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Data Analysis

Results

Increase (potentiation) or decrease (inhibition) of currents was calculated as the percent change
in current in oocytes clamped at —80mV during drug and agonist coadministration vs. agonist
alone. All data are presented as mean + SE, with 4 to 12 oocytes tested. Statistical significance
was determined using Student’s t-Test. P<0.05 was considered significant.

We assessed whether the pattern of effects on receptor function by surfactants paralleled that
of isoflurane and ethanol and thus might be termed an “anesthetic-like” effect. If receptor
modulation by a surfactant differed significantly from zero and was in the same direction as
that produced by isoflurane and ethanol on wild type receptors (potentiation of GABAA and
glycine receptors, inhibition of NMDA receptors), then this was considered an “anesthetic-
like” effect. Any other result was considered not an “anesthetic-like” effect. Seven surfactants
were tested on three receptors, for a total of twenty one possible results. Statistical significance
was determined by calculating the probability of obtaining the number of anesthetic-like effects
observed (or a more extreme number) in twenty-one Bernoulli trials (21). We assumed that by
chance alone, anesthetic-like and not anesthetic-like effects were equally likely.

Current tracings showing the effect of a surfactant (SDS) on the wild type and mutant channels
studied are in Fig 2.

GABAA receptors

All surfactants, isoflurane, and ethanol enhanced GABA receptor function (Fig 3 and Table
1).

The 12-carbon anionic surfactant SDS showed the largest effect, while the 12-carbon
zwitterionic surfactant DAPS and nonionic surfactants (12-carbon dodecanol and 8-carbon
octanol) produced smaller effects. SOS, the 8-carbon anionic surfactant, potentiated the GABA
response less than the 12-carbon SDS (P = 0.09). A similar pattern was seen with the two
positively charged surfactants, the 12-carbon DTACL and the 8-carbon OTABR (P = 0.02).

Glycine Receptors

Isoflurane, ethanol, and six of seven surfactants enhanced glycine receptor function (Fig 4 and
Table 1).

The exception was the 12-carbon anionic surfactant SDS, which inhibited receptor function.
The other anionic surfactant, SOS, potentiated glycine receptor function. The 8-carbon cationic
surfactant OTABR showed the greatest effect, while the corresponding 12-carbon DTACL
produced the smallest effect (P = 0.006). The second greatest effect was produced by the 12-
carbon zwitterionic surfactant DAPS. The two nonionic surfactants, dodecanol (12 carbon)
and octanol (8 carbon) potentiated the EC5 glycine response similarly (P = 0.85).

NMDA receptors

Isoflurane, ethanol, and six of seven surfactants inhibited NMDA receptor function (Fig 5 and
Table 1).

The exception was the 12-carbon zwitterionic surfactant DAPS, which potentiated NMDA
receptor function. The 12-carbon cationic surfactant DTACL showed the largest inhibitory
effect, while the corresponding 8-carbon OTABR produced the smallest effect. Both the
anionic surfactants SDS (12 carbon) and SOS (8 carbon) reduced NMDA receptor function,
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with former showing an insignificantly smaller effect (P = 0.23). A similar pattern was also
seen between two nonionic alcohols, dodecanol (12 carbon) and octanol (8 carbon) (P = 0.37).

Surfactants, isoflurane, and ethanol have similar modulatory effects on receptor function

Seven surfactants were studied on three wild type receptors, for a total of 21 combinations of
surfactants and receptors. In all cases, surfactants significantly modulated receptor function.
In 19 of 21 cases, this modulation was in the same direction as isoflurane and ethanol
(potentiation of currents in GABAp and glycine receptors, and inhibition of NMDA receptor
currents). This is a significant result, having the same probability of occurring as obtaining 19
or more heads in 21 flips of a coin (P = 0.00011).

Effect of surfactants on mutant channels

Direction of modulation—Five of seven surfactants significantly increased currents
through GABA receptors, six of seven surfactants significantly increased currents through
glycine receptors, and six of seven surfactants significantly decreased currents through the
NMDA receptor (Table 1). Thus, in 17 of 21 cases mutant receptors were modulated in the
direction observed in wild type receptors by isoflurane and ethanol (p < 0.01).

Change in modulation of mutant vs wild type receptors—The mutations diminished
the modulatory effect of isoflurane and ethanol, as anticipated. By contrast, surfactants
produced diverse effects on change in current through these receptors (Table 1). Through
GABA receptors, 3 of 7 surfactants diminished currents in mutant compared to wild type
receptors, 3 of 7 increased currents, and one showed no significant change in current. For
glycine receptors, 4 of 7 surfactants diminished currents in mutant compared to wild type
receptors, and 3 of 7 surfactants had no effect. For NMDA receptors, 3 of 7 surfactants
diminished currents in mutant compared to wild type receptors, 1 of 7 surfactants increased
currents, and 3 of 7 had no significant change in current. Because in only 10 of 21 cases was
there a diminished modulatory effect of the mutation, the null hypothesis that there is no
diminished modulation of channel currents by these mutations cannot be rejected, (p > 0.05).

Discussion

This study identifies another large class of compounds (surfactants) that modulate the function
of GABA,, glycine, and NMDA receptors in a manner that is qualitatively similar to isoflurane
and ethanol (potentiation of GABA and glycine receptors, inhibition of NMDA receptors)
(Fig 3—Fig 5): in 19 of 21 cases, surfactants modulated these receptors in an anesthetic-like
manner. We therefore cannot reject the hypothesis that interfacial activity is a sufficient
condition for anesthetic-like modulation of these receptors. Results from other studies support
the present results. For example, an anionic alkylbenzene sulfonate surfactant with a 12 carbon
tail potentiates ay glycine, and a1B2y2s GABAA receptors, and inhibits DL--amino-3-
hydroxy-5-methyl-4-isoxalonepropionic acid (AMPA) GIuR3 receptor function (22).

Simulations (9) and NMR spectroscopy (10,11) show that small uncharged inhaled anesthetics
accumulate at interfaces. To the extent that surfactants and volatile anesthetics may act by a
common mechanism to modulate channel function, surfactants may prove to be valuable probes
of anesthetic action. At what interface might the actions described here of the surfactants be
produced? As for volatile anesthetics, our results are consistent with either an action at a
protein-water or a membrane-water interface. However, some observations seem to make the
protein-water site of action less likely for surfactants. Given the range of surfactant charges,
and the diversity of effects on the mutant channels we observed, if the surfactants act by binding
to channel proteins, then different surfactants probably bind to different sites on the protein
and yet produce similar modulatory effects. This would seem to be unlikely. Alternately, the
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hydrophilic region of the surfactants may interfere with charge interactions between the protein
and head group regions of the membrane, or affect electrical potentials at the bilayer interface
which may indirectly affect channel function. A theory has been proposed by which volatile

anesthetics alter mechanical properties (stresses) of membranes as a result of their interfacial
activity (23). This theory may also provide an explanation of our findings, particularly in light
of the well-known effects of surfactants on surface tension (24).

Why do some compounds accumulate at interfaces? As noted previously, the favorable
interactions of the hydrophobic tail and hydrophilic head groups of a surfactant with the
hydrophobic and aqueous phases present at an interface promote the concentration of surfactant
at the interface. These interactions should be smaller for inhaled anesthetics which in general
have smaller hydrophobic tails.

The hexane/water interface was used as a model interface in initial molecular dynamic
calculations. A consideration of the energetics of transfer of solute from water to hexane reveals
another reason why these solutes accumulate at this interface. This transfer may be considered
to consist of four steps (for a detailed discussion of the thermodynamics of solvation, see
reference (25)). In the first step, a space is made for the solute in the phase to which it will be
transferred. The second step requires breaking contacts between the solute and water. These
two steps cost energy. The third step is insertion of the solute into its new chemical
environment. In the fourth step, the cavity formed by removal of the solute from water is closed.
These latter two steps are energetically favorable, because contacts are formed between
molecules. It has been shown via simulations at hexane/water interfaces that for inhaled
anesthetics, the balance between the cost of opening a cavity (which is least favorable in water)
and the free energy of solvation (which is most favorable in water) is particularly important
(9). These energies change in opposite directions in transferring the anesthetic from water
across the interface. In particular, the minimal energetic cost of cavity formation at the
interface, which results from the tendency of the immiscible phases to separate, favors the
interfacial location of these small solutes at hexane/water interfaces.

Two polyhydroxyalkanes, each containing four —OH groups separated by six carbons from
each other were recently synthesized and their anesthetic actions studied in tadpoles (26). These
compounds were designed to be larger than the cavities anesthetics have been predicted to bind
to in proteins. The alcohol groups did however render these compounds exceptionally
interfacially active because each —OH tethers the molecule to the membrane interface, making
the molecule more potent on a molar basis than alcohols with fewer —OH groups if interfacial
activity determines anesthetic potency. That these compounds had the predicted anesthetic
effects in tadpoles is consistent with a membrane mediated mechanism of anesthesia (26).

The length of the tail of the two anionic surfactants we studied affected the response of the
glycine receptor. The 12 carbon anionic surfactant SDS inhibited and the 8 carbon anionic
surfactant SOS potentiated glycine receptor function. Such a chain-length dependent crossover
from potentiation to inhibition has been reported for a related cys-loop receptor, the neuronal
nicotinic actylcholine receptor, in which short chain alcohols potentiate a4, receptor function,
while longer chain alcohols inhibit currents through these receptors (27). Possibly a similar
effect occurs with application of anionic surfactants to glycine receptors.

Homologous mutations, from serine to isoleucine at position 270 of the GABA receptor o4

subunit, and position 267 of the a4 subunit of the glycine receptor, attenuated the modulatory
effect of both anionic surfactants (SDS and SOS) on a4 2725 GABAA and al glycine receptors.
This may indicate a shared mechanism between these compounds and isoflurane and ethanol,
whose modulatory effects are also reduced by these mutations. However, for other surfactants
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with differing carbon chain lengths and head group charges, no clear pattern was observed on
mutant receptors in comparison to wild type receptors, as conjectured.

Our results may have implications for the development of new anesthetics. Both surfactants
and inhaled anesthetics are interfacially active, and our results suggest that they modulate
receptor function similarly. This raises the possibility that interfacial activity may be used to
predict function. To achieve sufficient interfacial concentration in the central nervous system
to modulate receptor function, a compound must also cross the blood brain barrier. While
uncharged inhaled anesthetics readily penetrate the blood brain barrier, large charged
surfactants will not. Development or identification of interfacially active compounds that can
cross the blood brain barrier may produce leads for new anesthetics. Possibly, some small
metabolites which modulate channel function like anesthetics, and have anesthetic-like effects
in animals fulfill these conditions (19,28). We would predict that they are interfacially active
and in particular that they will affect physical properties of lipids at interfaces.
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Head Group

< Uncharged: OH group
Anionic: sulfate
Cationic: trimethylammonium
Zwitterionic: dimethylammonio
propanesulfonate

Hvdrocarbon Tail
%

Octyl: (CH2)7 CH3
Dodecyl: (CH2)11CH3

Fig 1.

Structure of surfactants. Surfactants are amphiphilic compounds, with a hydrophilic head group
and a hydrophobic tail. In this study, uncharged, anionic, cationic, and zwitterionic surfactants
with the designated head groups were used. Surfactants had either eight or twelve carbon tails.
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Current tracings show the responses to 5 micromolar sodium dodecyl sulfate (SDS) on wild
type a1B2y2s GABAR, a1 Glycine, or NMDA NR1 /NR2A receptors, or mutant receptors
a1(S2701)Boy2s GABAA, aq (S2671) Glycine, or NMDA NR1 (F639A) / NR2A with point
mutations that attenuated the response to isoflurane and ethanol, in Xenopus oocytes.
Modulatory effects were reversible in all cases. Equi-effective concentrations of agonist were
use on wild type and mutant receptors. The first tracing of each group shows the response to
agonist prior to application of SDS. The second tracing shows the response to SDS and agonist.
The third tracing shows the response to agonist after washout of SDS.
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The function of a1B,y2,5 GABAA receptors expressed in Xenopus oocytes was significantly
potentiated by seven surfactants, isoflurane, and ethanol (P<0.05 for every compound). Bar
graphs show the mean GABA-induced responses, at agonist EC,q concentrations, from
multiple oocytes expressing GABAp receptors in the presence of test compounds. Means +
SE (N =4-7) are displayed. SDS = sodium dodecyl sulfate, SOS = sodium n-octyl sulfate,
OTABR = (1-octyl)trimethylammonium bromide, DTACL = (1dodecyl) trimethylammonium
chloride, DAPS = 3-(dodecyldimethylammonio)propanesulfonate. C12 = 12 carbon tail, C8 =
8 carbon tail for the surfactants. Anionic, cationic, zwitterionic, and uncharged refer to head

group charges for the surfactants.
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Fig 4.

ay Glycine receptors expressed in Xenopus oocytes were significantly potentiated by
isoflurane, ethanol, and six surfactants and inhibited by one (SDS) (all effects are significantly
different from zero, P<0.05). Summary bar graphs show the mean glycine-induced responses,
at EC5 agonist concentrations, from multiple oocytes expressing oz glycine receptors in the
presence of study compounds. Means + SE (N = 4-7) are displayed. SDS = sodium dodecyl
sulfate, SOS = sodium n-octyl sulfate, OTABR = (1-octyl)trimethylammonium bromide,
DTACL = (1dodecyl) trimethylammonium chloride, DAPS = 3-(dodecyldimethylammonio)
propanesulfonate. C12 = 12 carbon tail, C8 = 8 carbon tail for the surfactants. Anionic, cationic,
zwitterionic, and uncharged refer to head group charges for the surfactants.
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NR1 / NR2A N-methyl-D-Aspartate receptors expressed in Xenopus oocytes were inhibited
by isoflurane, ethanol, and six surfactants and potentiated by DAPS (P<0.05). Bar graphs show
the mean response induced by glutamate (ECsp) and a saturating concentration of glycine.
Means + SE (N = 4-7) are displayed. SDS = sodium dodecyl sulfate, SOS = sodium n-octyl
sulfate, OTABR = (1-octyl)trimethylammonium bromide, DTACL = (1dodecyl)
trimethylammonium chloride, DAPS = 3-(dodecyldimethylammonio)propanesulfonate. C12
=12 carbon tail, C8 = 8 carbon tail for the surfactants. Anionic, cationic, zwitterionic, and
uncharged refer to head group charges for the surfactants.
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