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ABSTRACT: Understanding the mechanism of action of
local anesthetics has been challenging. We previously showed
that the local anesthetic phenylethanol (PEtOH) inhibits the
function of serotonin1A receptor, which is a member of the G
protein-coupled receptor family and a neurotransmitter
receptor. With the objective of gaining insight into the
molecular mechanism underlying the anesthetic (PEtOH)
action, we monitored the organization and dynamics of
hippocampal membranes using multiple fluorescent reporters,
which include a molecular rotor (BODIPY-C12) and a voltage-
sensitive probe (4-(2-(6-(dioctylamino)-2-naphthalenyl)-
ethenyl)-1-(3-sulfopropyl)-pyridinium inner salt) (di-8-
ANEPPS), besides pyrene. These interfacial membrane probes were chosen because membrane partitioning of PEtOH
would be reflected in the membrane interfacial environment. Taken together, we report a reduction in dipole potential and
microviscosity of hippocampal membranes, with a concomitant increase in lateral diffusion in the presence of PEtOH. The
reduction in membrane dipole potential induced by PEtOH constitutes one of the first experimental demonstrations on the
modulation of membrane dipole potential by local anesthetics. Our results assume significance in view of previous reports that
correlate membrane-perturbing effects of local anesthetics to their anesthetic action. We envision that insights into the
interaction of local anesthetics with membranes could serve as a crucial link in developing a comprehensive understanding of
the molecular mechanisms involved in anesthesia.

■ INTRODUCTION

Biological membranes are highly complex and heterogeneous
assemblies comprising a variety of lipids and proteins. The
major function of biological membranes is to allow
morphological compartmentalization and impart individual
identity to cells and organelles. Membranes are characterized
by selective permeability and optimal fluidity, which provide a
suitable environment for functioning of membrane proteins.1

Membranes in the nervous system are enriched in lipids of
diverse types, which are often associated with the inherent
complexity involved in its functioning, developed over the
course of evolution.2−5 Cholesterol is an important lipid in the
nervous system and has been implicated in many neurological
disorders,5−7 some of which are characterized by defective
metabolism of brain cholesterol.7−9 Previous work by us and
others has shown that membrane cholesterol modulates the
function of neuronal receptors.8,10−13 As a significant portion
of transmembrane receptors remains in contact with the
membrane, their function could be governed by surrounding
lipids, either via specific lipid−protein interaction or by
modulation of membrane physical properties.14,15

Local anesthetics represent a class of amphiphilic com-
pounds, which suppress the sensation of pain in a particular

part of the body by blocking the transmission of nerve impulse,
thereby reducing pain in that limited area. However, the
molecular mechanism of their action is still elusive. The
structural and chemical diversity of local anesthetics implies
that deciphering a possible mechanism for their action is
challenging. There are two prevalent hypotheses for the
mechanism of action of local anesthetics. The protein
hypothesis states that specific interaction between membrane
proteins and anesthetics (which modulate membrane protein
function) is the underlying mechanism of anesthetic action,16

whereas the lipid hypothesis attributes anesthesia to general
interaction between the anesthetics and membrane lipids,
which eventually affects membrane protein function.17 A
combination of the two effects could also be involved in the
action of local anesthetics because it is often very difficult to
resolve lipid and protein effects in membranes. Irrespective of
the mechanism of action, an important prerequisite for the
action of local anesthetics is their partitioning into biological
membranes. Insight into the interaction of local anesthetics
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with membranes is therefore crucial in understanding how
anesthetic action is generated and regulated in the membrane
milieu.
Phenylethanol (PEtOH, see Figure 1a) is a component of

many essential oils and is one of the secondary metabolites

produced in fresh fruits such as tomato, where it contributes to
the flavor.18 Interestingly, PEtOH can act as a local
anesthetic19−21 and has been shown to exhibit antibacterial
activity.22 In bacterial membranes, PEtOH has been shown to
change oligomerization status of a transmembrane protein by
modulating helix−helix interactions.20 In addition, PEtOH has
been reported to facilitate translocation of the mitochondrial
precursor protein apocytochrome c.23 A number of studies
have shown that PEtOH can modulate order in model and
biological membranes.20,23,24 We have recently shown that
PEtOH causes reduction in membrane order in a phase-
specific manner.25

In a previous study, we have explored the modulation of
function of the serotonin1A receptor, a representative G
protein-coupled receptor (GPCR) which acts as a neuro-
transmitter receptor and is implicated in cognition and
behavior,26 in the presence of PEtOH. Our results showed
that ligand-binding activity and G-protein coupling of the
serotonin1A receptor in hippocampal membranes exhibit
reduction in the presence of PEtOH.27 With the objective of
comprehensively exploring the molecular basis of the effect of
PEtOH on serotonin1A receptor function, in the overall
framework of addressing the anesthetic action of PEtOH, we
have monitored the organization and dynamics of hippocampal
membranes in the presence of PEtOH. For this, we used a
number of judiciously chosen fluorescent probes, which
provide useful information on membrane physical properties.
The choice of fluorophores was motivated by the fact that

membrane partitioning of any molecule is associated with
changes in the membrane environment, usually at the
membrane interface. These changes get manifested as
alterations in membrane physical properties in the immediate
microenvironment of the fluorescent probe. These properties
include membrane dipole potential (which reports the
nonrandom dipolar reorganization at the membrane inter-
face),28 membrane microviscosity, and lateral diffusion. Our
results show that PEtOH induces a reduction in membrane
dipole potential and microviscosity but increases lateral
diffusion in hippocampal membranes. Knowledge about such
local anesthetic mediated effects in the organization and
dynamics of hippocampal membranes could be relevant in the
context of modulation of membrane protein function by
PEtOH.27

■ EXPERIMENTAL SECTION
Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine

(DMPC), ethylenediaminetetraacetic acid (EDTA), EGTA,
MgCl2, MnCl2, Na2HPO4, iodoacetamide, PEtOH, phenyl-
methylsulfonyl fluoride (PMSF), pyrene, sucrose, sodium
azide, and Tris were obtained from Sigma Chemical Co. (St.
Louis, MO). Bicinchoninic acid (BCA) reagent for protein
estimation was from Pierce (Rockford, IL). 4-(2-(6-(Dio-
ctylamino)-2-naphthalenyl)ethenyl)-1-(3-sulfopropyl)-pyridi-
nium inner salt (di-8-ANEPPS) was purchased from Molecular
Probes/Invitrogen (Eugene, OR). BODIPY-C12 was a kind gift
from Dr. Klaus Suhling (King’s College London, UK) and was
synthesized as described previously.29 Concentrations of stock
solutions of di-8-ANEPPS, BODIPY-C12, and pyrene in
methanol were estimated using their molar extinction
coefficients (ε) of 37000, 82100, and 54000 M−1 cm−1 at
498,30 492,31 and 335 nm,32 respectively. Solvents used were of
spectroscopic grade. Water was purified through a Millipore
(Bedford, MA) Milli Q system and used throughout. Fresh
bovine brains were acquired from a local slaughterhouse within
10 min of death, and the hippocampal region was cautiously
dissected out. Following this, hippocampi were flash frozen in
liquid nitrogen without delay and stored at −80 °C.

Preparation of Native Hippocampal Membranes.
Native hippocampal membranes were prepared from frozen
hippocampal tissue, as described previously.33 Protein
concentration was assayed using the BCA assay.34 See
Supporting Information (section S1) for more details.

Estimation of Phospholipid Content. Native hippo-
campal membrane samples were digested by treatment with
perchloric acid, followed by a colorimetric assay for the
determination of total phospholipid content.35 The extent of
lipid digestion by perchloric acid was quantified by the use of
DMPC as an internal standard.

Sample Preparation. Samples with pyrene and di-8-
ANEPPS were prepared as described previously36,37 with
minor modifications. Membranes corresponding to 100 nmol
phospholipid were suspended in 1.5 mL of 50 mM Tris, pH
7.4 buffer. Samples were vortexed for 1 min at room
temperature (∼23 °C) and kept in the dark for 1 h before
fluorescence measurements. The final probe concentration was
0.67 μM (1 mol %), and methanol content was low (<0.3%, v/
v) in both cases. See Supporting Information (section S2) for
more details.
BODIPY-C12 (from a methanolic stock solution) was added

to hippocampal membranes containing 50 nmol total
phospholipid in 1 mL of 50 mM Tris, pH 7.4 buffer.

Figure 1. (a) Chemical structure of PEtOH. (b) Change in the
fluorescence ratio (R) of the excitation spectra of di-8-ANEPPS with
increasing concentrations of PEtOH in hippocampal membranes. The
fluorescence ratio (R) is defined as the ratio of fluorescence intensities
at 420 nm to that at 520 nm (emission at 670 nm in both cases). The
ratio of probe to phospholipid was 1:100 (mol/mol) and measure-
ments were carried out at room temperature (∼23 °C). Data
represent means ± SE of at least three independent measurements.
The line joining the data points is provided merely as a viewing guide.
The inset shows the chemical structure of di-8-ANEPPS. See
Experimental Section for more details.
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Subsequently, samples were vortexed for 1 min at room
temperature (∼23 °C) and kept in dark for 12 h before
fluorescence measurements. The concentration of BODIPY-
C12 was maintained at 0.125 μM. This translates to a
phospholipid-to-probe ratio of 400 (mol/mol) and ensures
that BODIPY-C12 interprobe interactions do not interfere in
the fluorescence anisotropy measurements.38 The methanol
content was low (<0.1%, v/v) in all cases. See Supporting
Information (section S2) for more details.
Steady State Fluorescence Measurements. Steady

state fluorescence measurements were performed in a Hitachi
F-7000 spectrofluorometer (Tokyo, Japan) as described
previously.36,37 Fluorescence excitation spectra of di-8-
ANEPPS were recorded by keeping the emission wavelength
fixed at 670 nm. Excitation and emission slits with a bandpass
of 5 nm were used for all measurements. Fluorescence
emission spectra of di-8-ANEPPS were measured using an
excitation wavelength of 470 nm. For the red edge excitation
shift (REES) measurements utilizing di-8-ANEPPS, emission
was recorded by changing the excitation wavelength from 470
to 540 nm. For monitoring pyrene fluorescence, the excitation
wavelength was 335 nm, and excitation/emission slits with a
nominal bandpass of 2.5 nm were used.
Fluorescence anisotropy measurements of samples contain-

ing BODIPY-C12 were performed in the same instrument at
room temperature (∼23 °C), and values were calculated as
described previously.27,39 Fluorescence anisotropy was moni-
tored at 510 nm with the excitation wavelength set to 490 nm,
and excitation/emission slits with a bandpass of 5 nm were
used. The optical density of the samples at 490 nm was less
than 0.15. See Supporting Information (section S3) for more
details.
Generation of Calibration Curve for Fluorescence

Anisotropy with Viscosity. The fluorescence anisotropy
versus viscosity calibration curve was generated for BODIPY-
C12 (∼2 μM) in glycerol−methanol mixtures, as described
previously.39 Viscosity values were estimated for native and
PEtOH-treated hippocampal membranes by extrapolation of
the acquired fluorescence anisotropy values in the generated
calibration plot. See Supporting Information (section S4) for
more details.
Statistical Analysis. Significance levels were estimated

using Student’s two-tailed unpaired t-test using Graphpad
Prism version 4.0 (San Diego, CA). Plots were generated using
Microcal Origin version 6.0 (OriginLab, Northampton, MA).

■ RESULTS AND DISCUSSION
The interaction of local anesthetics with the membrane
environment would lead to changes in global membrane
properties, which could be implicated in altered membrane
protein function and generating anesthetic effect. In this
context, we have explored the modulation of membrane
physical properties by PEtOH, utilizing specific fluorescent
reporter molecules because global bilayer properties could play
a crucial role in the function of the serotonin1A receptor
(previously reported by us).27 It should be noted that the
actual concentrations of PEtOH partitioned into the
membrane were calculated using the membrane/buffer
partition coefficient of PEtOH, as described in our previous
work,27 and plotted in the abscissa of Figures 1b, 3b,c, and 4b.
Reduction in Membrane Dipole Potential by PEtOH.

Membrane dipole potential represents an important and
sensitive physical property that could be important for the

function of membrane proteins.40,41 Dipole potential originates
due to the electrostatic potential difference within the
membrane because of the nonrandom arrangement of
amphiphile dipoles and solvent (water) molecules at the
membrane interface.28,42−44 The dual-wavelength ratiometric
approach using the voltage-sensitive fluorescent probe di-8-
ANEPPS (see inset in Figure 1b) represents a convenient
method to monitor membrane dipole potential.45−47 The
relevant parameter measured is the fluorescence ratio (R),
which is the ratio of fluorescence intensities at an excitation
wavelength of 420 nm to that at 520 nm, keeping the emission
wavelength constant at 670 nm. This ratio (R) changes in
response to dipolar reorganization occurring in the region
where the probe is localized and does not depend on specific
molecular interactions and membrane fluidity.45,48 The shift in
the excitation spectrum of di-8-ANEPPS is related to the local
electric field strength, the mechanism employed being
electrochromic in nature.46,49 An advantage of this approach
is that it is independent of the probe concentration used.
Figure 1b shows the change in R of di-8-ANEPPS in

hippocampal membranes in the presence of PEtOH. The
figure shows that the fluorescence intensity ratio decreases
progressively with increasing concentration of PEtOH in
hippocampal membranes. This implies a gradual concen-
tration-dependent reduction in membrane dipole potential in
the presence of PEtOH. The figure shows a reduction in R of
∼16% at the highest concentration of PEtOH used. Although
general anesthetics have previously been shown to reduce
membrane dipole potential,50−52 to the best of our knowledge,
our results constitute the first experimental report of reduction
in membrane dipole potential by a local anesthetic.
Membrane dipole potential could be correlated with

dielectric constant and dipole moment of the medium through
the Helmholtz equation46

A/( )d 0ψ μ ε ε= ⊥ (1)

where ψd is the membrane dipole potential, μ⊥ is the
perpendicular component of the dipole moment (μ) along
the bilayer normal, ε0 is the permittivity in vacuum, ε is the
dielectric constant, and A is the area/lipid molecule.
Interestingly, it has been previously reported that local
anesthetics could increase area/lipid in membranes.53,54 This
could contribute to the observed reduction in membrane
dipole potential in the presence of PEtOH.
Figure 2a shows the emission maximum of di-8-ANEPPS in

native hippocampal membranes. The emission maximum was
at 595 nm on excitation at 470 nm. In the presence of PEtOH,
the emission maximum exhibits a shift of 5 nm and is shifted to
600 nm (see inset in Figure 2a). Such a red shift in the
emission maximum is indicative of a more polar environment
experienced by the fluorophore in the presence of PEtOH. To
explore any motional restriction experienced by the fluo-
rophore in di-8-ANEPPS, we carried out REES measurements
under these conditions. REES is defined as the shift in the
wavelength of emission maximum when the excitation
wavelength is shifted toward the red edge of the absorption
spectrum.55−59 REES assumes relevance for polar fluorophores
in environments displaying motional restriction such as
membranes, where the dipolar relaxation time for the solvent
surrounding the probe is longer than or similar to its
fluorescence lifetime. REES has proved to be a useful tool
for monitoring dynamics and organization of membranes and
membrane-mimetic environments.60−65 Because in case of
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membranes, the ubiquitous solvent is water, the information
obtained will have its origin from water molecules and makes
REES a unique experimental tool for information on the
relative rates of solvent reorientation dynamics, usually difficult
to obtain by other approaches. An essential criterion for
observing REES is that the dipole moment of the fluorophore
must significantly increase on excitation.55,58 Because voltage-
sensitive probes such as di-8-ANEPPS are characterized by a
substantial change in their dipole moment on excitation,66 they
are suitable for REES measurements. Figure 2b shows that the
emission maximum of di-8-ANEPPS gets shifted from 595 to
609 nm on changing the excitation wavelength from 470 to
540 nm in native hippocampal membranes, corresponding to
REES of 14 nm (see inset in Figure 2b). The large magnitude

of REES in the hippocampal membranes suggests that the
membrane environment around the probe experiences mo-
tional restriction. In the presence of PEtOH, the emission
maximum of di-8-ANEPPS is shifted from 600 to 614 nm on
changing the excitation wavelength from 470 to 540 nm, giving
rise to REES of 14 nm (inset in Figure 2b). The invariance of
REES implies that although the membrane dipole potential
changes in the presence of PEtOH, the dynamics of water
molecules around the fluorophore (see above) does not exhibit
appreciable change.

Microviscosity of Hippocampal Membranes Exhibits
Reduction in Presence of PEtOH. Molecular rotors
constitute a group of fluorophores, which act as viscosity
sensors, because of the strong dependence of their fluorescence
properties on the rheology of the immediate microenviron-
ment.67−69 The effect of PEtOH on the microviscosity of
hippocampal membranes was explored by employing the
viscosity-sensitive fluorescence of BODIPY-C12, a representa-
tive molecular rotor (see inset in Figure 3b).39 To this end, a
calibration curve (see Figure 3a) showing change in
fluorescence anisotropy of BODIPY-C12 with viscosity was
generated using methanol-glycerol mixtures of varying
composition. At higher values of viscosity, the values of
fluorescence anisotropy reach near ro, that is, the limiting
(fundamental) anisotropy of BODIPY in conditions where
there is no contribution from depolarizing processes.69

We measured fluorescence anisotropy of the molecular rotor
BODIPY-C12 in hippocampal membranes with increasing
concentration of PEtOH (see Figure 3b) and used the
calibration plot (see Figure 3a) to obtain an estimate of the
apparent membrane microviscosity. The apparent micro-
viscosity of native hippocampal membranes was found to be
∼210 cP (see Figure 3c), which is similar to values previously
reported for natural membranes,70,71 in agreement with our
previous results.39 Figure 3c shows a concentration-dependent
reduction in apparent microviscosity in the presence of
PEtOH. At the highest concentration of PEtOH used, the
microviscosity was reduced to ∼93 cP (∼56%). Reduced
microviscosity of hippocampal membranes in the presence of
PEtOH (due to altered membrane packing) could account for
the previously reported modulation of receptor activity by
PEtOH.27 These results constitute one of the early reports on
the use of molecular rotors in monitoring the interaction of
local anesthetics with complex natural membranes of neuronal
origin.

Lateral Diffusion in Hippocampal Membranes In-
creases in Presence of PEtOH. Pyrene is a hydrophobic
aromatic membrane fluorescent probe and forms excimers in
the excited state. The ratio of excimer/monomer fluorescence
intensity of pyrene is a commonly used parameter to monitor
lateral dynamics in membranes,36,72−75 which provides
information on the extent of pyrene excimerization. Pyrene
excimerization depends on the monomer distribution and
reports on long-range lateral diffusion of lipids in membranes,
which possibly occurs via concerted motion of loose clusters of
lipids.76−78 The representative fluorescence emission spectra of
pyrene in the presence and absence of PEtOH are shown in
Figure 4a. Figure 4b shows the excimer/monomer fluorescence
intensity ratio in hippocampal membranes with increasing
concentration of PEtOH. The ratio was obtained by measuring
fluorescence intensities corresponding to the monomer (393
nm) and excimer (480 nm) peaks. The extent of excimer
formation appears to increase almost linearly with the increase

Figure 2. (a) Representative emission spectra of di-8-ANEPPS in
hippocampal membranes in the presence (- - -) and absence (_____) of
PEtOH. The excitation wavelength used was 470 nm, which
corresponds to the peak obtained in the excitation spectrum of di-
8-ANEPPS in the membranes. Spectra were intensity normalized at
the respective emission maximum. The arrow in the panel indicates a
red shift in the emission maximum in the presence of PEtOH. The
inset shows the emission maxima of di-8-ANEPPS in the hippocampal
membranes in the presence (right bar) and absence (left bar) of
PEtOH. (b) Effect of changing excitation wavelength on the emission
maximum of di-8-ANEPPS in the presence (●) and absence (■) of
PEtOH. The inset shows the magnitude of REES of di-8-ANEPPS in
the presence (right bar) and absence (left bar) of PEtOH. The
magnitude of REES corresponds to the total shift in the emission
maximum when the excitation wavelength was changed from 470 to
540 nm. Lines joining the data points are provided merely as viewing
guides. Experiments were performed with at least three sets of
samples, whereas data shown in the figure are representative, with the
values of emission maxima within ±1 nm of the representative values.
The probe to phospholipid ratio was 1:100 (mol/mol) and
concentration of PEtOH used was 0.41% (v/v) in both cases. See
Experimental Section for more details.
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in PEtOH concentration. The increase in pyrene excimer/
monomer fluorescence intensity ratio in the presence of
PEtOH indicates that lateral diffusion of lipids is more under
these conditions.
As stated above, the molecular mechanism underlying the

action of local anesthetics is not clear. Two predominant
models have been proposed to explain the mode of action of
local anesthetics. The first is the protein hypothesis which
states that anesthetics exert their action by interacting
specifically with membrane proteins and modulating their

function.16 The other model, termed the lipid hypothesis,
proposes that local anesthetics interact with lipids and alter
membrane physical properties which affects function of
membrane proteins, thereby leading to anesthesia.17 Despite
the clinical relevance of local anesthesia, the question whether
anesthesia is an outcome of anesthetic−lipid interactions or
anesthetic−protein interactions (or a combination of both) is
far from clear. Local anesthetics affect the function of a diverse
variety of membrane proteins, ranging from ion channels (e.g.,
gramicidin) to membrane receptors, such as the serotonin1A
and nicotinic acetylcholine receptors.27,79−84 The properties of
local anesthetics therefore cannot be attributed to a specific
protein. It is in this backdrop that the role of membrane lipids
assumes relevance in modulating anesthetic−protein inter-
action, enabling the anesthetic effect.85 In the context of our
work, earlier results showing loss of function of an important
neurotransmitter receptor (the serotonin1A receptor) in the
presence of PEtOH27 indicated the involvement of membrane
proteins in anesthetic action. Our present results, however,
point out the fact that accompanying membrane lipid effects
(manifested as changes in microviscosity, dipole potential, and
lateral diffusion) could be involved in the big picture when one
considers anesthetic action. It is therefore likely that a
combination of specific anesthetic−receptor interaction and

Figure 3. (a) Steady state fluorescence anisotropy of BODIPY-C12 in
methanol−glycerol mixtures of increasing viscosity. The viscosity
values (from refs 29 and 101) correspond to various compositions of
methanol and glycerol. The data points were fitted to eq S2. Data
represent means ± SE of at least three independent measurements.
(b) Steady state fluorescence anisotropy of BODIPY-C12 with
increasing concentrations of PEtOH in hippocampal membranes.
The inset shows the chemical structure of the viscosity-sensitive
fluorescent molecular rotor BODIPY-C12. The viscosity-dependent
free rotation of the C−C single bond (marked by a curved arrow)
connecting the different segments of BODIPY-C12 strongly influences
fluorescence emission parameters of the probe. Data represent means
± SE of at least three independent measurements. The line joining the
data points is provided merely as a viewing guide. See text for other
details. (c) Viscosity of hippocampal membranes with increasing
concentrations of PEtOH. Data represent means ± SE of at least three
independent measurements (*, **, and *** correspond to significant
(p < 0.05, p < 0.01, and p < 0.001, respectively) differences in the
viscosity of PEtOH-treated hippocampal membranes relative to native
membranes). See Experimental Section for more details.

Figure 4. (a) Representative emission spectra of pyrene in
hippocampal membranes in the presence (- - -) and absence (_____)
of PEtOH. Spectra were intensity normalized at the respective
emission maximum. The excitation wavelength used was 335 nm. The
concentration of PEtOH used was 0.41% (v/v). (b) Pyrene excimer
(480 nm)/monomer (393 nm) fluorescence intensity ratio with
increasing concentration of PEtOH in hippocampal membranes. Data
represent means ± SE of at least three independent measurements.
The line joining the data points is provided merely as a viewing guide.
The probe (pyrene) to phospholipid ratio was 1:100 (mol/mol) in
both cases. See Experimental Section for more details.
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bulk membrane effects mediated by anesthetic−lipid inter-
action are implicated in anesthetic action.

■ CONCLUSIONS
We have previously shown that PEtOH induces disorder in
membranes in a phase-dependent fashion.25 In another study,
we recently showed that PEtOH induces reduction in phase
transition temperature and interdigitation beyond a threshold
concentration in gel phase membranes.86 Importantly, we
earlier reported modulation of activity of a representative
GPCR, the serotonin1A receptor,

26 in hippocampal membranes
in the presence of PEtOH.27 In this overall context, we
monitored here the effect of PEtOH on the organization and
dynamics of hippocampal membranes, utilizing a variety of
fluorescent probes which provide complementary (but non-
overlapping) information. Our results show that PEtOH
induces a reduction in membrane dipole potential and
apparent microviscosity in hippocampal membranes, moni-
tored by di-8-ANEPPS and BODIPY-C12, respectively. This is
accompanied by a concomitant increase in lateral diffusion
reported by pyrene. The position of the reporter fluorescent
probes deserves comment. Two of the fluorescent probes (di-
8-ANEPPS and BODIPY-C12) utilized in our study are
localized at the membrane interfacial region (see Figure
5).39,46 The information obtained from these probes could

therefore be attributed to the membrane interface. The
membrane location of pyrene, the third probe used, could
vary depending on its concentration, from the interfacial region
to deeper hydrocarbon regions.87−90

We report here that membrane dipole potential, as reported
by the dual wavelength ratiometric approach using di-8-
ANEPPS, exhibits concentration-dependent reduction in the
presence of PEtOH. To the best of our knowledge, these
results are novel in terms of reduction of experimentally
determined membrane dipole potential in presence of the local
anesthetic PEtOH. During the preparation of this manuscript,
we came across previous reports in which membrane dipole
potential was computed from molecular dynamics simulations

in presence of local anesthetics such as lidocaine and
articaine.91,92 It was reported that membrane dipole potential,
computed this way, exhibited an increase in presence of local
anesthetics. It is not clear to us at this point whether the effect
of local anesthetics on membrane dipole potential depends on
the nature of the anesthetic and/or the method used. In
addition, the observed discrepancy in the experimental and
simulation studies could arise due to the complexity of
hippocampal membranes in the context of differential
interaction of local anesthetics with natural membranes relative
to model membranes, which lack the lipid diversity and protein
component of natural membranes. We envision that future
studies encompassing model and natural membranes with
increasing degrees of complexity would provide more insight
on this aspect.
Previous work has shown that local anesthetics can modulate

membrane fluidity, permeability, and electrostatic potential
across bilayers.85 Interestingly, membrane lipid interaction of
local anesthetics has been reported to be responsible for the
stereoselective effects of anesthetic stereoisomers.93 Previous
reports have described the membrane perturbing effects of
local anesthetics in relation to their anesthetic action.94

Interestingly, the partitioning and interaction of several general
anesthetics with membranes has been explored using atomistic
molecular dynamics simulations by several groups.95−100 It was
shown that general anesthetics partition predominantly in the
membrane interfacial region and induce changes in order
parameter, membrane thickness, and area per lipid molecule,
along with enhanced diffusion of lipid molecules.95−97,100 In
addition, presence of general anesthetics led to modulation of
lateral pressure profiles, as monitored by all-atom molecular
dynamics simulations.98,99 However, such detailed simulations
on the effect of local anesthetics on membrane physical
properties is scarce. Insights into the interaction of local
anesthetics with membranes could be a key step in a
comprehensive understanding of the molecular mechanisms
involved in anesthesia.
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