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BACKGROUND: Local anesthetics cause reversible block of pain and robustly inhibit TWIK-
related K* channel (TREK-1) currents. Before local anesthesia onset, injection of local anesthet-
ics can cause unwanted transient pain. TREK-1 is an anesthetic-sensitive potassium channel
that when inhibited produces pain. A disordered C-terminal loop of TREK-1 is thought to contrib-
ute to anesthetic sensitivity, but the molecular basis for TREK-1 inhibition by local anesthetics is
unknown. Phospholipase D2 (PLD2) is an enzyme that produces phosphatidic acid (PA) required
for TREK-1 activation and also binds to the channel’s C terminus.

METHODS: Here, we use biophysical and cellular techniques to characterize direct and indirect
lipid-mediated mechanism for TREK-1 inhibition (respectively). We characterized direct binding
of local anesthetic to TREK-1 by reconstituting the purified channel into artificial membranes
and measuring ion flux. We characterized indirect PA-mediated inhibition of TREK-1 by monitor-
ing lipid production in live whole cells using a fluorescent PLD2 product release assay and ion
channel current using live whole-cell patch-clamp electrophysiology. We monitored anesthetic-
induced nanoscale translocation of PLD2 to TREK-1 channels with super-resolution direct sto-
chastic reconstruction microscopy (ASTORM).

RESULTS: We find local anesthetics tetracaine, lidocaine, and bupivacaine directly bind to and
inhibit PLD2 enzymatic activity. The lack of PLD2 activity indirectly inhibited TREK-1 currents.
Select local anesthetics also partially blocked the open pore of TREK-1 through direct binding.
The amount of pore block was variable with tetracaine greater than bupivacaine and lidocaine
exhibiting a minor effect. Local anesthetics also disrupt lipid rafts, a mechanism that would
normally activate PLD2 were it not for their direct inhibition of enzyme catalysis.
CONCLUSIONS: We propose a mechanism of TREK-1 inhibition comprised of (1) primarily indi-
rect PLD2-dependent inhibition of lipid catalysis and (2) limited direct inhibition for select local
anesthetics through partial open pore block. The inhibition through PLD2 explains how the C
terminus can regulate the channel despite being devoid of structure and putative binding sites
for local anesthetics. (Anesth Analg 2019;129:973-82)

KEY POINTS

- Question: What is the molecular basis for anesthetic inhibition of TWIK-related K* (TREK-1)
channels?

- Findings: Local anesthetics indirectly inhibit TREK-1 channels by blocking synthesis of an
anionic lipid.

- Meaning: Any local pain mediated through TREK-1 inhibition is primarily regulated by anionic
lipids not direct binding of the anesthetic to the channel.

Copyright © 2019 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.

ecules that modulate cell excitability in periph-
eral neurons and are used to reversibly block local
pain.!? Clinically, the most frequent complaint noted with
the use of local anesthetics, including tetracaine and lido-
caine, is stinging or burning pain associated with the initial

l ocal anesthetics are low-affinity hydrophobic mol-
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subcutaneous infiltration.> Current remedies for this initial
pain are limited to buffering the pH of the injected solution
and optimizing injection techniques. These remedies help
but do not eliminate the pain. Understanding the molecular
pathways that generate the transient pain has the potential
to better eliminate these side effects in patients.

Classically, local anesthetics block voltage-gated
sodium (Na*) channels resulting in analgesia.'* However,
local anesthetics also block potassium (K*) channels.! The
inhibition of K* channels is important as K* conductance
maintains the resting potential of the cell, such that block
of K* channels can result in depolarization of neurons
and increased pain.’® TWIK-related K* channel (TREK-1;
Kyp2.1 gene) is robustly inhibited by local anesthetics and
is a known pain channel,”"" making this channel a suitable
model to study potential mechanisms involved in the tran-
sient pain of local anesthetics. TREK-1 is also regulated
by membrane lipids and polyunsaturated fatty acids and
belongs to the family of 2-pore domain potassium (K,P)
channels.’>1
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Polymodal Inhibition of TREK-1 Channels

Previous studies narrowed TREK-1 sensitivity of local
anesthetics to a disordered loop in the channels C-terminal
domain (CTD).”!5 It has been unclear how this disordered
loop could regulate the gating of a channel. Recently,
inhaled anesthetics were shown to increase binding of
phospholipase D2 (PLD2) to the same C-terminal segment
of TREK-1 identified for sensitivity of local anesthetic.!®
Inhaled anesthetics ejected PLD2 from nanoscale lipid
domains causing PLD2 to translocate a very small distance
to phosphatidylinositol 4,5-bisphosphate (PIP,) clusters that
activated the enzyme (see Supplemental Digital Content,
Figure 1A, http:/ /links.lww.com/AA /C820).1¢18 The local-
ized production of phosphatidic acid (PA) by PLD2" then
indirectly activated TREK-1 by binding to a lipid site in the
channels transmembrane domain.?*?! Local anesthetics also
perturb membranes,?? raising a second question, why do
they inhibit rather than activate TREK-1? Presumably dis-
ruption of lipid rafts by local anesthetics would also activate
PLD2. Here, we show that despite disrupting lipids, local
anesthetics directly bind to and inhibit TREK-1 conductance
through inhibition of PLD2 lipid catalysis.

METHODS

Reagents

Local anesthetics tetracaine, lidocaine, and bupivacaine
were purchased from Sigma-Aldrich (St Louis, MO). Purified
PLD2 from peanut, cabbage, and bacteria (Streptomyces chro-
mofuscus) was purchased from Enzo Biochem (Farmingdale,
NY) and Sigma-Aldrich, respectively. PLD assay reagent
amplex red 10-acetyl-3,7-dihydroxyphenoxazine was
purchased from Cayman Chemical (Ann Arbor, MI).
Horseradish peroxidase (HRP) and choline oxidase were
purchased from VWR (Radnor, PA). All lipids, includ-
ing 1,2-dioctanoyl-sn-glycero-3-phosphocholine (C8-PC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(POPG), and 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC or 18:1 PC), were purchased from Avanti Polar
Lipids (Alabaster, AL) or Cayman Chemical. Furimazine,
a glow-type luminescent substrate for the bioluminescence
resonance energy transfer (BRET) assay, was purchased from
Promega (Madison, WI). Flux assay fluorophore 9-amino-
6-chloro-2-methoxyacridine (ACMA) was purchased from
Life Technologies (Carlsbad, CA). Ionophore Carbonyl cya-
nide m-chlorophenyl hydrazone (CCCP) and valinomycin
were purchased from Tocris Bioscience (Minneapolis, MN),
and stocks were made in ethanol. Methyl-B-cyclodextrin
(MBCD) to extract cholesterol from cellular membranes and
disrupt lipid rafts was purchased from Sigma-Aldrich.

In Vitro and In Vivo PLD Assay

To confirm direct inhibition of PLD by local anesthet-
ics, mouse PLD2 (mPLD2) was purified from mPLD2
expressing Chinese hamster ovary (CHO) cells. Cells
were grown in serum and included Ham's F-12 (Thermo,
Waltham, MA). PLD expression was induced by adding 1
pg/mL tetracycline 1 day before the assay. The PLD from
Streptomyces species was purchased from VWR. To gener-
ate the dose—response curves, partially purified mPLD2 or
fully purified bacterial PLD was treated with different con-
centrations of local anesthetics or a PLD2 inhibitor and then
its enzymatic activity was measured by an enzyme-coupled
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product release assay using amplex red reagent in 96-well
flat culture plates as described previously.” The assay reac-
tion was initiated by adding 50 pL of working buffer (50
mM  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
[HEPES], 5 mM CaCl,, pH 8.0) containing 100 pM amplex
red, 2 U/mL HRP, 0.2 U/mL choline oxidase, and 60 uM
C8-PC with the indicated amount of PLD2 and local anes-
thetic or PLD2 inhibitor. The assay reaction was performed
for an hour at 37°C, and the activity was kinetically mea-
sured with a fluorescence microplate reader (Tecan Infinite
200 Pro, Mannedorf, Switzerland) at excitation and emis-
sion wavelengths of 530 nm and 585 nm, respectively.

For the in vivo measurement of PLD2 activity, cultured
neuroblastoma 2A (N2A) cells were seeded into 96-well
plates (=5 x 104 cells per well) and incubated at 37°C over-
night to reach confluency. The cells were then differenti-
ated, with serum-free Dulbecco's modified Eagle's medium
(DMEM) for a day and washed twice with phosphate-
buffered saline (PBS). The PLD reaction was initiated as
described in the in vitro assay, but with 100 pL working
solution for 2 hours. For analysis, raw PLD2 activity was
determined by subtracting the background activity (reac-
tion buffer with the local anesthetics, but no cells). A regres-
sion line and equation were generated to calculate the effect
of each drug on PLD2 activity at 10-, 20-, 30-, and 60-minute
time points. For the bar graphs, samples were normalized to
the control activity at the 60-minute time point.

TREK-1 Electrophysiology

To assess the effects of local anesthetics on the TREK-1 currents,
whole-cell current measurements were measured in human
embryonic kidney 293t (HEK293t) cells. Cells were transiently
transfected with X-tremeGENE 9 DNA transfection reagent
(Roche Diagnostics, Basel, Switzerland). Human TREK-1 gene
was a gift from Dr Stephen Long. mPLD2 and mutant PLD2-
K758R genes were gifts from Dr Michael Frohman. TREK-1
and PLD2 were cotransfected with 1:4 ratio," otherwise a total
1 pg of DNA was used in the transfection. The transfected
HEK?293t cells were subjected to standard whole-cell recording
using Axopatch 200B amplifier and Digidata 1440A (Molecular
Devices, San Jose, CA). Electrode pipettes were made with
Borosilicate glass (B150-86-10; Sutter Instrument, Novato, CA)
with 4-7 MQ resistances. The internal solution in the pipette
contained (in mM): 140 KCl, 3 MgCl,, 5 ethylene glycol-bis(-
aminoethyl ether)-N,N,N’,N"-tetraacetic acid (EGTA), 10
HEPES, 10 tetraethylammonium (TEA), and pH 7.4 (adjusted
with KOH). External solution in the bath contained (in mM):
145 Na(l, 4 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES, 10 TEA, and pH
7.4 (adjusted with NaOH). Measured currents were filtered at
2 kHz and sampled at 10 kHz using Clampex 10.3 (Molecular
Devices). Currents were elicited by a ramp voltage command
(long ramp = 100 mV to +50 mV in 1 second) in the absence
and presence of the local anesthetics. Local anesthetics were
solubilized in external solution and perfused using a gravity-
driven bath application setup.

Expression and Purification of TREK-1

To directly test the effect of local anesthetic on TREK-1
without confounding cellular components, we used deter-
gent-purified proteins in our direct binding experiments.
A stable truncated form of zebrafish TREK-1 (amino acids
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1-321, corresponding to human TREK-1 GI:14589851) was
codon optimized and synthesized for eukaryotic expres-
sion (Genewiz, Inc, South Plainfield, NJ).»>? DNA was then
inserted into a vector containing a C-terminal fluorescent
protein (either green fluorescent protein [GFP] or nano-lucif-
erace [Nluc]) with 10x histidine tag via a short linker (amino
acids SNS) followed by a PreScission protease cleavage site
(amino acids LEVLFQ/GP). The vector was transformed and
expressed in Pichia pastoris strain SMD1163. Selected colonies
were cultured overnight, pelleted in liquid nitrogen, and the
cells were disrupted by milling (Retsch, Newton, PA; model
MM400, 5 times for 2.5 minutes at 25 Hz). The extracted chan-
nels were in dodecyl-B-p-maltoside (DDM) with protease
inhibitors. The channel proteins were then purified to homo-
geneity on a cobalt affinity column followed by size exclu-
sion chromatography (SEC) with a buffer containing 20 mM
Tris (pH 8.0), 150 mM KCI, 1 mM EDTA, and 2 mM DDM.
All the assembled channel proteins exhibited a predominant
monodispersed peak by SEC corresponding to the expected
molecular weight (MW) as previously shown.?

TREK-1 Lipid Binding BRET Assay

To help exclude a mechanism based on direct allosteric inhi-
bition of TREK-1 by local anesthetics, we used a PIP, BRET
assays previously shown to detect allosteric inhibitor bind-
ing to TREK-1.% PIP, binding is conformation sensitive and
allosteric antagonists inhibit binding of PIP, to TREK-1.%’ The
assays were executed in a 50 pL total reaction volume that
contain 1 nM zTREK-1-Nluc, 500 nM boron-dipyrrometh-
ene tetramethylrhodamine (BODIPY TMR) fluorescent PIP,
(FL-PIP,; Echelon Biosciences, Salt Lake City, UT), local anes-
thetics, and 1:2000 furimazine (NanoGlo; Promega, Madison,
WI), 7 mM DDM in the SEC buffer. The BRET signal was mea-
sured in a 384-well plate using Envision Multilabel 2104 plate
reader (PerkinElmer, Waltham, MA) set for automatic BRET
ratio calculation with dual-emission detection (540 nm for
Nluc and 574 nm for FL-PIP,). The BRET signal by the binding
of FL-PIP, to TREK-1-Nluc and competition with local anes-
thetics was calculated by subtracting signal from background
fluorescence determined by nonfluorescent C8-PIP,.

TREK-1 Flux Assay

To characterize the direct effect of local anesthetic binding,
we reconstituted purified TREK-1 into proteoliposomes of
known lipid and ion composition suitable for testing chan-
nel function (ion flux). Flux assays with proteoliposomes
were performed as published previously.”? In brief, 3 umol
lipids (DOPC:POPG molar ratio 85:15) were mixed and dried
overnight. The dried lipids were rehydrated with 1 mL buf-
fer (150 mM KCl, 20 mM HEPES, pH 7.4) for 30 minutes, and
multilamellar vesicles were formed with vigorous shaking.
The unilamellar vesicles were then formed by sonicating the
lipid solution in a bath sonicator until the solution became
translucent. Lipid vesicles were then destabilized with DDM
(3 mM) and used for channel reconstitution (1 protein:100
lipid mass ratio). The DDM detergent was removed using
approximately 100 mg of beads BioBeads SM-2 polystyrene
beads (Bio-Rad, Hercules, CA). The reconstituted channels in
vesicles were pelleted by centrifuging at 250,000¢ for 45 min-
utes in Optima XP ultracentrifuge (Beckman Coulter, Brea,
CA) with TLA110 rotor. The proteoliposomes were resus-
pended in 150 pL rehydration buffer, and the reconstitution
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was checked by measuring GFP fluorescence on a Tecan
Spark 20M plate reader (Tecan, Mannedorf, Switzerland).
Flux assays were either performed immediately after recon-
stitution or the proteoliposomes were flash-frozen and
stored at —80°C for later experimentation.

To measure the ion flux, proteoliposomes were added to
195 pL of flux assay buffer (150 mM NaCl, 20 mM HEPES,
pH 7.4, 2 uyM ACMA) in a black 96-well plate (Costar 3915;
Corning Inc, Corning, NY). Initial fluorescence readings
were taken every 20 seconds for a minute as a baseline with
Tecan Spark 20M plate reader. Then potassium flux was ini-
tiated using the protonophore CCCP (1 uM final concentra-
tion), and the fluorescence signal was read every 20 seconds
for 7 minutes. Next, the potassium-selective ionophore val-
inomyecin (20 nM final concentration) was added to termi-
nate the chemical gradient, and fluorescence was read every
20 seconds for 5 minutes. Relative TREK-1 activity was
normalized using this equation: (F,maiized = (F = Fena) / (Fotart
— Fena), Where F is arbitrary fluorescence units, F, is the
average of measured fluorescence before addition of CCCP
and F,,, is the end point fluorescence after addition of val-
inomycin. This equation eliminates the fluorescence varia-
tions that could arise from the ACMA pipetting error and
the intrinsic fluorescence of the compounds. For local anes-
thetics that affected the liposomes, the anesthetic-treated
TREK-1 activity was further normalized to control channel
activity accordingly with the valinomycin readings (F.,q4)-

Super-Resolution Microscopy

Super-Resolution Microscopy was performed on N2A cells as
described previously' to detect disruption of lipid nanodo-
mains (lipid rafts; Figure 1A). In brief, cells were grown in
8-well chamber slides (Nunc Lab-Tek chamber slide system;
Thermo Scientific, Waltham, MA), washed, and treated with
local anesthetics for 10 minutes. The treated cells were fixed
(8% paraformaldehyde, 0.1% glutaraldehyde, and drugs
for 10 minutes), quenched (0.1% NaBH, for 7minutes), and
washed with PBS (3 times). Cells were then permeabilized
(0.2% Triton-X 100 in PBS for 15 minutes), blocked using a
standard blocking buffer (10% bovine serium albumin [BSA]
and 0.05% Triton in PBS for 90 minutes), and stained with
anti-PLD2 antibody (Cell Signaling, Danvers, MA) with
1:500 dilution, anti-PIP, antibody (Echelon) with 1:130,
or cholera toxin B (CTxB) (Life Technologies) with 1:1000
dilution. Alexa 647-conjugated and cyanine 3B (Cy3B)-
conjugated secondary antibodies were used to label CTxB/
PLD2 and PLD2 or PIP,, respectively. Cells were postfixed
and extensively washed with PBS and water.

A Zeiss Elyra PS1 microscope, equipped with Andor iXon
897 EMCCD camera (Carl Zeiss, San Diego, CA), was used
for super-resolution microscopy with an oil-immersed 63x
objective lens in total internal reflection fluorescence (TIRF)
mode. Images were acquired by Zen 10D software (Carl Zeiss,
San Diego, CA) with an exposure time of 18ms per acqui-
sition, and total 10,000 frames were collected. Alexa Fluor—
labeled CTxB-labeled domains were excited with a 642 nm
laser and Cy3B-labeled PIP, domains were excited with a 561
nm laser in a photo-switching buffer (1% -mercaptoethanol,
0.4 mg glucose oxidase, and 23.8 ng catalase [oxygen scaven-
gers], 50mM Tris, 10mM NaCl, and 10% glucose at pH 8.0).
An autocorrelative algorithm? or tracking immobile fiducial
marker (TetraSpeck beads) was applied to correct the sample
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Polymodal Inhibition of TREK-1 Channels

drift. The obtained localization coordinates were converted
to be compatible to Vutara SRX software (version 5.21.13;
Bruker, Billerica, MA) by an Excel macro and then raft sizes
and the cross-correlation were determined by the default
cluster analysis package in the Vutara SRX software. The raft
sizes were calculated applying density-based spatial cluster-
ing of applications with noise (DBSCAN) algorithm with a
search radius (g) of 100 nm for clusters consisting of at least
10 localizations.!” The analysis model consists of well-defined
distribution, and statistical interpretation is more useful for
analyzing the localizations presented here because the meth-
ods generate a population of clusters rather than the infor-
mation on a per-cluster basis. The relative raft size values
were determined by measuring the full width half maximum
(FWHM) of the clusters and reported as 95% confidence
interval (n = 5-7 cells per staining and imaging condition).

Statistical Analyses

All the data calculations and plots were performed using
Prism6 (GraphPad software; Graphpad, San Diego, CA)
or Microsoft Excel. Biochemical experiments were done
3—4 times to ensure reproducibility. To ensure reproduc-
ible super-resolution imaging, a labeling experiment was
performed at least twice and at least 2 cells were analyzed
per labeling experiment. All the experimental samples
were performed in random orders when on treatments or

A 250+ Control

microscopy to avoid experimental bias. Statistical signifi-
cance was evaluated using analysis of variance (ANOVA)
with post hoc Dunnett test, 2-tailed t tests, parametric or
nonparametric wherever appropriate. Data are presented as
the mean and the error bars with standard deviation (SD)
or 95% confidence interval as appropriate. Significance is
indicated by *P <.05, **P <.01, ***P <.001, and ****P <.0001.

RESULTS
Effect of Local Anesthetics on PLD2 Catalysis
Phosphatidylcholine (PC) is a hydrophobic phospholipid
with a positively charged headgroup similar to local anes-
thetics? (Supplemental Digital Content, Figure 1B-D, http://
links.lww.com/AA /C820). PC is the substrate of PLD2. The
binding of PLD2 to the same region of TREK-1 that harbors
lidocaine sensitivity,' combined with the shared chemical
properties of PC with lidocaine, led us to hypothesize that
local anesthetics could bind to and inhibit PLD2 catalysis.
We previously developed a product release assay to
monitor PC hydrolysis by PLD2 in the membranes of live
cells.”” The assay works by measuring the release of PLD2
product choline in real time. During the assay, choline freely
exits the cell, where it is converted into a fluorescent signal.
The assay then measures the fluorescent signal in the culture
medium of live cells (Figure 1). Using this assay, we found
local anesthetics tetracaine (0.15 mM), lidocaine (10 mM),
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Figure 1. Local anesthetics inhibit phospholipase D2 (PLD2) enzyme activity. A-C, Live cell fluorescent PLD2 product release assays are
shown for N2A cells after treatment with local anesthetic. Tetracaine (150 uM) (A), lidocaine (10 mM) (B), and bupivacaine (200 uM) (C) inhibit
most PLD2 activity in neuroblastoma (N2A) cells similar to a specific inhibitor (2.5-5 pM) (n = 4, mean [standard deviation {SD}]). D, Summary
of normalized activity of PLD2 after local anesthetics treatment shown in A-C at 30 min (n = 4, mean [SD]). ***P < .001. E, Dose-response
curves showing local anesthetic inhibition of partially purified mouse PLD2 (n = 3-4, mean [SD]). PLD was assayed as in A-C. F, Proposed
model showing PLD2 inhibition by local anesthetic. Local anesthetic is shown bound to the catalytic pocket of PLD2 (cyan) inhibiting (red X)
the hydrolysis of the PLD2 substrate phosphatidylcholine (PC) and blocking the production of phosphatidic acid (PA).
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and bupivacaine (0.2 mM) all robustly inhibit PLD2 activ-
ity in live N2A neuroblastoma and C2C12 myoblast cells
(Figure 1A-D; Supplemental Digital Content, Figure 2A-C,
http:/ /links.lww.com/AA /C820). The same assay previ-
ously showed PLD activation with inhaled anesthetics.'

To confirm direct binding of local anesthetic to the
enzyme (Figure 1F), we tested inhibition of partially puri-
fied mPLD2 in a dose-dependent manner. Tetracaine and
lidocaine directly inhibited PLD2 with an half maximal
inhibitory concentration (ICsy) of 1.0 + 0.1 and 96.8 + 4.4
mM, respectively (Figure 1E). We further confirmed direct
binding of anesthetic to PLD with a purified enzyme from
a bacterial source (bPLD). The bPLD retains full activity
when purified to homogeneity. Consistent with direct bind-
ing, bPLD enzymatic activity was inhibited by local anes-
thetics similar to mPLD2 1.3 + 0.2 and 139.5 + 10.8 mM for
tetracaine and lidocaine, respectively (Supplemental Digital
Content, Figure 2D-E, http://links.lww.com/AA /C820).
These IC5, values are well below the range of estimated
anesthetic concentration based on partitioning of the anes-
thetic into a lipid membrane (Supplemental Digital Content,
Figure 1C, http:/ /links.lww.com/AA /C820).
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Open Pore Block of TREK-1 by Local Anesthetics
Like sodium channels, potassium channels conduct a single
positive charge. Hence similar to the early speculation on
the mechanism of sodium channels,!*% 2 ]local anesthetics
could inhibit K* channels by open pore block. The most
definitive experiment to show a direct functional interac-
tion of a ligand with a channel is to purify and functionally
reconstitute the channel into lipids of known composition.

We observed direct inhibition of functionally reconsti-
tuted TREK-1 by all local aesthetics but with dramatically
different degrees. Lidocaine (1 mM) only slightly inhibited
TREK-1 (=10%) while bupivacaine (0.2 mM) more so (=40%)
and tetracaine (0.15 mM) the most at 60% (Figure 2A).
TREK-1 was reconstituted into liposomes comprising 18:1
PC with 18:1 phosphatidylglycerol (PG) (85:15 mol% ratio)
and assayed with local anesthetic using an ion flux assay
(Supplemental Digital Content, Figure 3A, http://links.
Iww.com/AA/C820).*° The direct inhibition by local anes-
thetics differs from inhaled anesthetics which do not bind to
or alter TREK-1 activity in the same assay.!

The observed direct inhibition could be from (1) open
pore block or (2) binding to an allosteric site that inhibits
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Figure 2. Open pore block of TWIK-related K* channel (TREK-1) by local anesthetics. A, Normalized ion flux showing local anesthetics partially
inhibit purified TREK-1 reconstituted into 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) proteoliposomes with anionic lipid 1,2-dioleoyl-sn-
glycero-3-phospho-(1' rac glycerol) (DOPG). Tetracaine (150 pM), 1 mm lidocaine, and 200 pM bupivacaine were applied (n = 4-6, mean [standard
deviation {SD}]). B, Blocking of the TREK-1 gain of function (GOF) cysteine mutant (TREK-1 Cys) by local anesthetics with the same concentrations
as in (A) (n = 4-7, mean [SD]). C, Bioluminescence resonance energy transfer (BRET) assay showing competition of soluble 1,2-dioctanoyl-sn-
glycero-3-phosphocholine (C8) phosphatidylinositol 4,5-bisphosphate (PIP,; 100 uM) and local anesthetics with fluorescent PIP2 (FL-PIP,) probe
(500 nM) (n = 8, mean [SD]; relative light units [RLU], not significant [ns]).D, Cartoon contrasting direct open pore block of TREK-1 with indirect
PLD2 inhibition by anesthetic. PLD2 inhibition leads to depletion of local phosphatidic acid (PA). Without PA, TREK-1 anionic lipid binding site (cyan
cylinder) is unoccupied and the gating helix is extended (double arrow) leaving TREK-1 (gray cylinders) in a closed conformation (closed pore, gray
X). A local anesthetic is also shown partially blocking the pore of TREK-1. PLD2 is bound to the C terminus of TREK-1 through a PLD2 binding site
(green segment). *P < .05; ***P < .001; ***P < .0001; ns P > .05. GOF indicates gain of function; PC, phosphatidylcholine.
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the channel. To distinguish these 2 mechanisms, we utilized
a previously reported pair of cysteine mutants (cysTREK-1)
that lock TREK-1 in the open state with a disulfide bond.?*?
If TREK-1 is locked in the open state and local anesthetics
still inhibit, then local anesthetic likely binds in the open
pore region of TREK-1.

Figure 2B shows that tetracaine and bupivacaine inhibit
most ion flux of functionally reconstituted cysTREK-1 in
a manner almost identical to WT TREK-1. This confirms
a component of inhibition can happen through open pore
block for select local anesthetics (Figure 2D). However, lido-
caine only slightly inhibited TREK-1 consistent with his the
previous study that showed the C terminus accounts for all
detectable lidocaine’s inhibition.”

If tetracaine binds to the open pore of the channel, it may
also increase the affinity of ligands that bind the open state.
Signaling lipids like PA or PIP, are thought to bind to a con-
formation close to the open state of the channel.’*?° We tested
the effect of local anesthetics on the affinity of PA and PIP,
binding to detergent-purified TREK-1 using a conformational
sensitive fluorescent lipid binding assay.* Lidocaine and
bupivacaine significantly increased PIP, binding to TREK-1
suggesting that pore block may have an allosteric effect on
TREK-1, although tetracaine did not (Figure 2C; Supplemental
Digital Content, Figure 3B, http:/ /links.Iww.com/AA /C820).

To estimate the relative contributions of tetracaine's
PLD2 inhibition versus open pore block, we assayed
TREK-1 currents in the presence of a catalytically dead
PLD2 mutant (PLD2_K758R [xPLD2]) with patch-clamp

electrophysiology. Tetracaine (150 pM) caused an =50%
reduction of TREK-1 current in the presence of xPLD2
(Figure 3A—C). Assuming all the inhibition in the presence
of xPLD2 arises from open pore block, we estimate that
59.4% of tetracaine inhibition comes from pore block and
40.6% from PLD2/PA signaling (Figure 3D-F).

Raft Disruption
(Monosialotetrahexosylganglioside and PIP,
Domains) by Tetracaine and PLD2 Translocation
Local anesthetics are known to perturb model membranes
and the lipids that surround channels.?*3*-3 Within the
membrane, lipids can partition laterally into clusters or
domains of saturated and unsaturated lipids often called
liquid ordered (Lo) and liquid disordered (Ld) phases,
respectively.*3¢ The Lo phase is enriched in sphingomyelin
(eg, monosialotetrahexosylganglioside [GM1]) and referred
to as lipid rafts or GM1 domains (see Supplemental Digital
Content, Figure 1, http://links.Iww.com/AA/C820). The
Ld phase is comprised of unsaturated lipids and includes
polyunsaturated signaling lipids like PA and PIP,; the latter
can cluster with proteins separate from GM1 domains.”3”
We asked if local anesthetics perturb GM1 or PIP,
domains, and if so, do they release PLD2 from the GM1
domain? To observe the effect of the local anesthetic tet-
racaine on the GM1 lipid rafts in cellular membranes, we
used direct stochastic optical reconstruction microscopy
(dSTORM)?%83 of N2A neuroblastoma cells. For this study,
we define rafts or domains as heterogeneity of lipids or

g
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Figure 3. Contribution of channel block to tetracaine inhibition of TWIK-related K* channel (TREK-1). Whole-cell TREK-1 currents measured
in human embrionic kidney cells. A, B, Representative current—voltage relationships (I-V curves) showing the inhibition of TREK-1 current
by tetracaine (100 uM) in the presence of both mouse phospholipase D2 (mPLD2) (A) and a catalytically inactive mutant of PLD2 (xPLD2 =
PLD2_K758R) (B). Inhibition of PLD2-independent current is presumed to be due to channel block. C, Current density at 0 mV showing the
inhibition by tetracaine (n = 4-5, mean [standard deviation {SD}]). D, E, Normalized current showing =30% of current inhibition mPLD2 were
coexpressed (D) or =50 % of current inhibition with xPLD2 (E). F, Bar graph showing xPLD2 causes 20% more TREK-1 inhibition than mPLD2.
Bar in the right panel shows estimated current inhibition through the direct pore block (59.4%) or the PLD2 Inhibition (40.6%) after partial

pore block. *P < .05; **P < .01; ***P < .001.
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A Control Tetracaine

MBCD

Figure 4. Tetracaine disrupts
monosialotetrahexosylgan-
glioside (GM1) and phospha-
tidylinositol  4,5-bisphosphate
(PIP,) domains in neuroblas-
toma (N2A) cell membrane.
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microscopy (dSTORM) images
showing the lipid raft (GM1
domain) disruption by tetra-
caine (150 pM) and methyl-B-
cyclodextrin (MBCD; 100 pM)
in N2A cells (Scale bars: 1 um).
B, Size distribution compar-
ing the frequency of raft
sizes between tetracaine and
MBCD-treated cells (n = 5).
C, Histogram of the mean raft
sizes quantified by the cluster
analysis (n = 2201-3406, mean
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lipid-protein mixtures with no regard to an absolute size.
Hence, GM1 domains are simply a subset of the membrane
where the GM1 lipids are in higher concentration than
expected for a perfectly homogeneous mixture of lipids.
We found 150 pM tetracaine, a concentration that
completely inhibited TREK-1 channels in atrial myo-
cytes,!® decreased the apparent diameter (Figure 4A-C;
Supplemental Digital Content, Figure 4E, F, http://links.
lww.com/AA/C820), and area (Supplemental Digital
Content, Figure 4A, B, http://links.Iww.com/AA/C820)
of GM1 domains in N2A cellular membranes similar to the
MBCD, a positive control. MBCD sequesters cholesterol
from the membrane to cause GM1 domain disruption.®
Analysis of the distance between domains (Ripley radius)
suggests that tetracaine reduces the number of observed
large domains into small ones causing the disruption of rafts

October 2019 o Volume 129 e Number 4

Disruption (mixing)

in the membrane (Supplemental Digital Content, Figure 4G,
H, http://links.lww.com/AA /C820).17

We also investigated the effect of tetracaine on the dis-
tribution and relative size of PIP, domains. Tetracaine
(150 pM) decreased the diameter (Figure 4D-F) and area
(Supplemental Digital Content, Figure 4C, D, http://links.
Iww.com/AA /C820) of PIP, domains, similar to its effect on
GM1 domains. This result agrees with the previous report
that local anesthetics reduce the amount of PIP, in cellular
membrane.*!

Last, the disruption should release PLD2 from GM1
domains and activate the enzyme.!” If the enzyme is indeed
released, this would confirm that the direct inhibition of the
enzyme is the mechanistic reason for local anesthetic inhibi-
tion of TREK-1. As expected, we found disruption of rafts
by tetracaine or MBCD control causes translocation of PLD2
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Polymodal Inhibition of TREK-1 Channels
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Figure 5. Tetracaine dissociates phospholipase D2 (PLD2) from monosialotetrahexosylganglioside (GM1) domains. A, Representative super-
resolution images (dSTORM) of lipid raft (cholera toxin B [CTxB] labeled) and PLD2 before treatment (Control) and after treatment with tet-
racaine (150 uM), and methyl--cyclodextrin (MBCD) 6 (100 pM) in neuroblastoma (N2A) (scale bars = 1 um). B, Average cross-correlation
functions (C (r)) showing a decrease in PLD2 association with ordered GM1 domains after treatment with local anesthetic or MBCD. C, Bar
graph comparing C(r) at r = 5 nm (n = 4-6, mean [standard deviation {SD}]). **P < .01. D, Graphic depicting the summary of the polymodal
mechanism for TWIK-related K* channel (TREK-1) inhibition by local anesthetic. PLD2 catalysis and TREK-1 inhibition are labeled as described
in Figures 1F and 2D. Disrupted GM1 domains are shown as blue bars. Disruption of rafts would normally activate PLD2 by substrate presen-
tation, but direct block of PLD2 by local anesthetic inhibits the enzyme aided by partial pore block of the channel’s conduction pathway. PC
indicates phosphatidylcholine.

out of GM1 domains (Figure 5A-C). Because raft disruption
normally increases PLD2 activity!” and PLD2 positively
modulates TREK-1," the direct inhibition of PLD2 likely
accounts for TREK-1 inhibition by local anesthetics.

DISCUSSION

Taken together our data show local anesthetics inhibit TREK-1
indirectly, primarily through inhibition of PLD2 enzymatic
activity and the subsequent local depletion of PA from the

980 www.anesthesia-analgesia.org

membrane. Many channels are regulated by anionic signal-
ing lipids, and the block of PLD2 could affect other channels
through their lipid regulatory sites.!* In support of a role for
PLD in pain, knockdown of PLD shifts the sensitivity of flies
to mechanical stimulation and electric shock (N. Petersen,
PhD, Departments of Molecular Medicine and Neuroscience,
The Scripps Research Institute, Jupiter, FL, unpublished data,
2019). The activation of TREK-1 and subsequent depolariza-
tion is also thought to activate Na, channels, and because
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Na, channels undergo “use-dependent” inhibition, TREK-1
depolarization could eventually facilitate the use-dependent
inhibition of Na, channels by local anesthetics.!

Similar to local anesthetics, ethanol also causes tran-
sient pain during subcutaneous injections.*> And similar to
local anesthetics, ethanol reacts with PLD2. But rather than
inhibit the enzyme, ethanol produces an unnatural lipid
metabolite phosphatidylethanol (PEtOH). The PEtOH binds
to and inhibits TREK-1.#* Ethanol also modulates transient
receptor potential V1 (TRPV1) by shifting its sensitivity to
temperature.*? Whether PEtOH is the key intermediary of
TRPV1 has not been tested, but TRPV1 is a pain channel
regulated by anionic lipids.# PLD2, while broadly appli-
cable, is likely only one of many factors leading to pain, evi-
dent by the fact that propofol activates PLD2'¢ yet produces
pain during injection.*

Clinically, lidocaine and tetracaine are injected at a concen-
tration of 0.5%-2% (=20-85 mM) and 0.5%-1% (=20-40 mM),
respectively. Due to lipid partitioning, the concentration in
the membrane theoretical calculations are much higher—>1
M for a 1% solution of lidocaine (see Supplemental Digital
Content, Figure 1C, http://links.Iww.com/AA /C820) sug-
gesting that the ratio of membrane to anesthetic dictates
the local concentration.* PLD2 is a membrane-associated
enzyme and hence is expected to interact with local anes-
thetics near the membrane (Supplemental Digital Content,
Figure 1A, http://links.lww.com/AA /C820). The IC;, val-
ues calculated for tetracaine and lidocaine are 1.0 and 98
mM, respectively (Supplemental Digital Content, Figure 2D,
E, http://links.lww.com/AA/C820), hence even a small
amount of partitioning is sufficient to completely inhibit
the enzyme in vivo. The fact that deletion of the CTD ren-
dered TREK-1 completely insensitive to lidocaine confirms
the relevance of these concentrations in cultured cells.” We
also saw little direct channel block by lidocaine (Figure 2A)
in agreement with PLD2 dominating TREK-1 inhibition for
that anesthetic. However, we cannot rule out local anesthesia
affecting TREK-1 through changes in membrane thickness.*

Local anesthetic disruption of rafts could affect other
palmitoylated proteins residing in the lipid rafts. Our data
show tetracaine disruption affects the composition, size,
and longevity of lipid-ordered domains in the plasma
membrane. The absolute size of rafts can vary depend-
ing on how the clusters are analyzed, but the comparison
of treated and untreated provides a reliable estimation of
a disruptive effect. Signaling enzymes, receptors, ion chan-
nels, and other regulatory proteins that localize into lipid
raft microdomains must also be affected. Their function and
downstream signaling undoubtedly contributes to the over-
all effect of local anesthetics in vivo. Although because local
anesthetics disrupt rafts rather than stabilize them, disrup-
tion is not the feature that distinguishes local from inhaled
anesthetic function of TREK-1 channels.

By using a purified system and TREK-1 locked in the
open state, we assume the observed effect is pore block, but
we cannot rule out the lipid regulatory site as an allosteric
site for the local anesthetics especially because the cyste-
ines are located near the putative lipid regulatory site in the
channel.'**® Local anesthetics weakly inhibit other members
of the K,P family which share both a similar pore but may
also share lipid regulatory sites.*

October 2019 o Volume 129 e Number 4

In conclusion, we show local anesthetic exerts a poly-
modal effect on TREK-1 channels (Figure 5D). Our work
provides evidence that the local anesthesia occurs through
a combinatory action rather than a single effect on the chan-
nel. Our study also provides new insights on the mechanism
of local anesthetics that could facilitate the development of
better therapeutic approaches in anesthesia and chronic
pain based on lipid signaling. &&
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