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Activating TRPV1 and TRPA1 Rather than GABA , Receptors™
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Anesthetic agents can induce a paradox activation and sensi-
tization of nociceptive sensory neurons and, thus, potentially
facilitate pain processing. Here we identify distinct molecular
mechanisms that mediate an activation of sensory neurons by
2,6-diisopropylphenol (propofol), a commonly used intrave-
nous anesthetic known to elicit intense pain upon injection.
Clinically relevant concentrations of propofol activated
the recombinant transient receptor potential (TRP) receptors
TRPA1 and TRPV1 heterologously expressed in HEK293t cells.
In dorsal root ganglion (DRG) neurons, propofol-induced acti-
vation correlated better to expression of TRPA1 than of TRPV1.
However, pretreatment with the protein kinase C activator
43-phorbol 12-myristate 13-acetate (PMA) resulted in a signif-
icantly sensitized propofol-induced activation of TRPV1 in
DRG neurons as well as in HEK293t cells. Pharmacological and
genetic silencing of both TRPA1 and TRPV1 only partially abro-
gated propofol-induced responses in DRG neurons. The remain-
ing propofol-induced activation was abolished by the selective
y-aminobutyric acid, type A (GABA,) receptor antagonist picro-
toxin. Propofol but not GABA evokes a release of calcitonin gene-
related peptide, a key component of neurogenic inflammation,
from isolated peripheral nerves of wild-type but not TRPV1 and
TRPA 1-deficient mice. Moreover, propofol but not GABA induced
an intense pain upon intracutaneous injection. As both the release
of calcitonin gene-related peptide and injection pain by propofol
seem to be independent of GABA, receptors, our data identify
TRPV1 and TRPAL1 as key molecules for propofol-induced excita-
tion of sensory neurons. This study warrants further investigations
into the role of anesthetics to induce nociceptor sensitization and
to foster postoperative pain.

The intravenous general anesthetic propofol® (2,6-diisopro-
pylphenol) has become one of the most widely used anesthetics.
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Due to a short context-sensitive half-time, propofol is used for
sedations as well as for total intravenous anesthesia during sur-
gery. A drawback of propofol, however, is its high potential to
induce intense burning pain upon injection. Depending on the
concentration (0.5-2%), the galenic formulation, and co-med-
ication, 24—-90% of all patients receiving propofol experience
injection pain (1). It was hypothesized that propofol might indi-
rectly or directly interact with sensory nerve fibers located in
the venous adventitia (2—4). A recent study claims that the
irritant receptor TRPA1, which is expressed in nociceptive sen-
sory neurons, is the predominant molecular entity mediating
activation of peripheral nerve endings by general anesthetics
(5). Also, TRPA1 was found to mediate propofol-induced pain
behavior induced by intranasal propofol and flexor reflex re-
sponse upon intra-arterial propofol (5). TRPA1 is an excitatory
cation channel that is activated by pungent or irritating sub-
stances such as acrolein, mustard oil, and formalin (6). TRPA1
has also been demonstrated to be involved in the development
of increased pain sensitivity after inflammation and nerve
injury (7-10). Another excitatory ion channel of the transient
receptor potential family is the capsaicin receptor TRPV1.
TRPV1 is activated by noxious stimuli such as capsaicin,
protons, and noxious heat (11), and a substantial fraction of
TRPV1-expressing neurons also express TRPA1 (6). TRPV1 is
required for the development of thermal hyperalgesia and acts
in concert with TRPA1 to produce bradykinin-induced hyper-
algesia (9, 12—14). We have previously demonstrated that both
TRPV1 and TRPALI are activated by local anesthetics, and a
recent report showed sensitizing effects of volatile anesthetics
on TRPV1 (15, 16). However, there is conflicting evidence for
an activation of TRPV1 by propofol (5, 17). It is conceivable that
activation and sensitization of both TRPA1 and TRPV1 by
anesthetics might promote the development of postoperative
inflammation and pain. As both pain upon injection and post-
operative pain constitute relevant side effects of even minor
surgical procedures (18), the present study aims to gain a more
complete understanding of molecular mechanisms underlying
activation of sensory neurons by propofol.

hTRPA1, human TRPA1; TRPV1, transient receptor potential cation channel,
subfamily V, member 1; CGRP, calcitonin gene-related peptide; DRG, dorsal
root ganglion; GABA, y-aminobutyric acid; TM5, transmembrane domain
5; pF, picofarads; MCT/LCT, medium-chain/long-chain triglycerides; BCTC,
4-(3-chloro-2-pyridinyl)-N-[4-(1,1-dimethylethyl)phenyl]-1-piperazine-
carboxamide.
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EXPERIMENTAL PROCEDURES

Animals—Animal care and treatment were in accordance with
the guidelines of the International Association for the Study of
Pain (19). Adult Wistar rats (150—-200 g) and adult C57BL/6,
TRPV1~/~,and TRPA1 ™'~ aswellas TRPV1~/~TRPA1 '~ dou-
ble knock-out mice were used. Breeding pairs of TRPV1 and
TRPA1 knock-out mice were obtained from Dr. John Davis (13)
and Dr. David Corey (20) and continuously backcrossed to
C57BL/6. Double knock-out animals were generated in our
animal facility by cross-mating knockouts of both strains. All
animals were genotyped by previously reported primers.

Cell Culture—Animals were killed in pure CO, atmosphere.
Dorsal root ganglia (DRGs) of all lumbar and the first two
thoracic segments of the spinal column were excised and
transferred into Dulbecco’s modified Eagle’s medium (DMEM)
solution containing 50 wg/ml gentamicin (Sigma). The gan-
glia were treated with 1 mg/ml collagenase and 0.1 mg/ml
protease for 30 min (both from Sigma) and subsequently
dissociated using a fire-polished silicone-coated Pasteur
pipette. The cells were plated on poly-L-lysine-coated (200
pg/ml, Sigma) coverslips and cultured in TNB 100 cell culture
medium supplemented with TNB 100 lipid-protein complex,
100 pg/ml streptomycin, penicillin (all from Biochrom, Berlin),
and 200 pg/ml glutamine (Invitrogen) at 37 °C and 5% CO,. For
patch clamp experiments the medium was supplemented with
nerve growth factor (mouse NGF 2.5S, 100 ng/ml; Alomone
Labs, Tel Aviv, Israel). Electrophysiological recordings or Ca** -
imaging were performed within 20-30 h of dissociation.

Mutagenesis and Heterologous Expression—Mutagenesis of
human and mouse TRPA1 was performed as described previ-
ously (21, 22). Human TRPA1 ¢cDNA was obtained from Dr.
Paul Heppenstall (EMBL, Monterotondo, Italy), constructs of
mouse and human TRPA1 were obtained from Dr. Ardem
Patapoutian (The Scripps Research Institute, La Jolla, CA), and
all other cDNAs were obtained from Dr. David Julius (Univer-
sity of California, San Francisco). All constructs were con-
firmed by DNA sequencing. HEK293t cells were transfected as
described previously (23). Briefly, HEK293t cells were trans-
fected with plasmids of rat TRPV1 (1 ng), rat, mouse, or human
TRPA1l (5 pg), rat TRPV2, TRPV3, TRPV4 (2 ug), or rat
TRPMS (2 ug) along with a reporter plasmid (CD8-pih3m; 1
pg) by the calcium phosphate precipitation method. After incu-
bation for 12—15 h, the cells were replated in 35-mm culture
dishes and used for experiments within 2—3 days. Transfection-
positive cells were identified by immunobeads (anti-CD8 Dyna-
beads; Dynal Biotech).

Calcium Imaging—Cells grown on coverslips were loaded
with 5 um fura-2 AM and 0.02% pluronic F-127 (both from
Invitrogen) for 30 min, placed into a custom-made chamber,
and mounted on a Zeiss Axiovert inverse microscope with a
40X NeoFluar objective. Cells were continuously superfused
with extracellular fluid (145 mm NaCl, 5 mm KCl, 1.25 mm
CaCl,, 1 mm MgCl,, 10 mM glucose, 10 mm Hepes) or test solu-
tions, applied through a gravity-driven multi-channel common
outlet superfusion system (24). Cells were illuminated with a
75-watt xenon arc lamp and a monochromator alternating
between 340 and 380 nm of wavelength (Photon Technology
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International). Images were acquired at 1/s with 200-ms expo-
sure time using a CCD camera, controlled by Image Master
software (PTL, Birmingham, NJ). Fluorescence background was
continuouslyrecorded and subtracted before calculation of fluo-
rescence ratios. All experimental protocols were prepro-
grammed. Stimulation responses were quantified as the area
under the curve of the fluorescence ratio during the application
period; 10 s before application was used as the reference period.
Absolute increases in calcium concentration were calculated
(25). An increase of the intracellular calcium concentration of
at least 50 nm during the application period was considered as
activation. For chemicals tested by co-application at the second
of three repetitive stimuli, the mean of the first and third
response was used as the reference. At the end of all protocols a
10-s stimulus of KCl 60 mMm was applied as the control and
normalization reference for comparison between different
genotypes.

Patch Clamp Recordings—Whole cell voltage clamp was
performed on small diameter DRG neurons and transfected
HEK293t cells. Membrane currents were acquired with an Axo-
patch 200B amplifier (Axon Instruments/Molecular Devices,
Sunnyvale, CA), low-passed at 1 kHz, and sampled at 2 kHz.
Electrodes were pulled from borosilicate glass tubes (TW150F-3;
World Precision Instruments, Berlin) and heat-polished to give
a resistance of 1.5-2.0 megaohms. The standard external solu-
tion contained 140 mm NaCl, 5 mm KCl, 2 mMm CaCl,, 2 mm
MgCl,, 10 mm HEPES, 10 mm glucose (pH 7.4 adjusted with
tetramethylammonium hydroxide). In Ca®*-free solutions,
CaCl, was replaced by 5 mm EGTA. The internal solution con-
tained 140 mm KCl, 2 mm MgCl,, 5 mm EGTA, and 10 mm
HEPES (pH 7.4 adjusted with KOH). If not otherwise noted,
cells were held at —60 mV. All experiments were performed at
room temperature. Solutions were applied with a gravity-
driven polytetrafluorethylene-glass multiple-barrel perfusion
system. The pCLAMP 8.1 software (Axon Instruments) was
used for acquisition and off-line analysis.

Release of Calcitonin Gene-related Peptide (CGRP)—C57BL/6
mice of either sex with an average weight of about 20 g were
used. The sciatic nerve or the skin of both hind paws distal to
the knee was excised. The preparations were fixed to acrylic
rods by surgical threads and placed for 30 min in a thermostatic
shaking bath at 32 °C, filled with carbogen-gassed (95% O,, 5%
CO,) synthetic interstitial fluid containing 108 mm NaCl, 3.5
mM KCl, 26 mm NaHCO,, 1.7 mm NaH,PO,, 9.6 mM sodium
gluconate, 7.6 mm sucrose, 5.6 mM glucose, 1.5 mMm CaCl,, and
0.7 mm MgSO, (26). In each experiment, the preparations were
first incubated in test tubes containing control synthetic inter-
stitial fluid for two consecutive 5-min periods to determine
basal CGRP release. During the third 5-min incubation period,
the preparations were chemically stimulated in test solutions;
the fourth and fifth 5-min periods were for post-stimulation
control. CGRP content of the incubation fluid (120 ul for sciatic
nerves, 500 ul for hind paw skin) was measured using a com-
mercial EIA (bertin pharma, Montigny, France) as described in
detail (27). CGRP concentrations were determined photomet-
rically using a microplate reader (Dynatech). Blank samples of
synthetic interstitial fluid and all stimulation solutions were
measured; only the propofol vehicle, a triglyceride emulsion,
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interfered with the CGRP assay. A similar 70% recovery rate
was measured in samples spiked with 50, 100, and 200 pg/ml
CGRP, which allowed correction for this error.

Psychophysics—10 mMm GABA was diluted in isotonic saline;
the GABA solution and isotonic saline were titrated to pH 7.4
and sterile-filtered before injection. All subjects were intracu-
taneously injected with 10 mm GABA and isotonic saline (50 ul
each) with a 27-gauge needle into separate spots in the center of
the volar forearm. Both injections were performed in a double-
blinded fashion at an interval of 15 min between injections. In a
similar design, all subjects were injected with Propofol 1%® and
its carrier Lipofundin®, again double-blinded at 15-min inter-
vals. Pain was assessed on a numerical rating scale (0-10) at
1-min intervals for a period of 10 min.

Chemicals—Propofol (Sigma) was dissolved in dimethyl sulf-
oxide to a stock solution of 50 mm or 1 m and diluted in physi-
ological buffer upon use. Clinical colloidal solutions of propofol
were obtained from Braun (1 and 2% Propofol-Lipuro®, Mel-
sungen, Germany) and from AstraZeneca (Disoprivan®, 1%
propofol, Wedel, Germany); they could only be used diluted
(1/1000-1/10) in physiological buffers, because the original
solutions do not contain any essential salts or sugars. Capsaicin,
GABA, capsazepine, acrolein, carvacrol, picrotoxin, muscimol,
and baclofen were obtained from Sigma, PMA was from Cal-
biochem-Novabiochem, HC-030031 was from Enamine (Kiev,
Ukraine), and BCTC was from Enzo Life Sciences (Lorrach). 10
mM capsaicin and 1 mm PMA were dissolved in ethanol, 10 mm
capsazepine in dimethyl sulfoxide.

Data Analysis—Two data groups containing at least 10 sam-
ples were compared with dependent or independent samples ¢
tests. Multiple groups and repeated measurements were com-
pared by analysis of variance and LSD post hoc tests. CGRP
release experiments were performed using both hind paw skin
flaps of the same animal and compared using the Wilcoxon
matched pairs test. Association of variables was tested with the
product-momentum correlation. Statistical analysis was per-
formed using Statistica 7 (Statsoft, Tulsa, OK), dose-response
curves were fitted by the Hill equation in Origin 7.5 (OriginLab,
Northhampton, MA). Data are presented as the mean = S.E,;
p < 0.05 was considered significant.

RESULTS

Propofol Induces an Increase in [Ca”™ ], in Cultured DRG
Neurons—To investigate excitatory effects of propofol on sen-
sory neurons, we first applied clinically used formulations of
propofol to cultured DRG neurons from adult C57BL/6 mice. A
1000-fold diluted solution of 2% Propofol-Lipuro® (112 um)
evoked a reversible increase in intracellular calcium [Ca**]; in
79 of 137 neurons when applied for 3 min (Fig. 14). Notably,
this response showed a transient component of less than 60 s
and a sustained component that persisted as long as propofol
was applied. Lipofundin® (1000-fold diluted), the carrier for
propofol in Propofol-Lipuro®, induced no increase in [Ca®*],.
In contrast, a robust increase in [Ca®*], was also induced by 100
uM propofol dissolved in external solution containing 0.2%
dimethyl sulfoxide (Fig. 1B). In the absence of extracellular cal-
cium, this increase in [Ca®"], was completely abrogated (<4%
of control, n = 30, p < 0.001, ¢ test, Fig. 1B). A third application
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FIGURE 1. Propofol evokes an increase in [Ca®*]; in cultured DRG neurons
from C57BL/6 mice. A, a 1000-fold diluted (112 um) clinical propofol solution
(Propofol-Lipuro® 2%) evoked an increase in [Ca%*]; in more than half of all
neurons investigated. Note the persistent elevation of [Ca® ], throughout the
3-min application of propofol. No effect was observed of the 1000-fold
diluted carrier solution (Lipofundin®) applied before propofol. B, propofol-
evoked increase in [Ca®*];is due to an influx of extracellular calcium. Propofol
(100 wMm) in aqueous solution was applied for 30 s in intervals of 5 min. The
second application of propofol was performed in calcium-free extracellular
solution. The final 60 mm potassium application is not shown in this and fur-
ther panels. Data are presented as the mean = S.E. of all neurons tested.

of propofol in the presence of extracellular calcium, however,
elicited a reduced response, 57 = 14% in size of the first. Thus,
propofol apparently evokes an influx of extracellular calcium in
a large subpopulation of DRG neurons.

As demonstrated in Fig. 2, A and B, a 30-s application of
propofol in concentrations of 10 um or greater repeatedly
induced an increase in [Ca®>"]; in a concentration-dependent
manner (p < 0.001 each, n = 89, ¢ test-dependent samples, Fig.
2A). The corresponding EC,, value for wild-type DRG neurons
was 21 £ 1 um (Fig. 2B). As TRPV1 and TRPA1 were consid-
ered to be the main candidates mediating this propofol-induced
increase in [Ca®"], concentration-dependent activation by
propofol was also investigated in DRG neurons of mutant mice
lacking TRPV1, TRPAI, or both receptors (Fig. 24). Surpris-
ingly, similar concentration-dependent responses were ob-
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served in these DRG neurons (p < 0.001 for =10 um propofol,
n = 80, 102, and 70 for the respective genotypes, ¢ test-depen-
dent samples). However, the efficacy of propofol was signifi-
cantly reduced in neurons from knock-out mice as compared
with wild-type (analysis of variance F 3 ,og) = 6.7, TRPV1™/~
p = 0.036, n = 80; TRPA1~'~ p < 0.001, n = 102; TRPV1/
A17/~ p=0.003, n = 70; LSD post hoc tests, Fig. 2B). Although
TRPA1 /" neurons generated significantly smaller propofol-
induced responses as compared with TRPV1 ™/~ neurons (p =
0.039, LSD post-hoc test), no significant differences were
observed between neurons derived from double-knock-out
animals and the individual knock-out animals.

We also explored whether the functional properties of
propofol-induced responses in DRG neurons are altered in
TRPV1 ™/~ and TRPA1 ™/~ neurons. The activation and acute
adaptation or desensitization was studied by the application of
100 uMm propofol for 300 s. As demonstrated in Fig. 2C, the
increase in calcium showed transient and sustained compo-
nents in wild-type neurons as well as in neurons lacking TRPV1
or TRPAI. Notably, such a sustained component was not
observed with other TRPV1 and TRPA1 agonists (data not
shown), suggesting the involvement of another mechanism for
propofol-induced activation of DRG neurons. Therefore, the
excitatory effect of propofol was further examined by a com-
bined genetic and pharmacological approach.

TRPV1, TRPA1I, and GABA , Receptors Mediate the Propofol-
induced [Ca®" ], Rise in DRG Neurons—As displayed in Fig. 3,
A-D, three repetitive applications of 30 um propofol were
applied to wild-type C57BL/6, TRPV1 /", TRPA1 /", and
TRPV1/A1~’~ neurons. In neurons from TRPA1 /" animals,
the second response to propofol in presence of the TRPV1
antagonist BCTC (10 um) was largely reduced (p < 0.001, n =
68, t test, Fig. 3A). In neurons from TRPV1 /"~ animals, the
TRPA1 antagonist HC-030031 (50 um) strongly reduced the
response to propofol (p < 0.001, n = 76, t test; Fig. 3B). Both
BCTC and HC-030031 did not increase calcium per se, and the
propofol responses after washout of the antagonists were not
different from the first one (p = 0.54 and p = 0.82, ¢ test).
HC-030031 was recently reported to be a selective blocker of
TRPAL1 (8). However, we found that HC-030031 (50 um) mod-
erately inhibited calcium increases induced by high external
potassium (analysis of variance F; ;54 = 11.4, p < 0.001). In

FIGURE 2. TRPA1 and TRPV1 are not required for propofol-evoked cal-
cium increase in DRG neurons. A, shown is concentration-dependent acti-
vation by propofol of DRG neurons from wild-type C57BL/6 mice and mutants
deficient of TRPV1, TRPA1, or both receptors. Applications lasted for 30 s and
were applied at intervals of 5 min. Fluorescence ratios of all tested neurons
were normalized to the individual response to 60 mm external potassium and
averaged. B, concentration-response curves of propofol-evoked responses in
DRG neurons derived from wild-type C57BL/6, TRPV1~/~, TRPA1~/~, and
TRPV1/A1~’~ mice. Curves were fitted to the Hill equation. Note the retained
propofol effect even in the double mutants. C, propofol-evoked responses
display similar kinetics in neurons from C57BL/6, TRPV1~/~, and TRPA1 '~
animals. Propofol (100 um) was applied for 300 s, and data are presented as
the mean = S.E. of the fluorescence ratio. For C57BL/6 neurons, two separate
means are shown for neurons with a calcium increase above (n = 61, stippled
line) and below (n = 51, continuous line) 50 nm in the first minute. Note the
different activation time constants of 11 and 23 s of the calcium increase. In
neurons from both TRPV1 ™/~ and TRPA1~/~ mice the calcium increase was
also sustained over the application period but afterward returned to base
line. Data are presented as the mean = S.E. of all neurons tested.
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FIGURE 3. Selective blockers of TRPA1, TRPV1, and GABA, receptors
reduce propofol-evoked responses in DRG neurons. A-D, propofol 30 um
was applied for 30 s at intervals of 5 min. As indicated in the figures, the
respective blocker was co-applied with the second propofol application. A, in
TRPA1~’~ neurons, the TRPV1-blocker BCTC reversibly reduced the response
to propofol. B, in TRPV1 ™/~ neurons the TRPA1-blocker HC-030031 reduced
the response to propofol (however, see Supplement 1). C and D, the GABA,
receptor blocker picrotoxin (100 um) reduced responses to propofol in
C57BL/6 neurons (C) and completely blocked responses in neurons from
TRPV1/A1~’~ mice (D). Data are presented as the mean * S.E. of all neurons
tested.

wild-type neurons, we observed an inhibition by 28% at 15 um
and by 42% at 50 um HC-030031 (both p < 0.001, n = 23, LSD
post hoc tests, Supplement 1A). Importantly, HC-030031 also
inhibited potassium-induced calcium increases in neurons
from TRPA1 knock-out animals (inhibition by 10% at 15 um
and by 11% at 50 um, p = 0.009 and p = 0.020, n = 26, LSD post
hoc tests, Supplement 1B), although the inhibition was less con-
centration-dependent and pronounced as compared with neu-
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rons from wild-type animals (p < 0.001, LSD post hoc test).
Therefore, the TRPA1-related inhibition by HC-030031 of the
propofol response could be overestimated. BCTC, in contrast
to HC030031, did not reduce calcium influx evoked by high
external potassium (data not shown).

Activation of GABA , receptors by propofol in the central
nervous system is well known and putatively contributes to the
hypnotic effects of propofol (28, 29). As GABA , receptors are
expressed in primary sensory neurons, their activation was con-
sidered a possible mechanism mediating the residual, TRPA1/
TRPV1-independent action of propofol in DRG neurons. Using
the same protocol as for the TRP channels, the contribution of
GABA , receptors was investigated using the non-competitive
GABA , receptor antagonist picrotoxin. In neurons from wild-
type C57BL/6 mice, 100 uM picrotoxin reduced the response to
propofol by 48% (p = 0.019, n = 46, ¢ test, Fig. 3C). In neurons
from TRPV1/A1l double knock-out mice, the response was
reduced by 83% (p < 0.001, n = 82, ¢ test, Fig. 3D), and the
remaining calcium increase in the presence of propofol and
picrotoxin was minimal (3.3 = 0.6 nm). Thus, GABA , receptors
indeed appear to mediate propofol-induced activation of sen-
sory neurons.

We next aimed at analyzing the relative contributions of
TRPV1, TRPA1, and GABA , receptors to the effect of propofol
on DRG neurons. To this end, the sensitivity of wild-type DRG
neurons to propofol (30 um), GABA (10 um), capsaicin (100
nMm), and the TRPA1 agonist acrolein (10 M) was consecutively
investigated (Fig. 4A). The responsiveness to propofol was
strongly correlated to the magnitude of responses evoked by
GABA (r = 0.67, p < 0.001, n = 83). A similar correlation with
propofol was found for responses evoked by acrolein (r = 0.82,
p < 0.001) but not by capsaicin (r = —0.16, p = 0.51, Fig. 4B).
However, there was also a significant negative correlation
between GABA and capsaicin responses in wild-type neurons
(r = —0.23, p = 0.04), which may mask the propofol-capsaicin
correlation. In fact, a significant positive correlation between
propofol and capsaicin (100 nMm) resulted if both TRPA1 and
GABA, receptors were genetically and pharmacologically
silenced (r = 0.62, p < 0.001, n = 502, Fig. 4D). In the presence
of picrotoxin (100 um), 18% of all investigated TRPA1~/~ neu-
rons (n = 502) still responded to propofol (50 uMm). This fraction
increased to 38% after conditioning treatment with the protein
kinase C (PKC) activator PMA (100 nM for 60 s). Furthermore,
the fraction of propofol-sensitive neurons, which also re-
sponded to capsaicin, increased from 45 to 93% after treatment
with PMA. Synchronously, the propofol-induced calcium
increase was augmented to 306% of the original response (p <
0.001, ¢ test, Fig. 4C). GABA (10 uMm) was completely ineffective
under these experimental conditions (Fig. 4D).

Propofol Evokes Inward Currents in Mouse DRG Neurons
That Are Mediated by TRPV1, TRPAI, and GABA , Receptors—
To corroborate the data obtained by calcium imaging and to
study the effects of propofol in more detail, whole-cell volt-
age clamp was performed on DRG neurons from wild-type
C57BL/6 and TRPV1/A1~/~ mice. DRG neurons were charac-
terized due to their sensitivity to propofol (300 um), GABA (50
uM), capsaicin (1 um), and acrolein (50 um). The relatively high
concentration of propofol was applied to obtain comparable
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FIGURE 4. DRG neurons of C57BL/6 mice respond to GABA and TRP ago-
nists. A, mean calcium levels of neurons above (black) and below (gray) 50 nm
calcium increase upon stimulation with propofol. B, the calcium increase
evoked by propofol (30 um) is correlated with the responses to GABA (10 um)
and acrolein (10 um) but not to capsaicin (100 nm). The panels provide the
product-momentum correlation coefficient r. C, propofol (50 um) activated
TRPA1 ™/~ neurons in the presence of picrotoxin (100 um) is shown. PMA (100
nm) sensitized the response to subsequent propofol stimulations, and the
sensitized propofol response is correlated to the response evoked by capsa-
icin (100 nm) (D). The diameter of propofol-responsive neurons was 22.6 + 0.7
m, similar to all tested neurons in this protocol (23.5 = 0.7 wm) and neurons
responsive to GABA (24.2 = 0.8 um) or acrolein (23.6 = 0.8 um); only capsa-
icin-sensitive neurons were smaller compared with the other groups (19.7 =
0.7 wm, p = 0.02 for all comparisons, t tests). Data are presented as the
mean = S.E. of all neurons tested.

responses. As demonstrated in Fig. 5, A and B, DRG neurons
generated propofol-induced inward currents with various am-
plitudes and heterogeneous kinetic properties. In wild-type
neurons, 300 uMm propofol evoked inward currents in 75% (44/
59) of all neurons tested with a mean current amplitude of
10.6 = 1.1 pA/pF. Strikingly, both the prevalence (82%, 22/27)
and the mean amplitude (14.3 = 3.5 pA/pF) of propofol-in-
duced currents were not different in TRPV1/A1~/" neurons as
compared with wild type (p = 0.49 and p = 0.23, t test, Fig. 5, C
and D). Only 7 (16%) of all propofol-sensitive wild-type neurons
were also capsaicin-sensitive; these neurons generated small
propofol-induced currents (6.8 = 1.9 pA/pF). Capsaicin-in-
duced currents were observed in 32% (19/59) of all wild-type

34786 JOURNAL OF BIOLOGICAL CHEMISTRY

A Propofol GABA  Capsaicin Acrolein
T N V
f | 500 pA
H 10s
B Propofol GABA  Capsaicin Acrolein

| 400 pA

S *V
10s
n.s. *
r | — |
75 n.s.
| — |

50
25

0

C57BL/6 V1/A1 C57BL/6 V1/A1 Cap+ Acro+ Cap—
++ —/— ++ —/- Acro—

]

Current Amp.(pA/pF) m
>

I
@ N O
oo N

IS

Percentage of cells O
N

Current Amp.(pA/pF) O
o

_n
@®

TRPV1/A17~ H Picrotoxin

120 . Prop._-
; 90 "

60 - -I

b r=098

p<0.001

00 C57BL/6

»r O ©
S © ©
.

- e
.

GABA
Current Amp. (pA/pF)
. ]
GABA
Current Amp. (pA/pF)

] =086
- 5.‘ - p <0.001

N
o

100 pA

o
©.=
]

10 20 30 0 10 20 30 40 0s
Current Amp. (pA/pF) Current Amp. (pA/pF)
Propofol Propofol

FIGURE 5. Propofol evokes inward currents in mouse DRG neurons. A and
B, shown are representative current traces of DRG neurons treated with 300
M propofol, 50 um GABA, 1 um capsaicin, and 50 um acrolein. Cells were held
at —60 mV, and each substance was applied for 10-30 s at intervals of 2 min.
A, smalland transient propofol-evoked currents with a resurgent current after
application of propofol were commonly observed in neurons generating
small GABA-evoked currents but large capsaicin and acrolein-evoked
currents. B, large propofol-evoked currents were observed in neurons gener-
ating large GABA-evoked currents but no capsaicin-and acrolein-evoked cur-
rents. C and D, the percentage (C) of DRG neurons generating propofol-
evoked (>30 pA) currents and their current amplitudes (D) were not
significantly different in neurons derived from wild-type C57BL/6 and
TRPV1/A1 double-knock-out mice. * denominates p < 0.05; p < 0.001; n.s.,
denominates a non-significant finding. E, in wild-type DRG neurons, ampli-
tudes of propofol-evoked currents were larger in capsaicin and acrolein-in-
sensitive neurons compared with capsaicin or acrolein-sensitive neurons.
Fand G, in both wild-type C57BL/6 (F) and TRPV1/A1 knock-out (G) neurons, a
strong correlation was found for peak amplitudes of currents evoked by
GABA and propofol. Peak current amplitudes evoked by propofol and GABA
were plotted for each cell. The panels show the product-momentum correla-
tion coefficient. H, the propofol (Prop.)-evoked (300 um) inward currents in
neurons derived from a TRPV1/A1 double-knock-out mouse were completely
and reversibly blocked by the GABA antagonist picrotoxin (100 um).

neurons tested. Thus, the majority (12, 63%) of these neurons
did not respond to propofol. Similarly, 36.4% (16/44) of all
propofol-sensitive wild-type neurons were acrolein-sensitive
and generated small propofol-induced currents (7.4 * 1.3
pA/pE, p = 0.74, t test, Fig. 5E). In contrast to capsaicin-sensi-
tive neurons, the majority of the acrolein-sensitive neurons
(31%, 18/59) also generated propofol-induced currents (89%,
16/18). As demonstrated in Fig. 54, acrolein-sensitive neurons
typically generated propofol-induced currents with a resurging
current after the application of propofol. Furthermore, 55%
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FIGURE 6. Propofol activates and blocks TRPA1. A, shown are representa-
tive current traces of propofol-evoked inward currents. Increasing concentra-
tions of propofol were applied for 10-15 s on different HEK293t cells express-
ing TRPA1 (V,, —60 mV). To prevent desensitization, only one concentration
was tested on each cell. B, shown is a dose-response curve for propofol-
evoked activation of TRPA1. Each concentration was tested on 6-10 cells.
C and D, propofol blocks acrolein-evoked currents in HEK293t-TRPA1 cells.
C, propofol (30 um) was co-applied with 50 um acrolein after the acrolein-
evoked current had reached a steady state. D, block by propofol was calcu-
lated on normalized currents activated by 50 um acrolein alone and in com-
bination with 30 um propofol. E, the TRPAT antagonist HC-030031 (100 wm)
completely blocked propofol (Prop.)-evoked currents in HEK293t-TRPA1 cells.
HC-030031 was co-applied with 10 um propofol after the propofol-evoked
current had reached a steady state. F, propofol activates TRPV1 and TRPV3 but
not TRPV2, TRPV4, and TRPM8. Representative current traces are shown of
each TRP subunit treated with propofol. The effect of 300 um propofol was
examined on HEK293t cells expressing TRPV1, TRPV2, TRPV3, TRPV4, and
TRPM8. Cells were held at —60 mV. Note the small (< 20 pA) current observed
in some TRPM8-expressing cells, probably reflecting a weak activation by
propofol.

(24/44) of all propofol-sensitive wild-type neurons did not dis-
play sensitivity to capsaicin or acrolein but generated signifi-
cantly larger propofol-induced currents than neurons that were
sensitive to capsaicin or acrolein (13.4 = 1.6 pA/pF, p = 0.002,
ttest, Fig. 5E), suggesting a negative correlation between propo-
fol/GABA responses and the effects of the irritants. 50 um
GABA induced inward currents in 81.5% of wild type (44/54) as
well as TRPV1/A1~/~ neurons (22/27). All propofol-sensitive
neurons also responded to GABA (wild-type 40/40, TRPV1/
A17/7 22/22). Furthermore, a strong correlation was found for
peak current amplitudes evoked by propofol and GABA in neu-
rons from both wild-type (r = 0.86, p < 0.001, Fig. 5F) and
TRPV1/A1~’" animals (r = 0.98, p < 0.001, Fig. 5G). Propofol-
induced inward currents in neurons derived from TRPV1/
A1~/ animals were completely blocked by the GABA , recep-
tor blocker picrotoxin (100 um, n = 7, Fig. 5H).

Propofol Activates and Blocks TRPAI—It was recently sug-
gested that TRPA1 is the only TRP receptor in DRG neurons
that is activated by propofol (5). We found that rat TRPA1
expressed in HEK293t cells is indeed activated by propofol in a
concentration-dependent and reversible manner (Fig. 6A).
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Propofol induced inward currents in TRPA1-HEK293t cells at
0.3 uMm and higher concentrations, thus, displaying a compara-
ble potency on TRPA1 as has been described for GABA , recep-
tors (30). At concentrations above 10 uMm, propofol consistently
activated currents that appeared to inactivate during stimula-
tion (Fig. 6B). These currents were associated with resurging
currents after termination of propofol (see 100 um propofol in
Fig. 6A4). This phenomenon has been reported previously (5),
and a possible mechanism might be a propofol-induced pore-
block of TRPA1 in the open state. To test this hypothesis,
propofol was co-applied when an acrolein-induced inward cur-
rent had reached steady state (Fig. 6C). Indeed, 30 um propofol
blocked acrolein-induced currents by 89.2 = 2.8%,n =7 (p =
0.018 Wilcoxon, Fig. 6, C and D). Fig. 6 further demonstrates
that propofol-induced currents in TRPA1-HEK293t cells
were completely blocked by the TRPA1l antagonist HC-
030031 (100 M, n = 5, Fig. 6E). We also examined the effect
of propofol on other TRP receptors supposed to be functionally
expressed in sensory neurons or to have an impact on periph-
eral nociception. As demonstrated by representative current
traces in Fig. 6F, 300 um propofol activated robust inward cur-
rents in HEK293t transiently expressing rat TRPV1 and
TRPV3. TRPM8-HEK293t cells produced minimal propofol-
induced currents (<50 pA, n = 8), no response was observed in
TRPV2, TRPV4, or non-transfected HEK293t cells (n = 9-14
for each receptor type). In the case of TRPV3, current ampli-
tudes regularly increased upon repeated application of propofol
(Supplement 2). This sensitization upon repeated stimulation is
a typical feature of TRPV3 (31).

Propofol Activates and Desensitizes TRPVI—The action of
propofol on TRPV1 was further investigated on the recombi-
nant rat TRPV1 heterologously expressed in HEK293t cells. As
demonstrated in Fig. 7A, propofol activated TRPV1 in a con-
centration-dependent manner with an EC.,0f 90 * 20 uM (n =
6-10 for each concentration, Fig. 7B). Propofol-induced
inward currents were completely blocked by the competitive
TRPV1 antagonist capsazepine (10 um, 99 * 3%, n = 10, Fig.
7C). Unlike most TRPV1 agonists, propofol did not sensitize
TRPV1 when co-applied in half-maximal effective concentra-
tions together with another TRPV1-agonist. As demonstrated
in Fig. 7, D and E, co-application of capsaicin (5 nm) and propo-
fol (100 uMm) resulted in even smaller currents than application
of capsaicin alone (58.4 = 13.7% reduction, p = 0.003, n = 8, ¢
test). The propofol sensitivity of TRPV1 was strongly enhanced
by the activation of PKC by PMA, an effect that had previously
proven very effective in calcium imaging experiments on DRG
neurons (Fig. 4C). When the initial application of 100 um
propofol was followed by a 3-min lasting superfusion of the
PKC activator PMA (1 um), the inward currents activated by a
second application of propofol displayed a 28 * 6.8-fold
increase in peak amplitudes (p = 0.001, ¢ test, n = 8, Fig. 7F).
This PMA-induced sensitization of propofol-induced inward
currents was abrogated in the TRPV1 double-mutant S502A/
S800A, the putative PKC phosphorylation sites of TRPV1
(1.6 = 0.7-fold increase, p = 0.42, t test, n = 6, Fig. 7E). We also
explored the ability of propofol to desensitize TRPV1. A pro-
nounced desensitization and tachyphylaxis is a typical feature
of TRPV1 when activated repeatedly. This process is induced by
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FIGURE 7. Propofol activates and desensitizes TRPV1. A, shown are traces
of propofol-evoked inward currents. Increasing concentrations of propofol
were applied for 10-15 s on HEK293t-TRPV1 cells (V,,, —60 mV). To prevent
desensitization, only one concentration was tested on each cell. B, shown is a
concentration-response curve for propofol-evoked activation of TRPV1. The
curve corresponds to a fit with the Hill equation. C, the TRPV1-antagonist
capsazepine (CPZ, 10 um) blocked propofol-evoked TRPV1 currents. CPZ
was co-applied with propofol (100 uwm) after the propofol-evoked current had
reached a steady state. D and E, Propofol (Prop.) does not potentiate capsaicin
(Cap)-evoked TRPV1-currents. D, capsaicin (5 nm) was applied alone and then
co-applied with 100 um propofol. E, when normalized to the current activated by
capsaicin alone, co-application with propofol resulted in a reduction of the cur-
rent amplitude. F, activation of PKC sensitized propofol-evoked currents in
HEK293t-TRPV1 cells. After the first application of propofol (1 um), cells were
treated with the PKC activator PMA (100 nm). Whereas wild-type TRPV1 was sen-
sitized by PMA, no sensitization was observed on the TRPV1-mutant S502A/
S800A. G and H, calcium-independent desensitization of propofol-evoked TRPV1
currents is shown. G, representative traces displaying desensitization of currents
activated by repeated applications of 300 um propofol are shown. Propofol was
applied for 5-10 s at intervals of 2 min (V,,, =60 mV). H, when normalized to the
firstapplication, a calcium-independent desensitization was revealed. /, propofol
desensitizes capsaicin-evoked currents in HEK293t-TRPV1 cells. Capsaicin (100
nm) was applied every 2 min in a calcium-free extracellular solution. Whereas no
significant desensitization of capsaicin-evoked currents was observed in cells
treated with control solution, a continuous application of 30 um propofol
resulted in desensitization.

arise in [Ca®"], and can, thus, be significantly reduced by the
removal of extracellular Ca®>" ions (21). When applied repeat-
edly, 300 um propofol induced inward currents displaying a
strong desensitization (analysis of variance, F, 5,y = 12.392,
p = 0.001, Fig. 7G). The responses to subsequent propofol
applications were reduced to 72.3 = 14.2 and 48.8 = 10.2% in
the presence of extracellular calcium and not significantly dif-
ferent in the absence of extracellular calcium (53.7 = 20.1%, n =
5and 37.0 = 24.0%, n = 7, p = 0.66, LSD post-hoc test, Fig. 7, G
and H). In contrast, repeated applications of capsaicin (100 nm)
in the absence of extracellular Ca>* produced stable inward
currents without any sign of desensitization (2nd application to
99.9 = 5.5% and 3rd application to 103.4 = 10.9%, n = 5).
Intriguingly, continuous application of propofol (30 um) during
the intervals (3 min) of the capsaicin applications resulted in a
cross-desensitization of the capsaicin-induced currents even in
the absence of extracellular Ca*" (2nd application to 63.8 *
6.2% and 3rd application to 48.6 £ 6.7%, p = 0.001 and 0.012,
Wilcoxon, n = 8).
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FIGURE 8. Potential interaction sites of propofol on TRPA1. A and B, repre-
sentative current traces of propofol-evoked inward currents on wild-type
hTRPA1 (A) or hnTRPA1-C6215/C641S/C665S (B) are shown. Propofol (300 um),
carvacrol (250 um), and acrolein (100 um) were applied for 10-30 s on
HEK293t cells held at V,,, =60 mV. C, chemical structures of menthol (2-iso-
propyl-5-methylcyclohexanol), thymol (2-isopropyl-5-methylphenol), carva-
crol (5-isopropyl-2-methylphenol), and propofol (2,6-diisopropylphenol) are
shown. Transmembrane domain 5 is a determinant for species different acti-
vation of TRPA1 by propofol. D-F, shown are representative current traces of
inward currents evoked by propofol (100 and 300 um) on wild-type mTRPA1
(D), the chimera mTRPA1-hTM5/6 (E), and the chimera hTRPAT-mTM5/6 (F).
Propofol was applied for 10-15 s on HEK293t cells held at V,,, —60 mV. Propo-
fol and menthol require distinct interactions sites to activate TRPA1. G-H,
representative current traces of inward currents evoked by propofol (300 um),
menthol (300 um) and acrolein (100 um) on the mutant constructs mTRPAT-
S876V/T877L (G) and hTRPA1-S873V/T874L (H) are shown. Substances were
applied for 10-30 s on HEK293t cells held at V,,, —60 mV.

Propofol Modulates TRPA1 by Mechanisms Other Than
Covalent Modification of Reactive Cysteine Residues or In-
teracting with Residues within TM5—Considering our data
and previous reports, propofol obviously activates several
TRP channels with the greatest potency for TRPA1 followed
by TRPV1. The relatively slow kinetics of propofol-induced
TRPAI1 currents resemble the properties of currents acti-
vated by substances considered to activate TRPA1 by a cova-
lent modification of reactive cysteine residues, i.e. acrolein
and mustard oil (32, 33). Notably, the same mechanism (i.e. a
covalent modification of cysteine residues) was also demon-
strated to mediate a sensitization or activation of TRPV1 (37,
38). We, therefore, asked if propofol modulates TRP chan-
nels by this mechanism and first studied mutant constructs
of human TRPA1 (hTRPA1) in which the responsible cys-
teine residues were replaced by serine (hTRPA1-C621S/
C641S/C665S). As previously demonstrated, this triple mutant
was completely insensitive to 100 um acrolein (Fig. 8B). How-
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ever, it still generated large inward currents after application of
300 uM propofol (697.5 = 263.3 pA, n = 8) and the previously
established TRPA1-agonist carvacrol (250 um) (Fig. 8B). Thus,
modification of cysteine residues is unlikely to be the common
mechanism for propofol-induced activation of TRP channels.
While performing the experiments on human TRPA1, we
observed a prominent species difference between wild-type
rat and human TRPA1 with regard to propofol-induced
inward currents. The above-mentioned resurging currents,
which were observed for rTRPA1 after termination of propofol
in concentrations above 10 um (Fig. 6A4), were missing for
hTRPA1 even with 300 um propofol (Fig. 84, n = 7 for wild-
type hTRPA1). A similar species difference between rodent
and human TRPA1 was recently demonstrated for activation
by menthol; mouse TRPA1 (mTRPA1) is both activated and
blocked by menthol, whereas hTRPA1 is only activated (22).
This differential effect might be determined by the pore region
including the transmembrane domain 5 (TM5). Based on com-
parative studies on mammalian TRPA1 and the menthol-insen-
sitive Drosophila TRPA1, Xiao et al. (22) also identified specific
residues within TM5 as being crucial for both menthol and
thymol sensitivity of TRPA1. Notably, menthol, thymol, and its
isomer carvacrol all display close structural similarities to
propofol (Fig. 8C). Furthermore, menthol and propofol share
common interaction sites for activation of GABA , receptors
(39, 40). We, therefore, pursued the possibility that propofol
employs the same mechanisms as menthol and thymol to acti-
vate TRPA1 and next explored mutant constructs of mouse and
human TRPA1l. Wild type mTRPA1l behaved similarly to
rTRPA1 and displayed propofol-induced inward currents at
100 um and inhibition at 300 um followed by resurging currents
(Fig. 8D, n = 6). The chimera mTRPA1-hTM5- 6, however, in
which the region TM5 through TM6 from hTRPA1 was intro-
duced, behaved like wild-type hTRPA1 and displayed large
propofol-induced currents without a resurging current after
application (Fig. 8E, n = 5). Accordingly, the reverse chimera
hTRPA1-mTMb5-6 behaved like wild-type mTRPA1 and dis-
played propofol-induced currents at 100 um and inhibition at
300 uMm followed by prominent resurging currents (Fig. 8F, n =
6). We next examined if residues within TM5, which were dem-
onstrated to be required for activation by menthol and thymol
(22) are also required for propofol sensitivity of TRPA1. Sur-
prisingly, 300 uM propofol induced large inward currents in
Hek293t cells expressing the menthol-insensitive mutants
mTRPA1-S876V/T877L (Fig. 8G, 1909.6 = 808.6 pA, n = 5)
and hTRPA1-S873V/T874L (Fig. 8H, 493.4 = 162.0 pA, n = 5)
(Fig. 8H). Notably, mTRPA1-S876V/T877L generated propo-
fol-induced current lacking a resurging current after applica-
tion. In contrast to propofol, we found that both mutants were
insensitive to carvacrol (data not shown). Thus, despite similar-
ities in chemical structure, propofol obviously employs other or
additional mechanisms to gate TRPA1 as compared with car-
vacrol, thymol, and menthol.

Propofol Induces a TRPV1 and TRPA1 but Not GABA ,-de-
pendent Release of CGRP from Isolated Peripheral Nerves—The
experiments performed on cultured cells suggest that the exci-
tatory effect of propofol is largely carried by TRPA1 and
GABA , receptors, both masking a substantial contribution of
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TRPV1 that may at least become relevant under conditions of
inflammatory sensitization. However, DRG neurons in culture
are just a model of their nociceptive nerve endings that express
functional TRPA1 and TRPV1 channels to mediate pain upon
activation. In contrast, it is quite uncertain whether GABA is
able to excite peripheral nerve fibers to induce pain as well. To
address this question, we now aimed at investigating whether
propofol is able to activate peripheral nerve endings and induce
a release of the proinflammatory neuropeptide CGRP. Activa-
tion of nociceptive neurons leads to a Ca>"-dependent release
of CGRP, which contributes to neurogenic inflammation, to
peripheral sensitization of nociceptive afferents, and to central
sensitization in the spinal cord (34, 35). Isolated mouse sciatic
nerves were stimulated with clinically used emulsions of
propofol or with Lipofundin®. 1% Propofol-Lipuro® or 1%
Disoprivan®, 10-fold diluted in synthetic interstitial fluid (= 5.6
mM propofol), evoked a significant release of CGRP (both p =
0.012 and n = 8, Wilcoxon) with similar efficacies (p = 0.40, U
test). In contrast, 10-fold diluted Lipofundin® did not stimulate
CGRP release (Fig. 94). In TRPV1/A1 double knock-out ani-
mals, no CGRP release was observed upon stimulation with
Propofol-Lipuro® 1% (p = 0.27, n = 8, Wilcoxon). However,
high external KCl (60 mm) evoked similar responses to those
observed in wild types (data not shown). The diluted clinical
emulsions are known to contain “free” propofol in the aqueous
phase at concentrations of 5 and 6.7 um, respectively (36).
These concentrations and 100-fold higher ones of propofol in
aqueous solution (using DMSO as a solubilizer) did not evoke a
significant CGRP release from the isolated nerve preparation
(data not shown). Propofol at 5.6 mM, the same concentration
as nominally contained in both 10-fold diluted clinical emul-
sions, induced a significant response of about the same magni-
tude as diluted Propofol-Lipuro® and Disoprivan® (Fig. 9A4).
This response was clearly concentration-dependent as the
10-fold higher propofol concentration 56 mm (as in the undi-
luted original clinical emulsions) caused a 5-fold greater CGRP
release (Fig. 9B).

Surprisingly, the application of 100 um GABA did not evoke
any release of CGRP from sciatic nerves (p = 0.73, n = 7, Wil-
coxon). The exposure of hind paw skin, another established
model for activation of peripheral nerve endings, to 10 mm
GABA also did not elicit any CGRP release (p = 0.26, n = 6,
Wilcoxon, lower concentrations for GABA not shown, Fig. 9C).

Similarly, the selective GABA , receptor agonist muscimol
did not elicit any CGRP release (1 and 10 uM, n = 4 each, Fig.
9D). Finally, GABA (100 um) did not amplify the release of
CGRP induced by high potassium (60 mm). Correspondingly,
the selective GABA-receptor agonist baclofen (100 um) did
not inhibit high potassium-induced release of CGRP, suggest-
ing that GABAj receptor stimulation is unlikely to mask
GABA ,-evoked CGRP release (Supplement 3).

Propofol but Not GABA Induces an Intense Pain upon Intra-
cutaneous Injection—Notably, stimulated CGRP release only
covers the peptidergic subpopulation of peripheral nocicep-
tors, and propofol-induced injection pain is a phenomenon
observed in humans. Therefore, we finally employed psycho-
physics on volunteers (the authors of the study, n = 5) with the
intention to further narrowing down the roles of TRP channels
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FIGURE 9. Propofol-stimulated release of CGRP from isolated sciatic nerves.
A, Lipofundin® is the medium-chain triglyceride/long-chain triglyceride carrier
solution of Propofol-Lipuro® is shown. Compared with diluted Lipofundin®,
10-fold diluted triglyceride emulsions of 1% propofol (5.6 mmin Propofol-Lipuro®
and the long-chain triglyceride emulsion Disoprivan®) evoked a significant and
reversible increase in CGRP release in C57BL/6 mice. This response was abro-
gated in nerves from TRPV1/A1~/~ double knock-out mice (n = 8 sciatic nerves
per group). B, propofol in aqueous solution (5.6 mm from 1 m stock in DMSO)
induced about as much CGRP release as the diluted clinical emulsions of the
same overall concentration, and 5-fold more CGRP was released at a 10-fold
higher propofol concentration which equals the original emulsions (n = 8 sciatic
nerves for both concentrations). C, GABA did not stimulate CGRP release either
from sciatic nerves (n = 7) or at 100-fold higher concentration from hind paw skin
of C57BL/6 mice (n = 6). D, activation of GABA, receptors by muscimol did also
not increase CGRP release from hind paw skin (n = 4 each).
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and GABA , receptors in mediating propofol-induced injection
pain. 1% Propofol-Lipuro®, Lipofundin®, buffered GABA (10
mM) or isotonic saline was injected intracutaneously at separate
marked sites of the volar forearm (50 wl). Drugs were applied in
a double-blinded fashion and in random order at an interval of
15 min. Whereas propofol injection was reported more or less
painful for several minutes by all subjects (on a numerical
scale), no painful sensation was reported by anyone of the sub-
jects after injection of Lipofundin®, GABA, or isotonic saline.

DISCUSSION

Propofol is one of the most widely used general anesthetics in
clinical practice. We show that propofol activates the TRP
receptors TRPA1 and TRPV1 in DRG neurons and in HEK293t
cells. In addition, GABA , receptors substantially contribute
to the propofol-induced response in DRG neurons as mea-
sured by both calcium imaging and whole-cell patch clamp.
Propofol, but not GABA, also evokes release of CGRP from
isolated peripheral nerve of wild-type but not TRPV1/A1l-
deficient mice. Finally, intracutaneous injection of propofol
induced an intense pain in humans, an effect that could not be
mimicked by GABA.

Activation of TRP Channels by Propofol—TRPA1 has been
reported to be responsible for the activation of nociceptors by
general anesthetics, including propofol (5). TRPA1 was identi-
fied as the principal molecular determinant of propofol-in-
duced pain in two acute animal models of pain, nocifensive
behavior after nasal epithelial application and vascular pain.
We confirm with the following findings that TRPA1 signifi-
cantly contributes to propofol-induced activation of nocicep-
tors; 1) propofol activated recombinant TRPA1, 2) in DRG neu-
rons, the propofol-induced activation correlated well with
activation by the TRPA1 agonist acrolein, and it could be antag-
onized by the TRPA1-inhibitor HC-030031, and 3) deletion of
TRPA1 reduced the activation by propofol in TRPA1 /" as
compared with both WT and TRPV1 ™/~ neurons. Matta et al.
(5) reported that DRG neurons from TRPA1 knock-out animals
failed to respond to 100 um propofol. In contrast, we performed
several experiments indicating that propofol induces a signifi-
cantactivation of TRPV1; 1) propofol activated inward currents
in TRPV1-transfected HEK293t cells, 2) the TRPV1 antagonists
BCTC and capsazepine inhibited propofol-induced responses
in HEK293t cells and DRG neurons, 3) propofol activated DRG
neurons in the absence of TRPA1 and GABA , receptor contri-
butions, and 4) propofol-induced responses were sensitized by
activation of PKC. In DRG neurons the activation of TRPV1 by
propofol appeared to be masked by the more obvious TRPA1
and GABA ,-mediated effects. These results are reminiscent of
a recent report showing that volatile anesthetics activate
TRPV1 after phosphorylation through PKC (16). Thus, activa-
tion of TRPV1 by general anesthetics may be more important
under conditions of inflammation due to a PKC-mediated
phosphorylation of TRPV1 triggered by inflammatory media-
tors such as bradykinin and prostaglandins.

The activation of TRPA1 and TRPV1 by propofol might be
indicative for a conserved mechanism of chemical activation. A
covalent modification of cysteine residues was previously iden-
tified as a common mechanism for activation of TRPA1 and
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TRPV1 (32, 33, 37, 38). We found that the acrolein-insensitive
mutant hTRPA1-C621S/C641S/C665S is sensitive to propofol
and, thus, TRP channels most likely are not gated by propofol
via covalent modification. The retained carvacrol sensitivity
of hTRPA1-C621S/C641S/C665S is not surprising regarding
the similar chemical structures of propofol and carvacrol. Dif-
ferential effects of these substances on hTRPA1 and mTRPA1
indeed appear to be encoded by the same molecular determi-
nants within TM5, i.e. a bimodal action on mTRPA1 with acti-
vation and block as compared with only an activation of
hTRPAL. However, the previously demonstrated insensitivity
of mTRPA1-S876/T877L and hTRPA1-S873V/T874L to men-
thol and thymol (22) did not apply for propofol, which induced
large inward currents on both mutants. In contrast, we found
that both mTRPA1-S876/T877L and hTRPA1-S873V/T874L
were also insensitive to carvacrol. Notably, menthol has general
anesthetic properties and activates GABA , receptors via inter-
action sites that are also known to be required for activation by
propofol (39, 40). Taking into account the striking similarities
between propofol and menthol in chemical structures and the
mode of action on GABA , receptors, it is rather surprising that
the mechanisms for activation of TRPA1 by propofol are appar-
ently distinct from those required for activation by menthol,
thymol, and carvacrol. Whereas the mechanism for propofol-
induced activation of TRPA1, thus, remains to be identified,
our data suggest that propofol seems to be an interesting sub-
stance for further studies into the molecular pharmacology of
TRPA1 and other TRP channels.

Activation of GABA 4, Receptors by Propofol—Prolonged ap-
plication of propofol produced a biphasic response in DRG
neurons with a non-adapting component distinct from the
desensitization reported for both TRPV1 and TRPA1 activation
by agonists in the presence of calcium (41, 42). About half of the
activation by propofol was concentration-dependently retained
in TRPV1/A1 double knock-out animals, clearly in contrast
with the previously reported results (5). This remaining action
of propofol was highly correlated with the current or calcium
influx elicited by GABA and was abrogated by the GABA
receptor antagonist picrotoxin. Furthermore, the lack of a
major rightward shift of the propofol concentration-response
curve in TRPA1™/~ or TRPV1 /" neurons suggests a similar
potency of propofol on GABA, receptors and TRP channels.
Thus, our cellular data clearly suggest that GABA , receptors
account for a significant proportion of the propofol sensitivity
of sensory neurons. However, we also show that propofol but
not GABA or the selective GABA , receptor agonist muscimol
evoke a release of CGRP from sciatic nerves in a previously
established model (43, 44). Similarly, GABA failed to amplify,
and the selective GABA-receptor agonist baclofen failed to
inhibit high potassium-induced CGRP release from hind paw
skin. Additionally, intracutaneous injection of GABA did not
elicit a painful sensation in humans. Considering the existing
literature on the action of GABA on peripheral sensory neu-
rons, these results are in part controversial. In contrast to the
inhibitory profile of GABA in the central nervous system,
GABA is known to induce a depolarization and an increased
excitability in sensory neurons from frogs (45), cats (46), rats
(46 —48), and humans (49). Accordingly, GABA , receptors are
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expressed in primary afferent neurons with a significant co-
expression with nociceptive markers such as TRPV1 (50-53).
Moreover, peripheral injection of GABA or the GABA  recep-
tor agonist muscimol was reported to induce or increase pain-
like behavior in rodents (54, 55). The depolarizing effect of
GABA on sensory neurons is due to a high intracellular chloride
concentration resulting from expression of the NKCC1 co-
transporter (56). Whereas GABA , receptors appear to be ex-
pressed in the majority of DRG neurons, it was suggested that
only those neurons expressing the Ca,3.2/alH T-type calcium
channel are able to generate GABA-induced action potentials
(57). Accordingly, a recent report from Carr et al. (49) demon-
strated a GABA , receptor-mediated increase in excitability in
only ~40% of C-fibers in human peripheral nerves. Notably, the
same study only reported an increased electrical excitability
and not an activation of C-fibers by GABA. This notion is in
good agreement with the lack of injection pain after intracuta-
neous injection of GABA in our study, collectively suggesting
that GABA itself does not activate action potentials in human
C-fibers. In addition, our data add to rather conflicting litera-
ture on the GABA effects on neuropeptide release from C-fi-
bers comprising GABA , -mediated inhibition (59), facilitation
(60, 61), and no effect (62, 63). Taken together, our data and a
considerable number of previous reports do not support the
possibility that GABA , receptors mediate a substantial activa-
tion of peripheral sensory neurons or a release of neuropep-
tides. Additionally, our data do not support the possibility that
GABA;, receptor stimulation masks any potential GABA,
receptor evoked pronociceptive effect. However, given the com-
plexity of GABAergic signaling in sensory neurons, a pro-noci-
ceptive action of propofol mediated by GABA , receptors can-
not be totally excluded.

Clinical Relevance and Conclusions—Our data reveal TRPA1
and TRPV1 as main mediators of propofol-induced pain
and release of neuropeptides. The release of neuropeptides
from peripheral and central terminals of sensory neurons
induces vascular leakage and dilatation and is thought to
contribute to neurogenic inflammation in the periphery and
to central sensitization in the spinal dorsal horn. Although
corresponding data in a clinical setting is currently lacking, it
seems conceivable that propofol can cause a clinically signif-
icant sensitization of nociceptors by directly activating or sen-
sitizing TRPA1 and TRPVI. As this condition might persist
beyond the intra-operative period, it might prove relevant in
the etiology of post-operative and persistent pain. If this con-
cept was supported by clinical data, it might alter the under-
standing of the consequences of the intra-operative use of
propofol and other general anesthetics with a similar profile. In
this regard, TRPV1 and/or TRPA1 antagonists might prove to
be helpful analgesic adjuncts for the prevention and the treat-
ment of post-operative pain.
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