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BACKGROUND: Mechanisms for how environmental chemicals might influence pain has received little attention. Epidemiological studies suggest
that environmental factors such as pollutants might play a role in migraine prevalence. Potential targets for pollutants are the transient receptor
potential (TRP) channels ankyrin 1 (TRPA1) and vanilloid 1 (TRPV1), which on activation release pain-inducing neuropeptide calcitonin gene-
related peptide (CGRP).

OBJECTIVE: In this study, we aimed to examine the hypothesis that environmental pollutants via TRP channel signaling and subsequent CGRP release
trigger migraine signaling and pain.

METHODS: A calcium imaging—based screen of environmental chemicals was used to investigate activation of migraine pain—associated TRP channels
TRPA1 and TRPV1. Based on this screen, whole-cell patch clamp and in silico docking were performed for the pesticide pentachlorophenol (PCP) as
proof of concept. Subsequently, PCP-mediated release of CGRP and vasodilatory responses of cerebral arteries were investigated. Finally, we tested
whether PCP could induce a TRPA1-dependent induction of cutaneous hypersensitivity in vivo in mice as a model of migraine-like pain.

RESULTS: A total of 16 out of the 52 screened environmental chemicals activated TRPAT1 at 10 or 100 uM. None of the investigated compounds acti-
vated TRPV1. Using PCP as a model of chemical interaction with TRPA1, in silico molecular modeling suggested that PCP is stabilized in a lipid-
binding pocket of TRPA1 in comparison with TRPV1. In vitro, ex vivo, and in vivo experiments showed that PCP induced calcium influx in neurons
and resulted in a TRPA1-dependent CGRP release from the brainstem and dilation of cerebral arteries. In a mouse model of migraine-like pain, PCP
induced a TRPA1-dependent increased pain response (N = 144).

Discussion: Here we show that multiple environmental pollutants interact with the TRPA1-CGRP migraine pain pathway. The data provide valuable
insights into how environmental chemicals can interact with neurobiology and provide a potential mechanism for putative increases in migraine prev-

alence over the last decades. https://doi.org/10.1289/EHP12413

Introduction

In 2016, the World Health Organization (WHO) found migraine to
be the second largest cause of disability worldwide only exceeded
by low back pain.! It is debated whether the prevalence of migraine
is rising or remaining stable. Several studies have reported that the
prevalence of migraine is increasing in both adults and children,>*
with rates that exclude genetics as the driving cause.* Other studies
contradict these data,>® whereas a systematic review and meta-
analysis from 2017 including 302 studies found a pattern of rising
prevalence.” If the prevalence is increasing, the underlying reasons
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are likely a complex combination of increased public awareness,
better medical diagnostics, and changes in the environment, with
chemicals previously suggested to play arole.8!!

The burden of exposure to environmental chemicals that are
foreign to the human body (also called xenobiotics) has increased
during the past several decades.'? These pollutants include chemi-
cals such as parabens, phthalates, ultraviolet filters, pesticides, per-
fluoroalkylated substances, and pharmaceuticals, among others.
Although the effect of such chemicals on the developing brain has
caused much concern—Ileading to the TENDR consensus state-
ment calling for reduction of exposures to toxic chemicals that can
contribute to disruption of neurodevelopment!'>—the potential
effects on the adult brain has received less attention.

The scent from the California bay laurel tree (Umbellularia
californica), also known as “the headache tree,” is known to trig-
ger headache attacks, as well as sneezing, sinus irritation, and
unconsciousness.'*!> Researchers found that the naturally occur-
ring chemical, umbellulone, which is emitted from the tree, can
activate pain pathways associated with migraine.!® Umbellulone
activates the transient receptor potential ankyrin 1 (TRPA1) chan-
nel, with subsequent release of neuropeptide calcitonin gene-related
peptide (CGRP) in vitro.'® CGRP release is a well-characterized
mechanism underlying migraine attacks, and several migraine
therapeutics target CGRP or its receptor.!”!® Besides TRPAI,
the transient receptor potential vanilloid 1 (TRPV1) ion channel
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is also suggested to be involved in migraine signaling through
release of CGRP. TRPA1 and TRPV1 are coexpressed in tri-
geminal sensory neurons together with CGRP that on its release
causes vasodilation, sensitization, and ultimately an increase in
the perception of pain.!°-20

We tested whether abundant environmental chemicals
could, similarly to umbellulone, activate the TRPA1 and
TRPV1 pain pathways using a combination of in vitro, in sil-
ico, ex vivo, and in vivo techniques. We hypothesized that the
increased exposure to xenobiotics might play a role in migraine
prevalence.

Methods

Cells and Cultivation

Transfected cell lines. HEK293 cells stably transfected with either
the human TRPA1 channel (hnTRPA1-HEK) human TRPV1 chan-
nel ("nTRPV 1-HEK) or control plasmid (control cells) were used in
this study. hTRPA1-HEK and hTRPV1-HEK cells were provided
by coauthor T.T. Control cells were generated from in-house stocks
of HEK-293 cells originally purchased from ATCC (Cat. no. CLR-
1573) using FuGENE HD Transfection Reagent (Cat. no. E2311;
Promega) and control plasmid [originally purchased from Clontech
(Takara Bio) but is now found at NovoPro Bioscience Inc. (Cat. no.
V012021] with neomycin/G418 as selection marker, similar to the
plasmids used for generation of hTRPA1-HEK and hTRV1-HEK
cells. Therefore, all three cell lines were continuously kept under
antibiotic selection to ensure plasmid expression. Transfection
was performed following the manual provided with the FuGENE
HD Transfection Reagent (Cat. no. E2311; Promega). In short,
cells were seeded (300,000 cells per well) in a 6-well culture plate
(Cat. no. 140675; Thermo Fisher Scientific) on day 1. After reach-
ing 80% confluency (day 2), cells were transfected with a
FuGENE HD:DNA ratio of 3:1. On day 3, the selection antibiotic
G418 (Geneticin, Cat. no. 10131035; Gibco, Thermo Fisher
Scientific) (600 pg/mL) was introduced and continuously sup-
plied to the media to ensure plasmid expression for 3 wk. All three
cell lines were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM,; Cat. no. 41965062; Gibco, Thermo Fisher Scientific) sup-
plemented with 10% fetal bovine serum (Cat. no. F9665; Sigma-
Aldrich), 1% GlutaMAX Cat. no. 35050061; Gibco, Thermo
Fisher Scientific), 1% penicillin-streptomycin (10,000 U/mL)
(Cat. no. 15140122; Gibco, Thermo Fisher Scientific), and
500 pg/mL G418 (Geneticin) (Cat. no. 10131035; Gibco,
Thermo Fisher Scientific). The cells were maintained in a humidi-
fied incubator (37°C, 5% CO,). The cells lines were initially and
continuously tested for selective responsiveness to the TRPA1
agonist supercinnamaldehyde (SCA) and the TRPV 1 agonist cap-
saicin to confirm expression using calcium imaging as described in
the “Methods” section titled “Calcium Imaging.” Results can be
seen in Figure 1A.

Primary cell culture. Trigeminal neurons were isolated fol-
lowing a modified version of the method described in Materazzi
et al.>! A total of eight C57BL/6JbomTac pups (bred in house
and sex not determined) were euthanized at postnatal days 5-7.
The trigeminal ganglia (TG) were bilaterally excised, washed in
DPBS (Cat. no. 14190250; Gibco, Thermo Fisher Scientific) and
digested in 0.25% collagenase type IV (Cat. no. C5138; Sigma-
Aldrich) in DMEM/F12 (Cat. no. 31331093; Gibco, Thermo
Fisher Scientific) for 60 min at 37°C following mechanical diges-
tion by pipetting. The supernatant was centrifuged at 100 X g for
3 min, and the pellet was resuspended in DMEM/F12 with 5% fe-
tal bovine serum (Cat. no. F9665; Sigma-Aldrich), 1% penicillin-
streptomycin (10,000 U/mL) (Cat. no. 15140122; Gibco,
Thermo Fisher Scientific), 100 ng/mL NGF (Cat. no. SRP4304;
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Sigma-Aldrich), 2 uM cytosine-b-arabinofuranoside (Cat. no.
C6645; Sigma-Aldrich) and 2.5 pg/mL Amphotericin B (Cat.
no. 15290018; Gibco, Thermo Fisher Scientific). Viability of
the cells was determined before plating using a Nucleocounter
NC-200 (Chemometec) and Vial-Casettes (Cat. no. 941-0012;
Chemometec). Viability ranged from 80% to 90%. Cells were
plated in 35 mm (120,000 cells per dish) 0.01 mg/mL Poly-D-
Lysine (Cat. no. P6407; Sigma-Aldrich)—coated dishes (Cat. no.
627160; Greiner Bio-One) and cultured 1-2 d in a humidified incu-
bator (37°C, 5% CO,) before patch clamp experiments.

Cytotoxicity

Measurement of cytotoxicity was performed in accordance
with the manual provided with Invitrogen alamarBlue HS Cell
Viability Reagent (Cat. no. A05101; Thermo Fisher Scientific).
One day prior to measuring, hTPRA1-HEK cells were seeded
at a density of 25,000 cells/well (90 puL) in Poly-D-Lysine—
coated 96-well plates (Cat. no. 734-0317; VWR International).
Cells were treated with PCP in increasing concentrations
(1 uM, 10 pM, and 100 uM) for 1 h. AlamarBlue (10 pL) was
added to the cells and incubated for 1 h. Viability was measured
with absorbance at 570 nm, with 600 nm as reference using a plate
photometer (Infinite M200; Tecan) with software [SW Magellan
(version 6.3)]. Data are normalized to the vehicle (0.1% DMSO).
Positive control was 10 M ionomycin.

Calcium Imaging

Calcium imaging was performed in accordance with the manual
provided with Invitrogen Fluo-4 Direct Calcium Assay Kit
(Cat. no. F10471; Thermo Fisher Scientific). One day prior to
calcium imaging, cells were seeded at a density of 25,000 cells/
well (50 pL) in Corning BioCoat Poly D-Lysine—coated 96-
well plates (Cat. no. 734-0317; VWR International). Cells were
kept in an incubator for 1 day (37°C, 5% CO,) before testing
and reached a confluency of ~ 80%-90%. Using the Invitrogen
Fluo-4 Direct Calcium Assay Kit (Cat. no. F10471; Thermo
Fisher Scientific), cells were loaded with 2x Fluo-4 Direct cal-
cium reagent loading solution (5mM probenecid) following
incubation (37°C, 5% CO,) for 90-120 min. Blank wells were
loaded with Fluo-4 Direct calcium assay buffer. Changes in in-
tracellular calcium concentration were measured using the mul-
tifunctional microplate reader NOVOstar (BMG Labtech).
Instrument settings were excitation at 494nm and emission at
516 nm. Fluorescence was monitored every 0.3 s for 70.6 s. The
baseline fluorescence of each well was measured for 1.2 s prior
to injection of test chemicals or controls. The baseline fluores-
cence was used to align the fluorescence within each well.
Every plate included blank wells (—dye, injection: buffer), negative
control (+dye, injection: buffer+vehicle), two positive controls
[+dye, injection: 10 uM capsaicin (Cat. no. M2028; Sigma-
Aldrich) or 10 pM SCA (Cat. no. S3322; Sigma-Aldrich)] and
[+dye, injection: 10 uM ionomycin (Cat. no. 124222; Invitrogen,
Sigma-Aldrich)] and wells used for testing different chemicals
[+dye, injection: test chemical (10-100 pM)]. The ionophore, ion-
omycin, was used as a positive control to measure the maximal
Ca2+ uptake in the cells.?? Blank wells served to measure the
background fluorescence. The mean background fluorescence was
subtracted from all other wells prior to any data handling. The
mean baseline fluorescence for each individual well was subtracted
from the fluorescence measured at all time points. Relative fluores-
cence unit (RFU) is the fluorescence measured after subtracting
background fluorescence and well-specific baseline fluorescence.
Effect sizes were calculated as percentage of ionomycin to allow
comparison between cell lines:
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Figure 1. Calcium imaging of environmental chemicals using hTRPA1-HEK and hTRPV1-HEK cell lines. Calcium imaging was performed using fluo-4 fol-
lowing acute exposure to 52 chemicals. Cells were seeded at a density of 25,000 cells/well in a 96-well plate 1 day prior to imaging and recordings were per-
formed every 0.3 s for 70.6 s using a NOVOstar microplate reader. (A) Summary of calcium imaging data of chemical screen (100 uM). Numeric data are
found in Table S1. (B) Summary of calcium imaging data of pesticide screen (10 pM). Numeric data are found in Table S2. For (A) and (B) calcium imaging
was performed using hTRPA1-HEK (yellow circle), hTRPV1-HEK (blue square), and control cells (green triangle). Responses were normalized to the ionomy-
cin response (10 pM). (C) Calcium imaging response normalized to supercinnamaldehyde (SCA) response for PCP and HCP in hTRPA1-HEK. Numeric data
are found in Table S3. (A—C) The screen was repeated twice with 3—6 technical replicates within each plate. The data are presented as a weighted mean from
repeated experiments, and whiskers represent the combined SD from repeated screens. TRPA1 agonist supercinnamaldehyde (SCA) and TRPV1 agonist capsa-
icin (caps) were tested in all three cell lines. For abbreviations of chemicals see Tables 1 and 2. Note: HCP, hexachlorophene; PCP, pentachlorophenol.

AUC((test compound) — AUC(vehicle)

AUC((test ionomycin) — AUC(vehicle) -
)]

For pentachlorophenol and hexachlorophene, effect sizes

were calculated as percentage of SCA to show the response rela-
tive to maximal TRPAT activation:

capillary microelectrodes were pulled to a resistance of
1.5-2.5 MQ and then filled with the pipette solution: (in mM):
140 CsCl, 5 EGTA, 10 HEPES, 0.2 Na,-GTP, and 2 Na,-ATP
with pH adjusted to 7.2 with CsOH. The extracellular solution
contained (in mM): 140 NaCl, 5 KCl, 1 MgCl,, 2 CaCl, , and 10
HEPES with pH adjusted to 7.4 with NaOH as described in Yoo
et al.?? Currents were activated using a voltage ramp protocol
from —100 to +100 mV over 325 ms from a holding potential of
—60mV performed at 36°C. Whole-cell recordings of primary

percentage of ionomycin =

AUC (test compound) — AUC (vehicle)

percentage of SCA =

AUC (test SCA) — AUC (vehicle)
2

The screen was repeated twice with 3—6 technical replicates
(n=3-6) within one plate. Data are presented as weighted means
from repeated screens, and the standard deviation (SD) is calcu-
lated as a combined SD from repeated screens (n =2).

Electrophysiology

hTRPA1-HEK (n=3) and control cells (n=4) were used for
whole-cell voltage clamp recordings using a MultiClamp 700B
amplifier and MultiClamp Commander. pPCLAMP 10.7 software
(Molecular Devices) was used for acquisition and analysis. Glass
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trigeminal neurons (n=10) followed a method modified from
Benemei et al.>* Glass capillary microelectrodes (1.5-2.5 MQ)
were filled with the pipette solution described above. The extrac-
ellular solution contained (in mM): 147 NaCl, 4 KCl, 1 MgCl,, 5
CaCl,0, and 10 HEPES with pH adjusted to 7.4 with NaOH.
Current measurements were performed at a constant potential of
—60mV at room temperature 22°C. Because of the inactivation
of TRPA1 after PCP exposure, cells were replaced for each
experiment. Five out of 15 cells did not respond and were not
included in the data set. This was expected because TRPAI1
expression and activation is seen in a subset of TG neurons.!®?
Data are graphically presented as means and standard error of
the means (SEM).
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Molecular Modeling

Several cryo-EM structures of hTRPA1 are available on the PDB
databank (as of December 2021; https://www.rcsb.org/). The 3D
structure 6x2j.pdb corresponding to the human TRPA1 complexed
with the noncovalent agonist GNE551 (5-amino-1-1[(4-bromo-2-
fluorophenyl)methyl]-N-(2,5-dimethoxyphenyl)-1H-1,2,3-triazole-
4-carboxamide) was used in this study?® to assess the mechanism
of binding of acrolein (a known hTRPA1 activator)®~!! and PCP (a
suggested hTRPA1 activator from our experimental study).
Regarding hTRPV 1, the crystal structure of the human channel is
not yet elucidated, but cryo-EM structures of the full length of
squirrel TRPV1 complexed with capsaicin (a well-known agonist
of TRPV1)?7-28 are available and can be used to develop a struc-
tural model of hTRPV1. In our case, we exploited the cryo-EM
structure 7lpb.pdb?® and developed a hTRPV1 model using the
SWISS Model server (https://swissmodel.expasy.org/). Both
structures ("TRPA1 and hTRPV1) were protonated using the li-
censed software MOE (version 2020.09; http://www.chemcomp.
com). A pocket surrounding the GNE551 ligand in TRPA1 and a
lipid pocket in TRPV 1 were considered for the docking of PCP and
acrolein. The docking method implemented in MOE was used.
Only the ligands were flexible in the used model, meaning that the
entire inner pockets of TRPA1 and TRPV1 were kept rigid. The
docking module in MOE uses an affinity scoring function to assess
candidate poses. The number of poses was set to 10, and only the
poses with the highest affinity scores were analyzed.

Experimental Animals

Experiments were performed under license number 2017-15-
0201-01358 from the Danish Animal Experiments Inspectorate
and in accordance with the European Community guide for the
care and use of animals (2010/63/UE). A total of 136 adult
mice and 8 pups were used to complete the study. The eight
wild type pups were used for primary cell culture and bred in
house under license number 2021-15-0206-00015. A total of 31
male wild type C57BL/6JbomTac mice (Taconic Biosciences)
and 25 male C57BL/6]-Trpal~ = mice (Trpal™ ~) [Trpaltm1/
Dpc?® in house breeding (license number 2018-15-0202-00162)
derived from breeders donated by Peter Reeh, Friedrich-Alexander-
University of Erlangen—Niirnberg] 8-16 wk of age were used for
CGRP release and vasoactivity studies. A total of 24 male and 24
female wild type C57BL/6JbomTac mice (Taconic Biosciences)
(9-13 wk of age) and 16 male and 16 female Trpal =/~ mice (in-
house breeding) (11-16 wk of age) were used for von Frey testing.
Mice weighed between 17 and 33 g. Mice were group-housed
under a 12-h light/dark cycle in a climate-controlled room (24°C,
55% humidity) with free access to food and water and with several
shelters and two types of nesting material as enrichment. All be-
havioral experiments were carried out in low-light conditions (20—
30 lux). Experiments were planned and carried out to comply with
ARRIVE guidelines.

Ex Vivo CGRP Release

The CGRP release experiments were carried out as previously
described.>! Wild type (n=27) and Trpal™ ~ mice (n=25) (9-16
wk of age) were anesthetized using 70% CO; in 30% O,, followed
by decapitation. The brain stem including the trigeminal nucleus cau-
dalis (TNC) was isolated by removing the dorsal part of the cervical
vertebras as well as removing the posterior part of the skull covering
the cerebellum. The cerebellum was removed to expose the brain
stem. The TNC-containing part of the brain stem was then separated
from the brain and immersed into synthetic interstitial fluid (SIF)
buffer. The brain stem was washed in SIF buffer for 30 min, replacing
SIF every 5 min. The brain stem was then transferred to Eppendorf
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lids containing 250 pL SIF and placed in an incubator (37°C). SIF
was replaced every 5 min for 20 min. The basal CGRP release was
determined by sampling 200 pL after 10 min incubation in 250 pL
SIF. SCA or PCP was tested in the range of 1 uM—-100 uM. Starting
with the lowest concentration, 250 pL. SCA or PCP was added to the
tissue, and a sample of 200 pL was collected after 10 min incubation
(37°C). At the end of each experiment, the tissue was incubated with
10 uM capsaicin as a positive control to assess the ability of the tis-
sue to release CGRP. All samples were immediately mixed with
50 pL enzyme immunoassay (EIA) buffer provided with the com-
mercially available ELISA kit (Cat. no. A05482; Bertin Bioreagent)
and stored at —20°C. Composition of SIF: 108 mM NaCl, 3.48 mM
KCl, 3.50mM MgSO,, 26 mM NaHCOj;, 11.70mM NaH,POy,
1.50mM CaCl,, 9.60mM Na-gluconate, 5.50mM glucose, and
7.60 mM sucrose with pH adjusted to 7.4 and stabilized by carbogen
gassing. CGRP levels were then measured with a commercially
available ELISA kit (Cat. no. A05482; Bertin Bioreagent) using the
standard protocol supplied by the manufacturer. Samples were
diluted in SIF and EIA buffer to fit the range of the standard curve.
The optical density was measured at 410 nm using a plate photome-
ter (Infinite M200; Tecan) with software (SW Magellan version 6.3).
Values were normalized to the basal CGRP release to account for dif-
ferences in size of tissue pieces. The data are presented graphically
as means and SEM.

Ex Vivo Vasoactivity

Male mice [wild type (n =4) or Trpal -/ (n=4)] at the age of 8—
10 wk were anesthetized using 70% CO, in 30% O,, followed by
decapitation. Measurement of vasoactivity was performed follow-
ing a procedure modified from Mulvany and Halpern.3?33 The
brain was carefully released from the skull and immersed in cold
oxygenated calcium-free Krebs buffer (Ca>*-free Krebs). The basi-
lar artery was gently dissected and divided into two segments with
an equal length of ~ 1 mm. Once the basilar artery (BA) segments
were mounted on 25-um diameter wires, in a Mulvany-Halpern
wire myograph (Danish Myo Technology), the buffer was changed
to Na*Krebs (with calcium) and heated to 37°C. Following 15 min
of equilibration, the vessels were stretched to reach a pretension of
~ 2 mN/mm. Initially, K*Krebs (60 mM K*) was added to exam-
ine the contractile potential of the BA. Subsequently, half of the
segments were treated with 1 pM CGRP antibody (CGRPab, fre-
manezumab; Teva Pharmaceutical Industries Ltd.), an antibody
directed against human CGRP. After 30 min of stabilization, pre-
contraction of all segments was achieved by addition of 0.3 pM
U46619 (Cat. no. 1932; Tocris)—a synthetic PGH, analog. When
a stable precontraction was achieved, a cumulative concentration—
response curve to PCP (0.1-30 uM) was performed. At the end of
each experiment, the vascular smooth muscle cell contractile func-
tion/viability was tested by adding K*Krebs again. Na*Krebs is
composed of 119 mM NaCl, 4.6 mM KCl, 1.5 mM CaCl,, 1.2 mM
MgCl,, 1.2mM NaH,PO,, 15 NaHCO3, 5.5mM glucose, and
0.03 mM EDTA; pH 7.4. K*Krebs is similar to NatKrebs, except
that 55.4 mM NaCl is exchanged for KCI on equimolar, making it
60mM K*. Myograph responses were collected in LabChart
(ADInstruments). Percentage of precontraction was calculated as:

percentage of precontraction =

100 x x — max relaxation potential
100% precontraction — max relaxation potential )’

3

where x is the tension of the blood vessel after stimulation. For
individual blood vessels, 100% precontraction and resting tension
are constants.

131(11) November 2023


https://www.rcsb.org/
https://swissmodel.expasy.org/
http://www.chemcomp.com
http://www.chemcomp.com

Embargoed until
Wednesday, 1 November 2023, 12:01 a.m. ET

In Vivo Mouse Model

To investigate the possible activation of nociceptive pathways
in vivo,*=7 we evaluated sensitivity to tactile stimulation with von
Frey filaments as a surrogate marker of pain following PCP treat-
ment (15 mg/kg p.o. dissolved in 0.5% carboxymethylcellulose,
CMC in water given by oral gavage [feeding needles: Cat. no.
5202; AgnTho’s AB)]. First, 16 male and 16 female wild type
mice received either PCP (n=16) or vehicle (n=16) daily for a
total of 9 d to test the acute and potential cumulative effect. Mice
were subject to von Frey test 2 and 4 h after the first administration
(acute sensitivity) and on selected days (5, 6, 8, and 10) prior to
administration of PCP (basal/chronic sensitivity) (see Figure 5A,B).
In a second experiment (see Figure 5D), 16 male and 16 female
Trpal =/~ mice received a single treatment of either PCP (n = 16) or
vehicle (n = 16), and 8 male and 8 female wild type mice received
PCP to test the acute effect of PCP and TRPA1 dependency. For the
von Frey test, mice were placed in individual clear plexiglass cham-
bers on a mesh floor (IITC Life Science). Separate chambers were
used for male and female mice. Mice were acclimatized in test
champers for 3045 min prior to testing. Chambers were cleaned
with soap wipes after each test. Von Frey monofilaments [0.008 g,
0.02g, 004¢g, 007¢g, 016g,04¢g, 06¢g, 1g 2g (Cat. no.
37450-275; Ugo Basile)] were applied to the plantar surface of the
left hind paw (between foot pads) according to the up-down para-
digm.3#3° In one smooth motion, filaments were applied perpendic-
ular to the skin and bent to maximum force for 2-3 s or until
withdrawal. The 0.16 g filament was applied first, and on positive
withdrawal response (rapid lifting or licking of the paw), the lighter
filament was applied next. On no response, the heavier filament was
applied. Four filaments were applied after the first breaking point
(response—no response or no response-response). Calculation of
50% withdrawal thresholds was done using the free online calculator
at https://bioapps.shinyapps.io/von_frey_app/, with application of
exact interfilament steps and target force as input variables.*"
Calculated values above or below the filament range were manually
assigned 2 g and 0.008 g, respectively. All testing was performed
between 0800 (8 A.M.) and 1600 (4 P.M.) by an experimenter
blinded to treatment groups. To prevent contamination between treat-
ment groups, home cages were restricted to one treatment, and alloca-
tion of treatment was randomized but counterbalanced in relation to
sex and baseline sensitivity to avoid confounding by these factors.
Group sizes of 16 were based on in-house previous work with chemi-
cal induction of mechanical hypersensitivity, where group sizes of
10-12 provided adequate power to detect differences between treat-
ment groups when effect size was intermediate.’>”*! Here, we
expected a smaller effect size and increased the number of mice per
group. No animals were excluded from the experiment. Fifty percent
withdrawal thresholds were square root—transformed for improved
Gaussian distribution,*>*? and data are presented as means and SEM.

Motor Function

To demonstrate that the von Frey test was not biased by impaired
motor function or sedation as a potential side effect of PCP, gen-
eral motor function was assessed using a rotarod (RotaRod
Advanced; IITC Life Science Inc.). The mice were tested four
times in total—before PCP administration (baseline), 2 h and 4 h
after PCP administration, and 10 min after 2 mg/kg midazolam or
saline (i.p.) administration as a control. Mice were placed on the
rotarod with a start speed of Orpm, which increased to 30 rpm
with a ramp of 45 s and terminated after 150 s (maximum dura-
tion). The time spent on the rotarod was recorded. Following the
first von Frey experiment (see Figure 5SA-C), 32 wild type mice
received either 2 mg/kg midazolam (i.p.) (n = 16) or saline (n =16)
10 min prior to rotarod testing on day 10. Following the second von
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Frey experiment (see Figure 5D,E), 48 mice (wild type n =16 and
Trpal™ =~ n=232) received either 2 mg/kg midazolam (i.p) (n =24)
or saline (n=24) 10min prior to rotarod testing on day 1. Mice
were randomly allocated according to sex, previous treatment, and
genotype when given midazolam to avoid confounding by these fac-
tors. No animals were excluded. Rotarod data are expressed graphi-
cally as plots with individual data points and medians. The data are
described in text by median and 95% confidence intervals (Cls).

Chemicals

All chemicals, except ibuprofen, tested in the initial “chemical
screen 100 uM” were dissolved in 99% ethanol to a stock concen-
tration of 100 mM and stored at —80°C. Ibuprofen was dissolved in
100% dimethylsulfoxide (DMSO) to a stock concentration of
100 mM. Pesticides tested in the ‘“Pesticide screen 10 pM” were
dissolved in 100% DMSO to a stock concentration of 10 mM and
stored at —20°C. All chemicals were originally purchased from
Sigma-Aldrich. Chemicals in the “‘chemical screen” were screened
because they were part of an established chemical library devel-
oped by coauthor D.M.K. Pesticides included in the “pesticide
screen” were screened because they were originally part of an
established pesticide library by coauthor A.R. We chose to test the
chemicals in the “chemical screen” at the highest concentration
possible (100 uM) and because of the toxic nature of pesticides,
we chose to test these at a 10-fold lower concentration (10 puM).
The screens were performed sequentially to optimize the workflow
because of the difference in concentration. Ionomycin (Cat. no.
124222; Invitrogen, Sigma-Aldrich) was dissolved in 100% DMSO
to a stock concentration of 1 mM. PCP (Cat. no. P2604; Sigma-
Aldrich) and SCA (Cat. no. S3322; Sigma-Aldrich) used in CGRP
release experiments and vasoactivity experiments were dissolved
in 100% DMSO to a stock concentration of 100 mM. A list of
chemicals tested is available in Tables 1 and 2. All chemicals
tested in calcium imaging, CGRP release, or vasoactivity experi-
ments were diluted in aqueous buffer fresh on the day of experi-
ments and kept on ice until used. For whole-cell patch clamp
experiments, HC-030031 (H4415; Sigma-Aldrich) was diluted in
100% DMSO to a stock concentration of 100 pM. PCP and HC-
030031 were diluted in aqueous buffer on the day of experiments
and kept at room temperature until used. For in vivo experiments,
PCP was dissolved in DMSO and further diluted in 0.5% CMC in
water before p.o. administration. Midazolam (1 mg/mL hydro-
chloride; Hameln Pharma) was dissolved in saline.

Statistical Analyses

For results from patch clamp of HEK cells, a one-way ANOVA fol-
lowed by Bonferroni’s multiple comparisons test was applied. For
patch clamp of TG neurons, cells exhibited a varied response, and
the data did not follow a normal distribution. Therefore, a Wilcoxon
matched-pairs signed rank test was used. In ex vivo CGRP release
studies, statistical analyses between SCA or PCP and vehicle were
performed using multiple unpaired z-tests with post hoc Holm-Sidéak
correction. In ex vivo vasoactivity studies, a two-way ANOVA was
performed. For von Frey studies, data were square root (SQRT)
transformed for improved Gaussian distribution and analyzed by
a two-way repeated measures mixed model including Geisser-
Greenhouse correction. Subsequently, post hoc comparison between
test groups was performed with Dunnett’s correction for multiple
comparisons when multiple test groups were tested against the ve-
hicle group and Sidak’s correction when only two groups were
compared. Groups were randomized according to baseline 50%
withdrawal thresholds. For motor function studies, thevdata were
analyzed by multiple Mann-Whitney tests with Holm-Sidak post
hoc comparison when two groups were compared and by Kruskal-
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Table 1. List of chemicals used for chemical screen.

Group Common name IUPAC name Abbreviation CAS number
Phthalates Dimethyl phthalate Dimethyl benzene-1,2-dicarboxylate DMP 131-11-3
Diethyl phthalate Diethyl benzene-1,2-dicarboxylate DEP 84-66-2
Di-n-pentyl phthalate Dipentyl benzene-1,2-dicarboxylate DPP 131-18-0
Di-n-butyl phthalate Dibutyl benzene-1,2-dicarboxylate DBP 84-74-2
Diisobutyl phthalate Bis(2-methylpropyl) benzene-1,2-dicarboxylate DiBP 84-69-5
Benzyl butyl phthalate Benzyl butyl benzene-1,2-dicarboxylate BBP 85-68-7
Di-n-nonyl phthalate Dinonyl benzene-1,2-dicarboxylate DNP 84-76-4
Diisononyl phthalate Bis(7-methyloctyl) benzene-1,2-dicarboxylate DiNP 68515-48-0
Di(2-ethylhexyl) Bis(2-ethylhexyl) benzene-1,2-dicarboxylate DEHP 117-81-7
phthalate
Di-n-octyl phthalate Dioctyl benzene-1,2-dicarboxylate DOP 117-84-0
Parabens 4-hydroxybenzoic acid 4-hydroxybenzoic acid HBA 99-96-7
Methyl paraben Methyl 4-hydroxybenzoate Mpa 99-76-3
Ethyl paraben Ethyl 4-hydroxybenzoate Epa 120-47-8
Propyl paraben Propyl 4-hydroxybenzoate Ppa 94-13-3
Butyl paraben Butyl 4-hydroxybenzoate Bpa 94-26-8
Iso-butyl paraben 2-methylpropyl 4-hydroxybenzoate iBPa 4247-02-3
Benzyl paraben Benzyl 4-hydroxybenzoate BzPa 94-18-8
UV filters Benzophenone 3 (2-hydroxy-4-methoxyphenyl)-phenylmethanone BP3 131-57-7
Benzophenone 4 5-benzoyl-4-hydroxy-2-methoxybenzenesulfonic acid BP4 4065-45-6
Benzophenone 7 (5-chloro-2-hydroxyphenyl)-phenylmethanone BP7 85-19-8
Benzophenone 12 (2-hydroxy-4-octoxyphenyl)-phenylmethanone BP12 1843-05-6
Octinoxate 2-ethylhexyl I-3-(4-methoxyphenyl)prop-2-enoate OMC 5466-77-3
4-methylbenzylidene (32)-1,7,7-trimethyl-3-[(4-methylphenyl)methylidene]bicyclo[2.2.1] 4-MBC 36861-47-9
camphor heptan-2-one
Naturally occurring ~ Diethylstilbestrol 4-[(E)-4-(4-hydroxyphenyl)hex-3-en-3-yl|phenol DES 56-53-1
hormones or hor-  Nonyl phenol 4-nonylphenol NNP 84852-15-3
mone-like Bisphenol A 4-[2-(4-hydroxyphenyl)propan-2-yl]phenol BPA 80-05-7
compounds Dihydrotestosterone (55,8R,9S,108,138,145,17S)-17-hydroxy-10,13-dimethyl-1,2,4,5,6,7.8, DHT 521-18-6
9,11,12,14,15,16,17-tetradecahydrocyclopenta[a]phenanthren-3-one
Testosterone (8R.9S8,10R,138,14S,17S)-17-hydroxy-10,13-dimethyl-1,2,6,7,8,9,11,12, Testo 58-22-0
14,15,16,17-dodecahydrocyclopentala]phenanthren-3-one
Mild analgesics and ~ Paracetamol N-(4-hydroxyphenyl)acetamide Para 103-90-2
precursors Aspirin 2-acetyloxybenzoic acid ASA 50-78-2
Ibuprofen 2-[4-(2-methylpropyl)phenyl]propanoic acid Ibu 15687-27-1
Aniline Benzenamine Ani 62-53-3
Polyfluorinated Perfluorooctanesulfonic 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluorooctane- 1 -sulfonic acid PFOS 1763-23-1
compounds acid
Perfluorooctanoic acid 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctanoic acid PFOA 335-67-1

Note: CAS, Chemical Abstracts Service registry; [UPAC, International Union of Pure and Applied Chemistry; UV, ultraviolet.

Wallis test when three groups were compared. Statistical analyses
were performed using GraphPad Prism (version 9.0.0; GraphPad
Software). Based on the best fit, the equation Y =Bottom+
(Top-Bottom) /(1410°8EC7X)y or Y = Bottom+(Top-Bottom)/
(1410((LosECs=X) xHiliSlope)y 31y - GraphPad Prism 9 (GraphPad
Software) was used to fit the effective concentration (ECsg)
curves. Graphs for calcium imaging and ex vivo CGRP release
studies were prepared using RStudio Team (2016; RStudio:
Integrated Development for R. RStudio, Inc.; http://www.rstudio.
com/). Graphs for patch clamp, ex vivo vasoactivity, von Frey, and
motor function studies were prepared in GraphPad Prism (version
9.0.0; GraphPad Software). The significance level was set to 95%,
and p <0.05 was considered statistically significant. Statistically
significant differences were denoted with asterisks as follows:
*=p<0.05,""=p<0.01," =p<0.001, and ™" = p < 0.0001.

Data Availability

Data supporting the findings in the present study are presented in
the article and in supplementary materials. Raw data are available
on reasonable request to the corresponding author.

Results
Screen of hTRPA1 and hTRPV1 Activation

To examine whether environmental pollutants could activate
hTRPAI and hTRPV1 channels, we screened a chemical library
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of 34 chemicals (Table 1) using hTRPA1-HEK, hTRPVI1-HEK,
and control cell lines. The chemicals tested were part of an already
established chemical library developed by coauthor D.M.K.
Because TRPA1 and TRPV1 are calcium-permeable ion channels,
calcium imaging was used to measure channel activation. The cell
lines were initially tested for selective responsiveness to the TRPA1
agonist supercinnamaldehyde (SCA) and the TRPV1 agonist capsa-
icin to confirm expression of each ion channel (Figure 1A). The cell
lines were acutely exposed to 100 pM of each chemical, and the
resulting calcium flux was measured for 70 s. hTRPV-HEKI cells
did not differ from control cells in response to any of the individu-
ally tested chemicals (Figure 1A). In contrast, higher levels of intra-
cellular calcium [Ca’*]; was measured in hTRPAI-HEK cells in
comparison with control cells when exposed to 10 of the chemicals
(Figure 1A). The chemicals resulting in the most pronounced differ-
ences were benzyl paraben (BzPa) and the estrogenic compound
nonyl phenol (NNP), where exposure resulted in a calcium response
of 34.2% (£ 8.6 SD) and 29.9% (+ 6.6 SD) relative to the ionomy-
cin positive control (10 uM), in comparison with 0.9% (+ 0.3 SD)
and 0.7 (+0.7 SD) in control cells, respectively. Furthermore, the
highly debated chemical bisphenol A (BPA)* was found to cause a
calcium response of 11.0% (8 SD) relative to ionomycin in
hTRPA1-HEK cells in comparison with control cells 0.1% (+0.2
SD). In addition, a pesticide screen of 18 pesticides (Table 2) was
conducted with a lower concentration of 10 uM because of poten-
tial toxic effects. The pesticides tested were screened because they
were part of an established pesticide library developed by coauthor
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Table 2. List of chemicals used for pesticide screen.

Group Common name IUPAC name Abbreviation CAS number
Pesticides or Chlorpyrifos diethoxy—su]fanylidene—(3,5,6—trichlor0pyridin—2—yl)oxy—k5 -phosphane — 2921-88-2
metabolites Prosulfocarb S-benzyl N,N-dipropylcarbamothioate — 52888-80-9
Fipronil sulfone 5-amino-1-[2,6-dichloro-4-(trifluoromethyl)phenyl]-4-(trifluoromethylsulfonyl)pyraz- — 120068-36-2
ole-3-carbonitrile
Trifluralin 2,6—dinitro—N,N—dipropy1—4—(triﬂuoromethdyl)aniline — 1582-09-8
Endosulfan 1,9,10,11,12,12-hexachloro-4,6-dioxa-5\"-thiatricyclo [7.2.l.02’8]d0dec-10-eneS-oxide — 115-29-7
Hexachlorophene  3,4,6-trichloro-2-[(2,3,5-trichloro-6-hydroxyphenyl)methyl]phenol HCP 70-30-4
Imazalil 1-[2-(2,4-dichlorophenyl)-2-prop-2-enoxyethyl]imidazole — 35554-44-0
Oxadiazon 5-tert-butyl-3-(2,4-dichloro-5-propan-2-yloxyphenyl)-1,3,4-oxadiazol-2-one — 19666-30-9
Lindane 1,2,3,4,5,6-hexachlorocyclohexane — 58-89-9
Pentachlorophenol  2,3,4,5,6-pentachlorophenol PCP 87-86-5
Prochloraz N-propyl-N-[2-(2,4,6-trichlorophenoxy)ethyl]Jimidazole- 1-carboxamide — 67747-09-5
Cypermethrin [cyano-(3-phenoxyphenyl)methyl] 3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropane- — 52315-07-8
1-carboxylate
Permethrin (3-phenoxyphenyl)methyl 3-(2,2-dichloroethenyl)-2,2- — 52645-53-1
dimethylcyclopropane-1-carboxylate
Deltamethrin [(S)-cyano-(3-phenoxyphenyl)methyl] (1R,3R)-3-(2,2-dibromoethenyl)-2,2-dimethyl- — 52918-63-5
cyclopropane-1-carboxylate
Boscalid 2-chloro-N-[2-(4-chlorophenyl)phenyl]pyridine-3-carboxamide — 188425-85-6
Permethric acid 3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropane-1-carboxylic acid CL2CA 55701-05-8
3,5,6-trichloro-2- 3,5,6-trichloro-1H-pyridin-2-one TCPy 6515-38-4
pyridinol
Dieldrin (IR,4S,4AS,5R,6R,78S,8S,8aR)-1,2,3,4,10,10-hexachloro-1,4,4a,5,6,7, DED 60-57-1

8,8a-octahydro-6,7-epoxy-1,4:5,8-dimethanonaphthalene

Note: —, no data; CAS, CAS, Chemical Abstracts Service registry; IUPAC, International Union of Pure and Applied Chemistry.

A.R. The two screens were conducted sequentially to optimize the
workflow because of the difference in concentration. The [Ca®*],
levels were not different in hTRPV1-HEK cells in comparison with
control cells when exposed to the tested pesticides; however,
hTRPA1-HEK cells exhibited higher [Ca’*]; levels in comparison
with control cells after treatment with six compounds. In particular,
hTRPA1-HEK cells exhibited a pronounced calcium response after
exposure to hexachlorophene (HCP) and PCP, with an increase in
calcium levels equivalent to 47% (4.9 SD) and 34% (+4.1 SD)
of the ionomycin response (10 pM), respectively, in comparison
with 2.9% (£ 0.5 SD) and 0.9% (+ 0.8 SD) in control cells (Figure
1B). Because ionomycin is a ionophore and elevates [Ca®*]; levels
without direct activation hTRPAI1, we also calculated the [Ca®*],
levels after exposure to PCP and HCP relative to TRPA1 activation
caused by the pharmaceutical TRPA1 agonist SCA (10 uM). We
found [Ca®"]; equivalent to 59% (2.7 SD) and 43% (+5.3 SD)
of the SCA response after exposure to HCP and PCP, respectively
(Figure 1C).

We chose to further investigate PCP because this pesticide was
found at the third-highest concentration and in 100% of the included
women, in a cohort of women from the ELFE French nationwide
birth cohort, emphasizing its relevance.*> We exposed hTRPAI-
HEK cells to increasing concentrations of PCP (1-100 uM) for
1 h and measured cell viability after acute chemical exposure
and found no differences in viability from vehicle across all
exposures (Figure S1).

TRPAI-Dependent Calcium Influx in Cell Lines and
Primary Neurons

To validate the effect of PCP directly on hTRPA1 channels, whole-
cell currents were measured under voltage clamp conditions in
hTRPAI1-HEK and control cells (Figure 2A-G). PCP induced a
dose-dependent membrane current in " TRPA1-HEK cells with an
ECsp of 15.05 pM (95% CI: 6.429 uM to 63.19 uM) (Figure 2G).
10 uM PCP induced a 6-fold increase in peak current in compari-
son with baseline (p =0.0031) which subsequently decreased and
following administration of the TRPA1 antagonist HC-030031
(100 uM) currents returned completely to baseline, confirming
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hTRPAT1 activation (Figure 2D—F). PCP had no effect on currents
in control cells (Figure 2A—C). Next, we studied TRPA1 channels
expressed in mouse trigeminal ganglion (TG) neurons isolated
from wild type mice. Stimulation with PCP (10 uM) caused an
almost 10-fold increase in the current in comparison with baseline
(W=55.00; p=0.0020) (10 out of 15 cells). As with TRPAT1 cur-
rents in hTRPA1-HEK cells, the current in TG neurons subse-
quently decreased to baseline (Figure 2H-I).

Molecular Modeling of TRPA1 Lipid Binding Pocket

An in-silico docking study of PCP in a 3D model of hTRPA1
was made to test whether PCP could activate hTRPA1 by binding
in the same lipid pocket as the TRPA1 agonist GNE551. The
docking analysis suggested that PCP could be stabilized in this
pocket through a polar interaction with E864, thereby potentially
facilitating channel opening (Figure 3A,B). A similar docking
study of PCP in a hTRPV1 structural model suggested that PCP
binds into the lipid pocket of hTRPV1 through hydrophobic
interactions, but the residue corresponding to E864 in hTPRAL1
(E570) was not reached by PCP. This structural difference
between the localization of E864 in hTRPAl and E570 in
hTRPV1 might explain why PCP did not facilitate opening of
hTRPV1 (Figure 3C). E570 was not present in the 2D representa-
tion because it was too far from PCP in the binding site. The
binding affinity scores from the docking analysis in the lipid
pockets showed that the estimation for hTRPA1 was —4.36 and
—4.17 for hTRPV1, suggesting that the affinity of PCP is slightly
higher for h\TRPAL.

Because the environmental pollutant acrolein has previously
been described as a TRPAI1 activator,®!! we next in silico
docked acrolein into hTPRA1 and hTRPV1. The affinity scores
for acrolein were weaker in comparison with the scores for PCP
(—=2.93 for hTRPA1 and —3.7 for hTRPV1). The higher affinity
for hTRPV1 might be related to the electrophilic nature of acro-
lein that mediated a favorable interaction with the binding pocket
and stabilization with positive-charged residues such as, for
example, R559 (Figure S2). Similar interactions were not identi-
fied for the docking into hTRPAT.

131(11) November 2023



Embargoed until
Wednesday, 1 November 2023, 12:01 a.m. ET

A B C
1 <):5 10 1
__PCP 084
| 5 PCP+HC
05 Cntrl _ _ 0.6
PCP z <
= ~ 04
! 0 2
-1 -50 50 100
Wash Vm (mV) 0.2
PCP +HC
-0.5- 5 T T 0- 3
0 50 100 O Cﬁz Q\o
Time (s) & ¥
< &
4
D E F
10 4 E 10 —_— 107 Lo
RCP . PCP+HC o o
54 54
— K ~ 61
PCP +HC < SN <
Cntrl PCP after 50 s — . M = 44
¥ % —
-100 -50 50 100 4
Vm (mV) : 2
-5 - 51 T T 1 0 llll T '::-_I T
0 50 100 150 \@ 0,;}- o ~<\0
Time (s) S @ %
T & &
< Q’D 4
O
<
G H I
— PCP Control ~ PCP
-300 0 0-
-200-| 207 . 200
<
w < -400 1 <
< < 5 00
3 -100] = | £
-600 1
0-4 -800 7
— T T T 1 1000 T T T -800 - =
0 1 3 10 30 0 50 100 150
[PCP],uM Time (s)

Figure 2. Whole-cell patch clamp recordings from hTRPA1-HEK cells, control cells and neurons isolated from the mouse trigeminal ganglion. Whole-cell
voltage clamp recordings using a MultiClamp 700B amplifier and MultiClamp Commander. Currents were activated using a voltage ramp protocol from —100
to +100mV over 325 ms from a holding potential of —60 mV. Recordings were performed at 36°C in control cells (A—C) and hTRPA1-HEK cells (D-F). (A)
Representative currents recorded for control cells elicited by a ramp from —100 to 100 mV in absence and presence of 10 uM PCP and 10 uM PCP+100 pM
HC-030031 (HC) (TRPA1 antagonist). (B) A representative current recording from control cells. The current amplitude at —100 and 100 mV is shown as a
function of time and in absence and presence of 10 uM PCP as well as 10 pM PCP+100 pM HC. (C) Mean current amplitude (+SEM) in control cells at
100mV in absence and presence of 10 pM PCP and 10 uM PCP+100 uM HC (n=4). One-way ANOVA followed by Bonferroni’s multiple comparisons test.
Numeric data are found in Table S5. (D) Representative currents recorded from hTRPA1-HEK cells elicited by a ramp from —100 to 100mV in absence and
presence of 10 pM PCP and 10 pM PCP+100 uM HC. (E) Currents recorded from hTRPA1-HEK cells using a ramp from —100 to 100mV over 325 ms from
a holding potential of -60 mV. The current amplitude at —100 and 100 mV is shown as a function of time and in absence and presence of 10 uM PCP as well
as 10 uyYMPCP+100 pM HC. (F) Mean current amplitude (+SEM) in TRPAl- HEK at 100mV in absence and presence of 10 uM PCP and
10 pM PCP+100 uM HC (7 =3). One-way ANOVA followed by Bonferroni’s multiple comparisons test. Numeric data are found in Table S5. (G) Membrane
currents at —60 mV from hTRPA1-HEK cells with the indicated PCP concentrations [ECsy of 15.05 uM (95% CL: 6.429 uM to 63.19 uM)] (n=3-6). (H)
Representative whole-cell current recording of a mouse trigeminal ganglia neuron exposed to 10 uM PCP. The current was measured at a constant voltage of
—60mV. (I) Mean current amplitude (+ SEM) in neurons in absence or presence of 10 uM PCP (n=10). Wilcoxon matched-pairs signed rank test. Numeric
data are found in Table S6. The current measurements of the mouse trigeminal ganglia neurons were performed at 22°C at a constant potential of —60mV.
*p <0.05, "p < 0.01, “p <0.001, p <0.0001. Note: ANOVA, analysis of variance; PCP, pentachlorophenol; SEM, standard error of the mean.

TRPAI-Dependent CGRP Release from Mouse TNC
TRPAL is expressed in peripheral and central terminals of TG neu-

vehicle at any concentration (Figure 4B). PCP similarly caused a
significant release of CGRP with a 2- and 5-fold increase at 10 pM

rons and in the postsynaptic dendrites in the TNC, where activation
of TRPA1 can lead to release of CGRP.!%2346 Release of CGRP is
associated with mechanisms involved in migraine attacks'’ and
causes vasodilation.*’ In this set of experiments, we examined
TRPAI-dependent release of CGRP from the TNC. We first
exposed mouse TNC to increasing concentrations of the TRPA1
agonist SCA and found a significant 9-fold increase in CGRP
release with 100 pM SCA (p =0.033) in comparison with vehicle
(0.1% DMSO) (Figure 4A). In TNC from Trpal_/ ~ mice, SCA
did not cause significant release of CGRP in comparison with
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(p=0.0005) and 100 uM (p =0.028), respectively, in comparison
with vehicle (0.01% and 0.1% DMSO) (Figure 4C). To verify
that the response to PCP was mediated b?/ TRPAI, the experi-
ment was repeated on TNC from Trpal™ ~ mice. As shown in
Figure 4D, the PCP-induced CGRP release was absent in TNC
from Trpal™ = mice.

TRPA1-Dependent Dilation of Cerebral Blood Vessels

To validate the functional consequence of CGRP release, we next
investigated the ability of PCP to cause dilation of the basilar artery
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Figure 3. Molecular modeling of pentachlorophenol in lipid pocket of hTRPA1 and hTRPV1. (A) 3D representation of PCP in the lipid pocket of hTRPA1.
Two monomeres of hTRPAI are represented in green and magenta. The PCP is colored in cyan. (B) 2D representation of the docking pose of PCP in
hTRPA1. PCP is stabilized through a polar interaction with E864 (green arrow). (C) 2D representation of the docking pose of PCP in hTRPV1. E570 is not
present in the 2D representation, because it is located too far from PCP in the binding site. (B—C) The pink spheres are polar residues ($) [with a red border for
acidic (*)]. The green spheres are hydrophobic residues (#). The blue shadows are ligand exposure and receptor exposure. The green arrows are hydrogen bond

interactions. Note: PCP, pentachlorophenol.

(BA). Following a U46619-induced precontraction (0.3 pM), acute
PCP exposure caused a concentration-dependent dilation of the BA
[EC50=2.459 uM (95% CI: 1.996 uM to 2.979 uM)]. BA from
Trpal~~ mice required more than a 10-fold higher concentration of
PCP to reach a vasodilation comparable to wild type mice. Thus, a
clear shift in the concentration-response curve was observed in
Trpal™ ~ mice [ECso=32.26 uM (95% CI: 12.07 uM to o0)] in
comparison with wild type mice. Accordingly, PCP exposure caused
a significantly different vasodilation in Trpal™~ mice compared
with wild type mice at 3 pM (p < 0.0001) and 10 uM (p < 0.0001)
(Figure 4E). Treating BA from wild type mice with the migraine-
preventive drug (fremanezumab; TEVA Pharmaceutical Industries
Ltd.) that inhibits CGRP function*® caused a slight shift in the con-
centration—response curve [ECsyp=4.818 uM (95% CL: 2.933 uM
to 42.16 uM)]. The CGRP ab significantly inhibited the vasodilation
caused by PCP at 3 uM (p =0.033) as compared with control BA
(Figure 4E).
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TRPA1-Dependent Hypersensitivity in Mice as Model of
Migraine-like Pain

Finally, we investigated whether PCP could induce tactile
hypersensitivity in vivo in wild type mice. Tactile sensitivity to
stimulation with von Frey monofilaments in the hind paw was
used as a surrogate measure of pain and central sensitiza-
tion.?*37 Following oral administration of PCP (15 mg/kg),
the 50% withdrawal threshold was significantly reduced after
2 h (p=0.04) in comparison with vehicle treatment and mar-
ginally at 4 h (p=0.06) (Figure 5A). Figure 5B demonstrates
the 50% withdrawal thresholds measured prior to daily PCP
administration (basal response). The basal response decreased
significantly after 7 d of exposures, on days 8 (p=0.045) and
10 (p =0.049) (Figure 5B). PCP had no effect on motor func-
tion 2 h after administration because median time spent on the
rotarod was 150 s for both the vehicle (95% CI: 87, 150) and
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The TNC from WT and Trpal’/ ~ mice was isolated and washed before incubation (37°C) with increasing concentrations of either SCA (A-B) or PCP (C-
D) and corresponding vehicle treatment. Following 10 min of incubation, a sample was collected and the released CGRP amount was measured by ELISA.
(A-B) CGRP release after increasing concentrations (1 pM, 10 pM, and 100 M) of SCA (yellow circle) and vehicle (0.1%, 0.01% and 0.001% DMSO)
(black triangle) from the TNC from (A) WT (SCA: n=7, vehicle: n=6) and (B) Trpa]"/‘ mice (SCA: n=06, vehicle: n=6). Numeric data are found in
Tables S7-S8. (C-D) CGRP release from the TNC from (C) WT (PCP: n=8, vehicle: n =6) and (D) Trpal /= mice (PCP: n=1, vehicle: n=6) after stimu-
lation with increasing concentrations (1 uM, 10 pM, and 100 uM) of PCP (green circle) and vehicle (0.1%, 0.01% and 0.001% DMSO) (black triangle).
Numeric data are found in Tables S9-S10. (A-D) Data are normalized to the basal response and presented as mean CGRP release with SEMs.
Nonnormalized data are found in Tables S11-S14. Multiple unpaired ¢ tests with post hoc Holm-Sidak correction. (E) The BA was isolated from WT and
Trpa]’/ ~ mice following mounting on wire myographs. Dilation of the BA shown as percent of precontraction to increasing concentrations of PCP
(107"M, 3x 1077M, 107°M, 3 x 10°°M, 10~M, and 3 x 107°M) from WT (black triangle, n=4) and Trpal~~ mice (blue circle, n=4), and in presence of
1 uM antibodies directed against human CGRP (CGRP ab) (green upside-down triangle, n=4) from WT mice. Numeric data are found in Table S15. Two-
way ANOVA. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. Note: ANOVA, analysis of variance; BA, basal artery; CGRP, calcitonin gene-related pep-
tide; ELISA, enzyme-linked immunosorbent assay; PCP, pentachlorophenol; SCA, supercinnamaldehyde; SEM, standard error of the mean; TNC, trigemi-

nal nucleus caudalis; WT, wild type.

PCP (95% CI: 90, 150) group (p=0.97) and 44.5 s in the mid-
azolam positive control group (95% CI: 34, 53) (p <0.0001)
(Figure 5C).

To confirm our findings and to test whether this response
was dependent on TRPA1, we repeated the experiment both in
wild type and Trpal™~ mice. PCP administration (15 mg/kg
p.o.) in wild type mice reduced the 50% withdrawal threshold
significantly 2 h after administration in comparison with vehi-
cle treatment (p < 0.0001). The effect was more pronounced in
comparison with the first experiment, with PCP reducing the
50% withdrawal threshold significantly (p =0.0004) after 4 h,
too. In Trpa]’/ ~ mice, PCP administration did not change the
50% withdrawal threshold in comparison with vehicle treat-
ment at 2 h (p=0.82) or 4 h (p=0.38) (Figure 5D). PCP had
no effect on motor function in Trpal™’~ mice at 2 h or 4 h af-
ter administration because median time spent on the rotarod
was 150 s at both time points for vehicle-treated Trpal™ ~
mice (2 h: 95% CI: 136, 150 and 4 h: 95% CI: 150, 150), PCP-
treated Trpal™ ~ mice (2 h: 95% CI: 150, 150 and 4 h: 95%
CI: 150, 150) and wild type mice (2 h: 95% CI: 150, 150 and
4 h: 95% CI: 150, 150). The midazolam-treated positive con-
trol group was significantly different from the control saline
group (p <0.0001), with the median time spent on the rotarod
of 38 s in the midazolam group (95% CI: 32, 42) and 150 s in
the saline group (95% CI: 150, 150) (Figure 5E).
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Discussion

The data presented in this study indicate that various environmental
chemicals, including pesticides and parabens, have the potential to
activate TRPA1, leading to increased intracellular calcium levels.
Examining the pesticide PCP, we validated activation of heterol-
ogous expressed TRPA1 in HEK cells using whole-cell path clamp
recordings and found that PCP increased currents in primary mouse
TG neurons. These findings were supported by in silico modeling,
which suggested that the ability of PCP to activate TRPA1 might be
attributed to its polar interaction with E864 and a slightly higher af-
finity for the lipid pocket, distinguishing it from TRPV1 activation.
Collectively, these experiments also propose that PCP exposure
causes release of CGRP from peptidergic neurons, leading to blood
vessel dilation, and that vessel dilation is dependent on the activation
of TRPALI and the release of CGRP. Moreover, in vivo experiments
collectively support a mechanism by which PCP induced hypersensi-
tivity through stimulation of TRPA1 in mice. Overall, we showed
using an in vitro and in vivo approach that the trigeminovascular pain
circuit is a potential target for environmental chemicals. The pro-
posed mechanism is a TRPA1-dependent CGRP release from neu-
rons in the trigeminovascular system, causing vasodilation and
sensitization which ultimately leads to increased pain perception
(Figure 6), as previously described for the naturally occurring chemi-
cal umbellulone.'®
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Figure 5. Acute and chronic hind-paw sensitivity and motor function in mice treated with PCP or vehicle. Acute and chronic sensitivity to tactile stimulation
on the plantar area is measured with von Frey filaments. Acute hypersensitivity (A, D) was measured 2 h and 4 h post drug administration, whereas chronic
hypersensitivity (B) was measured the following day prior to drug administration. On completion of the von Frey experiments, the motor function of the mice
was examined using a rotarod where the time spent on a horizontal rotating rod was measured. Mice were placed on the rotarod with a start speed of Orpm,
which was increased to 30 rpm with a ramp of 45 s and terminated after 150 s. The first cohort of mice is presented in A—C, and the second cohort including
Trpa]’/’ mice is presented in D-E. (A) Acute effect 2 h and 4 h post PCP (15 mg/kg p.o. in 0.5% CMC in water, n=16) (blue circle) or Veh (p.o., n=16)
(black triangle) administration in WT mice. Sensitivity was measured with von Frey filaments and calculated as 50% withdrawal threshold (g). Two-way
ANOVA with Siddk’s test. (B) Basal response (before PCP administration) in WT mice following daily administration of PCP (15 mg/kg p.o. in 0.5% CMC
in water, n = 16) or vehicle (p.o., n=16) for 10 d. Sensitivity was measured with von Frey filaments and calculated as 50% withdrawal threshold (g). Two-way
ANOVA with Sidak’s test. (C) Locomotor performance was tested using a rotarod. The time spent on a rotating rod was measured in seconds, with a maximal
duration of 150 s. Motor function was examined 2 and 4 h after PCP (n=16) or Veh (n=16) administration and 10 min after (Mida) (i.p. n=16) or saline
(i.p., n=16) administration in WT mice. Data are presented as individual data points and medians. Multiple Mann-Whitney tests with Holm-Sidak post hoc
comparison (D) Acute effect 2 h and 4 h post PCP (15 mg/kg p.o. in 0.5% CMC in water, n=16) or vehicle (p.o., n=16) administration in WT and Trpal /-
mice. Sensitivity was measured with von Frey filaments and calculated as 50% withdrawal threshold (g). Two-way ANOVA with post hoc Dunnett’s correc-
tion. (E) Locomotor performance was tested using a rotarod. The time spent on a rotating rod was measured in seconds with a maximal duration of 150 s.
Motor function was examined 2 and 4 h after PCP (n=16) or vehicle (n=16) administration in WT and PCP (n = 16) administration Trpa]’/ ~ mice, and 10
min after Mida (i.p., n=24) or saline (i.p., n =24) administration. Data are presented as individual data points and medians. Kruskal-Wallis with Dunn’s post
hoc test for 2 h and 4 h data and Mann-Whitney for controls. (A, D) Data are presented as individual data points with means + SEMs and calculated as 50%
withdrawal threshold (g) after SQRT. (B) Data are presented as means + SEMs and calculated as 50% withdrawal threshold (g) after SQRT. Numeric data for
A-E is found in Tables S16-S20. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. Note: ANOVA, analysis of variance; Mida, midazolam; PCP, pentachloro-
phenol; SEM, standard error of the mean; SQRT, square root transformation; Veh, vehicle; WT, wild type.

Modeling data suggested that PCP can activate TRPAL binding.?® Although modeling showed that E864 was reached by
through stabilization in the lipid binding pocket across a specific PCP in TRPAI, the pesticide could not reach residue E570 in
polar interaction with E864. Although TRPV1 and TRPAI share a TRPV1, thereby providing a potential mechanism for the selective
high degree of structural homology in the transmembrane region,?®*  activation of TRPA1.
only TRPA1 was found to be promiscuous. Comparing TRPA1 ago- PCP was used in proof-of-concept ex vivo and in vivo experi-
nist GNE551 complexed in the lipid pocket of TRPA1 with that of =~ ments. Real life entails simultaneous exposure to multiple environ-
TRPV1 agonist capsaicin in the pocket of TRPV1 led us to conclude mental chemicals in mixtures that can lead to additive effects at
that E864 of TRPAL1 is conserved as E570 in TRPV1.*° Previous doses where the individual compound may have no effect alone.>
data showed that the interaction of TRPV1 with agonist capsaicin Among the screened chemicals 30% (16 of 52 chemicals, including
led to the displacement of a lipid in the binding pocket, facilitating pesticides) activated TRPA1. This finding is not surprising, given
the channel opening through a rearrangement of transmembrane heli- the promiscuous nature of this channel,>' and is in line with the
ces and a stabilization of an interaction between residue R557 of one observations from other promiscuous related Ca* channels, e.g.,
helix and residue E570 of the second helix.** The E570 residue CatSper.””> Because we investigated only a fraction of the thousands
formed polar interactions with the head group of the resident lipids of environmental pollutants ubiquitously present in industrialized
in the closed state and was involved in activation upon capsaicin regions, it is likely that future studies will identify more chemicals,
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or combinations of chemicals, that trigger TRPA1 and result in
release of migraine-inducing neuropeptides such as CGRP.

The effect of PCP alone is concerning. Because of its bacteri-
cidal and fungicidal properties, PCP was formerly used widely
for impregnation of textiles, as a wood and paint preservative,
and as an herbicide in agriculture. Today, PCP is banned in most
countries, and blood levels of PCP decreased in Germany
between 1989 and 1998.53 However, the pesticide remains in the
environment; a study from southwestern and northeastern France
has shown that 100% of the women giving birth included in the
study had measurable levels of PCP in hair samples after its ban,
and these levels were high in comparison with the other tested
pesticides.*

In the current study, we used a dose of 15 mg/kg PCP (oral
administration) in in vivo experiments. Previously, this dose
has shown a peak plasma concentration of 28 mg/L in
B6C3F1 mice 1.5 h after oral administration.>* This dose is
equivalent to a concentration of ~ 100 uM, which resulted in
a TRPA1-dependent release of CGRP from trigeminal neurons
ex vivo. Heudorf et al.>3 found a mean PCP concentration in
plasma of 2.4 pg/L, with a maximum value of 59.3 pg/L in
people living in Germany in 1998. Other studies have found
that individuals with occupational exposure and residents of
PCP-treated log homes have plasma/serum levels exceeding
1 mg/L (~3.75 uM).53-35-56 When comparing animal exposure
studies to human exposure levels, difference in body size needs to
be considered. A system of allometry based on the body surface
area can be applied where mouse dose data are divided by a factor
of 12.3357 An alternative approach is to use a 100-fold default
uncertainty factor to convert animal experimental levels to “safe”
levels for human exposure.>® When taking such conversion factors
into consideration, the peak plasma concentration of 28 mg/L
reached in mice in the present study is close to or within the expo-
sure range observed among humans (e.g., 1 mg/L). Moreover, the
ECsp of 15.05 uM established by patch clamp experiments on
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hTRPA1-HEK cells strongly suggests that the doses previously
identified in humans have no or little margin of safety in relation to
activating TRPAL.

TRPAT has been described as a chemosensor of environmental
irritants such as acrolein®® and formaldehyde,® but in general, few
environmental chemicals have been investigated in relation to mi-
graine. A connection between environmental irritant—induced
TRPA1-activation and pain signaling was described previously by
Kunkler et al.,'® who showed that acrolein induced meningeal va-
sodilation and release of CGRP from trigeminal neurons. These
findings were further supported by data showing that chronic acro-
lein exposure resulted in sensitization of the trigeminal system!!
and induction of migraine phenotypes in rats.® Our data recapitu-
lated a similar scenario for PCP. Another environmental pollu-
tant, the xenoestrogen BPA was found to exacerbate migraine
symptoms in a multibehavior model of migraine in ovariectom-
ized rats.® Here, BPA exposure was hypothesized to exert its
effect on migraine-associated behavior through estrogen signal-
ing, because BPA has estrogenic activity, and estrogen receptors
are found in trigeminal neurons and known to be involved in
exacerbation of trigeminal pain.®! In the present study, we
showed that BPA was able to activate TRPA1. It cannot be
excluded that TRPAT activation and subsequent CGRP release
potentially contribute to the exacerbation of migraine-like behav-
ior in BPA-treated rats. Overall, previous findings together with
the present study emphasize that environmental chemicals can
interfere with signaling relevant for migraine resulting in
migraine-like pain behavior in animal models.

The in vivo model of migraine-like pain is based on a reverse
translational approach. Numerous prior studies have shown that
vasodilating compounds such as glyceryl trinitrate (GTN) and
levcromakalim cause migraine,®>%? and migraine-like pain in
mice identified by proxy as cutaneous hypersensitivity to tactile
stimulation.3*33 PCP-induced hypersensitivity was measured by
sensitivity to von Frey monofilament in the hind paw with
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subsequent calculation of 50% withdrawal thresholds. Measuring
hypersensitivity in the periorbital region intuitively appears more
relevant when studying a disorder like migraine. However, meas-
urements in both the plantar and periorbital areas are relevant in
migraine research because hypersensitivity can be measured in
both regions after administration of the migraine triggers GTN,3*
levcromakalim, cilostazol,*? and pituitary adenylate cyclase-
activating polypeptide (PACAP).*> However, cephalic measure-
ments have greater variability and a more narrow effect window,
requiring larger groups of mice.*>** Therefore, measurements in
the plantar region are the optimal choice to reduce the number of
experimental animals. The fact that in this study PCP-exposed
cells released CGRP, and PCP exposure was associated with di-
lation of blood vessels ex vivo, emphasizes the pesticide’s ability
to interfere with migraine-associated tissue responses and signal-
ing. We therefore believe that the hypersensitivity measured after
PCP administration is relevant as a surrogate measure of mi-
graine pain. Furthermore, the aforementioned known experimen-
tal migraine trigger GTN, which is used to induce migraine in
humans® and constitutes a well-validated mouse model of mi-
graine after repeated dosing,3**!%* was shown to be fully de-
pendent on TRPA1 using both chemical inhibition and genetic
deletion of Trpal in mice.** This finding emphasizes the impor-
tance of TRPA1 in the used models of migraine. To verify that
the PCP-induced hypersensitivity is relevant as a measure of mi-
graine pain, future studies investigating PCP-induced hypersensi-
tivity in CGRP deficient mice or in combination with known
migraine treatments will be necessary.?”-42-:64

To conclude, we here provide mechanistic evidence for a neu-
robiological impact of environmental chemicals in relation to mi-
graine signaling. By integrating calcium imaging, patch clamp
recordings, in silico modeling, ex vivo assays, and an in vivo
mouse model, we found evidence that 16 out of 52 environmental
chemicals activated the pain receptor TRPA1. As a proof of con-
cept, our findings also suggested that the pesticide PCP could
change pain thresholds as a marker of migraine pain through
a TRPA1-CGRP-dependent pathway at physiologically relevant
concentrations. These results emphasize the need to further inves-
tigate how environmental chemicals alone or in mixtures might
change neurobiological signaling pathways related to pain and are
relevant for the ongoing debate concerning the possible increasing
migraine prevalence.
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