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Current medications inadequately treat the symptoms of chronic pain experienced by over 50 million
people in the United States, and may come with substantial adverse effects signifying the need to find
novel treatments. One novel therapeutic target is the Transient Receptor Potential A1 channel (TRPA1),
an ion channel that mediates nociception through calcium influx of sensory neurons. Drug discovery

still relies heavily on animal models, including zebrafish, a species in which TRPA1 activation produces
hyperlocomotion. Here, we investigated if this hyperlocomotion follows zebrafish TRPA1 pharmacology
and evaluated the strengths and limitations of using TRPA1-mediated hyperlocomotion as potential
preclinical screening tool for drug discovery. To support face validity of the model, we pharmacologically
characterized mouse and zebrafish TRPA1 in transfected HEK293 cells using calcium assays as well as

in vivo. TRPA1 agonists and antagonists respectively activated or blocked TRPA1 activity in HEK293
cells, mice, and zebrafish in a dose-dependent manner. However, our results revealed complexities
including partial agonist activity of TRPA1 antagonists, bidirectional locomotor activity, receptor
desensitization, and off-target effects. We propose that TRPA1-mediated hyperlocomotion in zebrafish
larvae has the potential to be used as in vivo screening tool for novel anti-nociceptive drugs but requires
careful evaluation of the TRPA1 pharmacology.

. Nociception plays an active role in the defense against injury; however, persisting pain may become maladap-

. tive and significantly impact an individual’s daily activity and the quality of life. Chronic pain, defined as unre-

. lieved and persistent, lasting longer than 3 months, is usually treated by non-steroidal anti-inflammatory drugs
(NSAIDs), anticonvulsants, tricyclic antidepressants, and opioids. Despite these treatment options, many patients
still complain that their pain is insufficiently managed'. Additionally, opioid-based therapeutics have recently

. been demoted to third and fourth line treatment options for chronic pain per the prescription guidelines of the

. Center for Disease Control and Prevention due to their addictive potential, thereby further limiting the number

- of effective therapies. Thus, a critical need exists to identify novel pain targets and develop better analgesics for
chronic pain.

An untapped analgesic target for chronic pain is the Transient Receptor Potential subfamily A1 (TRPA1)
channel*®. TRPA1 channels are calcium-permissive cation channels targeted by thermal®®, mechanical®’, and
noxious chemical stimuli such as allyl isothiocyanate (AITC), acrolein, cinnamaldehyde, allicin, and formalin®-1°.
Pharmacological inhibition of TRPA1 channels inhibited complete Freund’s Adjuvant (CFA)-induced mechanical
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Figure 1. Potency of TRPA1 agonists (ASP7663 and AITC) in mTRPA1-transfected HEK293 cells. (a) Dose-
response curve of ASP7663 and AITC in mTRPA1-transfected HEK293 cells. (b,c) Relative Fluorescent Unit
(RFU) of ASP7663 and AITC was measured to plot the dose response calcium influx in (a).

allodynia in wild-type mice, but not in TRPA1-deficient mice®. Oral administration of the TRPA1 antagonist,
HC-030031, increased paw withdrawal threshold in a spinal nerve ligation model of neuropathic pain!!. Yet, drug
development targeting TRPAL is still in its infancy, and thus far no TRPA1 ligand has been approved by the Food
and Drug Administration. This may be in part because using the rodent models to establish in vivo efficacy of
drug candidates can be very expensive and time-consuming.

The limitations associated with using a mouse model early in the drug discovery process motivated us to
search for an alternative animal model that could expedite the process of validating in vivo TRPA1 ligand effi-
cacy. Zebrafish have long been used as a preclinical vertebrate model organism for testing pharmacodynamics
(absorption, distribution, metabolism and excretion), and pharmacokinetics of novel drugs'?. The low cost, rapid
development and high fecundity of zebrafish makes it ideal as a drug-screening tool. Several behavior models
of neurological and neuropsychiatric-like behavior have been created in zebrafish that mimic those established
for rodents, such as conditioned place preference!® and anxiety-like behavior'*. Increased zebrafish locomotor
behavior has also been previously observed by both thermal and chemical activation of TRPA1 channels'>'S.
Fortunately, TRPA1 channels are relatively conserved across species ranging from planarians to humans'’, and
the peripheral and central nociceptive systems of zebrafish are similar to many vertebrates such as mice and
humans'®%. However, in slight contrast to humans and rodents, the zebrafish genome encodes two TRPA1
genes: trpala, and trpalb (which will be called zTRPAla and zTRPAL1D in this study)?!. To establish TRPA1
agonist-induced zebrafish hyperlocomotor activity as drug screening tool, it is important to characterize the
pharmacology of TRPA1 agonists and antagonists between these two paralogs.

We hypothesize that hyperlocomotion induced by the activation of zebrafish TRPA1 can serve as a phenotypic
screen for novel anti-nociceptive drug discovery. To address our hypothesis, we investigated if locomotor behav-
ior of zebrafish larvae adheres to TRPA1 channel pharmacology. We measured calcium influx of TRPA1 chan-
nels in HEK293 cells transiently expressing mouse TRPA1, zebrafish TRPA1a, or zebrafish TRPA1b in response
to TRPA1 ligands. The mouse TRPA1 pharmacology in HEK293 cells and nocifensive behavior in mice were
also examined upon TPRAL activation to support the face validity of the zebrafish model. Finally, we evaluated
dose-dependent changes of nocifensive swimming behavior in zebrafish larvae following the exposure to TRPA1
ligands.

Results

Two TRPA1 agonists have similar potency but different kinetics to mouse TRPA1. To test pre-
viously known TRPA1 channel agonists, we produced and analyzed dose-response curves of ASP7663 and AITC
in mouse TRPA1 (mTRPA1)-transfected HEK293 cells. The potency of the two agonists were measured based
on area under the curve (AUC) of individual calcium accumulation in Fig. 1b,c. The dose-response curve of
ASP7663 and AITC indicated that AITC and ASP7663 displayed similar potency in mTRPA1 (Fig. 1a, ASP7663:
PEC5,=5.16+0.16, 6.8 uM, n = 8; AITC: pEC5y=5.24+0.3, 5.8 uM, n = 5; unpaired t-test p=0.8106). The
recorded potency for ASP7663 is ~10-fold weaker than previously reported in a similar FLIPR-based calcium
assay?%. Interestingly, we noticed that at 316 uM ASP7663 produced a more persistent calcium influx compared
to AITC up to 120 seconds (Dark blue line, Fig. 1b,c). The calcium influx around 40-50 seconds was particularly
decreased upon application of AITC in mTRPA1 (Fig. 1c). Furthermore, we have also found that ASP7663 could
elicit calcium responses in non-transfected HEK293 cells with ASP7663. The potency for this unknown off-target
effect was pEC5y=4.27 £0.03 (54.1 uM n = 3), and thus a log unit lower than the TRPA1 response (Supplemental
Fig. 1). The off-target calcium response also appeared to have slower kinetics similar to AITC (Compare Fig. 1¢
with Supplemental Fig. 1b).

TRPA1 antagonists inhibit ASP7663-induced calcium influx to mTRPAL1. The majority of
TRPA1 studies use AITC to activate TRPA1 channels. However, given the unique kinetics observed in Fig. 1c
and its potential ability to activate other TRP channels?*?*, we decided to use the TRPA1 agonists ASP7663,
which is supposedly more selective??. First, we chose to assess the ability of the TRPA1 agonist ASP7663 and
the TRPA1 antagonists HC-030031, TCS-5861528, and A-967076 to induce or prevent calcium mobiliza-
tion, respectively. HEK293 cells transiently expressing mTRPA1 channels were exposed to the TRPA1 agonist
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Figure 2. TRPA1 antagonists dose-dependently attenuate ASP7663-mediated TRPA1 calcium influx in
mTRPA-transfected HEK293 cells. (a—c) Representative dose-response curve of TRPA1 agonist ASP7663 in
the absence or presence of three TRPA1 antagonists, HC-030031, TCS-5861528, and A-907076. Note the shift
in the dose response curve of ASP7663 towards the right with increasing concentration of the antagonist. (d—f)
Schild plot for the three TRPA1 antagonists HC-030031, TCS-5861528, and A-967076. Representative curves
are shown.

ASP7663 and intracellular calcium levels were fluorescently measured using the FLIPR-based calcium assay.
The TRPA1 antagonists, HC-030031 and TCS-5861528, which are structurally very similar, shifted the ASP7663
dose-response curve towards the right in a dose-dependent manner (Fig. 2a,b). The pA, of HC-030031 was
5.65+0.2 (2.2uM, n=4, Fig. 2d), and the pA, of TCS-5861528 was 5.34 0.2 (4.6 uM, n =4, Fig. 2e), indicating
similar antagonist-channel affinities. A-967076 also shifted the ASP7663 dose-response curve towards the right
(Fig. 2¢), and the pA2 of A-967076 was 7.0 £ 0.3 (0.09 uM, n = 3, Fig. 2f). We found that HC-030031 and TCS-
5861528 exhibit lower antagonist-channel affinities than A-967076 (One-way ANOVA, F, ,,=12.52, p=0.0019,
HC-030031 vs. A-967076 p=0.0094, TCS-5861528 vs. A-967076 p=0.0024 with Tukey’s multiple comparison).
Individual calcium traces for ASP7663 in the presence of the antagonists are presented in Supplemental Fig. 2. We
did not observe any calcium influx with HC-030031 in non-transfected HEK293 cells (Supplemental Fig. 3a,b) or
an off-target effect in mTPRA1-transfected HEK293 cells (Supplemental Fig. 3c,d). These results validate the use
of ASP7663 to activate mTRPA1 to induce a calcium response and confirm the affinity of the TRPA1 antagonists
for mTPRAL.

HC-030031 blocked ASP7663-induced mechanical hypersensitivity in mice. Having confirmed
that the TRPA1 compounds are functional in vitro, we next determined whether TRPA1 activation using
ASP7663 would result in a painful response and whether this effect would be blocked by a TRPA1 antagonist in
C57BL/6 mice. Intraperitoneal administration of a previously determined effective dose of ASP7663 (1 mg/kg)
significantly decreased mechanical thresholds of von Frey filaments as evaluated by two-way ANOVA, (Fig. 3,
Effect of pre-drug x post-drug: F, s =1.522, p=0.2332; Group effects: F, ; =4.426, p=0.0273). Bonferroni’s
multiple comparison further indicated statistical significance between pre- and post-drug mechanical thresh-
olds in the mice administered with ASP7663 (p = 0.0034), suggesting that ASP7663 administration increased
mechanical sensation and nocifensive behavior. Based on a previous study®?, we used an oral administered dose
of HC-030031 (100 mg/kg) to block the ASP7663-mediated mechanical hypersensitivity (p > 0.99). Bonferroni’s
multiple comparison did not show a statistical significance between pre- and post-drug mechanical thresholds in
the mice administered vehicle (p = 0.8692 after unpaired t-test, Supplemental Fig. 4) or HC-030031 (p =0.97 after
Bonferroni multiple comparision, Fig. 3).

ASP7663 and AITC have similar potency to two zebrafish TRPA1 paralogs but lower potency
than mTRPA1. We also analyzed dose-response curves of ASP7663 and AITC in zebrafish TRPAla
(zTRPA1la), or zebrafish TRPA1b (zTRPA1b)-transfected HEK293 cells. Dose-response curve of the two ago-
nists (Fig. 4a,d) was plotted based on the area under the curve (AUC) of individual calcium accumulation in
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Figure 3. HC-030031 blocked ASP7663-induced mechanical hypersensitivity in C57BL/6 mice. Mechanical
sensitivity was measured in C57BL/6 mice pre- and post-drug administration (n=4 per treatment) in response
to von Frey filament stimulation. Systemic administration of HC-030031 (100 mg/kg, p.o.) blocked mechanical
hypersensitivity induced by ASP7663 (1 mg/kg, i.p.). (Two-way ANOVA, Effect of pre-drug x post-drug:

F) 1=1.522, p=0.2332; Group effects: F, |3 =4.426, p=0.0273; After Bonferroni’s multiple comparison, Pre-
ASP7663 vs. Post-ASP7663: *p=0.0034).
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Figure 4. Potency of ASP7663 and AITC in HEK293 cells transfected with zZTRPAla or ZTRPA1b. Dose-
response curve of ASP7663 and AITC in zZTRPAla-transfected (a), and zZTRPA1b-transfected (d) HEK293 cells.
The dose response calcium influx in ZTRPAla-transfected (b,c), and ZTRPA1b-transfected (e,f) HEK293 cells
was measured by Relative Fluorescent Unit (RFU) of ASP7663 and AITC.

Fig. 4b,c,e.f. In line with our previous observation in mTRPA1, ASP7663 and AITC displayed similar potency to
zTRPAla (Fig. 4a, ASP7663: pEC5,=3.9£0.18, 118 uM, n="7; AITC: EC5,=4.6 £ 0.4, 26.6 uM, n = 4; unpaired
t test p=0.1333) and zTRPA1b (Fig. 4d, ASP7663: EC5y=4.0 £ 0.15, 99 uM, n=7; AITC: ECgy=4.5+0.5,
35.4uM, n =4; unpaired t test p =0.2855). Similar slow kinetics with mTRPA1 to 316 uM AITC was observed
especially in zZTRPA1b (Fig. 4f). Overall, ZTPRA1 paralogs had lower pECs, than mTRPA1 to ASP7663 with a
statistical significance (One-way ANOVA, F, ;¢=18.72, p < 0.0001, mTRPA1 vs. zZTRPAla p < 0.0001, mTRPA1
vs. ZTRPA1b p=0.0002) to AITC with no statistical significance (One-way ANOVA, F, ,,=1.226, p=0.3341,
mTRPAL1 vs. zZTRPAla p=0.4770, mTRPA1 vs. ZTRPA1b p =0.3625). However, we did not find any statistical
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Figure 5. HC-030031 dose-dependently attenuates ASP7663 activation of ZTRPAla and zZTRPA1b in
transfected HEK293 cells. (a,b) Dose-response curve of TRPA1 agonist ASP7663 in the absence or presence

of HC-030031. Note the shift in the dose-response curve of ASP7663 towards the right with increasing
concentration of the antagonist. (c,d) Schild plot for the HC-030031 at zZTRPAla and ZTRPA1b. Representative
curves are shown.

significance between zZTRPA1 paralogs to ASP7663 (zZTRPAla vs. zZTRPA1b p=0.9466) or AITC (zTRPAla vs.
ZTRPA1b p=0.9749).

HC-030031 inhibited ASP7663-induced calcium influx of zebrafish TRPAla and TRPAlbin a
dose-dependent manner. After establishing that ASP7663 is a pain-inducing agonist whose effects can
be blocked by the TRPA1 antagonist HC-030031, our next step was to pharmacologically characterize these two
compounds at the two zebrafish TRPA1 paralogs in transfected HEK 293 cells as we had done for the mTRPAL.
Despite the presence of an off-target effect for ASP7663 in non-transfected HEK293 cells (Supplemental Fig. 1),
HC-030031 was able to inhibit ASP7663-mediated calcium influx in HEK293 cells transfected with zZTRPAla
(pA,=4.6£0.2,26.8uM, n=3, Fig. 5a,c) or with zZTRPA1b (pA,=4.6 £0.3, 27.1uM, n = 3, Fig. 5b,d individual
calcium traces of the dose-response curves are presented in Supplemental Fig. 5). As for the mTRPA1, we noticed
that 316 uM HC-030031 could produce an influx of intracellular calcium (Supplemental Fig. 6a—c) in transfected,
but not un-transfected cells. Our results suggest that the potency of ASP7663 and efficacy of HC030031 are simi-
lar between two ZTRPA1 paralogs and that at high concentrations HC-030031 may activate TRPAL.

TRPA1 agonist-induced nociceptive-like swimming behavior in 5 days post-fertilization (dpf)
zebrafish larvae. With the acquired knowledge that ASP7663 and HC-030031 pharmacology show little
differences between the ZTRPA1 paralogs, we next determined whether we could elicit a TRPA1-mediated behav-
ioral response in zebrafish larvae using TRPA1 agonists. We selected 5 dpf zebrafish larvae as they display a rep-
ertoire of locomotor behaviors and are easily detected by motion tracking software?>?. Additionally, at this age
zebrafish will express both TRPA1 paralogs, as previous studies by Prober et al. showed that during development
zebrafish expressed TRPA1a as early as 72 hours post-fertilization (hpf) and TRPA1Db as early as 30 hpf?!. Larvae
were exposed to two TRPAI agonists, AITC (100 pM) and ASP7663 (100 uM), and the swimming behavior was
tracked. Increased locomotor activity in zebrafish larva in response to TRPA1 agonists including AITC (mustard
oil), acrolein and 4-hydroxynonenal may be interpreted as a nocifensive-like escape behavior in response to a
noxious stimulus?'. AITC elicited an acute and rapid swimming behavior immediately upon treatment (Fig. 6a,b;
One-way ANOVA, F, ;=491 p <0.0001; E3 vs. ASP7663 p < 0.0001; E3 vs. AITC p < 0.01; ASP7663 vs. AITC
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Figure 6. Dose-dependent locomotor response of zebrafish larvae to TRPA1 agonists. (a) Displacement graph
of average zebrafish locomotion in response to 100 uM ASP7663, 100 uM AITC or E3 media. Zebrafish larvae
at 5 dpf are exposed to the TRPA1 agonist at 0 sec. Solid line indicates average distance travelled of 3 biological
replicates (n = 8 larvae for each replicate, (a)). Area under the curve was further analyzed in (b). ((b) One-way
ANOVA, F, 5=491 p <0.0001; E3 vs. ASP7663 ***%*p < 0.0001; E3 vs. AITC **p < 0.01; ASP7663 vs. AITC
##p < 0.0001 after Tukey’s multiple comparison). (c) Displacement graph of average zebrafish locomotion in
response to four series half-log dilutions of TRPA1 agonist ASP7663 and E3 media. Zebrafish larvae at 5 dpf are
exposed to the TRPA1 agonist at 0 sec. Solid line indicates average distance travelled of 3 biological replicates
(n=8larvae for each replicate). (d) Area under the curve was further quantified from graph (c). ((d) One-way
ANOVA, F, 1, =697, p < 0.0001; E3 vs. 3.16 uM: ##%%p < 0.0001; E3 vs. 10 uM: **%p < 0.0001; E3 vs. 31.6jtM:
p=0.429; E3 vs. 100 pM: *#%%p < 0.0001; 3.16 uM vs. 10 pM: *p < 0.05; 3.16 uM vs. 31.6 pM: **p < 0.0001;
3.16 M vs. 100 pM: ##p < 0.0001; 10 uM vs. 31.6tM: $4&&p < 0.0001; 10 pM vs. 100 pM: ¥&&p < 0.0001;
31.6puM vs. 100 pM:++++p < 0.0001 with Tukey’s post-hoc comparison).

P <0.0001 with Tukey’s multiple comparison). In contrast to AITC, ASP7663 induced a slower and more sus-
tained swimming behavior. To determine the dose-dependency of the ASP7663 behavior, larvae were exposed to
three additional half-log dilutions of ASP7663 and AUC was analyzed based on the displacement (locomotion)
graph (Fig. 6¢,d; One-way ANOVA, F, ,,=697, p <0.0001, E3 vs. 3.16 .M p < 0.0001, E3 vs. 10pM p < 0.0001,
E3vs. 31.6 M p=0.429, E3 vs. 100 uM p < 0.0001, 3.16 pM vs. 10 pM p < 0.05, 3.16 uM vs. 31.6 pM p < 0.0001,
3.16pM vs. 100pM p < 0.0001, 10 pM vs. 31.6 pM p < 0.0001, 10 pM vs. 100 uM p < 0.0001, 31.6 pM vs. 100 uM
P <0.0001 with Tukey’s multiple comparison). Surprisingly, we observed what appears to be a dose dependent
depression of locomotor activity at low ASP7663, which reverses to hyperlocomotor activity around 10 pM to
31.6pM.

TRPA1 antagonist pretreatment prevented TRPA1l-mediated nocifensive-like locomo-
tor behavior in zebrafish. We next assessed if a TRPA1 antagonist could block the ASP7663-induced
nocifensive-like behavior in the zebrafish model. Pre-incubation with HC-30031 (10 pM) significantly (ASP7663
vs. ASP + HC, p < 0.0001) inhibited the nocifensive locomotor behavior mediated by ASP7663 (100 uM) admin-
istration (Fig. 7a,b; One-way ANOVA, F; 4 =214.3, p < 0.0001, E3 vs. ASP p < 0.0001, E3 vs. ASP+ HC p < 0.01,
E3 vs. HC p < 0.0001, ASP vs. ASP+HC p < 0.0001, ASP vs. HC p < 0.000, ASP +HC vs. HC p=0.0012 after
Sidak’s multiple comparison). Position tracking of the locomotor behavior of a single representative larva 5 min-
utes after experimental treatment is further illustrated in Fig. 7c. In the traces, black lines indicate a swimming
velocity below 0.6 cm/sec, green lines indicate a swimming velocity between 0.6 cm/sec and 1.0 cm/sec, and red
lines indicate a swimming velocity exceeding 1.0 cm/sec. To control for any behavior the antagonists may cause
in the zebrafish larvae, we tested zebrafish behavior upon exposure to 10 .M HC-030031 alone. This exposure
increased swimming behavior over baseline (E3 vs. HC-030031 p < 0.0001). Even though this single treatment
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Figure 7. Locomotor response of zebrafish larvae to ASP7663 in presence or absence of HC-030031. (a) To
determine if TRPA1 antagonists can block ASP7663-mediated channel stimulation, zebrafish were pre-treated
with antagonists 10 uM HC-030031 for 20 minutes before challenged with ASP7663. HC-030031 application
was able to block ASP7663-mediated locomotor behavior. Solid line indicates average distance travelled of 3
biological replicates (n = 8 larvae for each replicate). (b) Area under the curve was further quantified from
graph (a). (c) Representative displacement graph of (a,b). In the traces, black lines indicate a swimming velocity
below 0.6 cm/sec, green lines indicate a swimming velocity between 0.6 cm/sec and 1.0 cm/sec, and red lines
indicate a swimming velocity exceeding 1.0 cm/sec. ((b) One-way ANOVA, F; ;=214.3, p <0.0001; E3 vs. ASP:
ikkp < 0.0001; E3 vs. ASP +HC: ** p < 0.01; E3 vs. HC: *##%p < 0.0001; ASP vs. ASP +HC: ##*p < 0.0001;
ASP vs. HC ##p < 0.000; ASP +HC vs. HC ¥p=0.0012 after Sidak’s multiple comparison).

of HC-030031 enhanced the swimming behavior, its pre-treatment inhibited TRPA1-induced nocifensive swim-
ming behavior.

Discussion
Although TRPA1 channels are being considered as a novel target for the development of new chronic pain treat-
ments?, there currently are no U.S. Food and Drug Administration approved TRPA1 ligands. Therefore, it is
imperative to better characterize TRPA1 pharmacology across different animal species to facilitate drug devel-
opment and translation of anti-nociceptive TRPA1 drugs for clinical use. Preclinical rodent models are one of
the most popular vertebrate models used in drug discovery. One of the biggest hurdles in drug development is
showing in vivo efficacy. Generally, rodents are used for in vivo validation once a lead compound has been gen-
erated. Unsurprisingly, much of the physiological and behavioral effects of TRPA1 channels thus far have been
established in rodents®?. Only the best ‘hit compounds’ identified in cellular screening assays are moved forward
for in vivo validation because it would be prohibitive to utilize rodent models to phenotypically screen hundreds
of novel anti-nociceptive ‘hits’ due to the time and cost required for rodent studies. The ability to screen drugs in
a 96-well plate format using zebrafish larvae highlights the strength of zebrafish as an alternative in vivo model
for drug discovery. Utilizing zebrafish models has various benefits in the field of drug discovery by providing
large phenotype-based screening with its rapid embryonic development'?. Various behavioral assays of zebrafish
have been established for novel drug developments, including for retinal degeneration for example®. Zebrafish
can also be used to investigate nociceptive-like phenotypes'®? as well as analgesic effects of drugs'®. A study by
Prober et al. showed that TRPA1-mediated locomotion can be utilized as distinct characteristic for the nocifen-
sive behavior in zebrafish?'. In this study, we presented a detailed in vitro and in vivo pharmacological characteri-
zation of mouse and zebrafish TRPA1 using selective agonists and antagonists. Specifically, we demonstrated that
activation of TRPAL1 increased locomotor behavior of zebrafish in a dose-dependent manner, which was blocked
by the TRPA1 antagonist/partial agonist HC-030031. This finding was in line with the ability of HC-030031 to
inhibit ASP7663-mediated mechanical sensitivity in mice.

In comparison to mouse TRPA1, zebrafish has two TRPA1 paralogs due to genome duplication, which may
have distinct pharmacology and anatomy. Although one study has reported that the ZTRAP1a has higher sensi-
tivity to chemical irritant such as AITC than ZTRPA1b*, our study strongly indicates that the zZTRPA1 paralogs
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acted similarly in vitro, as we observed similar potencies for ASP7663 and affinities for HC-030031 at both
zTRPA1 paralogs. However, in vivo, ZTRPAla expression is limited to the posterior vagal sensory ganglia while
ZTRPAL1D is expressed in all cranial ganglia®!, which may preclude exogenous agonists from reaching zZTRPAla.
Additionally, knockout studies of zZTRPA1b reveal loss of sensitivity to the agonist AITC*"!, indicating that ZTR-
PA1b is solely responsible for the locomotor behavior.

For the zZTRPA1 paralogs, we particularly found that maximal response of ASP7663 was reduced in response
to increasing doses of HC-030031 (Fig. 5) while also shifting the ECy, values of ASP7663. This finding suggests
that HC-030031 may interact with the ZTRPA1 paralogs as a competitive or negative allosteric modulator. The
Schild slopes for HC-030031 at the ZTRPA1 paralogs were lower than 1 (ZTRPAla: 0.84 £0.22, n=3, zZTRPA1b:
0.83+0.05, n=2), which is a textbook definition of competitive interaction®?. The limitation of the low potency
of ASP7663 at the zZTRPAL1 paralogs is exemplified by our ability to test only two doses of HC-030031 to draw the
Schild plot, where it is recommended to test five different antagonist concentrations. Having only two concentra-
tion data points limits our ability to definitively calculate pA2 values for the antagonist and determine the slope.
This is in line with a potential limitation of using ASP7663 in zebrafish given that the potency of ASP7663 and
affinity for HC-030031 was lower at the zZT'RPA1 paralogs in comparison to mTRPALI. Discovery or development
of stronger TRPA1-selective agonist, such as crotalphine®, could be beneficial in replacing ASP7663 for future
screening efforts with a larger range of detection and will help provide better quality pA, calculation.

We further suggest that the observed hyperlocomotion in zebrafish is TRPA1l-mediated. First,
TRPA1-mediated hyperlocomotion has been previously reported by others'®*!. Second, both AITC, although
briefly, and ASP7663 produce hyperlocomotion, and both agonists increase calcium signaling in vitro via TRPAL.
Third, ASP7663-induced hyperlocomotion was attenuated by administration of HC-030031. Fourth, HC-030031
increases calcium release in HEK293 cells at a high concentration, and a high dose of HC-030031 in vivo pro-
duces significant hyperlocomotion albeit weaker than ASP7663 (Fig. 7b). An unexpected observation, however,
was that at low doses (3.16 and 10 M) ASP7663 induced hypolocomotion in zebrafish (Fig. 6¢,d), but hyperlo-
comotor activity at higher concentration (31.6 and 100 uM). We currently do not have an explanation for the
hypolocomotion, but this may be a potent off-target effect in zebrafish (Supplemental Fig. 1) that is masked by
hyperlocomotion once TRPA1 is activated. Furthermore, our observation that the TRPA1 antagonist HC-030031
may have some partial agonistic effects is novel.

The nocifensive behavior in zebrafish was initially demonstrated using mustard oil**, which contains the
TRPAL1 agonist AITC. AITC has been shown to also activate TRPM8> and TRPV 1%, and thus it would be sub-
optimal to use this agonist to screen for TRPA1-selective antagonists. However, given the fact that zebrafish lack
TRPMS channels?, selectivity may be less of a concern in this species. A different concern is that AITC activation
of TRPA1 channel has been shown to lead to rapid TRPA1 desensitization and internalization®~%, a feature we
observe also in the calcium assay for this agonist (Fig. 4f, see particularly at 316 uM) and in zebrafish (see Fig. 6a
at 100 seconds AITC). In our hands, AITC has similar potency with the TRPA1-selective agonist ASP7663, but
we found no indication of rapid desensitization for ASP7663. The lack of rapid desensitization by ASP7663 was
a reason for us to choose this agonist to investigate the pharmacological profiles of mouse and zebrafish TRPA1
channels in both in vivo model systems. The in vitro desensitization profile of AITC may correlate with its in vivo
profile, where a short initial bout of AITC-induced hyperlocomotion is followed by a rapid decline in locomotor
activity. In contrast, application of ASP7663 in zebrafish larvae showed more prolonged agonist-mediated loco-
motor behavior than AITC (Fig. 5a,b). At the high concentration of HC-030031 at which we observe calcium
influx, the kinetic profile resembles that of ASP7663 and similarly HC-030031 produces a moderate but persistent
increase in locomotor activity, suggesting that HC-030031 does not rapidly desensitize zZTRPA1.

The TRPA1 agonist ASP7663 also produced mechanical hypersensitivity in mice (Fig. 3), a widely used nocic-
eption model, and was blocked by the TRPA1 antagonist HC-030031. This finding mimics our observations using
the same agonist and antagonist in zebrafish locomotor behavior (Figs 6 and 7). A study by Stevens et al. previ-
ously found that HC-030031 was able to inhibit locomotor responses in zebrafish larvae induced by the TRPA1
agonist acrolein'® and further support the face validity of the zebrafish model.

In addition to the finding that ASP7663-induced nocifensive-like behavior, we found similarities in
ASP7663-mediated calcium influx from both zebrafish and mouse TRPA1 channels. In mTRPA1, ASP7663
dose-dependently induced calcium signaling, and TRPA1 antagonists attenuated this influx. Of the three antago-
nists, HC-030031 and TCS-5861528 had lower antagonist-channel affinities compared to A-967076 (Fig. 2). This
is in agreement with published characterization of A-967076 interaction with rat TRPA1 in which the antagonist
has an IC,; of 0.289 uM, and A-967076 was found to be about 25-fold stronger than HC-0300313%.

We also noted some off-target effects in our HEK293 cells; specifically, ASP7663 showed calcium influx at high
concentration (316 uM) in non-transfected HEK293 cells. It is possible that the agonist may interact with endog-
enous calcium channels in HEK293 cell®®. Nonetheless, it is important to note that the potency of ASP7663 was
much lower in non-transfected HEK293 compared with HEK293 transfected with mTRPA1 and we were able to
block the intracellular calcium release using TRPA1 antagonists for both the mTRPA1 and the ZTRPA1 paralogs.
The existence of an off-target effect, however, may explain why we did not obtain a perfect slope for the Schild
plots for the TRPA1 antagonists.

Conclusions

Overall, our critical analysis of currently commercialized TRPA1 agonists and antagonists in mouse TRPA1 and
the two zebrafish TRPA1 paralogs have found similarities in line with previous published observations particu-
larly in agonist-mediated hyperalgesia in mice and hyperlocomotion in zebrafish. However, our study revealed
several novel findings. First, the kinetics of calcium release and zebrafish hyperlocomotion were not identical
between TRPA1 agonists. Second, both HEK293 cells and zebrafish may exhibit non-TRPA1 targets that respond
to the TRPA1 agonist ASP7663. Third, the TRPA1 antagonist HC-030031 may activate TRPA1 in vitro and in vivo
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at high enough concentrations. Finally, the potency of TPRA1 agonists and antagonists appears to be stronger
for mTRPAL1 than the zZTRPA1 paralogs. Taken together, we propose that TRPA1-mediated hyperlocomotion in
zebrafish has the potential to be a useful phenotypic assay to for TRPA1 drug screening and discovery. As for all
compound screening, secondary assays will still be required to assess channel-ligand pharmacology including
receptor desensitization, potential off-target effects of a ligand, and an ability of a ligand to serve as an antagonist,
partial agonist, or a full agonist.

Methods

Animals. Zebrafish (Danio rerio). Wild-type zebrafish of the AB line were utilized for all behavioral exper-
iments. Adult and larval zebrafish were maintained on a 14hr/10 hr light/dark cycle. They were maintained and
bred using standard procedure https://zfin.org/zf_info/zfbook/ztbk. html. Larval zebrafish were reared until 5
days post-fertilization (dpf) in E3 media https://zfin.org/zf_info/zfbook/chapt1/1.3.html in an incubator at 28°C.
E3 media was changed daily, and healthy embryos were kept for experiments.

Mice (Mus musculus).  We utilized WT C57BL/6 mice purchased from Envigo (Indianapolis, IN, USA). Total
sixteen adult male mice (8-9 weeks, 22 + 2 g) were housed in four ventilated Plexiglas cages (4 mice per cage).
Four mice were tested in each group. Mice are maintained at temperature (21 °C) in an animal housing facil-
ity accredited by the Association for Assessment and Accreditation of Laboratory Animal Care with a reversed
12-hour dark-light cycle (lights off at 1000, lights on at 2200). This study was carried out in accordance with
the recommendations of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
The protocol (#1201000592 by Y.EL. for Zebrafish, and #1605001408 by R.M.vR for mice) was approved by the
Purdue University Institutional Animal Care and Use Committee.

Cell culture. HEK293 cells (#CRL-1573, ATCC, VA, USA) were cultured in DMEM media (#11995-065,
Sigma-Aldrich, MO, USA) with 10% Fetal Bovine Serum (#F0926-500ML, Thermo Fisher, MA, USA). The cells
were maintained in a 37 °C incubator with consistent 5% CO,. They were seeded in a clear 6 well flat bottom cell
culture plates (#07-200-83, Corning ®, Thermo Fisher) with 500,000 cells/2 ml/well for transfection, in serum-free
Opti-MEM (#31985070, Gibco®, Thermo Fisher). These cells were transfected with pcDNA3.1-mTRPA1
(#MR227099, OriGene, MD, USA), pcDNA3.1-zZTRPA1a, or pcDNA3.1-ZTRPA1b (a gift from Dr. David Prober)
using X-tremeGENE™ 9 (#6365809001, Sigma-Aldrich). After 24 hours, the transfected cells were dislodged with
trypsin, resuspended in Opti-MEM, and seeded 25,000 cells/25 pl/well in 384-well black polystyrene microplates
(#82051-296, VWR, PA, USA) for testing calcium signaling the following day. Experiments were carried out with
the approval of the Institutional Biohazard Committee (#13-013-16).

FLIPR calcium signaling assay. Twenty-five pl calcium sensitive Fluorescent Imaging Plate Reader
(FLIPR) Calcium 6 assay dye (#R8190, Molecular Devices, CA, USA) was added to each well of a 384-well
plate containing HEK293 cells transiently expressing mTRPA1, zZTRPA1a, and zZTRPA1b, respectively. The cells
were incubated for an hour prior to the recording of intracellular calcium levels in a FlexStation3 Multi-Mode
Microplate Reader (#R8190, Molecular Devices) as previously described®. All compounds were diluted in cal-
cium buffer made with 1x HBSS (#14025-092, Thermo Fisher), 20 mM HEPES (#15630-080, Thermo Fisher),
and 2.5 mM Probenecid (#P8761, Sigma-Aldrich). For agonist studies, ASP7663 (#5178, Tocris, Bristol, UK) was
diluted in 1% DMSO-containing calcium buffer at desired concentrations and was added during the recording.
The TRPA1 antagonists HC-030031 (#2896, Tocris), TCS-5861528 (#3938, Tocris), and A-967079 (#4716, Tocris)
were diluted in calcium buffer, and 5 ul of 10x solutions were added 10 minutes prior to the recording. The same
amount of DMSO (1%) was added to all control groups to maintain similar DMSO levels with the experimen-
tal groups. During the assay, the cells were challenged by a 5x ASP7663 solution or 1% DMSO solution at the
20 seconds time point, and both solutions were diluted in calcium buffer. Relative fluorescence units (RFU) were
measured for 120 seconds period by the Flexstation. Area under the curve (AUC) was further evaluated from
individual calcium influx data (Supplemental Figs 2 and 4) to plot does-response curve of antagonists. For each
specific antagonist concentration we plotted Log(dose ratio-1) against the antagonist concentration in a Schild
plot. The dose ratio (A’/A) equals the ECs, of the agonist (ASP7665) in the presence of a concentration of the
antagonist (A) divided by the EC; of the agonist in the absence of antagonist (A). The x-intercept of the Schild
plot was used to identify the antagonist-receptor affinity (pA,).

Von Frey Test. Von Frey filaments (2.44 (0.04g)-4.31 (2g)) and a grid platform (#58011 and #57816,
Stoelting, WI, USA) were used to test mechanical hypersensitivity of mice. A modified up-and-down method was
utilized as previously described*'. Immediately after measuring the baseline, the mice were injected with 100 mg/
kg HC-030031 (p.o., diluted in 5% DMSO, 0.5% methylcellulose in saline), whereas the control group mice were
injected with the appropriate vehicle solution (5% DMSO, 0.5% methylcellulose in saline). Thirty minutes after
the first injection, mice were systemically administered 1 mg/kg ASP7663 (i.p., diluted in 1% DMSO in saline),
or vehicle (1% DMSO in saline). Drug-induced mechanical hypersensitivity was measured 30 minutes after the
second injection. Pre- and post-drug responses were represented as mean + SEM.

Zebrafish Locomotor Tracking Assay. In the behavioral experiments, one 5 dpf zebrafish was placed in
250 pL of fish media per well of a 96-well plate (UNIPLATE Collection and Analysis Microplate, 96-Well 7701-
1651). For each experimental condition, a group of 8 larvae (1 column) was used. Larvae were acclimated to the
wells for 300 seconds after which an 8-channel pipette was used to simultaneously dispense 250 uL of 2x concen-
tration of the TRPA1 agonist ASP7663 in fish media into each well. Locomotor activity was subsequently tracked
and quantified (as distance travelled) for 300 additional seconds utilizing the Zebrabox system from ViewPoint
Behavior Technology (Civrieux, France). For TRPA1 antagonist testing, larvae in the 96-well plate were pretreated
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with 1x concentration of antagonist in 250 uL E3 media for 20 minutes. Then, 250 pL of 2x TRPA1 agonist was
added directly to this solution, and the resulting behavior was recorded as described above.

Statistical Analysis. All data are presented as means = standard error of the mean (SEM). For our in vitro
statistical analysis, AUC of calcium influx (RFU) was measured to plot dose-response curves, which were further
analyzed by nonlinear regression analysis. Mean RFU of the first 10 seconds was used as a baseline of the AUC.
ECs, values of the dose-response curves were further used to plot Schild curves, and the curves were analyzed
with linear regression analysis. For the mice von Frey test, mechanical thresholds were analyzed with two-way
ANOVA followed by a Bonferonni test for multiple comparison analysis. For the zebrafish behavior test, the data
from the first five seconds following drug administration were excluded, as zebrafish displacement during that
period was highly influenced by liquid dispensing. AUC of all curves were measured and analyzed by one-way
ANOVA. The post-hoc analysis was conducted with the Tukey’s or Dunnett’s multiple comparisons unless it
stated otherwise. A value of y=0 in the graph was used as a baseline of the AUC. For our time-course average
displacement graph, we used 2" degree polynomial smoothing for a better representation; however, we used data
before smoothing for all statistical analysis and quantification. All in vitro and in vivo data were evaluated using
GraphPad Prism 7 (GraphPad Software, La Jolla, CA) unless it stated otherwise.

Data Availability
All materials, data and associated protocols will be promptly made available to readers upon request without
undue qualifications in material transfer agreements.
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