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Pruritus, or itch, is an unpleasant cutaneous sensation that elicits a desire to scratch. In
mammals, this sensation occurs when itch-inducing stimuli activate pruritic receptor proteins on
somatosensory neurons, which functionally couple to transient receptor potential (TRP) ion
channels to elicit neuronal activation. However, little is known about the capacity of lower
vertebrates to experience itch, or the potential neuronal mechanisms that might underlie this
sensation. To address this gap in knowledge, we used a variety of experimental methods to
determine whether itch existed in a lower vertebrate, the zebrafish (Danio rerio). We confirmed
that zebrafish are indeed capable of uniquely pruritic behavioral responses to itch stimuli that are
distinct from nocifensive (pain) responses. Unlike previously-described itch transduction
mechanisms in mammals, these pruritic responses resulted from the direct activation of the TRP
ion channel TRPAT1 on a selective subset of somatosensory neurons that were primed to respond
to lower-intensity noxious stimuli like pruritogens. Higher-intensity stimuli that elicited
nocifensive behaviors instead activated additional subpopulations of less-sensitive, higher-
threshold TRPA1 neurons. This suggests that distinct populations of differentially-tuned TRPA 1

neurons can be activated to relay either itch or pain. Intriguingly, this mechanism was also



present in the mouse, implying that this form of itch transduction is perhaps a rudimentary,
evolutionarily early form of itch that persisted, and was later expanded upon, in terrestrial
vertebrates. Additional experiments provided anatomical evidence that multiple subpopulations
of TRPAT neurons exist in both the mouse and the zebrafish, and found that PLC activity may
play a role in setting the gain of the more sensitive neurons. Together, these results suggest a
multi-species model for selective itch via the activation of a specialized subpopulation of

somatosensory neurons with a heightened sensitivity to noxious stimuli.
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Chapter 1: Introduction
1.1 Definitions and function of itch and pain

The detection of noxious stimuli is inherently protective and of great evolutionary
significance to an organism, and can often lead to the unpleasant sensations of itch and pain.
Pain, as defined by the International Association for the Study of Pain, is an “unpleasant sensory
and emotional experience associated with actual or potential tissue damage, described in terms of

such damage”!

. The affective (emotional) components of pain distinguish it from nociception,
which is the process by which noxious thermal, mechanical, or chemical stimuli are detected by
a subpopulation of peripheral nerve fibers called nociceptors>. Itch, or pruritus, is an
unpleasant, cutaneous sensation that elicits a desire to scratch’. Pain is thought to be protective in
anticipation of tissue damage, eliciting both reflexive and adaptive behaviors in many species® 2.
Itch is likewise thought to have evolved in order to promote protective behaviors such as
scratching, which can rid the skin of pathogens and stimulate immune responses'>. The inability
to respond to noxious, potentially damaging stimuli such as extreme temperatures, corrosive
chemicals, and harmful mechanical forces, can have severe consequences. For example, patients
with congenital insensitivity to pain (CIP), a rare disorder most frequently caused by mutations
in the SCNA9 gene (which encodes a voltage-gated sodium channel found in nociceptors) or
PRDM12 gene (which encodes a transcriptional regulator), often suffer from broken bones,
serious burns, and other injuries resulting from their inability to sense, and thus avoid,
environmental dangers, and many die prematurely '+’

While the detection of acute unpleasant stimuli is protective, aberrant activation of these

systems (as occurs with neuropathic or chronic pain) can significantly affect quality of life.

Chronic pain is widespread, and affects an estimated 20.4% of the U.S. population, with high-



impact chronic pain (that which prevents people from engaging in daily life or work activities)
affecting ~8.0%!8. It is the most common reason people seek medical treatment. Low efficacy of
current pain treatments, coupled with inappropriate prescribing practices, has contributed in large
part to the current opioid epidemic crisis—as of 2017, 67.8% of drug overdose deaths in the
United States were caused by opioids, and within just one year (2016-2017), death rates
increased for all categories of opioids'®. Itch, another unpleasant sense, can also become
disordered—though not as well-publicized as pain conditions, dermatological disorders causing
itch, such as psoriasis, cholestatic itch, and atopic dermatitis, all negatively affect quality of life
for millions of people?®2*. One study found that skin disorders, which include many itch
disorders, were the most prevalent diagnoses within a surveyed population?*. Other studies have
found chronic itch is particularly prevalent in the elderly, and that pruritus prevalence increases
with age?!?*. Understanding the function of the neurons responsible for mediating these
sensations, in both normal and pathological contexts, is important from a basic science

standpoint and may help inform clinical interventions.

1.2 A brief anatomical overview of the somatosensory system

The somatosensory, or “body-sensing”, system is the collection of neural circuitry that
mediates exteroception (the sense of direct interactions of the body and external environment,
such as touch, pain, and thermal senses), interoception (the sense of the visceral organs and
internal state), and proprioception (the sense of oneself)?®. Somatosensory stimuli are first
detected by peripheral neurons located in the trigeminal ganglia (TG) and dorsal root ganglia
(DRG), which respectively innervate the face and the rest of the body (trunk, limbs)?*?’. These

first-order neurons are pseudounipolar in structure, with one afferent process extending into the



target tissue (skin, skeletal muscle, or visceral organ), and the other process extending into the
central nervous system.

First-order neurons are specialized; i.e., they are functionally segregated, with different
subtypes responding to certain stimuli and not others. They also vary extensively in size,
myelination status, firing patterns, conduction velocity, activation threshold, and gene expression
patterns®®28. Broadly, they can be categorized into fiber types based upon size, myelination
status, and conduction velocity. Within these types (the Aa, AB, Ad, and C-fibers), there are
additional subcategories. Aa fibers, which have the widest diameters and are the most heavily
myelinated (and thus have the fastest conduction velocities, ~120 m/s), are most frequently
proprocieptors, neurons capable of detecting muscle stretch, contraction, and joint angle, alerting
the body to changes in position and where it is in space®®*. AP fibers, slightly smaller in
diameter than Aa fibers (>50 um), have slightly slower conduction velocities (30-70 m/s), and
are less heavily myelinated; they primarily constitute the low-threshold mechanoreceptors
(LTMRs)?%?7. Depending upon their firing patterns (rapidly versus slowly adapting) and
association with other cells and structures within the skin (Merkel cells, Pacinian corpuscles,
Meissner’s corpuscles, Ruffini’s endings, etc.), they are capable of discerning different tactile
sensations, including vibration, light pressure, stretch, and fine/discriminative touch?63%31. A§
fibers, are smaller than A fibers and lightly myelinated (with a maximum conduction velocity
of 30 m/s), and are primarily high-threshold mechanoreceptors; the neurons responsible for
signaling sharp, “fast”, mechanical pain***’2, Unmyelinated C-fibers have the smallest
diameters (10-30 um) and slowest conduction velocities (<2 m/s), and include chemoreceptors,
thermoreceptors, and certain LTMRs?%?7. Depending upon their complement of cell membrane

receptors, these neurons can respond to algogens (pain-inducing stimuli), pruritogens (itch-



inducing stimuli), and innocuous stimuli (neutral temperatures, pleasant/affective touch)>**3,

These distinctions, however, are not always exceptionally clean; some somatosensory neurons
are polymodal in nature. Frequently, a population of C-fibers may respond to both chemical and
thermal stimuli***. Other neurons can respond to both mechanical and thermal stimuli?6-¢,
Historically, different categories of peripheral somatosensory neurons have been distinguished
not only by their size, conduction velocity, and responsiveness to certain stimuli, but also by the
expression of protein markers—for example, certain neuropeptides such as CGRP and Substance
P are only present in a subset of peptidergic C-fibers, and proteins such as parvalbumin and
NF200 reliably label Ao and AP proprioceptors and mechanoreceptors®’. More recently,
transcriptomic profiling studies have further classified somatosensory neurons into subgroups
based upon gene expression®”,

Input to the spinal cord and beyond is also segregated based upon modality, helping to
preserve these “labeled lines”. For example, C-fibers project into the most superficial layers (or
laminae) of the dorsal horn, whereas fibers relaying innocuous touch project to deeper layers.
Ascending neural circuits to higher-order brain structures such as the thalamus and
somatosensory cortex are likewise separated based upon modality, with innocuous touch and
proprioceptive information ascending through the dorsal column-medial lemniscus pathway, and
thermal/chemical/pain information ascending through the spinothalamic tract®®. The
somatosensory cortex is responsible for attributing the discriminative and basic sensory
components of a stimulus (localization, intensity, etc.) but not the emotional or affective
components>6-?.

Other brain regions and neural circuits are also involved in the processing of somatosensory

information, particularly in the context of pain. A significant amount of modulation occurs at the



level of the spinal cord, where segregated information streams from primary afferent fibers can
interact via interneurons. In particular, these interneurons can allow for the “gating” of one sense
by another—inhibitory interneurons can be activated by light touch afferents to dampen the
output of pain projection neurons, and itch projection neurons can similarly be gated by
mechanical/pain circuitry*®#*. The dorsal horn of the spinal cord is also the target of descending
modulatory information from higher cortical structures. The periaqueductal gray (PAG) and the
rostroventromedial medulla (RVM) are important in relaying pain modulatory information to the
spinal cord, which often involves signaling via endogenous opioids*>*. Other ascending
pathways bring information from peripheral neurons to brain regions that can assign
emotional/affective components and valence to sensations, or initiate autonomic responses. The
basolateral amygdala, for example, contains a population of neurons that contribute the affective,
or unpleasant, components of pain*’. The parabrachial nucleus is another key processing center
in pain, receiving inputs from pain projection neurons in the superficial dorsal horn, and relaying
it to brain regions involved in emotional affect (like the amygdala) and autonomic homeostatic
adaptation (hypothalamus, ventrolateral medulla)*®*. The insular cortex and dorsal raphe
nucleus also have demonstrable roles in integrating sensory and emotional information regarding

both itch and pain stimuli®.

1.3 The cellular mechanisms of relaying itch and pain

1.3.1 TRP ion channels play a major role in relaying chemical and thermal stimuli

Transient receptor potential (TRP) ion channels in C-fiber nociceptors play a critical role
in transducing chemical and thermal stimuli, many of which are associated with pain and tissue

damage. These channels can be described generally as tetrameric calcium-permeable cation



channels with polymodal activation properties®!. TRP channel subunits are composed of six
transmembrane (TM) protein domains, with a well-conserved pore domain between TM
segments 5 and 6°!. Most TRP channel subunits also have a loosely-conserved intracellular TRP
domain consisting of approximately 25 residues in the C-terminal region, which lends its name
to the ion channel family and is thought to be important for binding PIP2, an important signaling
molecule®>*3. Apart from these generalities, the structure of the TRPs varies wildly between
subgroups, perhaps reflecting their functional diversity. Depending upon the TRP channel in

question, they can be homomeric or heteromeric®!+>*

, and can be activated by a wide variety of
external and internal stimuli, including exogenous chemicals, endogenous compounds,
intracellular signaling molecules, temperature, cell swelling, and fluid flow>>*°. Different
families of TRP channels also have structural modifications attuned to their particular function;
for example, the TRPM often have enzymatically active protein regions fused to the channel>®%’.
A single TRP receptor itself can respond to multiple stimuli—one of the most well-
studied of these is TRPV 1, the mammalian ortholog of which activates following exposure to
capsaicin (the chemical found in chili peppers that elicits a burning sensation), low pH (high
H+), 2-APB, resiniferotoxin, PMA, endocannabinoids, and high temperatures**°!->®, Positive ion
influx through TRP channels depolarizes the cell membrane, and the influx of calcium ions is an
especially critical feature of TRP channel activation. Calcium ions are vital second messengers,
and their entry through TRP receptors can vastly alter downstream calcium-dependent signaling
cascades; TRP receptors themselves can be modulated by calcium as well as regulated by these
cascades, potentially leading to further signal amplification®’>>. TRPA1 is another noteworthy

TRP channel that relays nociceptive signals. Initially described as a cold sensitive channel that

activates to temperatures <17 °C>’, it is now known to be activated as well by a variety of



reactive ligands (e.g., allyl isothiocyanate, cinnamaldehyde, gingerol, eugenol, methyl salicylate,
acrolein) that covalently modify cysteine residues®®®*. Although there was some initial
controversy surrounding its potential role as a mechanotransducing channel, the general
consensus is that it is not mechanoreceptive®>. Because of its activation by pungent chemicals,
it can be thought of as a detector of noxious chemical stimuli. TRPM3 is similar nociceptive
TRP ion channel expressed in somatosensory neurons and is activated by neuroactive steroids
(i.e., pregnenolone sulfate) as well as noxious heat®’.

Interestingly, TRP channels can be activated in different ways by their different agonists.
This is perhaps most notable for TRPA 1, which undergoes irreversible covalent modification of
cysteine residues when activated by noxious pungent (often electrophilic) compounds; activation
by other substances such as icilin, however, occurs via different, reversible mechanisms®!.
Distinct activation mechanisms also mediate the activation of TRPV1 by different stimuli—
proton and peptide toxins bind to the extracellular pore domain, while capsaicin binding sites are
localized to the transmembrane domain and volatile anesthetics activate TRPV 1 through the pore
loop domain®®%’. The functional significance of these different sites of activation can be seen
when comparing TRPV1 responses across species—while TRPV1 from fish and birds maintains
heat sensitivity, the structure of these proteins is different enough from mammalian TRPV1 such
that it is not activated by capsaicin’®’!.

Behavioral studies in rodent models have shown that these ion channels are functionally
relevant for nociception. When either TRPV1 and TRPA1 are directly activated by their
agonists, they can elicit sensations of pain. For example, TRPV1 agonists such as capsaicin will

elicit pain behaviors such as licking/biting when injected into the hindpaw of mice>*.

Furthermore, TRPV1 knockout mice have reduced behavioral responses to noxious thermal



stimuli, and DRG neurons obtained from these animals are not responsive to any typical TRPV1
agonists in either calcium imaging or electrophysiology studies®*. Similarly, TRPA1 agonists
such as cinnamaldehyde can also elicit pain behaviors’>. TRPM3 knockout mice also exhibit
deficits in noxious heat sensation®’.

It should be noted, however, that not all TRP channels are involved in the transduction of
pain. TRPMS detects innocuous cool temperatures in addition to relaying unpleasant cold
sensations, and is also activated by the chemical menthol, found in mint”>~’¢, Other TRP
channels, such as TRPV4, TRPV3, and TRPM4/5, detect innocuous warmth’”-’®. Additionally,
not all TRP channels are somatosensory in nature; TRPM2, for instance, is widely expressed in
the central nervous system, particularly the hypothalamus, where it is activated by both high
temperatures and oxidative stress’®. As such, it is thought to play role in the body’s response to
regulating temperature during fevers. Many other TRP channels are expressed in tissues aside
from somatosensory neurons, functioning in a great diversity of roles—TRPMI1 is important for
retinal function, for instance, and TRPCS5 in hippocampal neurons helps to regulate growth cone
morphology in the hippocampus’®®. Furthermore, not all receptors relaying somatosensory
information are TRP channels. Piezo2, for example, is a specific mechanotransducer in neurons
that mediate light touch and proprioception,; it is also required for Merkel cell

mechanotransduction®'#2,

1.3.2 TRP ion channels couple with pruritic receptors to relay itch

While TRP channels can be directly activated by exogenous stimuli, they often do not
function in isolation. Instead, they can functionally couple to other cellular sensors, such as G-
protein coupled receptors (GPCRs) associated with inflammatory or pruritic (itch-inducing

stimuli), and are integral in mediating both itch and inflammatory pain. While we will focus

9



primarily on the interaction between TRP channels and pruritic GPCRs, it should be noted that in
some cases, the same GPCR may be implicated in both inflammation and pruritus; the
“inflammatory soup” released following injury can include many endogenous pruritogens.
Pruritic stimuli can take the form of exogenous chemicals, like the medicines chloroquine and
imiquimod, or endogenous molecules, such as those released during immune responses or
inflammation. Pruritic GPCRs abound in mammalian systems, and examples include HIR (a
histamine receptor), SHT2A (a serotonin receptor), TGRS (a receptor for bile acids), MrgprA3 (a
chloroquine receptor), PAR2 (a protease receptor), MrgprD (a B-alanine receptor); ETAR (the
endothelin-1 receptor), MrgprC11 (another protease receptor), IL31Ra (the IL31 receptor), and
S1PR3 (a receptor for an inflammatory phospholipid)®*~°2. When activated, these receptors
initiate downstream signaling cascades that then activate the TRP ion channel they are associated
with, eliciting an influx of positively-charged ions and thus neuronal activation®>1-92,

TRPV1 and TRPA1 are the major TRP channels associated with the relay of itch,
although some recent evidence suggests that TRPV4 may also play a role. Different
subpopulations of somatosensory itch neurons in the TG and DRG express different
combinations of pruritic receptors and TRP ion channels, and make use of different intracellular
signaling cascades to functionally couple the two. One population, for example, is responsible
for relaying histaminergic itch—these neurons express HIR, which when activated by histamine
relies on phospholipase A2 and PLCPB3 pathways to activate TRPV1!38893 By contrast,
chloroquine activates MrgprA3 on a subset of TRPA1-expressing neurons; MrpgrA3 activation
results in the liberation of the G protein subunit GPy, which can then stimulate TRPA 1886,
Similarly, TGRS can activate TRPAT1 via GBy and PKC signaling within a subpopulation of

TRPA1 neurons®®. Serotonin-induced itch has been shown to result from a coupling of SHT2A

10



and TRPV4 in a subset of DRG neurons®®, though the intracellular signaling mechanism linking

the two is unknown.

1.3.3 Theories of itch coding

If the activation of TRP ion channels is associated with both itch and pain, how can these
two distinct sensations be distinguished from each other? Various theories have emerged over
time to describe the neural strategies through which this could be achieved. Most evidence
supports the idea of population coding, in which different subpopulations of somatosensory
neurons are specifically tuned to respond to different stimuli, as an explanation for these
different sensations!>*>*>7_ In such models, pruritic stimuli are detected by neurons expressing
both pruritic receptors as well as nociceptive TRP ion channels, whereas algogenic stimuli are
detected and relayed by other neurons in the TG and DRG which only express nociceptive TRP
ion channels'*?. The existence of distinct subpopulations of neurons is one piece of evidence
implying that itch and pain are conveyed via “labeled lines”, and are functionally and structurally
segregated. Furthermore, distinct populations of neurons within the spinal cord help to relay itch,
and are characterized by receptors such as GRPR and Nprl, which bind to the pruritic transmitter
peptides gastrin-releasing peptide (GRP) and natriuretic peptide b (Nppb), respectively®!.

Other research implies that such an explanation may not be so simple, and an alternate
theory of intensity coding has been proposed to describe how the nervous system determines
whether a stimulus is perceived as itchy or painful. In such a model, the same neurons could
relay both itch and pain information, which would be distinguished by changes in action
potential firing rates and patterning. Some psychophysical evidence supports this—increasing
the concentration of certain stimuli, for instance, may shift perception from pruritus to

pain®®?%%_Still other theories are based in population coding, but are more nuanced. For
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example, the spatial-contrast theory posits that the differential localization of neurons in the skin
determines which sensation is experienced”?. This is bolstered by observations in human
subjects, that intradermal injections of an algogen like capsaicin will elicit pain, whereas topical
application will generally elicit itch!?-1°2, Additionally, the regulation of itch and pain is not
relegated solely to the periphery, as further refinement of signals occurs in the dorsal horn of the
spinal cord, which receives primary afferent input from somatosensory neurons. The selectivity
theory describes a coding strategy based upon such higher-order processing, and states that itch
is experienced when selective subsets of “itch” neurons are activated but that pain predominates
when both itch and pain neurons are activated together®>*!%, Inhibitory interactions abound in
the spinal cord, providing a potential mechanism for this theory. In particular, pain signals are
thought to inhibit itch signals via local inhibitory interneurons that release dynorphin, which
414291

binds to kappa opioid receptors on itch projection neurons and prevents their activation

Through these means, normally noxious stimuli such as scratching may inhibit itch %,

1.4 Are other species capable of experiencing itch and pain?

Some scientists suggest that only humans can definitively experience pain, and that
researchers should remain “agnostic” as to the capacity of non-human animals to do the same,
since their subjective experience can only be inferred!?. Other scientists argue that certain
animals (particularly “lower vertebrates”) are incapable of experiencing pain in the way higher
vertebrates such as mammals do as a result of multiple factors: they lack the cortical complexity
(i.e., neocortex) associated with conscious awareness, most of their behavioral processing
(aversive or otherwise) appears to be under the control of basal brainstem and hindbrain
structures, and their reactions to “painful” stimuli cannot be distinguished from other escape

responses'®®. At the opposite end of this spectrum, some argue that the distinction between the
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sensory and emotional/cognitive aspects of pain is “artificial” and should be discontinued,
asserting that scientists make no similar distinction between activation of sensory receptors and
higher cortical processing for other sensory modalities, such as hearing or vision'?’. Still others
have tried to bridge this gap by generalizing criteria used to assess pain in humans to other
animals, based upon known comparable behaviors and mechanisms. Using this assessment, an
animal must fulfill eight criteria in order to experience “pain”: the possession of noxious stimuli
receptors in functionally useful locations on the body, possession of brain structures analogous to
the human cerebral cortex, possession of neural pathways connecting nociceptive receptors to
higher brain structures, possession of opioid receptors in the central nervous system, the ability
of analgesics to modify pain responses, behavioral response to noxious stimuli, relatively
inelastic avoidance of noxious stimuli, and avoidance learning when confronted with noxious
stimuli'®. Nociception comprises the sensory components of these criteria. In higher vertebrates
such as humans, the percept of pain extends beyond nociception, and can exist without the
activation of nociceptors, for example when higher brain structures involved in pain processing
(somatosensory cortex, anterior cingulate cortex, insula) are activated, as has been demonstrated
in people who report phantom limb pain'® and in those who experience pain due to thalamic
strokes!'’. Mammalian models fulfill all these criteria, and as such rodents (primarily mice and
rats, with some exceptions) have been used to study both pain and nociception. Particular
behavioral assays within these models can also be used to distinguish between reflexive-
nociceptive and affective-motivational responses to noxious stimuli; withdrawal behavior to a
stimulus, for example, is reflexive-nociceptive (and can be assayed via Von Frey, pin prick, and
similar tests), while adaptive avoidance relies on affective-motivational responses (and can be

assayed via conditioned place preference, two-choice tests, and similar tests)®!!!.
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But what about lower vertebrates, such as fish, reptiles, amphibians, and birds? Most
lower vertebrates are capable of nociception. Even invertebrates, such as the medicinal leech
Hirudo medicinalis''?, the gastropod Aplysia californica''®, and fruit fly Drosophila
melanogaster''*, possess nociceptive neurons whose activity can often be correlated with
nocifensive behavior. It is believed that this sensory transduction is often accomplished through
homologs of the same TRP channels observed in mammalian nociceptors'!®. In higher
vertebrates, nociceptors are distinguished by their complement of TRP channels and receptor
protein molecules, their morphology, their firing patterns, and distinctive action potential
shapes®*!1>116_ Even the most primitive vertebrates, the agnathans (a subgroup of jawless fish
that includes lampreys and hagfish) possess C-fiber nociceptors that respond to noxious
temperatures and have the same action potential properties as those found in higher

vertebrates'!’

. Whether elasmobranchs, the cartilaginous fish, possess functional nociceptors is
contentious—they lack C-fibers entirely, and most evidence suggests that their Ad fibers do not
function to relay nociceptive stimuli!!”-!!8, Teleost fish, by contrast, possess both A and C-
fibers, as evidenced by studies in rainbow trout, catfish, and goldfish!!*~1?*. Nocifensive
behaviors in fish have been widely reported'?*. Ampibians and reptiles have also been shown to
exhibit nocifensive responses to noxious stimuli. For example, nocifensive behavior following
formalin injection has also been documented in a species of toad!?>. Results from formalin,
capsaicin, and hot plate tests likewise demonstrate that crocodiles are capable of nociception'%¢.
Assessing “pain” in lower vertebrates beyond the level of nociception is more
complicated. In her review, Sneddon uses Bateson’s criteria to conclude that teleost fish, but not

117

agnathans or elasmobranchs, are capable of experiencing pain''’. All fish possess the proper

brain regions required for nociception (such as the pons, medulla, and thalamus), but the percept
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of pain is known to require cortical regions. Though not as well-developed as in higher
vertebrates, both teleosts and elasmobranchs possess a rudimentary cortical area with extensive
thalamic input; in agnathans, the forebrain is smaller and less complex, and likely not as suitable
for higher processing!'?’. Teleosts and elasmobranchs also have the same well-defined trigeminal
nuclei as found in higher vertebrates, and the organization of their spinal cord, especially
regarding the laminae of the dorsal horn and ascending projection pathways, is remarkably
similar to that of mammals, fulfilling Bateson’s third criterion!!”1?8, Substance P
immunoreactivity has also been observed in the dorsal horn of chickens, implying the existence
of pain projection neurons and thus connectivity between peripheral neurons and higher brain
regions'?. Some work, including a PET study performed on parrots, suggests that birds are
capable of experiencing pain and that the nido-pallium is the avian brain structure analogous to
some mammalian pain centers!3%!3!,

Elasmobranch and teleost fish (as well as other lower vertebrates such as amphibians)

71327134 "a]though some evidence suggests that

likewise possess endogenous opioid receptors
typical analgesics that target these receptors are not able to reduce the amount of anesthetic
required to prevent nocifensive responses in the chain dogfish, an elasmobranch!*®>. Amphibians

possess all three kinds of endogenous opioid receptors (kappa, mu, and delta) that function to

reduce “pain” responses!'%’; birds likewise express enkephalins in patterns similar to that of

136 137

mammals'“°. Analgesics have demonstrably similar effects in lower vertebrates as mammals
Several studies in teleost fish indicate that opioid analgesics are very effective at reducing pain
behavioral responses, and suggest that teleost fish are potentially good model organisms for
studying pain'®13%-1%0_ Both opioid and adrenergic analgesics are effective in an amphibian (frog)

model, and exert their effects through mechanisms analogous to those in mammals 41142,
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Morphine can increase the latency of responses to nociceptive stimuli in crocodile, indicating
that endogenous opioids likely function in pain modulatory systems in this species'*. Teleost
fish are also capable of avoidance learning—goldfish, for example, can be conditioned to avoid

12144 "and both cod and pike display learned hook avoidance!'**. Although some

electric shocks
scientists argue that avoidance behavior does not constitute a conscious cortical response
reflective of higher-order mammalian pain, there are studies showing that avoidance learning is
markedly diminished following removal of forebrain/rudimentary cortical areas!'%®!4,
Suspension of normal behavior in response to noxious pain stimuli has also been demonstrated in
teleosts: for instance, trout injected with acetic acid exhibit reduced feeding behavior and
abnormal fear conditioning!?*!%’. Similar results have been observed in reptiles such as the ball
python, where two different pain models (capsaicin and surgical injury) can disrupt feeding
behaviors'*®,

It can reasonably be concluded, then, that the complex percept of pain likely first
evolved in teleost fish, and that all groups higher than this are capable of experiencing pain,
albeit with some exceptions (i.e., mammalian species who evolved insensitivity to specific forms
of pain, such as the grasshopper mouse and certain mole rats)'#*~!>!. As such, certain lower
vertebrate species have gained traction in both nociception and pain research’%140:152,

Arguments about whether non-human animals are capable of experiencing itch are
discussed less frequently in the literature, which overall makes less of a distinction between the
sensory and affective components of itch. Even though “itch”, like pain, certainly includes both
stimulus detection and the addition of negative affect (unpleasantness), there is not as great a

distinction in the field between these two aspects, as there is between pain and nociception;

“pruritus” is often used interchangeably with “itch”. There have not, therefore, been attempts to
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establish criteria of whether a non-human was experiencing itch in the way that there have been

108 'Mammals have largely been accepted as experiencing itch, and rodents have been

for pain
extensively used in itch studies. Like humans, mice and rats demonstrate scratch behaviors
following the acute application of pruritic stimuli, and the accompanying genetic tools in these
models allows for detailed exploration of the underlying neural circuitry. Furthermore, certain
behavioral assays have been established in rodent models that allow for the distinction of pain
and itch behaviors!>*!>*. While rodents models have received the bulk of attention in basic
science and clinical studies of itch phenomena, pruritic response behaviors have been observed
in a variety of other mammalian species, including elephants, cows, and bears!'>>~1%8,

While the existence of nociception and pain has been widely explored in lower
vertebrates, the sensation of itch has largely been neglected. Though some publications have
reported pruritic behaviors in on-mammals, these studies have been largely observational. Birds
have often been reported to engage in pruritic behaviors!®. For example, both captive parrots
and wild puffins have been observed to scratch themselves with sticks, presumably to address a
pruritic stimulus'¢*!®!. Fish have been observed to engage in “scratch-like” behaviors such as
rubbing against rocks and inclusions in aquariums, but these reports are primarily anecdotal. To

the best of our knowledge, systemic attempts to explore pruritus and its neural underpinnings in

lower vertebrates have not been made.

1.5 Thesis Goal/Motivation:

It is the goal of this dissertation to ask the question of whether a lower vertebrate, the

zebrafish (Danio rerio), is capable of experiencing itch. The Dhaka lab has already extensively

70,152

employed this model organism in studies of nociception , and possesses available tools to

probe this question from a variety of different perspectives. Using a combination of behavioral
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and neural activity assays, [ aim to determine if specific pruritic behaviors can be observed
following exposure to pruritogens as well as establish whether pruritogens are capable of
activating zebrafish somatosensory neurons. If initial findings are promising, I will then explore
the cellular and molecular mechanisms through which pruritic stimuli are encoded, and
determine whether these strategies are analogous to those that have been documented in
mammalian systems. Having a thorough understanding of the neural circuitry underlying pain
and itch in a variety of animal models is critical to gaining insight into how these important
senses may have evolved, and could potentially inform novel treatment strategies for a variety of

clinical disorders.
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Chapter 2: A zebrafish and mouse model for selective pruritus via direct

activation of TRPA1

2.1 Chapter Abstract

Little is known about the capacity of lower vertebrates to experience itch. A screen of
itch-inducing compounds (pruritogens) in zebrafish larvae yielded a single pruritogen, the TLR7
agonist imiquimod, that elicited a somatosensory neuron response. Imiquimod induced itch-like
behaviors in zebrafish distinct from those induced by the noxious TRPA1 agonist, allyl
isothiocyanate. In the zebrafish, imiquimod-evoked somatosensory neuronal responses and
behaviors were entirely dependent upon TRPAT1, while in the mouse TRPA1 was required for the
direct activation of somatosensory neurons and partially responsible for behaviors elicited by this
pruritogen. Imiquimod was found to be a direct but weak TRPA1 agonist that activated a subset
of TRPAT1 expressing neurons. Imiquimod-responsive TRPA1 expressing neurons were
significantly more sensitive to noxious stimuli than other TRPA1 expressing neurons. Together,
these results suggest a model for selective itch via activation of a specialized subpopulation of

somatosensory neurons with a heightened sensitivity to noxious stimuli.

2.2 Introduction

Itch is an unpleasant sensation that elicits a scratch behavior in terrestrial vertebrates. In
mammals, chemically-induced itch is thought to be mediated by pruritic receptors on
somatosensory neurons’'°2. These receptors are typically G-protein coupled receptors (GPCRs)
that, upon activation, prompt the opening of downstream transient receptor potential (TRP)
channels, facilitating activation of the neuron'>%. This coupling of pruritic receptors to TRPA1

or TRPV1 is especially intriguing in that these TRP channels also serve as nociceptors,
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mediating responses to algogenic (painful) stimuli>7’.

Zebrafish (Danio rerio) have proven to be a valuable tool in the study of nociception’’.
The zebrafish ortholog of Trpal, trpalb, is required for nociceptive responses to aversive
pungent chemicals®. Orthologs of genes involved in mammalian itch transduction are also
present in the zebrafish!%>7'%. Studying how these itch genes operate in the somatosensory
system of zebrafish could reveal conserved itch transduction mechanisms, providing insight into

the evolution of itch.

2.3 Results

2.3.1 Imiquimod evokes itch in zebrafish.

In an effort to determine if pruritic stimuli are capable of eliciting somatosensory activity
in zebrafish, we screened five compounds known to both induce acute pruritus in mammals and
act on receptors expressed by zebrafish®*16-168 excluding pruritogens that act on receptors that
do not have a zebrafish ortholog, such as MRGPR agonists. Allyl isothiocyanate (AITC), a

known algogen and TRPA1 agonist®*%

, was used as the positive control. We evaluated
somatosensory neuronal responses to pruritic compounds using transgenic larvae that pan-
neuronally express the neuronal activity indicator CaMPARI (elavi3:CaMPARI), a fluorescent
protein that permanently photoconverts from green to red in the presence of calcium and 405 nm
light'®®. Using this approach, we were able to view trigeminal neuronal activity in 3 day post
fertilization (dpf) larval zebrafish following the application of each pruritogen (Figure 1A-H).
Of the pruritogens screened, only imiquimod (IMQ) significantly (p < 0.05) activated zebrafish
trigeminal ganglia (TG) neurons (Figure 1I).

We have previously reported that noxious stimuli evoke locomotion in larval zebrafish.
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When 5dpf larval zebrafish were exposed to individual pruritogens, only IMQ elevated baseline
locomotion (p < 0.001), producing a dose dependent increase (Figure 1-figure supplement 1A).
When coupled with our findings in CaMPARI transgenics, these results indicate that IMQ likely
acts through somatosensory neurons to evoke behavioral responses. While 5-HT did produce a
reduction in locomotion, it did not activate somatosensory neurons (Figure 11, J). Given the
limited sensitivity of the locomotor assay we were unable to differentiate nocifensive behavior
elicited by AITC from potentially pruritic behavior elicited by IMQ. To address this issue, we
employed an adult zebrafish behavioral assay'**!7°. Injection of IMQ into the lip elicited a lip-
rubbing behavior that may constitute a form of itch-scratch response in zebrafish, a behavior that
was absent in sham-injected control fish (p < 0.001) (Figure 1K, L; Supplemental Videos) and
distinct from previously described zebrafish nocifensive, escape, or exploratory behaviors!7!~173,
Consistent with studies of nocifensive behaviors, injection of AITC produced freezing behavior
(p <0.01) (Figure 1-figure supplement 1C) as well as a significant decrease (p < 0.05) in
velocity not observed in control or IMQ injected fish (Figure 1-figure supplement 1B). Such

distinct behavioral responses imply that zebrafish are capable of experiencing, and responding

differentially to, discrete stimuli analogous to itch and pain in mammals.

2.3.2 Trpalb, but not tlr7, is required for both neuronal and behavioral responses to

imiquimod.

The mechanism by which IMQ elicits itch in mammals is unclear. IMQ, a treatment for
various skin disorders, acts through TLR7 to stimulate an immune response, with intense itching
and painful burning commonly reported as side effects!’#!”>. In mice, however, IMQ is reported
to be itch selective, and only elicits scratching, but not nociceptive, behaviors!’®!”’. Furthermore,

there is dispute surrounding TLR7’s role in IMQ-induced itch. One study found that 7/r7"" mice
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showed deficits in IMQ evoked itch and proposed that 7/r7 expressed in dorsal root ganglion
(DRG) neurons was mediating IMQ transduction!’®. TLR7 has also been reported to couple with
TRPA1 in DRG neurons to evoke nociception in response to other TLR7 agonists'’®. However,
conflicting studies found that 7/r7”- mice exhibited no deficits in IMQ-evoked itch, and RNAseq
analysis of DRG neurons found no evidence for T/r7expression®”!771" We therefore
investigated whether TLR7 and/or TRPA1 were involved in transducing the neural and
behavioral responses to IMQ in zebrafish.

In situ hybridization studies in zebrafish larvae revealed that #/#7 mRNA expression is
restricted to known hematopoietic regions in larval zebrafish!3%!8! and was notably absent in
both TG and Rohon-Beard (RB) neurons (Figure 2A; Figure 2-figure supplement 1I). As
expected, trpalb expression was observed in both TG and RB neurons (Figure 2B; Figure 2-
figure supplement 1C). Therefore, any role TLR7 could play in IMQ-evoked behavior would be
via indirect mechanisms.

To determine if trpalb and/or tlr7 are required for IMQ induced behaviors, we
introduced early nonsense mutations in the coding sequences of both genes'®2. Tlr7”" zebrafish
larvae exhibited a significant (p < 0.001) increase in total locomotion when exposed to IMQ (100
uM) that was indistinguishable from controls (Figure 2C). However, trpalb” larvae
demonstrated no response to IMQ (100 uM), while their WT siblings displayed normal IMQ
induced behaviors (p < 0.01, Figure 2D). These data support a mechanism where trpalb, but not
tlr7, is necessary for mediating behavioral responses to IMQ in larval zebrafish. As expected
based on previous reports, behavioral responses to AITC were absent in #7palb” fish (Figure 2-
figure supplement 1F)%. Notably, #palb” fish demonstrated an equivalent increase in

locomotor behavior as their WT siblings when exposed to increased temperatures (Figure 2-
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figure supplement 1E). This indicates that the t7palb mutation specifically affects Trpalb-
mediated sensations, rather than causing generalized sensory impairment.

To test whether the presence of Trpalb was necessary to mediate neuronal responses in
larval zebrafish TG, we conducted in-vivo calcium imaging using elavi3:GCaMP5g larvae!'$?
(Figure 2G). In WT larvae, IMQ activation was seen exclusively in a subset of AITC responsive
neurons (4/36, n =5 larvae). Trpalb”~ fish, however, exhibited no response to either IMQ or
AITC (0/89 total neurons, n =5 larvae) (Figure 2H).

Notably, the highly specific TLR7 agonist loxoribine did not evoke TG neuron activation,
larval locomotion, or adult lip-rubbing behavior, further strengthening the finding that Tlr7 does
not play a role in IMQ evoked behaviors in zebrafish (Figure 11, J; Figure 1-figure supplement
1D). This finding is similar to reports in the mouse demonstrating that loxoribine does not elicit

pruritic behavioral responses'”’.

2.3.3 Imiquimod directly activates TRPAL.

To determine if TRPAT1 directly interacts with IMQ to produce itch, we utilized the
TLR7-deficient cell line HEK293T'84. HEK cells transfected with zebrafish, mouse, and human
Trpal showed a dose-dependent increase in intracellular calcium following application of IMQ
and AITC that was not observed in HEK cells alone (Figure 3A-F; Figure 3-figure supplement
1A, C). Importantly, we found that loxoribine did not activate HEK cells transfected with
zebrafish or mouse 7rpal (Figure 3-figure supplement 2A-D), indicating that TRPAT1 is
responsive to IMQ, and not to TLR7 agonists in general.

While we observed no expression of #/r7 in the zebrafish TG (Figure 2A), given the lack
of consensus over its functional role we sought to determine whether TLR7 might serve as a

pruritic co-receptor that potentiates the TRPAT response. We co-transfected HEK cells with
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Trpal and Tlr7 and examined the calcium responses following treatment with IMQ and observed
no discernible differences in the average peak responses to IMQ between Trpal and Trpal+TIr7
conditions (Figure 3A-C, Figure 3-figure supplement 1C). Whole cell electrophysiological
experiments corroborated these findings. When stimulated with IMQ, voltage-clamped HEK
cells transfected with mouse or zebrafish 7rpal demonstrated a significant increase in current
(Figure 3G; Figure 3-figure supplement 1G). Co-transfecting mouse 77r7 with mouse Trpal in
HEK cells had no demonstrable effect on current influx (Figure 3-figure supplement 1H).
Additionally, no difference was found in the IMQ current density dose-response curves for cells
transfected with zebrafish tpalb, mouse Trpal, or mouse Trpal + mouse Tlr7 (Figure 3H). In
contrast to previous reports, we found no evidence that TLR7 coupled with TRPAT1 in the
presence of loxoribine as measured by ratiometric calcium imaging and whole cell
electrophysiology in mouse and zebrafish (Figure 3-figure supplement 2A-D)!7°. Together, our
data suggest that TLR7 plays no role in the direct activation of somatosensory neurons, and does
not appear to potentiate the response of TRPA1 to IMQ.

Following these results, we confirmed that mouse and human TLR7 were present and
functional in our assays (Figure 3-figure supplement 11-K)!%. Intriguingly, zebrafish TIr7 did
not respond to either IMQ or loxoribine in a dual-luciferase assay, suggesting that zebrafish Tlr7
is not activated by mammalian TLR7 agonists (Figure 3-figure supplement 2E). However, due
to a lack of a TIr7 positive control, we were unable to confirm that Tlr7 was functional in our
heterologous expression system. With this caveat in mind, the lack of zebrafish Tlr7 response to
these TLR7 agonists lends further credence to the conclusion that Tlr7 is not involved in
somatosensory neuronal activation or behavior in this species.

If TRPAT does not couple with TLR7, but is instead directly activated by both IMQ and
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AITC, how could IMQ be itch-selective in the mouse? To address this question we assessed the
ECso and peak responses to IMQ and AITC in HEK cells transfected with 7Trpal from different
species. The ECso of IMQ for zebrafish, mouse and human TRPA1 was consistently higher than
the AITC ECso, demonstrating that IMQ is a weaker agonist than AITC (Figure 3-figure
supplement 3F). Notably, while the IMQ ECs¢ of zebrafish Trpal and human TRPA1 were only
2-3 fold greater than that of the ECso of AITC, mouse TRPA1 demonstrated a ~40 fold
difference between the ECso of AITC and IMQ. Furthermore, only mouse TRPA1 elicited
significantly lower maximum responses to IMQ than AITC (Figure 3D-F). In similar
electrophysiology experiments, HEK cells transfected with zebrafish t7palb exhibited identical
current density responses upon stimulation with the maximum dose of either AITC or IMQ, but
cells transfected with mouse 7Trpal exhibited significantly higher current density responses
following stimulation with AITC, relative to IMQ (Figure 3I). Such physiological differences in
TRPAT function between species could provide a potential mechanism for the itch selectivity of
IMQ in mice, implying that IMQ is not a strong enough mouse TRPA1 agonist to elicit
nociception in this species. Conversely, the ability of both zebrafish and human TRPA1 to
respond equally to AITC and IMQ at maximal doses potentially explains how IMQ can elicit

both itch and pain sensations in humans, and suggests that the same may be observable in fish.

2.3.4 Imiquimod responsive neurons are a primed subpopulation of TRPA 1-expressing

neurons.

In the preceding in vivo calcium imaging experiments, we observed that only a small
proportion of zebrafish Trpal+ neurons, identified by their responsiveness to AITC, were also
responsive to the IMQ stimulus. To further explore this result, we used elva/3:H2BGCaMP6 '3

transgenic zebrafish to record the response properties of larval TG neurons to IMQ and AITC.
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No IMQ+/AITC- neurons were found across 13 larvae. Among AITC+ neurons, 28% (31/111)
were responsive to IMQ (Figure 4A-C).

The above data affirms that IMQ+ neurons are a subset within a larger population of
Trpal+ TG neurons, implying that a population coding strategy for pruritus might be at play.
This does not itself answer the question of how such an itch-selective Trpal+ subpopulation
might be activated by a TRPA1 agonist without recruiting other Trpal+ neurons that may code
for nociceptive behaviors. Based on our finding that IMQ is a weaker TRPA1 agonist than
AITC, one potential explanation is that such an itch-selective Trpal+ population is more
sensitive to TRPAT1 agonists, and can be activated by weaker (pruritic) stimuli. In IMQ+/AITC+
neurons, we determined that the average maximum fluorescence intensity response to the IMQ
stimulus was significantly lower than that of the AITC stimulus (p < 0.001), implying that at the
concentrations used, IMQ is indeed a weaker TRPA1 stimulus than AITC in vivo (Figure 3-
figure supplement 2A). Furthermore, we found that the maximum AITC response of
IMQ+/AITC+ neurons was significantly greater than that of AITC+ only neurons (Figure 4D).
Likewise, IMQ+/AITC+ neurons displayed a significantly greater average AITC response than
AITC+ only neurons (p < 0.05, Figure 4-figure supplement 1B).

These data suggest that IMQ+ TG neurons are primed to respond to TRPAT1 agonists and
support a model where relatively weak TRPA1 stimuli, such as IMQ at the concentration used,
could selectively recruit a potential itch-coding subpopulation of Trpal+ neurons. Higher
intensity stimuli like AITC at the concentrations used, however, would activate the majority of
Trpal+ neurons to evoke nocifensive behaviors, positively correlating with findings that
nociception takes precedence over itch sensation*!%137,

To verify that IMQ activates a selective subset of Trpal+ neurons as opposed to
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activating Trpal+ neurons stochastically, we performed calcium imaging experiments in which
3dpf elavi3:H2BGCaMP6 were exposed to successive pulses of 100 uM IMQ. Of the IMQ+
neurons we identified across five fish, 92.3% (12/13) responded to both pulses of IMQ, whereas
only 7.7% (1/13) responded only to the second pulse of IMQ (Figure 4-figure supplement 2A-
C). Additionally, it is possible the single neuron that responded only to the second pulse of IMQ
may also be a dual-responder. While the GCaMP fluorescence change only crossed our response
threshold during the second pulse, it is possible that the sloping baseline may have obscured a
minimal response to the first pulse, especially considering the low amplitude of the second
response. However, for purposes of completion we decided to include this trace in our final
counts. Given the finding that only ~30% of AITC responsive neurons responded to one pulse of
IMQ (100 uM), if one assumes that this is the probability that any given AITC responsive neuron
would respond to IMQ (100 uM), and that responses to IMQ are stochastic in nature, one would
expect only a small fraction of neurons to be double responders (~9%) (Figure 4D). The finding
that nearly all IMQ-responsive neurons were dual responders, argues that these neurons comprise
a distinct population of Trpal expressing neurons, primed to respond to low intensity TRPA1

dependent stimuli.

2.3.5 Stimulus intensity affects behavioral and neuronal responses.

Although the IMQ dose-response curve in zebrafish trpalb-transfected HEK cells was
rightward shifted, it was eventually able to elicit the same amount of intracellular calcium flux
that AITC evoked. This implies that at a sufficiently high concentration, IMQ might be able to
recruit neurons outside of the IMQ+ subpopulation observed in the above larval calcium imaging
experiments, thus eliciting neuronal and behavioral responses characteristic of AITC at

nociceptive concentrations. Likewise, it is also possible that at low enough concentrations, AITC
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is capable of eliciting the pruritic neuronal and behavioral responses we observed following
application of IMQ.

In CaMPARLI fish we observed that decreasing the concentration of applied AITC
correlated with a reduction in the number of photoconverted neurons (Figure 4E). Additionally,
administering higher IMQ concentrations converts an equivalent number of neurons as high
concentrations of AITC (Figure 4E), suggesting that for TRPA1 agonists, eliciting pruritus or
nociception is dependent more on stimulus intensity than identity.

In vivo GCaMP imaging bolstered our CaMPARI findings that stimulus intensity affects
which subpopulations of Trpal+ neurons are activated. In these experiments, we observed that
increasing the stimulus intensity activated more neurons. Only a subset of neurons that
responded to a high concentration (50 pM) of AITC responded to a lower concentration (10 M)
of AITC (11/42), and of those even fewer neurons responded to 100 uM IMQ (4/11) (Figure 4-
figure supplement 1C). Furthermore, increasing the IMQ concentration to 200 uM in adult
behavioral experiments evoked nocifensive behaviors such as elevated freezing and significantly
reduced velocity, and the itch-like lip rubbing behavior seen at 100 uM was notably absent!?*!17°
(Figure 4F; Figure 1-figure supplement 1C, Figure 4-figure supplement 1D). Conversely,
low concentrations of AITC (5 uM) elicited both itch-like lip rubbing behavior and increased
velocity (Figure 4F; Figure 4-figure supplement 1C). These data indicate that the
subpopulation of Trpal+ neurons that drive itch behavior in the zebrafish are distinct in their

sensitivity to TRPAT1 agonists, but can be activated by either AITC or IMQ at the appropriate

concentration to produce equivalent behaviors.
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2.3.6 TRPA1 mediates itch behavior and neuronal responses in in the mouse.

We found that IMQ elicited responses in 9.6% (83/864) of cultured AITC+ DRG neurons
(Figure 5A) from WT animals. To determine if TRPA1 mediates IMQ responses in mice, we
examined IMQ-evoked responses in DRG neurons from both WT and Trpal”" animals using
ratiometric calcium imaging. We found that both IMQ and AITC responses were completely
abolished in DRG neurons obtained from Trpal” animals, while neurons from WT siblings
exhibited normal responsivity to both stimuli (Figure 5B, C). Furthermore, application of
loxoribine did not elicit calcium responses in mouse DRG neurons, providing evidence that
TLR7 stimulation does not result in activation of somatosensory neurons (Figure 5-figure
supplement 1H). We next explored whether IMQ-evoked scratching behavior was also
dependent on TRPA1. High-dose IMQ (125 pg) paw injections did not evoke nocifensive
behaviors in WT mice (n= 0/10 IMQ-injected), consistent with previous reports'’’. However,
scratching bouts at a low concentration of IMQ (10 pg, nape injected) were significantly
attenuated in Trpal”” mice, demonstrating that TRPA1 is required for normal IMQ-induced
scratching behavior (Figure SD). Interestingly, a higher dose of IMQ (50 pg) evoked equivalent
scratching behavior in both WT and Trpal” mice (Figure 5-figure supplement 1G). This result
taken together with our finding that isolated mouse DRG neuron responses to IMQ are TRPA1-
dependent suggests that IMQ can also evokes itch via indirect activation of somatosensory
neurons, perhaps downstream of an immune response’’%2.

Given the itch selectivity of IMQ in the mouse, we sought to determine whether IMQ+
neurons were part of a population of DRG neurons that encode TRPA1-dependent pruritus. We
therefore measured the overlap of IMQ+ neurons with DRG neurons that responded to a mixture

of the TRPA1-dependent pruritogens deoxycholic acid (DC) and chloroquine (CQ) (Figure SE-
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F)%386.168 'We found that the vast majority of IMQ+ neurons (73%, 23/30) also responded to
these pruritic stimuli (Figure 5G), indicating that in the mouse, IMQ+ neurons belong to a
subpopulation of itch-encoding neurons.

Due to the parallels noted between zebrafish and mouse IMQ responses, we proceeded to
investigate whether the correlation between stimulus intensity and neuronal activation that we
observed in the zebrafish was conserved in the mouse. In the mouse, increasing the concentration
of AITC activated more DRG neurons in a dose-dependent manner (Figure 5-figure
supplement 1I). Furthermore, within the population of neurons that responded to lower
concentrations of AITC, the IMQ+ subpopulation was enriched (Figure 5-figure supplement
1J). We also found that IMQ+ neurons in the mouse had a smaller peak responses to IMQ than
AITC (Figure 5-figure supplement 1A-C). Additionally, AITC peak responses within the
IMQ+ population were significantly greater than in the AITC+ only population (p<0.01),
demonstrating that the heightened sensitivity of IMQ+ neurons to TRPAT agonists is conserved
in the mouse (Figure SH). Subsequent experiments revealed that IMQ+ DRG neurons exhibited
a significantly higher maximum response to the TRPV1 agonist capsaicin (CAPS) than CAPS+
only neurons (Figure 5-figure supplement 1D-F), implying that the IMQ+ neurons may be
intrinsically more sensitive to noxious stimuli, not exclusively TRPAT1 agonists. Finally, in
accordance with our zebrafish data, we observed that AITC stimulus intensity dictates whether
mice exhibit pruritic or nocifensive behaviors. In order to discriminate between nocifensive and
pruritic behaviors, we employed a “cheek model of itch” assay in which compounds injected into
the cheek may elicit scratching (a pruritic response) or wiping (a nocifensive response)'>*1>*. We
observed that AITC (50 mM) produces significant scratching behavior with no appreciable

wiping behavior (p < 0.001 and N.S. respectively), while a higher dose of AITC (100 mM)
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results in a significant attenuation of the observed scratching behavior, as well as a significant

wiping behavior (p < 0.05 and p < 0.001 respectively) (Figure 5I).

2.4 Discussion

The sense of itch in mammals has been thoroughly explored, but there is a dearth of
knowledge on the presence of itch, and the neural mechanisms which transduce it, in lower
vertebrates such as fish. Here, we use a popular model organism, the zebrafish, to demonstrate
that fish are potentially capable of experiencing a form of rudimentary itch in response to the
pruritogen IMQ, and suggest that this sensation is conveyed by the direct activation of TRPA1
on a specialized subset of somatosensory neurons highly sensitive to TRPA1 agonists.

Through a combination of experimental procedures, we show that the pruritogen IMQ
can elicit behavior and neuronal responses in zebrafish. In larvae, IMQ elicits an increase in
locomotion and activation of somatosensory TG neurons, suggesting that the observed locomotor
effects likely originate in the periphery, and are not due to the direct action of IMQ upon more
central structures. Furthermore, in adult zebrafish, peripherally applied IMQ produces a
scratching-analogous lip-rubbing behavioral response that is distinct from the nocifensive
behaviors evoked by the algogen AITC as well as previously described escape
behaviors!3%170:172173.188 " The fact that IMQ-evoked behavioral responses manifest as lip-
rubbing, as opposed to nocifensive or escape behaviors, further suggests that these fish are
indeed experiencing an itch-like sensation. For animals whose anatomy prohibits scratching
behavior with claws, the use of another body part or an external object is perhaps the only
recourse to address a pruritic stimulus. Such scratching behaviors have previously been

documented in animals from a variety of taxa'>>1%°.
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There is currently a lack of consensus in the literature as to how IMQ induces itch in
mammals, although all studies show that TRPV 1-expressing neurons are required!’®!”’. A major
point of contention surrounds the involvement of the immune receptor TLR7, the therapeutic
target of IMQ. Our work provides additional evidence that TLR7 is not involved in the direct
activation of somatosensory neurons by IMQ37-!7717° Instead, the TRPA1 ion channel appears to
play a key role in transducing IMQ-evoked neuronal effects and the behaviors that result from
such neuronal activity. Unlike trpalb, tlr7 is not expressed in zebrafish somatosensory tissue, as
demonstrated by in situ hybridization. Moreover, zebrafish that lacked functional TLR7 behaved
equivalently to wildtype animals in response to IMQ application. By contrast, behavioral and
neuronal responses to IMQ in both fish and mice were largely dependent upon TRPAT1. Utilizing
both electrophysiology and calcium-imaging, we showed that IMQ was able to directly activate
TRPAI1, and that co-transfection of 7/r7 did not potentiate IMQ-evoked responses. However,
greater concentrations of IMQ were required to elicit the same levels of calcium flux that were
evoked by lower concentrations of AITC, implying that IMQ is a weaker agonist than AITC in
all species we examined. With zebrafish and human TRPA1, IMQ eventually reached the same
maximal calcium response levels as AITC, while IMQ responses with mouse TRPA1 plateaued
at lower maximal levels than AITC. This suggests that in the mouse, IMQ is incapable of
evoking the same intensity of neuronal responses as AITC can, even at high concentrations. Our
findings may provide a molecular explanation for previously-documented observations that in
the mouse, IMQ appears to be itch-selective, while in humans, IMQ has been reported to elicit
sensations of both itch and pain'!’*!'”’. Findings from these in vitro experiments may also
underlie our own observations in both mice and adult zebrafish behavioral experiments. In the

context of TRPA1 activation, stronger stimuli elicited nocifensive behaviors, whereas weaker

32



stimuli evoked pruritic behaviors. Furthermore, the effects of stimulus intensity upon neuronal
activation and behavior were largely but not entirely independent of stimulus identity. In adult
zebrafish low concentrations of IMQ evoked pruritic behaviors while higher concentrations of
IMQ were capable of eliciting nocifensive freezing behaviors. In line with previous reports, we
were unable to elicit murine nocifensive behaviors with high concentrations of IMQ, which we
hypothesize was due to the inability of IMQ to maximally activate mouse TRPA17177 In
contrast AITC evoked behaviors were not species dependent as predicted by the dose response
curves of zebrafish Trpal and mouse TRPAI to this agonist. Low concentrations of AITC
produced scratching behaviors, while higher concentrations of AITC evoked nocifensive
behaviors in both species. While the direct activation of a TRP channel to evoke itch by a
pruritogen or algogen is somewhat surprising, as it deviates from canonical pathways requiring
both pruritic GPCRs and TRP ion channels, such a mechanism supports observations of itch in
both human and mouse studies following application of typically noxious TRP channel
agonists! 00153189

Intriguingly, our observation that behaviors transitioned from a pruritic to a nocifensive
phenotype as stimulus intensity increased was mirrored by our observations in calcium imaging
studies. Experiments with two different calcium indicators of neuronal activity, GCaMP and
CaMPARI, revealed a correlation between TRPA1 agonist stimulus intensity and neuronal
recruitment. Specifically, stronger stimuli (high concentrations of TRPA1 agonists) activated
more neurons than weaker stimuli (lower concentrations of TRPA1 agonists).

Based on these findings we hypothesized that a population coding strategy was being

employed. In our model, low intensity stimuli would selectively activate a subset of TRPA1-

expressing neurons that encode pruriception, whereas higher intensity stimuli would activate a
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another population of TRPA 1-expressing neurons that encode nociception. This hypothesis
would be in line with recent findings that pruriception is encoded by different populations of
somatosensory neurons than those that encode nociception®'?%!**. Calcium imaging of zebrafish
and mouse somatosensory neurons revealed the existence of at least two functionally distinct
neuronal subpopulations. In both species, we observed a population of neurons that responded to
both low and high intensity TRPAT1 agonists and another that only responded to high intensity
TRPAT agonists. Our observation that sequential pulses of IMQ (100 uM) activate the low
intensity TRPA1 agonist responsive population in zebrafish demonstrates that this population is
likely genetically defined, and not determined stochastically. Furthermore, in the mouse, we
observed that the vast majority of IMQ (100 uM) responsive neurons also responded to the
TRPA 1-dependent pruritogens chloroquine and deoxycholic acid, supporting the conclusion that
these neurons constitute a pruritic subpopulation. Unfortunately, equivalent experiments could
not be performed in the zebrafish, as we were unable to identify other pruritogens for this
species.

In alignment with these results, in both species, neurons that responded to low intensity
TRPAT agonists also exhibited a greater response to high intensity AITC stimulation than
neurons that only responded to high intensity AITC stimulation. This implies that putative itch-
encoding neurons comprise a more sensitive subset of somatosensory neurons than nociceptive
neurons. Additionally, in both species, IMQ (100 uM) responsive neurons were enriched within
populations of neurons that responded to low concentrations of AITC; in other words, we
observed a high degree of overlap in the populations of neurons that responded to low intensity
TRPAT agonists irrespective of stimulus identity. Together, this provides further evidence of the

greater sensitivity of a population of itch-encoding neurons to TRPA1 agonists.

34



Itch is a complex physiological phenomenon, and several models have been proposed to
explain its transduction in the periphery and beyond!*192%1°! Here, we describe a mechanism
through which acute IMQ-evoked itch is mediated by the peripheral somatosensory neurons of
two species. Weak stimuli such as lower concentrations of the TRPA1 agonists IMQ and AITC
activate only a subset of highly sensitive pruriceptive TRPA 1-expressing neurons (pruriceptive),
while the remaining TRPA 1-expressing neurons (nociceptive) are only recruited by higher
intensity TRPA1 stimuli. Our proposed model clearly is not the sole mechanism by which itch is
coded as a distinct sensation from pain'>!*2. However, in the context of pruritogens and
algogens that are direct TPRAT1 agonists, our findings overwhelmingly support a population-
coding model for the discrimination of itch and pain.

Our data implicates a mechanism for the direct activation of TRPA1 by IMQ to elicit
sensations of itch in both zebrafish and mice. Our findings that IMQ-induced itch was attenuated,
but not abolished, in Trpal” mice supports additional mechanisms for IMQ-evoked itch in this
species. One may speculate that the activation of an immune response by IMQ in other cell types
could result in a cascade of downstream signaling that could ultimately lead to a release of
endogenous pruritic stimuli (e.g. histamine and serotonin from mast cells). In the zebrafish,
TLR7 is unlikely to contribute even indirectly to IMQ-induced itch sensation, as we observed no
behavioral phenotype in #/r7” animals. However, this does not rule out the possibility that
pathogen exposure could stimulate the immune system via TLR activation or other pathways,
leading to an indirect activation of pruritic somatosensory neurons and triggering both itch
sensations and scratching behaviors. Several studies have implicated that Tlrs in several species
of fish play a role in immunity'*?>'*’. However, no study has explicitly queried potential

connections between such immune responses and downstream neuronal activation or behavior in
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any fish species. While our results demonstrate that TLR7 is not involved in transducing IMQ-
evoked itch in the zebrafish, investigating the role of immune responses in mediating
somatosensations (both in zebrafish and other species) would be an interesting route for future
exploration.

It is plausible that an unknown receptor is activated by IMQ and couples with TRPAT1 in
vivo to evoke a somatosensory neuron response. Our TRPA1 mutant experiments would be
unable to detect the existence of such a receptor, which would presumably not function to elicit
neuronal activity in the absence of TRPA1. However, our in vitro experiments suggest that the
existence of such an unknown receptor is unlikely, as it would also have to be endogenously
expressed in HEK cells. Furthermore, the dose-dependent overlap we observed in the number of
neurons that were responsive to IMQ and AITC, as well as similarities in the dose dependent itch
and nociceptive behaviors elicited by these compounds in both zebrafish and mice, implies that
these compounds are acting via the direct activation of TRPAT.

We observed that out of the several mammalian pruritogens, only IMQ elicited
behavioral and neuronal responses in zebrafish. While we tested pruritogens that targeted
mammalian pruritic receptors with a known zebrafish ortholog, it is possible that other stimuli
we did not test may also evoke sensations of itch in these animals. It is likewise possible that
histamine, serotonin, TGRS, and PAR-2 receptors do not function in the itch pathway as pruritic
receptors on primary sensory neurons in zebrafish, as they do in mammals. For example,
zebrafish have an extensive histaminergic system with multiple histamine receptors, but
histamine receptor expression appears to be restricted to the central nervous system'?®,
Furthermore, while zebrafish do possess mast cells (which in mammals release histamine and

serotonin that act upon peripheral sensory neurons to elicit itch), studies indicate that these mast
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cells do not contain histamine or serotonin!*>?%, It is therefore plausible that in the zebrafish,
histamine and serotonin do not play a functional role in pruritic sensation or immune responses,
but are restricted to more central processes such as mediating sleep-wakefulness cycles, mood,
and anxiety!632%!,

The direct activation of a TRP channel to elicit itch or pain through the recruitment of
distinct populations of somatosensory neurons via stimulus sensitivity is mechanistically simple.
That such a mechanism is present in both zebrafish and mouse may imply that this particular
form of itch transduction appeared before the emergence of terrestrial vertebrates, and may have
been conserved throughout evolutionary history to persist in mammals. One could therefore
postulate that this rudimentary form of itch potentially evolved from existing pain-transducing
molecular and neural machinery as a means to differentiate high- and low-intensity noxious
stimuli for which an alternative behavioral response was more appropriate. While data from only
two species is not sufficient to declare that our proposed mechanism is evolutionarily conserved,

we hope that our findings provide a springboard for future research into pruritus across multiple

taxa, which would help elucidate the evolutionary development of this important sense.

2.5 Conclusion

Our work demonstrates that IMQ can directly activate TRPA1 to elicit pruritic behavioral
responses in both the zebrafish and mouse. Furthermore, we have shown that the immune
receptor TLR7 does not mediate somatosensory neuronal responses to IMQ. Our results imply
that in both species a subset of highly sensitive TRPA 1-expressing itch-encoding neurons can
respond to weaker TRPA1 agonists to encode sensations of itch and elicit discrete itch behaviors.
More intense stimuli, such as those that evoke nocifensive behaviors, appear to recruit this

highly-sensitive subset as well as less-sensitive TRPA1-expressing neurons. Our finding that
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IMQ responsive neurons in the mouse are part of a TRPA 1-expressing subpopulation that is
activated by other TRPA1 dependent pruritogens provides further evidence that these more
sensitive neurons indeed signal itch. Parallel observations between the zebrafish and mouse
suggest that this relatively simple mechanism for conveying, and distinguishing between, pruritic
and algogenic stimuli originated early in vertebrate evolution and appears to be preserved in
mammals. In sum, our results support the existence of a population-coding based strategy
through which differential activation of TRPA 1-expressing somatosensory neurons with high or
low sensitivities to TRPA1 agonists can relay the discrete sensations of itch and pain

respectively.

2.6 Chapter Methods

Zebrafish husbandry: Adult Zebrafish (Danio rerio) were raised with constant filtration,

temperature control (28.5 + 2°C), illumination (14 h:10 h light-dark cycle, lights on at 9:00 AM),
and feeding. All animals were maintained in these standard conditions and the Institutional
Animal Care and Use Committee approved all experiments. Adult zebrafish not used in
behavioral experiments were bred in spawning traps (Thoren Caging Systems) from which
embryos were collected. Embryonic and larval zebrafish were raised in petri dishes (Fisher
Scientific) of E2 medium with no more than 50 embryos per dish at 28.5 + 1°C in an incubator

(Sanyo). Embryos were staged essentially as described?*? and kept until 5dpf.

Mouse husbandry: Trpal™* and congenic Trpal '~ mice on the C57BL/6J background were

described previously?*

. All mice were housed under a 12 h light/dark cycle with food and water
provided ad libitum. All behavioral tests were videotaped from a side angle, and behavioral

assessments were done by observers blind to the treatments or genotypes of animals. All mice
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used for behavior tests were age, gender and body weight matched. All experiments were
performed in accordance with the guidelines of the National Institutes of Health and the
International Association for the Study of Pain, and were approved by the Animal Studies

Committee at Washington University School of Medicine.

Cell lines: HEK 293T cell stocks were initially purchased from ATCC, which authenticated their
identity via STR profiling. Cells tested negative for mycoplasma contamination. Cells were
cultured in DMEM (Life Technologies) supplemented with fetal bovine serum and antibiotics

(penicillin/streptomycin), and passaged every 2-3 days.

Genomic DNA extraction: Individual larvae were processed as previously described?’*. Larvae

were anesthetized with tricaine, and placed in individual PCR tubes with a small quantity of E2
media. An equivalent amount of a 2X base solution made from a 50x stock (1.25 M NaOH,
10mM EDTA pH 12) was then added to each tube, and all tubes were incubated at 95°C for 30
min. Following this, 1x neutralization solution (again made from from a 50x solution, 2M Tris-
HCI pH 5) was added, and the resulting DNA solutions were stored at -20°C. Adult genomic
DNA was extracted using similar methods, but with a few minor modifications. Individual fish
were anesthetized with tricaine, and a small portion of the tail fin was removed with a scalpel
and placed into an individual PCR tube. 1X base solution was then applied to the piece of tissue,
which was incubated for 30 minutes at 95°C until an equivalent amount of 1X neutralization

solution was added.
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Nonsense mutant generation: Nonsense mutants for both TRPA1 and TLR7 were generated

essentially as previously described?®®. To synthesize the template DNA required for the in

vitro transcription we employed a two oligo PCR method, one oligo contained the RNA loop
structure required for recognition by the Cas9 enzyme and had the sequence
5'[gatccgcaccgactcggtgccactttttcaagttgataacggactagcecttattttaacttgctatttctagetctaaaac]3'. The
second, gene specific, oligo had the sequence
5'[aattaatacgactcactata(N20)gttttagagctagaaatagc]3’, where (N20) refers to the 20 nucleotide
oligo that binds the genome. In the case of the TRPA1 nonsense mutants the N20 oligo was
5’[GGCGTATAAATACATGCCAC]3’. In the case of the TLR7 nonsense mutant the N20 oligo
was 5’ [GGGGATGTAGGACAAGTTGT]3’. A mixture of 400 puL of Cas9-encoding mRNA and
200ng/uL of the proper sgRNA was injected into zebrafish embryos of the AB background at the

one cell stage.

Fish were then screened for mutations using the following primers, TLR7 5°
GGATGCGTTTATGCTGCTTGACAA, TLR7 3° AATGTTGTTGTTGTACAGGTAGAGCTC,
TRPA1 5’-CTCATACATTCATAAACCTGCCTGATAT, and TRPAT 3’ —

TGGAGGGGCGTCAGACCCTTT, and Sanger Sequencing.

We identified two nonsense mutants for TRPA1, one that possessed a 4bp insertion and one that
possessed a 7bp deletion. We then outcrossed these founders (FO) to WT fish of the same genetic
background (AB line) and screened for germline transmission in the F1 generation. Members of
the F1 generation were additionally backcrossed to WT fish to establish an F2 generation.

Heterozygous F2 zebrafish were then crossed to each other to produce an F3 generation that was
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used for experiments; additionally F2 zebrafish were crossed to transgenics expressing calcium
indicator proteins (CaMPARI, GCaMP) under neuronal promoters in order to perform functional
imaging studies. In some instances, F3 zebrafish were backcrossed a fourth time to establish
younger generations of fish. Animals that were homozygous for either the 4bp insertion or 7bp
deletion possessed identical phenotypes (i.e., lack of behavioral response to AITC). Likewise,
zebrafish with a 4bp/7bp phenotype possessed an identical phenotype as 4bp/4bp and 7bp/7bp

homozygotes.

We identified one nonsense mutant for TLR7 that possessed a 1bp deletion. As with the
generation of the TRPA1 mutant line, this founder was outcrossed to a WT fish and the offspring
were screened for germline transmission. Subsequent generations were backcrossed in the

manner described above.

In the TRPA1 experiments, WT siblings of TRPA1”~ fish were used as the controls. In the TLR7
experiments, a pure TLR77" line was established and compared to age-matched WT fish, since
we were unable to genotype the 1bp mutation via conventional methods (gel electrophoresis,

HRMA) and could only be identified via sequencing.

Larval zebrafish behavior: At 5dpf, larval zebrafish (AB background) were placed into

individual wells on a 96-well mesh bottom plate (Millipore) resting in a bath of E2 medium. The
96-well plate was then transferred to a hot plate that was maintained at a constant temperature of
28.5°C. Then the 96-well plate was moved from the E2 medium bath to the experimental bath

for four minutes, during which the behavioral response of the larval zebrafish was recorded with
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a HD camcorder (Canon). Experiments were performed blindly and each larva’s total locomotive
behavioral response was tracked using Ethovision (Noldus). Statistical analysis was done using
an analysis of variance (Graphpad Prism 6) or Student’s T-test. All experimental compounds
were purchased from Sigma Aldrich unless otherwise noted and were made up in 1% dimethyl

sulfoxide (DMSO, Sigma Aldrich) and E2 medium.

In experiments involving nonsense mutants and their WT siblings, all larvae were genotyped
following video capture of the behavioral response. Briefly, each larva was removed from its
well and placed into a PCR tube in 25 pL of E2 media. gDNA was extracted using the base
extraction technique described above. For experiments involving TPRA 1b™" fish, all larvae were
genotyped by HRMA (CFX Connect, BioRad) using the primers 5°-
CTCATACATTCATAAACCTGCCTGATAT and 3’-TGGAGGGGCGTCAGACCCTTT. As
mentioned previously, due to difficulties in genotyping the 1bp deletion in TLR7 nonsense
mutants, animals were identified by genomic sequencing, and a pure TLR7”~ was created for use

in behavioral experiments and were compared to AB fish.

Examining neuronal activation with CaMPARI transgenic zebrafish: elav/3:CaMPARI zebrafish

in the Casper background were simultaneously exposed to chemical stimuli and a 405 nm light in
order to permanently photoconvert active neurons'®. Briefly, 3dpf larval zebrafish were
paralysed by injecting a-bungarotoxin protein (Sigma) into the chest cavity using microinjection
needles pulled on a Flaming-Brown Micropipette Puller (model P-87, Sutter Instrument Co.) and
a Picrosprizter II microinjection apparatus (General Valve Corporation). Paralysed fish were then

placed in small glass-bottomed dishes (Wilco Wells) filled with an individual chemical from the
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pruritic screen and allowed to incubate for 2 minutes. Following this incubation period, glass-
bottomed dishes were placed on the stage of an inverted fluorescent microscope (Olympus,
model [x81S1F-3) and the larvae were exposed to a 405 nm light for 40 seconds using
MetaMorph software (Molecular Devices). Post-exposure fish were removed from the chemical
and placed in a petri dish filled with embryo media and tricaine to prevent any future activation
of sensory neurons. Immediately prior to imaging, larvae were mounted on coverslips in 1.5%
agarose + tricaine in EM. TG and surrounding neural tissue were imaged using a 20x lens on an
LSM 880 confocal microscope (Zeiss). Zen Black software was used to scan through the entire
TG, acquiring a 1024 x 1024 pixel image slice at every ~5 um that could then be stacked in the Z
plane until the entire ganglion was imaged. Images were examined for photoconverted (red-
labeled) neurons, and totals were established for each TG in each condition. When used,

ANOVA statistical tests were done against control.

Adult zebrafish behavior: Adult zebrafish were placed in traps (Thoren Caging Systems) and

were transported to the experimental area, which was maintained at 28.5 & 2°C, where they were
left to acclimate for one hour. After completing acclimation fish were transported one at a time
to the injection area. Each fish was anaesthetized by exposure to 12.0 + 0.3°C system water.
They were then immobilized and injected in the upper lip using a 33 gauge Hamilton needle and
20 uL Hamilton syringe. Fish were injected with 10 puL of experimental or control solution, all of
which were made up in 1% DMSO, 1x PBS, and distilled water. After injection, fish were placed
into a trap and transferred to the recording area. The behavioral response was recorded for five
minutes using an HD camcorder (Cannon). The velocity of the fish was then analyzed using

Ethovision (Noldus) and all facial interactions were manually scored to prevent any bias in the

43



data. All analysis was blinded. All statistical analysis were done with an analysis of variance

(Graphpad Prism 6) or Student’s T-test.

In the case of nonsense mutant experiments, after the behavioral responses were captured, each
fish was euthanized by tricaine overdose and fin clipped, and the fin section was placed in a PCR
tube. Then, gDNA was extracted from the excised tissue using the previously described base
extraction technique. TRPA1 genotype was determined using the same HRMA strategy as
employed in the larval behavioral experiments. Since a homozygous TLR7-/- line was employed
for adult behavioral experiments, genotyping post-experiment was unnecessary. When used,

ANOVA statistical tests were done against control.

Larval in situ hybridization experiments (zebrafish): Whole-mount colorimetric in situ

hybridization to determine TRPA1b and TLR7 expression was performed on 3dpf larvae as
described previously’®. Pigment formation was inhibited by exposing larvae to 1-phenyl 2-
thiourea (PTU) at 24hpf. Larvae were hybridized with DIG-labeled riboprobes for TRPAT or
TLR7 overnight at 65°C. They then underwent a series of stringent washes, followed by
incubation in a-DIG conjugated Fab fragments (Roche, 1:10,000) and staining in NBT/BCIP
solution. Larvae were washed with PBTw and stored in glycerol until imaging, whereupon they
were mounted in 100% glycerol and photographed using an upright Axioplan2 microscope

(Zeiss).

Calcium imaging with elav/3:GCaMP transgenic zebrafish: 3dpf zebrafish larvae from or

elavi3:GCaMP5'® or elavi3:H2BGCaMP6'%¢ transgenic line were paralysed as described above.
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After paralysis, larvae were mounted in 2% agarose in EM on coverslips, which were then
placed into a perfusion chamber (Warner Instruments). Once solidified, the agarose immediately
surrounding the head was cut away with a scalpel to ensure maximal exposure to chemical
stimuli. The perfusion chamber was placed onto the stage of an Olympus Fluoview FV-1000
multiphoton microscope equipped with an infrared laser controlled by Mai Tai software
(Spectra-Physics, Thermo Electron Corporation). Larvae were imaged under the following
parameters: laser wavelength of 880 nm, resolution of 4.0 ps/pixel, frame rate of 1-3 seconds per
frame, frame size of 512 x 512 pixels. Laser intensity, HV, and zoom were optimized for
individual larva. For experiments comparing multiple stimuli, each stimulus was separated by an
equivalent period of E2 media washout. All solutions were made in E2 media containing 2%

DMSO.

For calcium imaging experiments involving TRPA 1b” animals and their WT/TRPA 1b*" siblings,
elavi3:GCaMP5:TRPA1b”" larvae were employed. One day prior to imaging, larvae were
anesthetized with tricaine, tail-clipped, genotyped via HRMA, and housed in individual wells

within a 24-well plate until ready for use in experiments. 2-APB was used a positive control.

Ratiometric Calcium Imaging: DRGs were isolated from 6- to 12-week-old C57B1/6] mice. All

experiments were performed in compliance with institutional animal care and use committee
standards and experiments were performed essentially as described®. Dissociation and culturing
of mouse DRG neurons were performed as described with the following modifications®.
Dissected DRGs were dissociated by incubation for 1 hour at 37°C in a solution of culture

medium [Ham’s F12/Dulbecco’s modified Eagle’s medium (DMEM) with 10% horse serum, 1%
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penicillin-streptomycin (Life Technologies, Carlsbad, CA)] containing 0.125% collagenase
(Worthington Biochemicals, Lakewood, NJ), followed by a 30-minute incubation in 10 ml of
culture media plus 1.25 units of papain. Calcium imaging was performed essentially as described
previously (Story et al, 2003). Growth media were supplemented with 100 ng/ml nerve growth
factor. For experiments involving heterologous expression, human embryonic kidney (HEK)
293T cells were transiently transfected with one or two of the following plasmid constructs:
zebrafish trpalb, zebrafish tlr7, mouse Trpal, mouse T/r7, human TRPAI, and/or human TLR?7.
All constructs except for the one encoding zebrafish #/r7 were also co-transfected with pIRES-
eGFP plasmid in order to estimate transfection efficiency. (For zebrafish #/r7, this step was
unnecessary because the construct was already in the pIRES-eGFP vector.) The buffer solution
for all experiments was 10 mM HEPES in 1X Hanks’ balanced salt solution (HBSS) (Invitrogen,

Carlsbad, CA).

The threshold for activation was defined as 30% above baseline for both DRG and heterologous
expression experiments. Student’s t test was used for all statistical calculations. All averaged
traces represent mean + S.E.M. All reported fluorescence values of each cell were normalized to
the fluorescence of that cell during the initial baseline wash period. Maximum response values of
each cell were calculated as the difference between the maximum and minimum fluorescence

values of the cell during a stimulus application period.

Dual Luciferase Assay: To verify the functionality of our transfected 77r7 constructs, we

determined levels of NF-kB induction following stimulation with the TLR7 agonist loxoribine

using a Dual-Luciferase Reporter Assay System (Promega). Briefly, HEK 293T cells were
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seeded at ~80% confluency in individual wells of a 24-well plate (N = 4 x 10° cells per well) and
transiently transfected with the same zebrafish, mouse, or human 77r7 constructs as employed in
calcium imaging following a standard lipofectamine protocol. All cells were also co-transfected
with a nF-kB Firefly luciferase reporter plasmid (p1242 3x-KB-L, Addgene'®®), a Renilla
luciferase control plasmid (p207-CMV-Renilla, gift from Tom Reh), and pIRES-eGFP (if
necessary) for estimating transfection efficiency. As a negative control, another set of HEK
293T cells were transfected only with pIRES-eGFP. Twenty-four hours following transfection,
the culture media was removed from all cells and replaced with normal serum-free media or with
serum-free media containing 200 uM loxoribine. Following a 24-hour treatment period, culture
media was removed, plated cells were rinsed briefly with DPBS, then lysed with passive lysis
buffer (Promega) and gentle agitation on a multi-purpose rotator (Barnstead). Lysates were
analyzed on a Viktor3 1420 Multilabel Counter (PerkinElmer), which generated luminescence
values in CPS (counts per second) for both Firefly and Renilla luciferase activity. Assays were
also performed on 1X PLB samples to estimate background luminescence. Background
luminescence was subtracted from each measurement, and the Firefly/Renilla CPS ratio was

calculated for each condition.

Immunohistochemistry on HEK 293T cells: To verify that TLR7 was being expressed by HEK

293T cells used in our experiments, we transfected cells on coverslips with either mouse or
human 77r7 constructs and pIRES-eGFP; some cells were only transfected with pIRES-eGFP to
serve as a negative control. 48 hours following transfection, cell culture media was removed, and
coverslips were washed briefly with 1X DPBS and fixed for 10 minutes at room temperature in

4% paraformaldehyde in 1X PBS (Electron Microscopy Sciences). Coverslips were again rinsed
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briefly in DBPS and then blocked in 10% goat serum in 1X PBST (PBS with 0.1% Tween-20)
for 1 hour at room temperature. Primary antibodies against TLR7 (rabbit anti-TLR7, Boster,
1:250) and GFP (chick anti-GFP, 1:1000, Invitrogen) were made in PBST with 10% goat serum
and applied to the coverslips, which were incubated overnight at 4 °C. Coverslips were then
rinsed 3X in PBST to remove primary antibodies, treated with secondary antibodies (AlexaFluor
goat anti-chicken 488 and AlexaFluor goat anti-rabbit 568, both at 1:1000, Life Technologies
and Invitrogen, respectively) for approximately 2 hours at room temperature, washed in PBST,
and mounted on slides with DAPI-containing Vectashield medium (Vector Laboratories, Inc.).
Confocal imaging of mounted cells was performed using a Zeiss microscope and Zen Black

acquisition software.

Electrophysiology: Whole-cell patch-clamp recordings were performed at room temperature (22-

24°C) using an Axon 700B amplifier (Molecular Devices, Sunnyvale, CA, USA) on the stage of
an inverted phase-contrast microscope equipped with a filter set for GFP visualization (Nikon
Instruments Inc., Melville, NY, USA)?%. Pipettes pulled from borosilicate glass (BF 150-86-10;
Sutter Instrument, Novato, CA, USA) with a Sutter P-1000 pipette puller had resistances of 2-4
for whole-cell patch-clamp recordings when filled with pipette solution containing 140 mM
CsCl, 2 mM EGTA, and 10 mM HEPES with pH 7.3 and 315 mOsm/l osmolarity. Cells were
perfused with extracellular solution containing 140 mM NaCl, 5 mM KCI, 0.5 mM EGTA, 1
mM MgCly, 2 mM CaCl,, 10 mM glucose, and 10 mM HEPES (pH was adjusted to 7.4 with
NaOH, and the osmolarity was adjusted to = 340 mOsm/l with sucrose). The whole-cell
membrane currents were recorded using voltage ramps from -100 to +100 mV for 500 ms at

holding potential of 0 mV. Data were acquired using Clampex 10.4 software (Molecular
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Devices, Novato, CA, USA). Currents were filtered at 2 kHz and digitized at 10 kHz. Data were
analyzed and plotted using Clampfit 10 (Molecular Devices, Novato, CA, USA). The
concentration-response curve was fitted with the logistic equation: Y = Ymin + (Ymax —
Ymin)/(1 + 10"[(logECso — X) x Hill slope]), where Y is the response at a given concentration,
Ymax and Ymin are the maximum and minimum responses, X is the logarithmic value of the
concentration and Hill slope is the slope factor of the curve. ECs is the concentration that gives a

response halfway between Ymax and Ymin. All data are presented as mean + SEM.

Mouse Behavior: Mice were shaved on the nape of the neck or in the face two days before assay.

On the day of experiment, mice were acclimated for 1 hr by placing each of them individually in
the recording chamber followed by intradermal injection of 10 pug of IMQ to the nape of the
neck. Immediately after the injection, mice were videotaped for 30 min without any person in the
recording room. After the recording, the videotapes were played back and the number of
scratching bouts towards the injection site was counted by an investigator blinded to the

treatment.

Cheek injection of AITC was performed as described!>*. Briefly, during anesthesia with
isoflurane (2% in 100% oxygen), the right cheek (approx. 5 x 8 mm area) was shaved. Mice
were acclimated in the recording chambers at least two days before experiments began. AITC
was dissolved in DMSO to make a 5 M stock solution and diluted in saline to make the working
solution. Every mouse received an injection of 10 ul volume at the shaved area. Immediately

after the injection, mice were videotaped for 30 min without any person in the recording room.
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After the recording, the videotapes were played back and the number of scratching and wiping

bouts towards the injection site was counted by an investigator blinded to the treatment.

Footpad injections were performed as described previously (Liu et al, 2016). Briefly, either a
saline control or IMQ (125 pg) was injected into the footpad of the hindpaw. Animals were
filmed, and nocifensive behaviors (licking, biting) in the recorded videos were scored by an

investigator blind to the treatment.

2.7 Chapter Notes

This chapter was published in the journal eLife as a research article with the following citation:
Kali Esancy, Logan Condon, Jing Feng, Corinna Kimball, Andrew Curtright, and Ajay Dhaka.
“A zebrafish and mouse model for selective pruritus via direct activation of TRPA1”. Elife Vol.

7, 1-24 (2018). Detailed author information follows:

Kali Esancy ™!, Logan Condon™!, Jing Feng ", Corinna Kimball', Andrew Curtright!, Ajay

Dhaka'>T,

*Contributed equally to the manuscript. TCorresponding author. 1. Department of Biological

Structure, University of Washington, Seattle, Washington 98195, USA. 2. Graduate Program in
Neuroscience, University of Washington, Seattle, WA, 981095, USA. 3. Center for the Study of

Itch, Washington University, St. Louis, Missouri 63130, USA.

Competing Financial Information: The authors declare no competing financial interests.

50



Corresponding Authors: Correspondence and requests for materials should be addressed to

dhaka@uw.edu.

Acknowledgments: This work was primarily supported by NIH RO1DE23730 (AD). Other

support includes the Levinson Emerging Scholars award (LC) and a Mary Gates Undergraduate
Research Award (LC). We thank David Raible and Hongzhen Hu for extensive feedback on
experimental design and the manuscript, Paul Nakamura and Quynh Nguyen for technical
support with the dual luciferase assay, Tom Reh for the p207-CMV-Renilla luciferase plasmid,
Rachel Wong for use of the FluoView 1000 multiphoton microscope, and David White for

zebrafish husbandry support.

Licensing: This eLife article is distributed under the terms of the Creative Commons Attribution

License, which permits unrestricted use and redistribution provided that the original author and

source are credited.

51



2.8 Chapter Figures
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Figure 1: Imiquimod produces behavioral and neuronal responses in the zebrafish. (A-H)
3dpf live elavi3:CaMPARI TG imaging of larvae exposed to 405 nm light and control (A), 50
uM allyl isothiocyanate (AITC) (B), 100 uM imiquimod (IMQ) (C), 100 uM histamine (HIST)
(D), 500 uM serotonin (5-HT) (E), 100 uM SLIGRL-NH2 (F), 100 uM deoxycholic acid (DCA)
(G), and 100 uM loxoribine (LOX) solutions (H). (I), Counts of photoconverted cells from
experiments a-h. (J), Sdpf WT larval locomotor behavior screen. (K) Representative traces of
adult behavior. (L) Adult lip-rubbing behavioral assay. I, J, L, ***P < 0.001, **P < 0.01, one-
way ANOVA. Bars represent mean + s.e.m.
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Figure 1-figure supplement 1: Behavioral effects of noxious pruritic and algogenic stimuli
in the zebrafish. (A) Dose-response curve for IMQ in larval locomotion assay, n = 48 for all
conditions. (B) Average velocity of adult zebrafish injected with AITC or known pruritogens. 10
uM AITC induced a significant decrease in swimming velocity, whereas 100 uM IMQ elicited
increased velocity. (C) Quantification of freezing behavior in the adult behavioral assay. Of the
stimuli tested, only 10 uM AITC elicited significant freezing behaviors in adult zebrafish,
although fish injected with 200 uM IMQ displayed a trend towards elevated freezing behaviors.
(D) A comparison of lip-rubbing behavior in adult zebrafish injected with 10 uM AITC, 100 uM
IMQ, and 100 uM loxoribine. Only IMQ evoked significant lip-rubbing behavior. ***P < 0.001,
**P <0.01, one-way ANOVA.

53



b)

TLR?7

e) f)

108 Wl TLR7 ++
00 TLR7 -~

150

80

60

Lip Rubbing {s)
Lip Rubbing (s)

40
50

20

11

100 M IMGQ

Control

W TRPAT +/4+
W TRPAT -~

Control

ki

100 ,M IMQ

g9)

c)

Normalized Total Movemant

AF{F

2.0

=
[

-
o

=2
&

0.0

200

150

-50

Control

TRPA1™

Time {s)

100,M IMQ

2-APB

1.5

1.0

Nommalized Total Movement

b
o

0.0

h)
200

150

0

AF/F

50

-50

| . TRPAL 4+

0 TRPA1 -i-

Ex s

Gontrol 100,.M IMQ

TRPA1 il

AITC

500 10bo 1500 2000

Time (s)

Figure 2: Trpalb, but not Tlr7, is required for both neuronal and behavioral responses to
IMQ. (A, B) In situ hybridization in 3dpf WT larvae probing for #/r7 and trpalb mRNA
respectively. (C, D) Larval locomotor assay of 5dpf t/»7"* and tlr7"" (C) or trpalb™ and trpalb
(D) larvae. (E, F) Adult lip-rubbing behavioral assay of t/r7"*/tlr7"~ (E) and
TRPA1"*/TRPA1” (F) fish. C, D, E, F, 100 uM IMQ used. ***P < 0.001, **P < 0.01, Student’s
t-test. Bars represent mean + s.e.m. (G, H) Representative calcium imaging traces of 3dpf

trpalb™*

(G) and trpalb”” (H) larvae in a transgenic elavi3HuC:GCaMP5 background exposed

to 100 pM IMQ, 50 uM AITC, and 1 mM 2-APB. B = blood, TG = trigeminal ganglion.
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Figure 2-figure supplement 1: TRPA1b and TLR7 nonsense mutations in the zebrafish. (A)
The 7bp deletion in the trpalb coding sequence generated a premature stop codon at 1412 bp.
(B) Amino acid sequences of the WT and mutant Trpalb proteins. (C) In situ hybridization
probing for trpalb mRNA in WT 3dpf larval zebrafish, demonstrating expression in RB neurons.
(D) Schematic of the Trpalb protein structure, demonstrating that a truncated protein (in the
unlikely event that it was translated) would lack a critical cysteine residue required for agonist
binding (Macpherson, L. J. et al., 2007). (E) Trpalb”" nonsense mutants locomoted more in
response to increasing temperatures at levels equivalent to their WT/heterozygous siblings. (F)
Normal AITC behavioral responses (increased locomotion) are abolished in #7palb” nonsense
mutants. (G) The 1bp deletion in the #/r7 coding sequence generated a premature stop codon at
bp 665. (H) Amino acid sequences of WT and mutant Tlr7 proteins. (I) Schematic of the Tlr7
protein, demonstrating that a truncated protein (in the unlikely event of translation) would lack
critical functional domains. (J) in situ hybridization probing for #/#7 mRNA in WT 3dpf larval
zebrafish. No #/r7 expression was observed in RB somatosensory neurons. Premature stops are
denoted with red highlighting. EC = extracellular, IC = intracellular, TM= transmembrane
domain, LRR = leucine rich repeat, TIR = Toll Interleukin-1 Resistance domain. C and N denote
c- and n-termini. E, Student’s t test.
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Figure 3: Imiquimod directly activates TRPA1. (A-C) Calcium imaging of HEK cells
transfected with zebrafish (A), mouse (B), and human (C) Trpal or Trpal+Tlr7. (D, E, F)
Calcium imaging dose response curves of HEK cells transfected with zebrafish (D), mouse (E),
and human (F) Trpal, exposed to IMQ or AITC. A-F Numbers represent total cell counts per
condition. (G) Patch clamp of HEK cell transfected with zebrafish trpalb exposed to 100 uM
IMQ. (H) Patch clamp dose response curve for HEK cells transfected with zebrafish trpalb,
mouse Trpal, or mouse Trpal+mouse Tlr7. (I) Current density values of HEK cells exposed
transfected with zebrafish #rpalb or mouse Trpal and exposed to 100 uM AITC or 100 pM
IMQ. G-I, n =5 cells per condition. **P < 0.01, Student’s ¢-test. Bars represent mean + s.e.m.
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Figure 3-figure supplement 1: Transfected HEK cell gene expression and functionality. (A-
D) Average traces from calcium imaging experiments with HEK cells transiently transfected
with zebrafish trpalb (n = 85) (A), zebrafish trpalb+zebrafish tlr7 (n = 80) (B), mouse Trpal (n
= 134) (C), or mouse Trpal+mouse Tlr7 (n = 89) (D). n =22, 23, 10, and 19 untransfected
control HEK cells per experiment, respectively. No gross differences were observed between the
two conditions for each species. € Quantification of peak fluorescence intensity achieved during
stimulation with 100 uM IMQ across all HEK cell transfection conditions. In all species
examined, no significant difference was observed between cells transfected with only 7Trpal and
cells transfected with Trpal plus the corresponding 77r7. (F-H), Immunohistochemistry
performed on HEK cells transfected with pIRES-eGFP only (F), mouse 7/r7 (G), or human
TLR7 (H). As shown, TLR7 labeling (red) was only observed HEK cells transfected with 77r7
constructs. (I-J), I/V curves from voltage clamp experiments using cells transfected with
mTRPAT (I) and mouse Trpal+mouse 71lr7 (J). As shown in (I), 100 uM IMQ elicited greater
current influx in transfected cells than under basal conditions, an effect that disappeared during
washout. Cells transfected with both mouse 7rpal and mouse 7/r7 also showed significant
current flux during IMQ stimulus, but this was not different from cells transfected only with
mTRPAL. n =15 cells per condition. (K) a table of EC50 values for both IMQ and AITC stimuli
in cells transfected with zebrafish trpalb, mouse Trpal, and human TRPA! in Figure 3D-F. As
shown, the EC50 values for IMQ are much greater than those of AITC for all species of

57



TRPAI. AF/F (fluorescence intensity change) is expressed as a normalized 340nm/380nm
intensity ratio. (*P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test. Bars are expressed as
means + s.e.m.
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Figure 3-figure supplement 2: Loxoribine effectively stimulates TLR7-transfected HEK
cells but does not evoke intracellular calcium flux. (A) A comparison of average peak
fluorescence values obtained from 7rpal or Trpal+Tlr7 transfected HEK cells in calcium
imaging experiments following stimulation by 100 uM IMQ or 100 uM loxoribine. (B, C)
Average traces from calcium experiments in which HEK cells were transfected with zebrafish
Trpalb+zebrafish tlr7 (n = 102) (B) or mouse 7rpal+mouse Tlr7 (n =45) (C) and treated with
100 uM loxoribine and 100 pM AITC. 15 and 21 untransfected control cells were present in each
respective experiment. As shown, loxoribine did not elicit any calcium flux. (D) I/V curve from
voltage clamp experiments in which HEK cells were transfected with mouse 7rpal+mouse Tlr7
and stimulated with both loxoribine (100 uM) and AITC (100 uM). While AITC elicited
remarkable current influx, current change associated with application of loxoribine did not
change current flow above baseline levels. (E) A dual luciferase assay to verify the functionality
of transfected TLR7 and loxoribine. Cells transfected with only the two luciferase constructs and
pIRES-eGFP did not demonstrate any NF-kB induction following stimulation with 200 uM
loxoribine, as expected. Notable NF-kB induction was observed in cells transfected with the two
luciferase constructs and either mouse 7/77 or human 7LR?7 following stimulation with
loxoribine. Intriguingly, cells transfected with the zebrafish #/77 did not exhibit any significant
NF-kB induction following application of loxoribine. (F) A dual luciferase assay in which both
pIRES-eGFP-transfected control HEK cells and zebrafish #/r7-transfected cells were treated with
TLR7 agonists loxoribine (500 uM and 1 mM) and IMQ (100 uM and 500 uM). There was no
difference in NF-kB induction between pIRES-eGFP-only and zebrafish #/r7 transfected cells,
potentially indicating that zebrafish TIr7 is unresponsive to typical mammalian TLR7 agonists.
AF/F (fluorescence intensity change) is expressed as a normalized 340nm/380nm intensity ratio.
Luminosity values are expressed as the firefly/renilla ratio of relative light units in counts per
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second (CPS) following background subtraction. *P < 0.05, **P <0.01, ***P <0.001, Student’s
t-test (A, E) or one-way ANOVA (F). Bars are expressed as means + s.e.m.
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Figure 4: Imiquimod responsive cells are a primed subpopulation of TRPA1 positive cells
and stimulus intensity affects behavioral and neuronal responses. (A, B) Representative
traces from calcium imaging experiments in 3dpf elavi3:H2BGCaMP6 zebrafish exposed to 100
uM IMQ and 50 uM AITC. An IMQ+/AITC+ TG neuron is shown in (A), while an AITC+ only
neuron is shown in (B). (C) Quantification of neuronal subtypes within AITC+ neurons. n =31
IMQ+/AITC+ neurons, n = 80 AITC+ only neurons. (D) Comparison of the maximum AF/F
during the 50 uM AITC stimulus between neuronal subtypes. (E) Number of photoconverted
neurons in 3dpf elavi3:CaMPARI zebrafish TG following stimulation with TRPAT1 agonists. (F)
Quantification of lip-rubbing behavior in adult zebrafish following exposure to TRPA1 agonists.
Bars represent means + s.e.m. *P < 0.05, **P <0.01, ***P <(.001, Student’s t-test (D), one-way
ANOVA (E, F).
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Figure 4-figure supplement 1: Further effects of stimulus intensity on zebrafish neuronal
activity and behavior. (A) IMQ is a lower intensity stimulus than AITC. Application of 100 uM
IMQ elicited a lower maximal AF/F response than application of 50 uM AITC in IMQ+/AITC+
TG neurons in 3dpf larval zebrafish. (B) In an effort to ensure that our analyses in Figure 4D
were accurate reflections of neuronal activity, we also examined the average AF/F across the
stimulus period. We found that IMQ+/AITC+ cells exhibited a significantly higher average
fluorescence change across the entire 50 pM AITC stimulus period than AITC+ only responding
neurons. (C) Sequential application of 100 uM IMQ, 10 uM AITC, and 50 uM AITC revealed
that IMQ+ neurons (n = 4) were only found in a subset of neurons that responded to 10 uM
AITC (n = 11), which themselves were included in a larger population of 50 uM AITC+ neurons
(n=42). 50 uM AITC results were consistent with previous experiments. (D) Swimming
velocity in adult zebrafish also varied as a function of stimulus intensity. Fish that were injected
with 100 uM IMQ (n = 13) exhibited a significant increase in swimming velocity as compared to
fish injected with 1% DMSO vehicle (n = 11). Fish injected with 10 uM AITC (n = 15) and 200
uM IMQ (n = 6) exhibited significant reductions in swimming velocity as compared to vehicle-
injected controls, suggesting that these stimuli at these particular concentrations are effectually
algogenic. 5 uM AITC evoked no significant change in swimming velocity (n = 12). AF/F
(fluorescence intensity change) is calculated as the percent change over baseline fluorescence.
Bars are expressed as means + s.e.m. *P < 0.05, **P <0.01, ***P <(0.001, Student’s t-test (A,
B), one-way ANOVA (D). (E) Representative traces of adult behavior.
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Figure 4-figure supplement 2: Imiquimod activates a specific subset of neurons in a non-
stochastic manner in the zebrafish. (A) Proportions of neurons responding to two sequential
pulses of 100 uM IMQ, only the first pulse, or only the second pulse in 3dpf larval zebrafish. (B)
Representative trace of a TG neuron that responded to both pulses of 100 uM IMQ. (C)
Representative trace of a TG neuron that responded to only the second pulse of 100 uM IMQ.
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Figure 5: Imiquimod’s effects in the mouse. (A) Proportions of IMQ+/AITC+ and AITC+ only
DRG neurons observed in calcium imaging experiments (7 = 83 IMQ+/AITC+ neurons, n = 781
AITC+ only DRG neurons). (B, C) Representative traces from calcium imaging experiments on
dissociated mouse DRG neurons from WT (B) (n = 15 neurons) and Trpal” (C) (n =23
neurons) mice. A-C, 100 uM IMQ and 100 uM AITC used. (D) Quantification of scratching
bouts in WT and Trpal”” mice following IMQ (10 pg) injections. (E, F) Representative traces
from calcium imaging experiments in which 100 uM IMQ, 100 uM CQ, 100 uM DC, and 100
uM AITC were applied. IMQ+/CQ+DCA+/AITC+ (e) and AITC+ only (f) neurons are shown.
(G) Quantification of the IMQ+ neuronal populations from the experiments shown in (E, F) (n =
27 IMQ+/CQ+DCA+/AITC+ neurons, 7 IMQ+/AITC+ neurons). (H) Comparison of maximum
AF/F between IMQ+/AITC+ and AITC+ only. 100 uM IMQ, 10 uM AITC used. All calcium
imaging experiments performed on dissociated mouse DRG neurons. (I) Quantification of
scratching bouts in WT mice following injections of varying AITC concentrations. *P < 0.05,
*4p <0.01, ***P <0.001, Student’s t-test. Bars are expressed as mean + s.e.m.
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Figure 5-figure supplement 1: Calcium imaging of discrete neuronal subpopulations in the
mouse. (A, B) Representative traces from calcium imaging experiments featuring dissociated
mouse DRG neurons sequentially bathed in 100 uM IMQ and 10 uM AITC. IMQ+/AITC+ (A)
and AITC+ only (B) neurons were both identified. As shown in (B), many of the AITC+ only
neurons peaked at lower AF/F values than the IMQ+/AITC+ neurons. (C) Within the
IMQ+/AITC+ population (rz = 37 neurons), 100 uM IMQ was demonstrated to be a weaker
stimulus than 10 uM AITC. (D, E) Representative traces of calcium imaging experiments where
DRG neurons were stimulated with 100 pM IMQ and 100 nM CAPS. Two main functional
subpopulations were identified--one that responded to both IMQ and CAPS (D), and another that
responded only to 100 nM CAPS (E). Interestingly, many of the CAPS+ only cells peaked at
lower AF/F values during the CAPS stimulus than the neurons that responded to both IMQ and
CAPS. (F) Comparison of maximum AF/F between IMQ+/CAPS+ and CAPS+ only neurons.
(G) Quantification of scratching bouts in WT and Trpal”” mice following IMQ injections. (H)
Representative traces from from one calcium imaging experiment in which 100 uM loxoribine
was applied to dissociated DRG neurons. As shown, loxoribine did not elicit any fluorescence
changes in DRG neurons (n = 51), whereas 100 pM IMQ and 100 uM AITC elicited robust
intracellular calcium flux. (I) Increasing the concentration of AITC activates greater proportions
of DRG neurons (71/752, 379/1107, and 864/1671 neurons for the 5 uM, 10 pM, and uM AITC
experiments). (J) IMQ+ neuron populations are enriched within populations that respond to
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lower concentrations of AITC (26/71 5 uM AITC+ neurons, 37/220 10 uM AITC+ neurons,
83/864 100 uM AITC+ neurons). Fluorescence intensity is expressed as AF/F using the 340/380
ratio values. Bars represented as means + s.e.m., Student’s t-test. *P < 0.05, **P <0.01, ***P <
0.001.
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2.9 Chapter Videos

Video 1: Normal adult zebrafish swimming behavior. This video is an example of typical
swimming behavior following a cutaneous injection of 1% DMSO into the upper lip of an adult
zebrafish. Note that the zebrafish exhibits minimal interaction with the walls of the tank, and its
swimming capacity is not compromised. https://doi.org/10.7554/eLife.32036.005

Video 2: Adult zebrafish injected with AITC demonstrate nocifensive behaviors. This video
is an example of typical swimming behavior following a cutaneous injection of 10 uM AITC
into the upper lip of an adult zebrafish. The zebrafish exhibits previously described nocifensive
behaviors, such as dramatically reduced locomotion, bouts of freezing, and heightened
respiration. https://doi.org/10.7554/eLife.32036.006

Video 3: Adult zebrafish injected with IMQ demonstrate pruritic behaviors. This video
provides a typical example of swimming behavior observed in adult zebrafish following a
cutaneous upper lip injection of 100 uM IMQ. The fish not only exhibits increased swimming
velocity in response to this stimulus, but also frequently rubs its lips against the walls of its tank,
engaging in a behavior that is potentially analogous to mammalian scratching.
https://doi.org/10.7554/eLife.32036.007
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Chapter 3: Exploring the differences between distinct subpopulations of
differentially-tuned TRPA1 neurons

3.1 Chapter Abstract

While we previously established that differential activation of subpopulations of TRPA1
neurons with differing sensitivities to agonists might underlie the differences in behavioral
responses to low- and high-intensity stimuli, the factors that distinguished these neurons
remained unclear. Through a combination of neuronal calcium imaging experiments in both
zebrafish and mice, and behavioral studies in the zebrafish, we sought to elucidate whether
certain morphological features may differ between subgroups of TRPA1 neurons, and whether
certain intracellular signaling cascades may be involved in setting the gain within these
populations. We found that, in the mouse, innervation destination did not determine the
sensitivity of a neuron, as TRPA1 neurons of varying sensitivities could be found projecting to
the same area. We established that neurons with heightened sensitivity to TRPA1 agonists were
significantly smaller than less-sensitive neurons. Furthermore, we found that PLC activation
increased neuronal recruitment to low-intensity stimuli in both zebrafish and mice, whereas PLC
inhibition decreased neuronal recruitment to medium-intensity stimuli which had previously
elicited responses from neurons in mice. PLC activation likewise sensitized behavioral responses
to TRPA1 agonists in larval zebrafish. Together, these results indicate that highly-sensitive
TRPAT neurons are indeed part of a discrete subpopulation, and suggest that differences in basal
PLC signaling between subpopulations of TRPA1 neurons may contribute to differences in their
response thresholds to TRPA1 agonists, providing additional insight into the neural coding

strategies underlying itch and pain sensation in different species.
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3.2 Chapter Introduction

Findings from our previous studies implicate the existence of multiple subpopulations of
TRPA1-expressing somatosensory neurons with varying sensitivities to noxious stimuli, and that
differential activation of these neurons correlates with different behaviors (e.g., pruritic vs.
nocifensive). This begs the following questions: what factors underlie the differences between
these populations? Seeking the answer to this question motivated the following experiments. In
particular, we opted to explore metrics such as morphological differences (e.g. cell size,
innervation destination) and intracellular signaling cascades previously shown to modulate TRP
ion channel function.

Somatosensory neurons of different modalities exhibit clear morphological differences.
For example, neurons that relay proprioceptive information (the Aa fibers) and innocuous touch
information (the AP fibers) have large soma and axon diameters (>50 um and 6-20 um,
respectively), and are more heavily myelinated?®2”. A$ fibers, the high-threshold
mechanoreceptors that relay painful touch, have smaller soma and axon diameters (~20-40 um
and 1-5 pm)?*?"2%7_ Unmyelinated C-fibers, comprising the chemical/thermal nociceptors
(including TRPA1 neurons) as well as neurons associated with pleasant or affective touch, have
the smallest cell bodies (10-30 pm) and axon diameters (0.2-1.5 pm)?%2’. Morphological
differences beyond cell size and axon diameter have also been reported, even within neurons of
the same subtype. Low-threshold mechanoreceptors (LTMRs), for example, can display both
lanceolate and circumferential arborization patterns in the periphery?%®-2!°. CGRP-expressing
peptidergic C-fiber nociceptors can likewise differ in peripheral morphology, exhibiting free
nerve endings as well as circumferential endings in the skin?®-2!!. Subtypes of somatosensory

neurons in the mouse have been shown to project to distinct regions of the epidermis?'2.
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Diversity similarly exists in the central projections of somatosensory neurons of different
subtypes. MrgprD-expressing C-fibers (a type of non-peptidergic nociceptor) exhibit different
central arbor morphologies correlating to the sensory acuity of the body region they innervate?!?.
Analogous observations have been made in the zebrafish, where some somatosensory subtypes
in the trigeminal ganglia exhibit differences in branching morphology of central terminals and

presynaptic site distribution?!*

. Given the morphological distinctions both between and within
groups of somatosensory neurons, we hypothesized that such differences may exist within our
population of TRPA1 neurons, and may indeed be an indication that these neurons are distinct
subpopulations.

On a molecular level, different populations of TRPA1 neurons associated with itch vary
in the complement of additional pruritic and inflammatory GPCRs they co-express, and which

13,62,72,83,85,89,92 However. the
. b

intracellular signaling cascades functionally couple the two
participation of such signaling pathways in the transduction of itch resulting from the direct
activation of a TRP channel is unknown. Interestingly, activation of these pathways has been
shown to sensitize TRPA1, making them logical molecular candidates in establishing the
responsivity of subpopulations. In other words, higher baseline activity levels of one of these
pathways in a particular subpopulation may lend a heightened sensitivity to the neurons within
this subpopulation. Of particular interest to us where the phospholipase C (PLC), protein kinase
A (PKA), and protein kinase C (PKC) signaling cascades, as well as GPy signaling and NALCN
activity.

The PLC and PKA pathways link activation of the bradykinin receptor (B2) to

TRPA17%215, Certain PLC isoforms (e.g. PLCPB3) function to cleave phospholipids, such as the

phosphoinositides, to further generate signaling molecules. In this case, PLC activated by the
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bradykinin receptor can cleave PIP2 to produce diacylglycerol (DAG), which can then in turn
activate TRPA172. IP3, another product of PIP2 cleavage, elicits the release of calcium from
intracellular stores, and some evidence suggests that this calcium, along with other products of
the PLC pathway (such as arachidonic acid, or AA) can also influence TRPA1 activity>*. Both
PKA and PLC activation can potentiate AITC-evoked currents in dissociated DRGs, and their
blockade can reverse bradykinin-induced potentiation of AITC currents; additionally, occlusion
experiments demonstrate that these pathways operate in parallel, rather than one being

downstream of the other?!?

. Only PKA activation has been shown to significantly potentiate
behavioral responses to injections of AITC—PLC activation has instead been observed to elicit
noticeable, but yet non-significant, increases in pain behaviors, although this might have been
due to technical constraints in the study that demonstrated these phenomenon (i.e., the inability
to increase the concentration of PLC activator drug without causing off-target effects from the
vehicle solvent)?!¢. Inhibiting PLC, however, has demonstrable behavioral effects. Systemic
treatment with the PLC inhibitor drug U-73122 can reverse the decrease in pain thresholds
elicited by spared nerve injury?!’. This method of inhibition has also been shown to block
morphine-induced hyperalgesia®'® as well as carrageenan-induced inflammatory hyperalgesia®!®.
PKA and PLC signaling are also critical in TRPAT1 translocation to the membrane following
stimulation with TRPA1 agonists?'®. As mentioned in Chapter 1, PLC signaling is not only
restricted to the functional coupling between TRPAT1 and the bradykinin receptor; MrgprCl11,
which is activated by endogenous pruritogens like BAMS8-22, requires PLC signaling to activate
TRPA1%, and the pruritic and inflammation receptor PAR2, which is activated by endogenous

proteases, similarly relies on PLC to potentiate TRPA1 activity?2°.
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In addition to generating signaling molecules like DAG and IP3, cleavage of PIP2 by
PLC can deplete PIP2 from cell membranes, which itself can serve an important regulatory
function. The sensitization of TRPA1 by PAR2 activation (via PLC activation) has been
proposed to be a direct result of PIP2 depletion in the membrane—inclusion of PIP2 in the
recording pipette diminishes the PAR2-induced potentiation of AITC currents from cultured
DRG neurons, and applying a PIP2 antibody to sequester this phospholipid mimics the effects of
PLC activation??°. PIP2 has also been suggested to serve as a negative regulator of another TRP
ion channel, TRPV 1, though its exact role is controversial due to several conflicting reports?2!.
Antibody sequestration of PIP2 recapitulates the potentiating effects of bradykinin and NGF on
TRPV 1 neurons®??; electrophysiological experiments with TRPV 1 reconstituted in artificial

1?23, However, similar

lysosomes likewise suggest that PIP2 negatively regulates this TRP channe
excised patch experiments demonstrate that PIP2 may have opposing effects depending upon the
membrane leaflet in which it is localized—this phospholipid can potentiate capsaicin currents
when present in the intracellular leaflet, but can also inhibit the channel when present in both

leaflets®?!

. Whether this is analogous for TRPA1 is unknown.

Protein kinase C (PKC), another important intracellular signaling molecule, has also been
implicated in TRP ion channel regulation and activation, but its role in sensitizing TRPAT is
unclear. The PKC pathway can be activated downstream of PLC (via DAG and intracellular
calcium release)?'???*. TRPV1 sensitization by PAR2 appears to involve PKC, as
pharmacological inhibition of this enzyme prevented PAR2 agonist-induced potentiation of

responses to capsaicin??

. However, evidence linking PKC signaling to TRPA1 activation and
regulation is mixed. Some studies have identified several putative PKC binding sites on TRPAI;

although their functional roles have yet to be studied, this could imply a role for PKC signaling
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in modulating TRPA1 activity and thus potentially neuronal sensitivity??’. PKC signaling may be
involved in the coupling of bile acid receptor TGRS to TRPA1, as inhibition of this enzyme
prevented responses to deoxycholic acid in both a heterologous expression system and
somatosensory neurons®>. Conversely, PKC did not appear to be involved in the sensitization of
TRPA1 by PAR2 receptor agonists??’. However, this study also found that OAG, a DAG analog,
did not potentiate AITC or cinnamaldehyde-induced currents, in contrast to that observed by
Bandell et al’?>. PKC also does not appear to underlie the sensitization of TPRA1 by bradykinin,
as pharmacological inhibition with GF109203X did not significantly alter the effects of
bradykinin on AITC currents in HEK cells transfected with TRPA1 and B2; similarly PMA, a
PKC activator, did not potentiate AITC currents?'®.

Most of the aforementioned signaling pathways function downstream of activated G
proteins. PKA, for example, can be activated by Gs coupled to the B2 receptor??’, and Gq/11
proteins coupled to PAR2 can activate PLC pathways??’. However, G proteins themselves can

228 and evidence suggests that the GPy subunit in particular can

directly activate ion channels
directly activate TRPA1. For example, the coupling of the chloroquine-sensitive itch receptor
MrgprA3 to TRPA1 appears to rely on GPy proteins®. Similarly, SIPR3 is thought to signal
through GPy to activate TRPA1 in a subpopulation of neurons, leading to the sensation of itch®*.
Other ion channels activated downstream of GPCRs may also play a role in mediating the
excitability of somatosensory neurons. One such channel is NALCN, a sodium “leak” channel
present in a variety of tissues, including the central nervous system, heart, adrenal glands,
thyroid, lymphatic tissues, and pancreas>?’. It can be activated downstream of acetylcholine

receptors>*’. In the central nervous system, NALCN is thought to contribute to neuronal

excitability, leading to depolarization of the resting membrane potential; pharmacological
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blockade of this channel significantly reduces the frequency of spontaneous firing in
hippocampal neurons, and neurons obtained from NALCN mutant mice are hyperpolarized
compared to those from wildtype mice?*!. The role of NALCN in pain is somewhat more
complex. In spinal projection neurons of the superficial dorsal horn, which are critical for the
transmission of nociceptive signals, NALCN is critical for maintaining excitability—neurons
from NALCN knockout animals display hyperpolarized resting membrane potentials and a
reduction in spontaneous firing?*?. Additionally, NALCN can be activated by substance P, a
nociceptive neurotransmitter released by primary sensory afferents, via Src kinase pathways?*2.
However, NALCN has been observed to play an opposite role in peripheral somatosensory
neurons. In highveld mole rats, for example, high expression of NALCN in TRPA1 neurons may
confer an insensitivity to TRPAT1 agonist algogens—the increased depolarization due to NALCN
currents is thought to prevent action potential firing by inactivating voltage-dependent sodium
channels'®’. Given this latter observation, we sought to explore the possibility that differential
expression of NALCN in murine TRPA 1 neurons may lead to differences in excitability, and
thus differences in the sensitivity to TRPAT1 agonists, in different subpopulations.

While there is a wealth of research implicating these signaling pathways and other
membrane channels in the activation and/or regulation of TRPA1, the role of these pathways in
setting a baseline “tone”, or responsivity, to TRPA1 agonists has yet to be examined, especially
within the context of multiple subpopulations of TRPA1-expressing pruritic neurons. It is
possible, for instance, that high levels of baseline signaling in the most sensitive neuron
populations may prime these neurons to respond to low-intensity stimuli. For example, if PIP2
indeed functioned as a negative regulator of TRPA1, one could imagine that increased PLC

signaling would reduce the effect of this gate, rendering TRPA1 more responsive to stimuli.
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Therefore, we hypothesized that pharmacological activation or inhibition of these pathways
could effectually serve to toggle the gain on these distinct subsets of TRPA1 neurons. In
particular, if a pathway was involved in establishing this response threshold, inhibiting it could
transform a highly-sensitive, low-threshold neuron into a less sensitive, high-threshold neuron
capable of responding only to the most intense stimuli, a change that should be reflected in
neuronal activity as well as behavior. We reasoned that the reverse would also be true—by
pharmacologically activating these pathways, we would increase the gain on the system and be
able to transform a high-threshold TRPA1 neuron into a low-threshold neuron, which would

likewise be reflected in increased neuronal activity as well as behavior.

3.3 Results

3.3.1 Dose-dependent neuronal recruitment occurs independently of innervation target.

It is possible that the differences in AITC sensitivity we observed in our dissociated DRG
experiments (Figure 1A) were due to differences in innervation target—for example, neurons
that innervated regions with higher sensory acuity, such as distal limbs, might have lower
thresholds than those innervating less sensitive areas, such as the trunk, visceral organs, and
proximal limbs. We would not be able to distinguish these neurons in typical calcium imaging
experiments, since DRGs across an entire animal are pooled before dissociation and culture. To
address this, we used a lipophilic retrograde tracer, Dil, to label neurons that innervated a highly
sensitive region of the skin, the plantar surface of the hindpaw, one week before animals were
euthanized and prepared for imaging.

These intradermal Dil injections successfully labeled numerous peripheral somatosensory

neurons, and this labeling persisted through dissociation and culturing (Figure 1B). Furthermore,
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labeled neurons demonstrated the same stratification into subpopulations with differential
responsiveness to AITC (Figure 1C, D). Labeled neurons did not demonstrate any significant
differences from unlabeled lumbar neurons (Figure 1C, D). This indicates that the observed
differences in sensitivity to AITC is likely a physiologically relevant phenomenon, and not due
to differences in innervation target. It likewise indicates that neurons of different sensitivities are

not topographically restricted to certain regions of the body.

3.3.2 Cell size correlates with response threshold.

We next sought to determine if neuronal size correlated with responsiveness to AITC.
Specifically, we sought to determine if the more sensitive TRPA1 neurons, or those primed to
respond to low-intensity stimuli, were smaller than those that were only activated by medium- or
high-intensity stimuli. To test this idea, we once more turned towards calcium imaging of
dissociated mouse DRG neurons. In these experiments, AITC of increasing concentrations (1
uM, 10 uM, and 100 uM) was applied sequentially to these neurons, and the cross-sectional area
of each analyzed neuron was measured (Figure 2A, B). Diameter was then extrapolated from
these measurements. Response threshold (i.e., whether a neuron was activated by 1 uM, 10 uM,
or 100 uM AITC) was then compared to size.

We found that neurons responding to lower concentrations of AITC (the more sensitive
neurons) tended to be smaller than neurons that only responded to higher concentrations of AITC
or were entirely unresponsive to this stimulus (Figure 2A, B). As expected, all groups of AITC
responsive neurons were significantly smaller (p < 0.001) than non-responsive neurons (cross
sectional area: 383.3 + 8.31 um?; diameter: 21.13 + 0.23 pm, N=764 neurons), a difference that
bore out despite the fact that this group of unresponsive neurons likely included other C-fibers

(C-LTMRs, TRPMS8-expressing neurons, etc.)?®?’. The most sensitive group of TRPA1 neurons,
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those that responded to 1 uM AITC, trended towards a smaller size (cross-sectional area: 211.5 +
16.60 um?; diameter: 15.79 + 0.61 pm, N=55 neurons) than neurons that responded to 10 pM
(cross-sectional area: 282.2 + 8.67 um?; diameter: 18.49 + 0.283 pm, N=220 neurons) or 100
UM AITC (cross-sectional area: 274.0 + 10.19 pm?; diameter: 18.15 + 0.326 um, N=184
neurons), but this difference was only significant (p < 0.05) when diameter was used as a metric.
In either case, neurons that first responded at either 10 pm or 100 um were not significantly
different in size. This morphological distinction further supports the conclusion that these highly-

sensitive, pruritic TRPA1 neurons comprise an independent population.

3.3.3 DRG calcium imaging identifies PLC signaling as a potential mediator of response

threshold in TRPA1 neurons.

Following completion of these experiments, we turned our attention to the many possible
intracellular pathways that could play a role in establishing the baseline gain of the system.
Given the wealth of previous research implicating PLC in the activation of TRPA1, we first
targeted this pathway in DRG calcium imaging experiments. Initial experiments involved
perfusing vehicle, a PLC activator (100 uM m-3M3FBS), or a mixture of PLC activator and
inhibitor (100 uM m-3M3FBS + 20 uM U-73122) across dissociated mouse DRGs, followed by
a pulse of a low-intensity (1 uM) AITC stimulus. After a brief washout, 100 uM AITC was
perfused across cells as a “positive control” stimulus to identify all TRPA1 neurons (Figure 3A).
As hypothesized, treatment with the PLC activator elicited a significant increase in the
proportion of TRPA1 neurons that responded to this low-intensity stimulus (6.52 + 1.00% vs.
55.16 +£2.43%, p <0.001, Figure 3B). Co-administration of the PLC inhibitor dramatically and
significantly attenuated this effect (p < 0.001), with only 29.47 + 2.42% of TRPA1 neurons

responding to the 1 uM AITC stimulus (Figure 3B). Interestingly, while the PLC activator did
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not increase the response intensity to 1 uM AITC of m-3M3FBS-treated cells relative to control-
treated cells (0.68 + 0.07, N=39 neurons vs. 0.86 + 0.04, N=174 neurons), those co-treated with
m-3M3FBS and U-73122 responded significantly less (p < 0.001) than those only treated with
the activator (0.56 + 0.04, 60 cells, Figure 3C). Interestingly, this effect was even more dramatic
for responses to the 100 uM control AITC dose; within the population that responded to both the
1 uM AITC challenge and 100 uM positive control dose, neurons from the m-3M3FBS + U-
73122 treated coverslips had significantly lower responses (p < 0.001) than neurons from control
and m-3M3FBS-treated coverslips (control: 1.77 + 0.26, N=35 neurons; m-3M3FBS: 1.58 + 0.06
N=167 neurons; m-M3MFBS+U-73122: 0.83 + 0.09, N=47 neurons, Figure 3D). When only the
high-threshold neurons (those that only responded to the 100 uM AITC stimulus) were
examined, both experimental groups had significantly lower responses (p < 0.001) than neurons
from control coverslips, and neurons co-treated with activator and inhibitor had significantly
lower responses (p < 0.01) than those treated only with the activator (control: 1.42 + 0.04,
N=580 neurons; m-3M3FBS: 0.97 + 0.05, N=141 neurons; m-3M3FBS+U-73122: 0.65 + 0.02,
N= 152 neurons, Figure 3E). While we expected U-73122 treated coverslips to exhibit a
decrease in response intensity to both the 1 uM and 100 uM AITC stimuli, we were intrigued
that the high-threshold neurons from m-3M3FBS treated coverslips also had significantly lower
responses to 100 uM AITC, opposite to our predictions. One could speculate that perhaps PLC
activation sensitized the bulk of TRPA1 neurons with intermediate sensitivities, recruiting them
to the low-intensity stimulus, such that the only neurons remaining to respond to the positive
control stimulus were extremely high-threshold neurons of low sensitivity. However, more

experimentation is necessary to confirm or reject this possibility.
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Given these promising results, we turned to two-pulse experiments to more closely
examine the effect of activating and inhibiting the PLC pathway upon neuronal recruitment to
low- and medium-intensity stimuli. While one-pulse experiments gave us an overall sense of the
bulk changes in neuronal recruitment, the two-pulse experiments allowed us to more closely
examine how individual neurons were affected by pathway manipulation. More specifically, we
could determine whether neurons that initially responded to an AITC dose were then silenced by
pathway inhibition, or whether neurons that didn’t initially respond to an AITC dose became
responsive to that dose following pathway activation.

Application of PLC activator significantly increased the proportion of TRPA1 neurons
that were “new responders” to a low-intensity AITC stimulus, i.e., neurons that did not initially
respond to this concentration prior to PLC activation. This increase was significant (p<0.001)
regardless of whether 1 uM or 5 uM AITC was used as the low-intensity stimulus. (1 uM:
control—4.34 + 1.96%, m-3M3FBS—42.09 + 3.82%; 5 uM: control—6.40 + 1.25%, m-
3M3FBS—352.69 + 10.67%, Figure 4B). The total percentage of AITC-responsive (TRPA1+)
neurons did not vary significantly between control or treated coverslips (1 uM experiments:
control: 51.62 + 7.77%; m-3M3FBS: 51.06 + 3.91; 5 uM experiments: control: 49.59 + 5.86% ;
m-3M3FBS: 45.03 + 7.70%, Figure 4H), indicating that PLC activation most likely did not
cause ectopic activation to AITC independent of TRPA1. While the response intensity to the
second pulse of low-intensity AITC was not significantly different between control and PLC-
activated conditions when 1 uM AITC was used as the stimulus, neurons that responded to the
second pulse of 5 uM had significantly higher responses (p < 0.05) when they were treated with
the PLC activator (1 uM experiments: control: 0.63 + 0.11, N=16 neurons; m-3M3FBS: 0.70 +

0.05, N=84 neurons; 5 uM experiments: control: 0.62 + 0.07, N=24 cells; m-3M3FBS: 0.97 +
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0.08, N=91 cells, Figure 4C). This increase appeared to be a contribution of both neurons that
responded to the pre-m-3M3FBS AITC pulse (5 uM experiments: control: 0.72 + 0.1, N=16
cells; m-3M3FBS: 1.30 + 0.22, N=19 cells, Figure 4D) as well as neurons that were “new
responders” (5 uM experiments: control: 0.41 + 0.05, N=8 neurons; m-3M3FBS: 0.89 + 0.08,
N=71 neurons, Figure 4E). Interestingly, the response intensity to the 100 uM AITC dose was
significantly lower within the population of neurons that only responded to this high-intensity
stimulus in the m-3M3FBS treated condition (1 uM experiments: control: 1.27 + 0.07, N= 191
neurons; m-3M3FBS: 0.97 + 0.06, N= 105 neurons, p < 0.01; 5 uM experiments: control: 1.33 +
0.09, N=98 cells; m-3M3FBS: 0.68 + 0.06, N=38 cells, p <0.001, Figure 4F), though the
proportion of neurons in this population was not significantly affected. Like the one-pulse
experiments, this might be due to the fact that the remaining neurons not recruited to respond to
low concentrations of AITC might be of such low sensitivity that even PLC activation might not
be sufficient to increase the robustness of their responses.

Two-pulse experiments in which PLC pathways were inhibited (Figure SA) yielded a
slightly more complex scenario. Unexpectedly, there was no significant decrease in the total
proportion of TRPA1 neurons that responded to the second test pulse of 10 uM AITC (control:
56.32 +£5.21%; U-73122: 44.62 + 3.66%; Figure 5B). However, when we more closely
examined this at the level of individual functional subpopulations, we did find evidence that PLC
inhibition could reduce a neuron’s responsiveness to a medium-intensity AITC stimulus. The
proportion of TRPA1 neurons that responded to both AITC pulses was significantly and
dramatically reduced (p < 0.001) for coverslips that received U-73122 treatment between AITC
pulses (control: 39.76 + 5.37%; U-73122: 4.43 + 1.22, Figure 5C). Furthermore, the proportion

of TRPAT neurons that responded to the first AITC pulse, but not the second, was significantly
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higher (p = 0.0019) in coverslips that received U-73122 treatment (Control: 5.14 + 1.29%; U-
73122: 25.85 + 5.86, Figure SD) Together, these two pieces of evidence indicate a shift in
sensitivity following PLC inhibition; i.e., neurons that ordinarily would respond to two pulses of
the 10 uM stimulus were no longer able to respond to the second pulse if it was preceded by U-
73122 treatment. Instead, it appears that this reduction in neuronal recruitment was offset by
increases in the proportion of TRPA1 neurons that were “new responders” to the 10 uM AITC
stimulus (Control: 15.95 + 2.80%; U-73122: 35.11 £ 4.33%, p=0.001, Figure 5F). “New
responders” also comprised a significantly greater proportion of neurons responding to this
second pulse in PLC inhibited conditions (control: 30.05 + 5.240%; U-73122: 75.53 + 7.320,p <
0.0001). Additionally, the total proportion of TRPA1 neurons was higher in PLC inhibited
coverslips (control: 39.13 £ 01.68; U-73122: 55.20 + 2.88, p < 0.0001, Figure SH). This could
indicate that while PLC inhibition is capable of decreasing the sensitivity of neurons that
typically responded to medium-intensity AITC stimuli, it is potentially recruiting additional
neurons that ordinarily would not respond to such stimuli. Given the increase in the total
percentage of TRPA1 neurons we observed in U-73122 treated coverslips, it is possible that
these “new responders” may not be TRPA1 neurons. One potential explanation is that
TRPV1+/TRPA1- neurons are being recruited following U-73122 application. TRPV1 has
previously been demonstrated to be activated by AITC?**72%, Other research has suggested that
PIP2 is an activator of TRPV 1221236237 Perhaps by inhibiting a pathway that inhibits an activator
of TRPV1, U-73122 treatment may elicit activity from neurons that wouldn’t ordinarily respond
to TRPA1 agonists at those concentrations. An alternate possibility is that PIP2 plays a different
role in activating/inhibiting TRPA1 in different neuronal subpopulations. Regardless, when all of

the neurons responding to the second pulse of AITC were pooled, the response intensity to this

81



second pulse was significantly lower for U-73122 treated cells compared to control-treated cells
(Control: 1.00 £ 0.05; U-73122: 0.73 + 0.04, p< 0.0001, Figure 5E), indicating a decrease in

overall response to medium-intensity AITC.

3.3.4 DRG calcium imaging experiments do not implicate PKA in setting the gain on TRPA1

neurons.

Once we had established the effects of PLC activation and inhibition upon neuronal
recruitment to low or medium intensity AITC stimuli, we then decided to focus on the other most
likely intracellular signaling target that might help to set the gain on different populations of
TRPAT neurons: protein kinase A (PKA). PKA activation experiments were structured similarly
to the two-pulse PLC activation experiments and with 100 uM forskolin (FSK) used in place of
100 uM m-3M3FBS (Figure 6A). Intriguingly, PKA activation did not appear to affect neuronal
recruitment or response intensity when either 1 uM or 5 uM AITC was used as the challenge
concentration. We observed no significant increase in the proportion of TRPAT1 neurons that
were “new responders” to the low-intensity 1 uM AITC (control: 5.02 £ 01.11%; FSK: 5.40 +
1.63%, Figure 6D) or 5 uM AITC (control: 15.00 + 2.38; FSK: 19.22 + 4.05%, Figure 6E).
Additionally, there was no significant increase in the response intensity to the second pulse of
AITC when either 1 uM AITC (control: 0.90 + 0.10, N=45 neurons; FSK: 0.80 = 0.09, N=43
neurons, Figure 6F) or 5 uM AITC (control: 0.84 + 0.07, N=74 neurons; FSK: 0.85 £ 0.06,
N=63 neurons, Figure 6G) was used. This measurement, however, reflects the AITC response
for the pooled collection of all neurons that responded to the second pulse of AITC.

Interestingly, in the 1 uM AITC experiments, FSK-treated “new responders” had significantly
lower responses to the second pulse of AITC than the control neurons (control: 0.96 + 0.21, n=14

neurons; FSK: 0.53 + 0.05, n=16 neurons, p= 0.046). However, this was not observed in the 5
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uM AITC experiments, and no other significant differences in response intensity were observed
between control and FSK-treated coverslips in any of the other individual functional
subpopulations of TRPA1 neurons in either of the experiments.

Inhibition experiments were performed in two discrete ways. In one-pulse experiments,
coverslips were incubated in either vehicle or the PKA inhibitor 10 puM H-89 for 30 minutes
prior to imaging, and maintained in the bath up until the perfusion was switched to the challenge
pulse of 10 uM AITC (Figure 6B). Following the AITC application, there was a brief washout
period, and a 100 uM positive control AITC stimulus was applied. We did not observe any
decrement in neuronal recruitment to the 10uM stimulus following H-89 treatment (control:
50.17 £ 6.69%; H-89: 41.94 + 2.65%, Figure 6H). Likewise, we did not observe any decrease in
response intensity to 10 uM AITC (control: 1.10 &+ 0.10, N=102 neurons; H-89: 1.20 + 0.09,
N=86, Figure 6I). Two-pulse experiments were performed in a manner analogous to that of two-
pulse PLC inhibition experiments (Figure 6C). These experiments similarly did not yield any
notable decrease in the proportion of TRPA1 neurons responsive to second pulse of AITC when
treated with H-89 as compared to controls (control: 46.87 + 7.56%; H-89: 52.67 + 7.65, Figure
6J). Response intensity to the second pulse of 10 uM AITC was likewise unaffected (control:
0.89 + 0.06, N=102 neurons; H-89: 0.83 £ 0.06, N=69 neurons, Figure 6K). Strangely, the total
proportion of TRPAT1 neurons was slightly lower in these two-pulse experiments; such a
difference, however, was not observed in the one-pulse experiments (control: 39.45 + 2.12%; H-
89:31.29 + 1.2%, p=0.0082). No other significant differences in neuronal recruitment or
response intensity were noted in any of the other subgroups of TRPA1 neurons.

Given reports made by others that PKA activation can potentiate TRPA1 currents to

AITC?", the lack of response to forskolin was perplexing. Comparing other metrics yielded
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similarly insignificant differences between the two conditions. For example, when the ratios of
response intensity of the second pulse to the first pulse (indicative of changes in response
intensity within an individual neuron between the first and second pulse) were compared
between control and forskolin-treated coverslips, we observed no differences in either 1 uM
AITC (control: 1.15 £0.19, n=31 neurons; FSK: 1.04 + 0.30, n=27 neurons) or 5 uM (control:
1.24 £ 0.12, n=38 neurons; FSK: 1.62 + 0.28, n=21) conditions. One potential explanation of this
discrepancy between our results and previously published findings is that we used different
assays; e.g., the electrophysiology of transfected HEK cells employed in these studies is
inherently different that the calcium imaging we did using cultured DRG neurons.
Heterologously expressed ion channels may, for instance, be present in far greater numbers than
what is typically found on a neuron in its natural state. It is possible that while forskolin may
sensitize TRPA1 in heterologous expression systems, this sensitization may not be the most

physiologically relevant factor for neurons.

3.3.5 DRG calcium imaging experiments do not implicate a role for PKC in setting the gain in

TRPA1 neurons.

Experiments addressing the role of PKC in establishing the response threshold/setting the
gain on TRPA1 neurons were performed identically to those investigating the role of PKA,
although only 5 uM AITC was used as a test pulse in activation experiments (Figure 7A-C).
Treatment with the PKC activator PMA (20 uM) did not increase neuronal recruitment to the
second pulse of 5 uM AITC (control: 15.80 + 2.78% of TRPAT neurons; PMA: 17.39 + 3.23%)),
indicating that response threshold was likely unshifted by PKC manipulation (Figure 7D).
Similarly, within the population of neurons that responded to the second 5 uM AITC pulse, there

was no change in the response intensity following PMA treatment (control: 0.73 £+ 0.05, N=100
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neurons; PMA: 0.68 &+ 0.04, N=101 neurons, Figure 7E). No other significant differences were
observed in neuronal recruitment or response intensity within other functional subgroups of
TRPAT neurons.

Inhibition of PKC similarly did not elicit any changes in neuronal recruitment to a
medium-intensity AITC stimulus (10 uM) relative to control treatments. In one-pulse
experiments, treatment with the PKC inhibitor BIM-I (1 uM) did not decrease the proportion of
TRPA1 neurons that responded to 10 uM AITC (control: 48.69 + 4.20%; BIM-I: 45.94 + 5.83%,
Figure 7F). PKC inhibition likewise did not decrease the response intensity to 10 uM AITC of
neurons that responded to this stimulus (control: 1.04 + 0.09, N=112 neurons; BIM-I: 1.121 £
0.09159, n=77, Figure 7G). In two-pulse experiments, BIM-I did not reduce the proportion of
TRPA1 neurons responding to the second 10 uM AITC pulse (control: 55.74 + 4.44%; BIM-I:
58.91 + 3.37%, Figure 7H), nor did it have any effect upon the response intensity of neurons
that did respond to this second pulse (control: 0.82 £ 0.05, N=119 neurons ; BIM-I: 0.94 £+ 0.06,
N=124 neurons, Figure 7I). In fact, the only significant differences in response intensity we
observed were relevant to the 100 uM AITC stimulus—BIM-I treatment elicited a significant
increase in response intensity to this stimulus in both neurons that responded to dual AITC
pulses and the control dose (control: 1.37 £ 0.09, N=84 neurons; BIM-I: 1.75 + 0.11, N=79
neurons, p= 0.0073, Figure 7K) as well as neurons that responded only to the positive control
dose (control: 0.66 £ 0.05, N=67 neurons; BIM-I: 0.81 & 0.06, N=81 neurons, p=0.0498, Figure
7J). A possible interpretation of this data is that PKC is a weak negative regulator of TRPAI,
such that relieving it with the BIM-I inhibitor increases TRPA1 responsiveness. Phosphorylation
can have a variety of effects upon the functioning of an ion channel; PKC is one such kinase that

can differentially modulate several ion channels, and can both augment and reduce currents
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depending upon the identity of channel it phosphorylates®3®2*. The fact that we only observe
differences in responses to high-intensity stimuli could imply that the role it plays in regulating
TRPAT function is not particularly significant. However, given that we did not observe a
comparable degradation in TRPA1 responses to AITC following PKC activation, this conclusion
is perhaps unlikely. Neuronal recruitment and response intensity were unaffected by BIM-I

treatment within any other functional subgroup of TRPA 1 neurons.

3.3.6 DRG calcium imaging experiments do not implicate GBy signaling in setting the gain of

TRPA1 neurons.

Only inhibition experiments were performed to probe the role of Gy in setting the gain
of TRPAT neurons, and were structured similarly to those performed above (Figure 8A, B). 100
uM gallein was used to pharmacologically inhibit this pathway in both one-pulse and two-pulse
inhibition experiments. In one-pulse experiments, application of this inhibitor did not
significantly affect neuronal recruitment to 10 pM AITC (control: 43.40 = 9.21%; GAL: 58.98 +
5.42, Figure 8C), nor did it significantly alter response intensity to 10 uM within neurons that
did respond to this stimulus (control: 1.00 = 0.10, N=61 neurons; GAL: 1.11 £ 0.1, N=88
neurons, Figure 8D) or any other metrics examined. In two-pulse experiments, however, a few
intriguing observations were made. Like the one-pulse experiments, we did not observe any
decrement in the total proportion of TRPA1 neurons responding to the second pulse of 10 uM
AITC (control: 48.28 + 6.18; GAL: 63.75 = 4.82%, Figure 8E) or the response intensity to 10
uM AITC of neurons that did respond to this stimulus (control: 0.93 &+ 0.05760, N=144 neurons;
GAL: 0.9020 £ 0.04675, N=175 neurons, Figure 8F). Interestingly, we did observe a significant
increase in the proportion of TRPA1 neurons that were “new responders” to the 10 uM AITC

stimulus (control: 18.04 £ 2.66%; GAL: 32.74 + 3.42%, p= 0.0037, Figure 8G). Unlike the two-
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pulse PLC inhibition experiments, however, we did not observe a corresponding change in the
proportion of neurons that responded to the first AITC pulse but not the second (control: 8.78 +
5.36%; GAL: 4.00 = 1% , Figure 8H), which would have indicated that GPy inhibition
negatively regulated the response threshold of neurons that were ordinarily responsive to this
medium-intensity stimulus. Instead, this increase in new responders when Gy is inhibited
implies that this G protein could potentially be a negative regulator of TRPA1. This is not
unprecedented, as Gy has previously been shown to negatively regulate voltage-gated calcium
ion channels and GIRKs downstream of u opioid receptor activation?*%**!; additionally, GPy has
been shown to inhibit some TRP channels, such as TRPM1 in the retina?*? and TRPM3 in
peripheral nociceptors, where it plays a role in mediating p opioid receptor dependent

antinociception?#?

. No other changes in neuronal recruitment were observed, and the total
proportion of TRPA1 neurons was equivalent between control and treated conditions.
Surprisingly, inhibiting the GPy pathway did appear to negatively affect the response intensity to
the 100 uM AITC stimulus for neurons that responded to the second pulse of AITC (control:
1.61 £0.12, N=131 neurons; GAL: 1.33 = 0.06, N=164 neurons, p=0.0281, Figure 8I) as well as
neurons that only responded to the 100 uM pulse (control: 0.857 = 0.05, N=119 neurons; GAL:
0.67 = 0.04, n=91 neurons, p= 0.0058, Figure 8J) If we are indeed sensitizing TRPA1 by
inhibiting Gy, it is possible that we are recruiting a large proportion of neurons away to respond
to lower-intensity stimuli, leaving only the least sensitive neurons to respond to the positive
control dose of AITC.

It would however be premature to conclude that GPy is a negative regulator of TRPA1

from this inconsistent data. Although we did observe a significant increase in the proportion of

“new responders” to a medium-intensity AITC stimulus following inhibition with gallein in two-
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pulse experiments, we did not make comparable measurements in one-pulse experiments.
Ideally, experiments in which we could activate or overexpress GBy in DRG neurons would

clarify this scenario.

3.3.7 DRG calcium imaging experiments do not implicate NALCN in setting the gain on

TRPA1 neurons.

Given that NALCN in some species can act to functionally silence TRPA1 neurons'>’, we
wanted to explore whether this channel might play a similar role, particularly in the neurons that
had very high response thresholds. In other words, higher expression and/or activity of this
channel within this population of neurons might change their electrophysiological properties, and
make them less likely to fire action potentials than their high-sensitivity, low-threshold
counterparts. If this were indeed the case, we would expect that inhibiting NALCN could relieve
this “brake” on the low-sensitivity neurons, and shift their sensitivity in such a way that they
would respond to lower-intensity stimuli. However, when NALCN was inhibited with 1 mM
verapamil (VPL) in two-pulse inhibition experiments, no change in the percentage of “new
responders” to the second pulse of 5 uM AITC was observed (control: 14.18 + 3.70%; VPL:
12.65 + 6.59, Figure 9B). Of the neurons that did respond to the second pulse, those that were
treated with verapamil exhibited a small yet significant decrease in their response intensity to this
stimulus (control: 0.73 + 0.05, N=52 neurons; VPL: 0.50 & 0.08, N=17 neurons, p= 0.0195,
Figure 9C), which appeared to be primarily attributable to the subgroup that responded to all
three pulses of AITC (p=0.0140). No other differences in neuronal recruitment or response
intensity were observed within any of the functional TRPA1 subpopulations. This implies that

NALCN is likely not acting differentially in TRPAT1 neurons to help set the gain, though
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exploring the role of this channel using other experimental formats (e.g., electrophysiology) may

be helpful.

3.3.8 PLC activation sensitizes zebrafish behavioral responses to AITC.

Given our results from DRG calcium imaging experiments that identified PLC signaling
as a likely pathway in setting the gain of TRPA 1 neurons, we decided to further pursue the role
of PLC activation in the sensitization of behavioral responses to TRPA1 agonists. While
previous research has suggested an ability for PLC activation to sensitize behavioral responses to
painful stimuli in the mouse?!®, whether such findings could be recapitulated in other species was
unknown. Similarly, PLC inhibition has been shown to reverse inflammation- and injury-induced

217219 in rodent models, but not in non-mammalian species. To determine whether

hyperalgesia
any sort of bidirectional toggling of behavioral responses could be observed following PLC
manipulation in the zebrafish, we performed a total locomotor assay with 3dpf and 5dpf larvae.

Incubation in 100 uM PLC did indeed sensitize behavioral responses to AITC for both
3dpf and 5dpf larval zebrafish—pre-treated fish locomoted significantly more than controls
when immersed in low to intermediate concentrations of AITC (Figure 10A, B). Importantly,
baseline locomotion in 0 uM AITC was not affected, indicating that PLC activation does not
cause generalized heightened motor activity by itself.

While we did perform experiments inhibiting PLC with U-73122, we could not
conclusively ascertain the effects of PLC inhibition upon behavior. Pre-incubation in 20 uM U-
73122 (the concentration employed for DRG experiments) for 25 minutes drastically reduced
baseline locomotion (Figure 10C). Even when we shortened the pre-incubation duration to 10

minutes and 5 minutes (Figure 10D, E), baseline locomotion was significantly affected. It was

thus impossible to determine whether the subsequent reductions in locomotor responses
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following PLC inhibition were due to shifting the response thresholds of TRPA1 neurons, or
simply an artifact of global PLC inhibition that elicited reductions in activity/locomotion. In an
attempt to resolve this issue, we employed this total locomotion assay to construct a behavioral
dose-response curve for U-73122 in baseline conditions (Figure 10F). We identified 1 uM as a
concentration that did not elicit significant declines in baseline motor activity. Unfortunately,
incubation in this concentration of U-73122 yielded inconsistent effects upon zebrafish
locomotor behavior, despite repetition of the assay several times and two experimental
approaches: first, incubation in 1 uM U-73122 for 10 minutes prior to the assay (Figure 10G,
H), and second, maintenance of 1 pM U-73122 in the AITC bath (Figure 101, J). Baseline
locomotion was frequently reduced, despite this 1 uM concentration having no deleterious
effects in the experiments that established the dose-response curve. In many instances,
locomotion to certain concentrations of AITC would be increased, while locomotion to other
concentrations was decreased. These inconsistencies did not appear to be due simply to larval
age, as they were present in assays using both 3dpf and 5dpf larvae. Therefore, we could not
draw any conclusions about whether global PLC inhibition could significantly attenuate
zebrafish behavioral responses to a TRPA1 agonist. Given the relevance of PLC signaling to
systems beyond the regulation of peripheral somatosensory neurons, it is certainly possible that
global PLC inhibition in our experiment had off-target effects upon central nervous system and
motor functioning. Alternative approaches—determining if a “recovery period” following U-
73122 exposure is necessary, devising a genetic strategy to specifically target PLC activity in
TRPAT1 neurons, etc.—may be necessary to fully ascertain the role of PLC inhibition on behavior

in the zebrafish.
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3.3.9 PLC activation affects neuronal recruitment iz vivo in the zebrafish.

To determine whether PLC activation affects neuronal recruitment in vivo, we
returned to CaMPARI calcium imaging, but this time using Tg(TrpA1b(ss)-CaMPARI)
transgenics, which express this photoconvertible protein specifically in TPRA1 neurons. 3dpf
larval zebrafish demonstrated a dose-dependent increase in neuronal recruitment in response to
increasing AITC concentrations (Figure 11A). Pre-incubation in the PLC activator m-3M3FBS
(100 uM) for 5 minutes prior to AITC exposure significantly increased the percentage of TRPA1
neurons responding to an intermediate concentration (20 uM) of AITC (control: 9.59 + 4.30%,
N=8 fish; m-3M3FBS: 48.98 + 11.26%, N=7 fish, p < 0.001). Recruitment of TRPA1 neurons to
the 10 uM (control: 0%, N=6 fish; m-3M3FBS: 10.92 + 6.42%, N=3 fish) and 30 uM AITC
(control: 72.54 + 5.88%, N=11 fish; m-3M3FBS: 92.33 + 1.85%, N=3 fish) concentrations was
also increased in the fish that had been treated with the PLC activator, but this difference was not
significant (Figure 11A). We did not observe any significant change in the proportion of active
neurons at baseline conditions (i.e., 0 uM AITC) between control and treated groups (both had
an average of 0% converted neurons). In the event that the percentage of neurons we classified as
“active” was not the best metric for comparing control and PLC activated conditions, we also
compared red/green corrected total cell fluorescence (CTCF) ratios, which indicated the extent to
which individual neurons were photoconverted. We observed that neurons from PLC activated
fish had significantly higher red/green CTCF ratios than control fish at 20 pM AITC (control:
0.05 £ 0.01, N =168 neurons; m-3M3FBS: 0.24 + 0.03, N= 134 neurons, p < 0.001, Figure 11B)
and 30 uM AITC (control: 0.44 + 0.03, N=178 neurons; m-3M3FBS: 0.91 + 0.06, N= 58
neurons, p < 0.001, Figure 11B). As with neuronal recruitment, there was no significant

difference in the red/green CTCEF ratio at baseline between control and PLC inhibited groups
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(control: -0.02 + 0.004, N=220 neurons; m-3M3FBS: -0.016 + 0.004, N=95 neurons). Together,
these results indicate that PLC activation increased photoconversion levels—a proxy for
neuronal activity—in TRPA1 neurons from fish that were exposed to medium concentrations of
AITC. This could be reflective of a shift in the response threshold of these neurons; i.e., that less-
sensitive, high-threshold neurons were rendered more sensitive to stimuli that might not
ordinarily elicit their activation.

Unfortunately, as with the zebrafish behavioral experiments, we were unable to
demonstrate a significant reduction in neuronal activity following PLC inhibition with U-73122.
We observed no reduction in activity when 20 uM U-73122 was applied for 5, 10, 20, or 30
minute durations prior to AITC exposure and photoconversion (Tables 1, 2). Given the robust
effect we observed in dissociated mouse DRG neurons, and the similarities we observed between
these two species in several previous experiments, this inconsistency is puzzling. However, it
may be possible that we did not find the ideal method of PLC inhibition for these experiments; it
is also possible that the mechanisms for setting the gain in zebrafish TRPA1 neurons are similar,

but not identical, to those of the mouse.

34 Discussion and Chapter Summary

The experiments outlined above provide further evidence that distinct subsets of TRPA1
neurons mediate different behavioral responses in response to stimuli of varying intensities. /n
vitro calcium imaging experiments of Dil-labeled neurons DRG neurons suggested that
innervation destination was not a major factor in determining the sensitivity of TRPA1 agonists.
Dil-labeled neurons from the highly-sensitive area of the hindpaw exhibited the same
stratification into subpopulations of neurons with varying thresholds to TRPA1 agonists, as

observed in our earliest experiments when all DRGs from an animal were pooled. We likewise
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found no differences between labeled and unlabeled neurons from a subset of DRGs (lower
thoracic and lumbar), further implying that a similar complement of multiple TRPA 1-expressing
subpopulations can be found in multiple areas throughout the body. However, it is certainly
possible that more nuanced differences in sensitivity of TRPA1 neurons may exist and correlate
with innervation target, and drawing comparisons across more restricted areas may be helpful.
Additionally, it is possible that certain features that might establish a neuron’s response threshold
are obscured by this preparation—it has been postulated, for example, that differences in central
arborization patterns in the dorsal horn is a major factor in the sensitivity differences between

213 As the central and

nonpeptidergic nociceptors that innervate distal vs. proximal targets
peripheral processes of DRG neurons are clipped during harvesting, this method would not allow
us to make comparable observations in our populations of TRPA 1-expressing nociceptors. We
would similarly be unable to determine whether more sensitive neurons projected to different
regions of the epidermis, as has been documented with the broad categories of peptidergic and
nonpeptidergic nociceptors>!2.

Additionally, we found that the most sensitive neurons, those responding to low-intensity
TRPAT agonists (i.e., low concentrations of AITC), were significantly smaller than neurons
responding to higher-intensity stimuli, suggesting that these most sensitive neurons are indeed
part of a separate population. Previous work has demonstrated the link between neuronal size
and function. The soma size of rat DRG neurons, for instance, correlates very well with

207 A small size may even contribute to the heightened responsivity of these

conduction velocity
neurons. In general, cells with larger input resistances require less activating current to elicit a

discharge?**. Studies of motorneurons in both vertebrates and invertebrates have shown that

neuronal size varies with input resistance, with smaller neurons having greater input resistance
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than larger neurons?*°-4¢ Intriguingly, in a mollusk species, smaller neurons with greater input
resistances are recruited before larger ones with lower input resistances?*®, potentially indicating
that they are more sensitive. Similar findings have been made in cat DRG neurons, where larger
AB fibers had lower input resistances than smaller A fibers?*’. While many other factors can
contribute to the excitability of a neuron, and changes in conductance do not necessarily scale
linearly with size***, a larger input resistance due to a smaller size might be one factor underlying
the greater sensitivity of these neurons.

When we probed a variety of intracellular pathways whose involvement in regulating
TRP channels (particularly TRPAT1) has previously been demonstrated, we identified PLC as one
potential factor that may play a major role in establishing the response threshold of TRPA1
neurons. Calcium imaging experiments with dissociated DRG neurons showed that activating
PLC significantly increased the proportion of neurons responding to a low-intensity stimulus, a
potential indication that activating PLC reduced a neuron’s response threshold. The reverse was
also observed—a neuron’s responsiveness to a medium-intensity AITC stimulus could be
reduced following treatment with a PLC inhibitor.

There are numerous ways PLC activity might be involved in setting a baseline “gain” in
TRPAT neurons. Perhaps the most plausible of these is the ability of PLC to deplete PIP2 from
the membrane, with the assumption that PIP2 is a negative regulator of TRPA1, as previously
suggested by others in the field??°. Depletion of a negative regulator would not necessarily
directly activate TRPA1, thus avoiding issues pertaining to subsequent desensitization or
inactivation. Instead, it would render the channel more susceptible to activation, which may be a
preferable strategy in maintaining a tonic state of “readiness”. However, we cannot rule out the

possibility that other molecules resulting from PLC activation (such as DAG and AA) are
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involved, as their role in activating TRPA1 has previously been documented’?. IP3-mediated
calcium release from intracellular stores may also play a role a role—intracellular calcium has
previously been shown to activate TRPA124%2%_ Intriguingly, one study also demonstrated that
intracellular calcium was able to potentiate, but not inactivate, TRPA1 currents, whereas
extracellular calcium influx could both potentiate and inactivate TRPA12°°. The authors of this
study proposed that this lack of inactivation could have resulted from relatively low levels of
intracellular calcium released during their uncaging experiments; if this is indeed the case, it may
support a mechanism in which increased basal PLC activity elevates intracellular calcium
concentrations enough to potentiate, but not high enough to inhibit, TRPAT1 responses to
agonists. Another possibility is that heightened PLC activity in sensitive cells would lead to
increased trafficking of TRPA1 to the membrane?!¢, and that this increased presence of TRPA1
would render a cell more responsive to TRPAT agonists.

We were able to recapitulate these results in the zebrafish regarding PLC activation,
which sensitized both behavioral responses to AITC as well as neuronal activation. However, we
could not conclusively demonstrate the effects of PLC inhibition in the zebrafish in vivo, either
through our behavioral assay or CaMPARI imaging experiments. Results from CaMPARI
imaging suggest that inhibiting PLC may not affect the response properties of TRPA1 neurons,
since incubations in U-73122 had no effect on neuronal photoconversion when fish were
exposed to AITC stimuli. It is unlikely that this is due to factors such as penetrance, incubation
duration, or U-73122 concentration, since we used a concentration that elicited strong behavioral
effects on baseline locomotion when applied for shorter time periods. This may imply that while
PLC signaling can potentiate TRPA1 responses, it may be unlikely to play a role in establishing

baseline response properties in highly-sensitive TRPA 1 neurons in the zebrafish, in contrast to
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our in vitro studies in the mouse. However, some experimental caveats prevent us from drawing
any definitive conclusions about the role of PLC inhibition in the zebrafish. Behavioral results
from inhibition experiments were primarily inconclusive due to the effects of PLC inhibition
upon baseline locomotion. Due to the lengthiness of CaMPARI imaging experiments, we did not
exhaust every possible combination of U-73122 concentration and incubation time period, and it
is possible (albeit somewhat unlikely) that we did not use ideal conditions to inhibit these
neurons. It is also possible that similar phenomena we observed in DRG calcium imaging
experiments during PLC inhibition also occur in the zebrafish, yet cannot be detected through
CaMPARI imaging experiments, an approach which only provides a “snapshot” of neuronal
activity. Unlike the DRG imaging experiments, we were unable to determine an individual
neuron’s responsiveness to test concentrations of AITC both before and after PLC activation or
inhibition. It is possible that PLC inhibition induces in zebrafish a scenario analogous to that
which we observed in dissociated mouse DRG neurons—i.e., a decrease in sensitivity within
neurons that ordinarily responded to low-intensity AITC, accompanied by an increase in
sensitivity within neurons that did not initially respond to low-intensity AITC. Our CaMPARI
experiments would be unable to detect these nuances, instead only depicting the net levels of
neuronal recruitment to AITC, which might not be different between PLC-inhibited and control
conditions. An alternative approach would be to employ GCaMP imaging, which would allow us
to observe neuronal activity in real time for a series of different stimuli.

Our results did not indicate a clear role of PKA, PKC, GBy, or NALCN in maintaining
the gain on subpopulations of TRPA1 neurons. In the case of PKC, this is not particularly
surprising, as it falls in line with previous research indicating that PKC does not appear to be

involved in sensitizing TRPA1 following the activation of inflammatory pathways?!>2°,
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Experiments involving the pharmacological blockade of NALCN with verapamil implies that
high expression of NALCN may not be a barrier to activation by TRPA1 agonists in low-
sensitivity neurons; the fact that neurons were still able to respond to low-intensity AITC,
however, also implies that NALCN may not be important for maintaining normal excitability in
TRPAT neurons in the mouse. Given the opposing roles that NALCN may play in regulating
neuronal excitability—i.e., that its presence is necessary for maintaining proper excitability in
CNS neurons, but high expression can dampen neuronal excitability—this was not particularly
surprising!°%?*2. Given previous reports that GBy can activate TRPA1 following stimulation of
pruritic GPCRs such as SP1R3 and MrgprA334+*° we anticipated that blockade of this pathway
would lead to a decrease in neurons responding to the second pulse of a medium-intensity AITC
stimulus. Instead, we observed a significant increase in “new responders”, implying that GPy
might be negatively regulating this ion channel. GPy is important for the closure of some TRP
channels, such as TRPM1 and TRPM32%>2%3 but whether the same might be true for TRPA1 is
unclear. Despite the findings of Wilson et al®°, Hill et al**, and Lieu et al®*, other groups have
reported a complete lack of interaction between GBy and TRPA12%, further muddying the
waters. It may be possible that an intermediate, as yet unidentified, molecule facilitates the
interaction between Gy and TRPA 1 neurons in some neurons. Perhaps most perplexing is the
lack of involvement of PKA in sensitizing TRPA1 or affecting the baseline tone of DRG neurons
in culture. Even if basal levels of PKA signaling were not involved in setting the gain at baseline,
we expected to observe increases in the response intensity regardless of whether changes in
neuronal recruitment also took place.

It is also possible that factors other than PLC signaling might be at work in regulating the

gain of TRPA1 neurons in both zebrafish and mice. TRPA1 neurons might, for example, differ in
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their electrophysiological properties, such as resting membrane potential and subthreshold
electrical activity. For example, the increased responsivity of these high-sensitive neurons may
be due to an increased resting membrane potential>>!?>2. Another possible factor might be
differences in subthreshold electrical activity. In rodents, it has been demonstrated that certain
primary sensory neurons exhibit subthreshold oscillations in membrane potential—these
oscillations are thought to be critical for proper neural activity, but when enhanced by nerve
injury can contribute to hypersensitivity and hyperalgesia®>>?>*. Whether this subthreshold
activity is naturally variable between populations of neurons, or even exists in lower vertebrates
such as the zebrafish, is unknown, and warrants further exploration. Subpopulations of TRPA1
neurons might also vary in TRPA1 expression level, the amount of TRPA1 present in the
membrane, mechanics of TRPAT1 trafficking, the complement of ion channels that help to
establish resting membrane potential and facilitate action potential initiation, presence of
peripheral opioid receptors, or any number of other factors.

All of the observations outlined above regarding the role of innervation destination, size,
and PLC signaling provide valuable insight into the coding strategies for itch and pain sensations
in both zebrafish and mice. They suggest that at some point in early evolutionarily history,
vertebrates evolved a population coding strategies in order to convey information about stimuli
of different intensities, which could have different contextual significances, in order to elicit
appropriate behavioral responses (e.g. pruritic vs. nocifensive). In this strategy, a select
population of TRPA1 neurons that can be activated by low-intensity agonists exhibit certain
morphological features that distinguish them from less-sensitive neurons, such as cell size, that
could potentially aid in increasing their excitability. Our findings that PLC manipulation could

shift patterns in neuronal recruitment suggest that these neurons may also have heightened PLC
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activity, though further experimentation is necessary to confirm this postulation. Understanding
the mechanisms through which these important senses are coded not only provides valuable
information about the underlying biology and evolutionary significance of itch and pain, but may
also be clinically relevant. The hyperalgesia and allodynia experienced in neuropathic pain
conditions often results from an increased sensitivity of neurons, an aberrant shifting of response
thresholds?>3%, It is possible that the same factors that establish differences in sensitivity and
thresholds at baseline may also be involved in pathological conditions, and understanding the
mechanistic underpinnings of sensitivity may yield insight into identifying novel treatment

targets for pain and itch disorders.

3.5 Chapter Methods

Zebrafish husbandry: Adult zebrafish (Danio rerio) were raised with constant filtration,

temperature control (28.5 + 2°C), illumination (14 h:10 h light-dark cycle, lights on at 9:00 AM),
and feeding. All animals were maintained in these standard conditions and the Institutional
Animal Care and Use Committee approved all experiments. Adult zebrafish not used in
behavioral experiments were bred in spawning traps (Thoren Caging Systems) from which
embryos were collected. Embryonic and larval zebrafish were raised in petri dishes (Fisher
Scientific) of E2 medium with no more than 50 embryos per dish at 28.5 + 1°C in an incubator

(Sanyo). Embryos were staged essentially as described?*? and kept until 5dpf.

Generation of CaMPARI transgenic zebrafish: Tg(TrpAlb(ss)-CaMPARI) was made using by

amplifying a 5kb fragment of the BAC clone CHORI211-236120 using with overlaps
homologous to a modified version of the tol2 transgenesis vector pDestTol2pA-id2u-CBA-GFP

(CBA- carb beta actin minimal promoter) using the following primers:
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TrpAlb promoter:
Forward: gctttgtggtgaggatactagtgtag

Reverse: gatgcgttcattaagggccatge

Vector (upper case indicates homology):
Forward: GTTTAATTACCCTACACTAGTATCCTCACCACAAAGCcccaacttttctatacaaagttg

Reverse: TCTCATGCTAAATTAGCATGGCCCTTAATGAACGCATC Cccaagtttgtacaaaaaagcag

The fragments were amplified by PCR and assembled using the SGI Gibson Assembly® HiFi 1

Step Kit (GA1100-10) following manufacturer's instructions.

The resulting construct was then digested Ncol and Sall to liberate the GFP fragment, while
CaMPARI was amplified using the following primers:
Forward: TTGAGCTCCTCCACACGCTAGCGCTACCGGTCGCCACcatgctgcagaacgagcettgetc

Reverse: TCTAGATCCGGTGGATCCCGGGCCCGCGGTACCGTCGAgcatgectgctattgtettcee

The two fragments were ligated as previously described.

The resulting construct, called TrpA1b(ss) - CaMPARI, was injected at a concentration of 25ng
/ul with 100ng/ul transposase RNA and found to robustly drive expression in Trigeminal and

Rohon beard neurons by 3dpf. We therefore refer to this line as trpalb somatosensory (ss) as it
appears to only drive expression in those neurons. A stable line was established raising animals

that showed broad transient expression and screening their progeny for fluorescence.
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Mouse husbandry: All mice were housed under a 12 h light/dark cycle with food and water

provided ad libitum. All experiments were performed in accordance with the guidelines of the
National Institutes of Health and the International Association for the Study of Pain, and were

approved by the Animal Studies Committee at Washington University School of Medicine.

Dil Injections: Dil (Invitrogen) was obtained from and reconstituted in anhydrous DMSO to
make a stock solution of 34 mg/mL. Working concentrations of 17 mg/mL were prepared by
making a 1:1 dilution of stock in sterile saline. Mice were briefly anesthetized with isoflurane
and restrained in a 50 mL conical tube perforated with air holes for injections. One hindpaw was
withdrawn from the tube and 10 pL of Dil was intradermally injected into the glabrous surface
of the footpad with an insulin syringe equipped with a 33 gauge needle. If necessary, mice were
administered ketoprofen via subcutaneous injection to combat inflammation following Dil
treatment. Mice were euthanized 7-8 days following Dil labeling and DRGs were isolated and
prepared as previously described”®, with the exception that only DRGs ipsilateral to the injected
paw were pooled together to increase proportion of Dil-labeled neurons, and kept separate from

control thoracic/lumbar DRGs from the contralateral side.

Ratiometric Calcium Imaging: DRGs were isolated from 6- to 12-week-old C57B1/6] mice. All

experiments were performed in compliance with institutional animal care and use committee
standards and experiments were performed essentially as described®. Dissociation and culturing
of mouse DRG neurons were performed as described with the following modifications®.
Dissected DRGs were dissociated by incubation for 1 hour at 37°C in a solution of culture

medium [Ham’s F12/Dulbecco’s modified Eagle’s medium (DMEM) with 10% horse serum, 1%
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penicillin-streptomycin (Life Technologies, Carlsbad, CA)] containing 0.125% collagenase
(Worthington Biochemicals, Lakewood, NJ), followed by a 30-minute incubation in 10 ml of
culture media plus 1.25 units of papain. Calcium imaging was performed essentially as described
previously (Story et al, 2003). Growth media were supplemented with 100 ng/ml nerve growth
factor. The buffer solution for all experiments was 10 mM HEPES in 1X Hanks’ balanced salt

solution (HBSS) (Invitrogen, Carlsbad, CA).

The threshold for activation was defined as 30% above baseline for both DRG and heterologous
expression experiments. Student’s t test was used for all statistical calculations unless otherwise
indicated. All reported fluorescence values of each cell were normalized to the fluorescence of
that cell during the initial baseline wash period. Maximum response values of each cell were
calculated as the difference between the maximum and minimum fluorescence values of the cell

during a stimulus application period. All averages represent mean + S.E.M.

For Dil experiments, an additional image was taken of the field of view following each
experiment to identify labeled neurons. For experiments correlating cell size and response
threshold to AITC stimuli, a similar image was taken and processed using ImagelJ software.

Circular regions of interest were drawn around each cell, and the cross-sectional area was
. . . . A
exported. A simple geometric calculation (diameter = 2 * \/%) was used to extrapolate the

diameter of individual DRG neurons.

Examining neuronal activation with CaMPARI transgenic zebrafish: Tg(TrpAlb(ss)-CaMPARI)

zebrafish in an AB background were simultaneously exposed to chemical stimuli and a 405 nm

102



light in order to permanently photoconvert active neurons'®. Tg(TrpA1b(ss)-CaMPARI)
zebrafish were outcrossed to wildtype fish to generate heterozygous offspring. Since it was
difficult to distinguish heterozygous from homozygous CaMPARI expression during visual
screening, all animals used in these experiments were heterozygous to avoid potential gene
dosage confounds. Pigment formation was inhibited by exposing larvae to 1-phenyl 2-thiourea
(PTU) at 24hpf, and larvae were screened for CaMPARI expression at 2dpf. On the day of
imaging, 3dpf larval zebrafish were paralysed by injecting a-bungarotoxin protein (Sigma) into
the chest cavity using microinjection needles pulled on a Flaming-Brown Micropipette Puller
(model P-87, Sutter Instrument Co.) and a Picrosprizter II microinjection apparatus (General
Valve Corporation). Paralysed fish were incubated in petri dishes filled with either EM, 100 uM
m-3M3FBS (5 minutes), or 20 uM U-73122 (5-30 minutes, depending upon the experiment).
Following this incubation period, zebrafish were lightly rinsed by placing them into a separate
petri dish filled with EM, and were then transferred to small glass-bottomed dishes (Wilco
Wells) filled with E2 media (EM) or AITC (5-50 uM) and allowed to incubate for 1 minute.
Next, these glass-bottomed dishes were placed on the stage of an inverted fluorescent
microscope (Olympus, model Ix81S1F-3) and the larvae were exposed to a 405 nm light for 7.5
seconds using MetaMorph software (Molecular Devices). Post-exposure fish were removed from
the chemical and placed in a petri dish filled with embryo media and tricaine to prevent any
future activation of sensory neurons. Immediately prior to imaging, larvae were mounted on
coverslips in 1.5% agarose + tricaine in EM. TG and surrounding neural tissue were imaged
using a 20x lens on an LSM 880 confocal microscope (Zeiss). Zen Black software was used to
scan through the entire TG, acquiring a 1024 x 1024 pixel image slice at every ~2.5 um that

could then be stacked in the Z plane until the entire ganglion was imaged.
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All images were processed using ImagelJ software. Briefly, regions of interest were drawn
around individual cells. For each frame with cell ROIs, four ROIs were placed in the background
of these images; these were averaged in order to provide background fluorescence measurements
for the image. Integrated density, area, and mean gray value were exported for all ROIs in both
the green and the red channels. Corrected total cell fluorescence (CTCF) was calculated for each

neuron as previous described?*®

using the following formula: CTCF = Integrated density —
(Area * Mean background fluorescence). Red/green CTCF ratios were determined by
dividing the red CTCF by the green CTCF for each cell. A cell was labeled as “active” (or
responsive to a stimulus) if its red/green CTCF ratio was at least three standard deviations above
the baseline (the average red/green CTCF of control fish photoconverted for 7.5 seconds).

ANOVA (Graphpad Prism 6) was used to determine statistical significance unless otherwise

noted. All reported values are expressed as means + S.E.M.

Larval zebrafish behavior: At 3dpf or 5dpf, larval zebrafish (AB background) were placed into

individual wells on a 96-well mesh bottom plate (Millipore) resting in a bath of E2 medium. The
96-well plate was then transferred to a hot plate that was maintained at a constant temperature of
28.5°C. Then the 96-well plate was moved from the E2 medium bath to a bath containing either
control solution, 100 uM m-3M3FBS, or U-73122 (variable concentrations) to incubate (m-
3M3FBS experiments: 5 minutes; U-73122: times were variable). Following this incubation
period, the 96-well plate was quickly transferred to an experimental bath containing vehicle or
one of the following AITC concentrations: 1 uM, 2 uM, 4 uM, 6 uM, and 10 uM. The
behavioral response of the larval zebrafish was recorded with a HD camcorder (Canon) for four

minutes. Experiments were performed blindly and each larva’s total locomotive behavioral
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response was tracked using Ethovision (Noldus). Statistical analysis was done using an analysis
of variance (Graphpad Prism 6). All reported values are expressed as means + S.E.M. All
experimental compounds were purchased from Sigma Aldrich unless otherwise noted and were

made up in 1% dimethyl sulfoxide (DMSO, Sigma Aldrich) and E2 medium.
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3.6 Chapter Figures and Tables
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Figure 1: Dose-dependent neuronal recruitment to increasing concentrations of AITC
occurs independently of innervation target. (A) The percent of total DRG neurons responding
to an AITC stimulus significantly increases with increasing AITC concentration. N= total
neurons. (B) Image of coverslip with neurons cultured from Dil-injected mouse. White arrows
indicate labeled neurons. (C) Percentage of Dil-labeled versus unlabeled DRG neurons first
responding to 5 uM, 10 uM, and 100 uM AITC. (D) Same as (C), but represented as a stacked
bar chart. Values represent mean + S.E.M. *** P <0.001 for Dil injected neurons, ### P < 0.001
for unlabeled neurons, two-way ANOVA with Tukey’s multiple comparison test. N for Dil-
labeled neurons responding to 5 uM, 10 uM, and 100 uM respectively: 4, 24, 38. Unlabeled
neurons: 40, 75, 132 responding respectively to 5 uM, 10 uM, and 100 uM AITC. Results are

pooled from 3 mice.
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Figure 2: More sensitive neurons trend to smaller sizes. (A) Design of ratiometric calcium
imaging experiments. Different concentrations of AITC were perfused over coverslips of
dissociated DRG neurons (3 minutes per stimulus), separated by 2 minute vehicle washout
periods. (B) Cross-sectional area of neurons that first responded to 1 pM (n=55 neurons), 10 uM
(n=220 neurons), and 100 uM AITC (n=184 neurons), as well as non-responding neurons
(n=764 neurons). (C) Diameter of neurons that first responded to 1 uM, 10 uM, and 100 uM
AITC, as well as non-responding neurons. *P < (.05, **P < 0.01, ***P <0.001, one-way
ANOVA with Tukey’s multiple comparison test. Results are pooled data from 3 mice.
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Figure 3: Manipulating the phospholipase C (PLC) pathway can shift neuronal
recruitment in “one-pulse” experiments. (A) Design of ratiometric calcium imaging
experiments with dissociated DRG neurons. After an initial baseline perfusion of vehicle across
coverslips of dissociated DRG neurons, either a PLC activator (100 uM m-3M3FBS), PLC
activator + inhibitor (100 uM m-3M3FBS + 20 uM U-73122), or continued vehicle was perfused
over the coverslips for 3 minutes. After a brief washout period, 1 uM AITC was perfused across
coverslips for 3 minutes. A 2-minute vehicle washout, and subsequently a 3-minute application
of a positive control of 100 uM AITC to identify all TRPAT1 neurons, followed. (B) Percentage
of TRPA1+ neurons responding to 1 uM AITC during control, PLC activation, or a combination
of PLC activation and inhibition conditions. (C) Response intensity to 1 uM AITC (of neurons
that responded to this stimulus). (D) Response intensity to 100 uM AITC (of neurons that
responded to both 1 uM and 100 uM). (E) Response intensity to 100 uM AITC (of neurons that
only responded to 100 uM AITC). *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA with
Tukey’s test for multiple comparisons.
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Figure 4: Activating PLC can increase neuronal recruitment to low-intensity stimuli in
“two-pulse” experiments. (A) Design of ratiometric calcium imaging experiments with
dissociated mouse DRG neurons. Following perfusion of either 1 or 5 uM AITC for 3 minutes,
either vehicle or PLC activator (100 uM) was applied for 5 minutes. After a subsequent vehicle
washout, a second 3-minute pulse of the 1 uM or 5 uM was applied. Like the “one-pulse”
experiments, this AITC pulse was followed by a washout period and application of a positive
control, 100 pM AITC pulse. (B) Percentage of TRPA1 neurons responding to the low-intensity
AITC stimulus in control or PLC activated conditions. (C) Response intensity to the second
pulse of 1 uM or 5 uM AITC in control or PLC activated conditions (of total neurons that
responded to low-intensity stimuli). (D) Response intensity to the second pulse of 1 uM or 5 uM

109



AITC in control or PLC activated conditions (of neurons that responded to both pulses of low-
intensity AITC). (E) Response intensity to the second pulse of 1 uM or 5 uM AITC in control or
PLC activated conditions (of neurons that were “new responders”, i.e. only responded to the
second low-intensity AITC pulse and not the first. (F) Response intensity to 100 uM AITC (of
neurons that only responded to 100 uM AITC and not any of the low-intensity stimuli). (G)
Percentage of total TRPA1 (AITC-responsive) neurons. *P < (.05, **P < 0.01, ***P < 0.001,
two-way ANOVA with Sidak’s multiple comparisons test.
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Figure 5: PLC inhibition affects neuronal recruitment to medium-intensity AITC stimuli.
(A) Design of ratiometric calcium imaging experiments with dissociated mouse DRG neurons.
After 10 uM AITC was applied to coverslips, either vehicle or PLC inhibitor (20 pM U-73122)
was perfused across neurons. Neurons were allowed to incubate in this chemical for 20 minutes.
A second pulse of 10 uM was then applied, followed by a washout and application of 100 pM
AITC. (B) The percentage of TRPA1 neurons responding to the second 10 uM pulse of AITC.
(C) Percentage of TRPA1 neurons responding to both pulses of 10 uM AITC. (D) Percentage of
TRPAT neurons that responded to the first, but not second, pulse of 10 uM AITC. (E) Response
intensity to the second pulse of 10 pM AITC (of total neurons that responded to the second
pulse). (F) Percentage of TRPA1 neurons that were “new responders”, i.e., only responded to the
second pulse of 10 uM AITC. (G) Percentage of TRPA1 (AITC-responsive) neurons out of total
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N. #¥*P <0.01, ***P <0.001, unpaired two-tailed Student’s t-test.
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Figure 6: PKA manipulation does not affect neuronal recruitment or response intensity to
intermediate AITC stimuli. (A) Design of ratiometric calcium imaging experiments with
dissociated mouse DRG neurons in two-pulse activation experiments. 100 uM forskolin (FSK)
was perfused across coverslips for 3 minutes between AITC pulses. Both 1 uM and 5 uM AITC
were used as concentrations for test pulses. (B) Design of ratiometric calcium imaging
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experiments with dissociated mouse DRG neurons in one-pulse inhibition experiments. Imaging
experiments were preceded with a 30-minute incubation in either vehicle or PKA inhibitor (10
uM H-89). (C) Design of ratiometric calcium imaging experiments involving two-pulse
inhibition of PKA. The PKA inhibitor H-89 (10 uM) was perfused across neurons for 3 minutes
between AITC pulses. (D) Percentage of TRPA1 neurons that responded to 1 uM AITC stimulus
in control or PKA-activated conditions. (E) Response intensity to 1 pM AITC (of neurons that
responded to this stimulus). (F) Percentage of TRPA1 neurons that responded to 5 uM AITC
stimulus in control vs. PKA activated conditions. (G) Response intensity to 5 uM AITC (of
neurons that responded to this stimulus. (H) Percentage of TRPA1 neurons that responded to 10
uM AITC in one-pulse inhibition experiments. (I) Response intensity to 10 uM AITC (of
neurons that responded to this stimulus). (J) Percentage of TRPA1 neurons that responded to the
second pulse of 10 uM AITC. (K) Response intensity of TRPA1 neurons responding to the
second 10 uM AITC pulse (total second pulse responding neurons). Unpaired two-tailed
Student’s t-test was used for all statistical comparisons.
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Figure 7: PKC manipulation does not affect neuronal recruitment or response intensity to
intermediate AITC stimuli. (A) Design of two-pulse PKC activation ratiometric calcium
imaging experiments of dissociated mouse DRG neurons. 20 uM PMA was perfused over DRG
neurons for 3 minutes in between pulses of 5 pM AITC. (B) Design of one-pulse PKC inhibition
calcium imaging experiments of dissociated mouse DRG neurons. Imaging experiments were
preceded with a 30-minute incubation in either vehicle or PKC inhibitor (1 uM BIM-I). (C)
Design of two-pulse PKC inhibition calcium imaging experiments of dissociated mouse DRG
neurons. 1 uM BIM-I was applied for three minutes in between pulses of 10 uM AITC. (D)
Percentage of TRPA1 neurons that responded to the low-intensity 5 uM AITC stimulus. (E)
Response intensity to 5 pM AITC (of total neurons that responded to this stimulus). (F)
Percentage of TRPA1 neurons responding to 10 uM AITC in one-pulse inhibition experiments.
(G) Response intensity to 10 uM AITC of neurons responding to this stimulus. (H) Percentage
of TRPAT neurons responding to the second pulse of 10 uM AITC in two-pulse inhibition
experiments. (I) Response intensity to the second pulse of 10 uM AITC (of total neurons
responding to this stimulus). Unpaired two-tailed Student’s t-test was used for all statistical
comparisons. (J) Response intensity to 100 uM AITC (of neurons that only responded to 100
uM AITC). (K) Response intensity to 100 uM AITC (of neurons that responded to 100 uM
AITC as well as both pulses of 10 uM AITC). *P < 0.05, **P < 0.01, unpaired two-tailed
Student’s t-test.
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Figure 8: GPy inhibition does not appear to set the gain on TRPA1 neurons. (A) Design of
ratiometric calcium imaging experiments involving one-pulse inhibition of Gfy. Imaging
experiments were preceded with a 30-minute incubation in either vehicle or Gy inhibitor (100
uM gallein). (B) Design of two-pulse inhibition calcium imaging experiments of dissociated
mouse DRG neurons. 100 uM gallein (GAL) was perfused across cells for 3 minutes between 10
uM AITC pulses. (C) Percentage of TRPA1 neurons responding to 10 uM AITC in one-pulse
inhibition experiments. (D) Response intensity to 10 uM AITC (of neurons that responded to this
stimulus) in one-pulse inhibition experiments. (E) Percentage of TRPA1 neurons responding to
the second pulse of 10 uM AITC in two-pulse inhibition experiments. (F) Response intensity to
the second 10 uM AITC pulse (of total neurons that responded to this pulse). (G) Percentage of
TRPAT neurons that were “new responders”, i.e., responded to the second 10 uM AITC pulse
but not the first. (H) Response intensity to the second 10 uM AITC pulse of neurons that were
“new responders”. (I) Response to 100 uM AITC (of neurons that responded to the second pulse
10 uM pulse as well as the 100 uM positive control pulse). (J) Response intensity to 100 uM
AITC (of neurons that only responded to the 100 uM pulse). *P < 0.05, **P < 0.01, unpaired
two-tailed Student’s t-test.
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Figure 9: NALCN inhibition does not affect neuronal recruitment to AITC stimuli. (A)
Design of two-pulse inhibition calcium imaging experiments of dissociated mouse DRG neurons.
1 mM verapamil (VPL) was perfused across cells for 5 minutes between 5 uM AITC pulses. (B)
Percent of TRPA1 neurons that were “new responders” to the second 5 uM AITC pulse. (C)
Response intensity to the second 5 uM AITC pulse (of neurons that responded to this stimulus.
*P < 0.05, unpaired two-tailed Student’s t test.
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Figure 10: PLC manipulation affects behavioral responses of larval zebrafish to AITC
stimuli. (A) Behavioral AITC dose-response curve for 3dpf zebrafish in control or PLC activated
conditions. (B) Behavioral AITC dose-response curve for Sdpf zebrafish in control or PLC
activated conditions. (C) Behavioral dose-response curve for 5dpf zebrafish in control or PLC
inhibited conditions (20 uM U-73122, 25 minute pre-incubation). (D) Same as (c), but with a 10
minute pre-incubation. (E) Same as (C) and (D), but with a 5 minute pre-incubation. (F)
Behavioral dose-response curve for U-73122, in control conditions. 5dpf larvae were pre-
incubated in U-73122 for 10 minutes. (G) Behavioral AITC dose-response curve for 3dpf larvae
in control or PLC-inhibited conditions (1 uM AITC, 10 minute pre-incubation). (H) Same as
(G), but with 5dpf larvae. (I) Same as (G), but with sustained 1 uM U-73122 in the AITC bath.
(J) Same as (H), but with sustained 1 uM U-73122 in the AITC bath. *P < 0.05, **P <0.01,
**%p < 0.001. A two-way ANOVA with Sidak’s multiple comparisons test was used for all
analyses except for the data in (F), in which a one-way ANOVA with Dunnett’s multiple
comparisons test was used.
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Figure 11: PLC activation shifts neuronal recruitment to intermediate doses of AITC in
larval zebrafish. (A) Percent of active TRPAT1 neurons following application of different
intensity AITC stimuli in control baseline or PLC-activated conditions. Each data point
represents values from an individual fish. (B) Red/green corrected total cell fluorescence (CTCF)
ratio for all neurons exposed to different concentrations of AITC in either control baseline or
PLC-activated conditions. ***P < 0.001, two-way ANOV A with Sidak’s test for multiple
comparisons.
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Chapter 4: Future Directions

In this thesis, [ have demonstrated that a lower vertebrate, the zebrafish, is indeed capable
of behaviorally responding to pruritic stimuli in a manner distinct from nocifensive behaviors.
The mechanism of this form of itch transduction is distinct from the established way itch stimuli
are processed in mammals, where pruritic receptors on itch neurons respond to pruritogens and
activate TRP ion channels. In this alternate mechanism, itch instead results from the direct
activation of a TRPA1 on a highly-sensitive subpopulation of TRPA1 neurons that are primed to
respond to weaker, pruritic stimuli. This mechanism is conserved in the mouse, suggesting that it
persisted throughout evolutionary history and may be relevant for multiple species. Certain
factors, such as size, distinguish these highly-sensitive neurons from other, less-sensitive TRPA1
neurons. Other morphological factors such as region of innervation do not appear to be a factor
in establishing the sensitivity of neurons. Furthermore, the phospholipase C (PLC) intracellular
signaling pathway may be involved in setting the gain and establishing the baseline responsivity
of these TRPA1 neurons in both species, and is likely involved in sensitizing zebrafish
behavioral responses to AITC stimuli. While these findings provide new insight into the
underlying mechanisms through which itch and pain are coded in two species, they also raise
many questions that could be explored in much greater depth.

Our findings that soma size correlates with response threshold in mouse DRG neurons
imply that more sensitive neurons are part of a distinct subpopulation, and hint at a possible
physiological mechanism for heightened sensitivity (e.g., through increased input resistance).
Results from Dil experiments indicate that different populations of neurons innervate the same
general area, which potentially implying that they have overlapping receptive fields. However,

these are only two metrics of measuring morphology, and the vast array of other possibility
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morphological distinctions is a fruitful ground for future research. We had initially wanted to
explore more morphological characteristics using Tg(TrpA1b(ss)-CaMPARI) zebrafish, which
express the photoconvertible calcium indicator CaMPARI solely in TRPAT1 neurons. In such
experiments, fish would be exposed to low-intensity pruritic stimuli in tandem with a blue light
to photoconvert active neurons. The morphology of photoconverted and unconverted neurons
would be compared with respect to soma size, dendritic branching patterns, and both peripheral
and central projection patterns. Differences revealed by such analysis could provide valuable
information regarding the selective coding of itch versus pain—for example, it may reveal that
more sensitive (itch-responsive) neurons project to more superficial locations on the skin, as
opposed to more deeply-localized less sensitive (pain-responsive) neurons, which has been
suggested to occur in mammals and is the proposed mechanism underlying the spatial-contrast
theory of itch coding'**2. Determining whether neurons that photoconverted in response to low-
intensity stimuli tile with each other would likewise be informative. Previous work in both the
zebrafish and fruit fly demonstrate that dendritic projections of neurons within the same
populations tile, whereas those from neurons in different populations overlap?’~2%; findings in
mammals, however, have been mixed. In mice, neurons within the same broad population of
nonpeptidergic nociceptors overlap extensively with each other as well as with peptidergic
nociceptors®'®, but whether multiple subpopulations that do exhibit tiling exist within these
overarching groups is unknown.

Technical limitations, however, prevented us from being able to explore this in full, as it
was difficult to discern both peripheral processes and central processes of lightly-photoconverted
neurons consistently. In the future, similar experiments could be performed using alternate

methods. In the zebrafish, tracer dyes could be injected into the soma of peripheral neurons using
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iontophoretic methods to examine their morphology, as has been demonstrated previously?®’.

Such experiments could provide information on connectivity and circuit wiring in addition to
morphological data on peripheral and central processes. Another approach would be to use
nuclear-localized CaMPARI in transgenics expressing zebrabow (the zebrafish equivalent of
Brainbow) in somatosensory neurons?¢! which would allow us to simultaneously assess neuronal
activity and the tracing of processes, which would be brightly labeled in diversity of colors. In
the mouse, employing techniques such as targeted recombination in active populations (TRAP,
TRAP2) could label neurons that were active following exposure to differing intensity
stimuli?®>?%3, Such experiments would allow us to make similar quantifications of central and
peripheral morphology (axonal branching, receptive field size, overlap with other neurons, etc.)
that could yield valuable insight into circuit connectivity and thus itch and pain coding
mechanisms. These techniques would also provide an alternate method to confirm our
observations that increasing stimulus intensity recruits more active neurons. Additionally, TRAP
and TRAP2 can be used to not only label, but express certain effectors in transiently active
neurons, allowing for manipulation of these neurons?¢>263,

Unlike our imaging studies in the zebrafish, all of our calcium imaging in the mouse was
performed in vitro, with cultured, dissociated neurons that have literally been ripped away from
their peripheral and central processes. While these studies have yielded valuable information, we
would ideally like to perform similar experiments in animals with intact circuity, to confirm that
these observations are relevant in vivo. This could be accomplished using in vivo calcium
imaging of the trigeminal or dorsal root ganglia in animals expressing GCaMP in certain
neuronal populations, which has previously done in the investigation of high-threshold

mechanoreceptors®!! as well as injury-induced tactile allodynia?%*. Through such experiments,
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we could confirm the existence of dose-dependent increases in neuronal recruitment, and
whether this changes in conditions of PLC activation or inhibition, in a living mammal.

Exploring the specific ways in which PLC signaling may function to potentiate responses
in TRPA1 neurons would likewise be helpful. As outlined in Chapter 3, PLC activation leads to
hydrolysis of PIP2 as well as the generation of multiple downstream signaling molecules, a
number of which have been shown to modulate TRPA1. Which of these factors—PIP2 itself or
downstream effectors such as DAG, AA, or [IP3—participate in the PLC-induced potentiation of
neuronal responses in TRPA1 neurons remains to be determined. PIP2 dynamics could be
examined with fluorescent reporter constructs, which have previously been employed in
zebrafish models to quantify PIP2 breakdown and localization?6°>~2%’. Such techniques would be
especially powerful if coupled with calcium imaging (using either CaMPARI or GCaMP
transgenics), allowing us to establish whether there are differences in the quantity, localization,
and rate of depletion of PIP2 in neurons that have different response thresholds to AITC. While
it has been shown that DAG, AA, and intracellular calcium are capable of directly activating

TRPA1 in heterologous expression systems®472248-250

, Whether any of these factors are relevant
in tonic sensitization or inhibition of TRPA1-expressing somatosensory neurons is unknown. To
resolve this, individual downstream effectors could be pharmacologically inhibited during and/or
after PLC activation, and the responses of DRG neurons to TRPA1 agonists could be measured
using ratiometric calcium imaging, electrophysiology, or some combination thereof. If inhibition
of any of these individual effectors reversed the PLC-induced increases in neuronal recruitment,
it would be indicative that such a molecule may be involved in establishing the sensitivity of

neuronal subpopulations. Pharmacological methods of blocking these individual components

have previously been documented in the literature. Xestospongins, for example, have been used
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to block the IP3 receptor and thus prevent the release of calcium from intracellular stores2%2%,

The conversion of DAG to AA can similarly be blocked by inhibiting the DAG and MAG
lipases®”°.

Supplementing our results with additional behavioral experiments would help establish
the ethological relevance of the changes we observed in neuronal recruitment to intermediate
doses of AITC following PLC activation or inhibition. While we did observe potentiation of
behavior in the zebrafish following PLC activation—consistent with the hypothesis that
increasing neuronal recruitment intensifies behavioral responses—whether the reverse is true in
zebrafish is currently unknown. The technical limitations that undermined our attempts to do this
with larval zebrafish behavior could potentially be surmounted with a tissue-specific knockout of
PLC (both generally and targeted towards specific isoforms of the enzyme). Such CRISPR/Cas9-
based techniques have previously been employed in the zebrafish?’!*’2, so it should be feasible
to knockout PLC specifically in TRPA1 neurons in the zebrafish. This approach would
theoretically allow us to inhibit PLC without reducing baseline locomotion would be ideal for
use in our zebrafish total locomotion assay.

Additionally, it would greatly behoove us to perform behavioral assays that can allow us
to distinguish between itch and pain responses, helping to further test the hypothesis that changes
in neuronal recruitment have behavioral relevance. In the zebrafish this could be achieved with
the lip injection and “open tank™ assay outlined in Chapter 2; in the mouse, this could be
accomplished through the cheek assay!>*!>*. Were we to sensitize neurons with PLC activation,
less-sensitive neurons would be recruited by stimuli that would only normally only elicit itch
behaviors such as scratching or rubbing, so would expect to see pain behaviors (or a mixture of

pain and itch behaviors) following the application of low-intensity TRPA1 agonists in these
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conditions. Given the complexity of our DRG imaging results, however, one could imagine
multiple scenarios unfolding following PLC inhibition. We observed that U-73122 application
significantly reduced responses to medium-intensity AITC in neurons that had previously been
responsive to this stimulus. If these neurons are the predominant determinants of behavioral
response, we would expect that under conditions of PLC inhibition, high-threshold pain neurons
would no longer be recruited by stimuli that would normally elicit nocifensive responses, leaving
only the most highly-sensitive itch neurons to respond. Thus, we would expect to observe itch
behaviors following application of ordinarily painful stimuli. However, we also observed an
increase in the percentage of TRPA1 neurons that were “new responders” to medium-intensity
stimuli, raising questions about the identity of these neurons and the circuits into which they
feed. Are these neurons high-threshold TRPA1 responders somehow sensitized by PLC
inhibition, in which case we might observe equivalent pain responses or even an increase in pain
behaviors resulting from their recruitment, as opposed to itch replacing pain? Are these neurons
perhaps not even TRPA1 neurons, as suggested by the increase in the total percentage of AITC-
responsive neurons following PLC inhibition? If, for example, AITC is ectopically activating
TRPV1, which population of TRPV1 neurons is responding? One could speculate that an
analogous itch coding strategy may be in place for TRPV1 neurons, in which a subset of highly-
sensitive neurons are primed to respond to low-intensity TRPV1 agonists to relay itch. If only
these highly-sensitive neurons were recruited by medium-intensity AITC during conditions of
PLC inactivation, would we observe only itch behaviors, and no or little pain? Employing
nuanced essays that would allow us to distinguish these two sensations to complement standard
nociception tests would help to resolve this quandary. Coupling these behavioral assays with in

vitro studies of TRPA1 or TRPV 1-transfectd HEK cells would also help untangle the potential
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role of TRPV 1-expressing neurons in conditions of PLC inhibition. The role of TRPV1 could
also be probed through in vitro calcium imaging experiments of dissociated mouse DRG neurons
in which TRPV1 was antagonized with capsazepine®’3, or using tissue obtained from TRPV 1"
mice.

Ideally, we would like to correlate our observations from calcium imaging experiments to
possible differences in electrical activity and gene expression. This could be accomplished
through a combination of calcium imaging and patch-seq techniques. For example, DRG neurons
from GCaMP-expressing mice could be dissociated and cultured, and stimulated with agonists of
different intensities. Neurons that responded to certain stimuli could then be targeted for whole-
cell patch clamp experiments, which would allow us to determine characteristics such as resting
membrane potential, input resistance, and rheobase, among other factors, providing us with
valuable insight about the electrical properties of these TRPA 1 neurons and which factors might
be contributing to differences in excitability between neurons with different AITC response
thresholds. Furthermore, the contents of patched cells could be isolated and used for single-cell
RNAseq studies, as has previously been performed on cortical neurons?’#?’>. These
transciptomic profiling studies demonstrated that gene expression patterns could be used to infer
morphology and physiological properties (axonal arborization patterns, action potential
amplitude, etc.), so it is certainly plausible that a similar approach could be taken with
somatosensory neurons to yield critical information about the differences between populations
that could contribute to variations in their sensitivity to TRPA1 agonists. This data could
confirm, for instance, whether there was differential expression of certain genes—PLC isoforms,
ion channels that establish the resting membrane potential, even TRPA1 itself—within these

various functional subpopulations of TRPA1 neurons.
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A similar approach could be taken with the zebrafish. It is possible to make
electrophysiological recordings from larval trigeminal?’® and Rohon-Beard?’’ neurons. It should
be feasible to similarly aspirate cell contents for sequencing purposes. An alternate approach
available in the zebrafish, which could bypass the need for calcium imaging and allow us to
examine the electrical properties of many neurons in tandem, would be to employ a genetically

encoded voltage indicator, such as ArcLight?78280

expressed either pan-neuronally or restricted
to TRPA1 neurons. Neurons that responded to low-, medium-, or high-intensity stimuli could
then be targeted for extraction of cell contents for use in similar RNAseq studies.

While we established that zebrafish were capable of experiencing itch and identified a
potential coding mechanism underlying this sensation, so much remains to be learned about itch
and pain circuitry in lower vertebrates. Exploring more sources of itch, including those that may
be of greater ethological relevance to fish, such as skin pathogens that are enriched in aquatic
environments compared terrestrial ones?®!, may be illuminating. Both eurkaryotic parasites and
bacterial pathogens can evoke robust immune responses in fish?*2. Though we did target known
mammalian endogenous pruritogens released during immune and inflammatory responses (such
as histamine, serotonin, and the protease SLIGRL) in our initial screening experiments, it is
unlikely that we exhausted all of the possible pruritic contenders. Histamine and serotonin may
not, for instance, play as important a role in zebrafish immune responses as they do in mammals.
As mentioned in Chapter 2, unlike mammalian mast cells, zebrafish mast cells release a complex
assortment of proteolytic enzymes and antimicrobial peptides instead of histamine following
insult'”. In zebrafish and other species, the skin itself contains a similar complement of

bacteriolytic enzymes, acid and alkaline phosphatases, proteases, and pro-inflammatory

cytokines?8!?82, Zebrafish also possess a diverse array of interleukins?®?, which in mammals have
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been implicated in both allergic contact dermatitis (a skin condition that results from exposure to
pruritogens and irritants like urushiol, a molecule found in poison ivy) as well as atopic
dermatitis (an inflammatory skin condition associated with intense pruritus)?**?%. To the best of
our knowledge, the potential roles of these immune molecules as endogenous pruritogens has yet
to be explored. A more thorough survey of potential pruritogens could potentially identify novel
pruritic stimuli in the zebrafish, as well as illuminate whether our model of itch transduction in
the zebrafish extrapolates to such pruritogens. In zebrafish, as in mammals, it may be possible
that both the direct activation of TRP ion channels as well as activation of upstream immune-
related pruritic receptors can elicit sensations of itch. Further exploration of these possibilities
would help to clarify the mechanisms lower vertebrates employ to transduce itch.

The sensation of itch extends beyond the peripheral somatosensory neurons, the first
detectors of pruritic stimuli, and probing the spinal circuity involved in itch transduction would
likewise be enlightening. Population coding theories of itch, particularly those like the selectivity
theory in which pain transmission overrides itch signaling, implies a degree of downstream
processing beyond peripheral somatosensory neurons. In mammals, local inhibitory interneurons
in the dorsal horn of the spinal cord help to refine the sensations of itch and pain. Painful stimuli
inhibit the effects of itch by activating these inhibitory neurons, which synapse onto second-
order itch neurons. Organisms lacking these neurons, which can be identified through the
expression of markers such as Bhlhb5 and dynorphin, often exhibit uncontrolled itch
phenotypes*!. Likewise, blocking the kappa opioid receptors on second-order itch projection
neurons, through which these neurons mediate their effects, has also been shown to promote itch
in mammals; conversely, activating them suppresses itch?**?%7. Whether similar circuitry exists

in the zebrafish is unknown. Zebrafish are known to express orthologs for genes considered to be
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markers for some of these interneuron subpopulations, such as Bhlhb5 and dynorphin
well as those coding for kappa opioid receptors'** that mediate the inhibitory action of these
neurons. Behavioral experiments involving pharmacological manipulation of these targets could
elucidate whether they are actively involved in the transduction of itch stimuli. Both larval and
adult zebrafish could be screened for behavioral responses to both pruritic and nociceptive
stimuli following the application of kappa-opioid receptor agonists and antagonists such as nor-
binaltorphimine, bremazocine, and U-695932%9-292_If inhibition mediated by kappa opioid
receptors is responsible for suppressing itch in zebrafish, then pharmacological stimulation of
these receptors should eliminate itch behavioral responses, while pain-induced behavioral
changes should be unaffected. Blocking these receptors, by contrast, should potentiate the
behavioral response to itch stimuli, perhaps even eliciting spontaneous itch behaviors following
the application of control stimuli, as has been observed in the mouse®®*. If such behavioral
experiments do yield promising data, systematic manipulation of individual targets via genetic
strategies could help to further dissect their roles in itch circuitry. For example, Bhlbh5 neurons
could be ablated or optogenetically stimulated, or the Bhlbh5 gene could be knocked out; other
candidates such as kappa opioid receptors could similarly be deleted. Spinal processing is not
merely limited to inhibition, however, and exploring other aspects of itch transduction in the
spinal cord would also be of great interest. Nppb and GRP are key itch-related neuropeptides in
the mammalian spinal cord’!, and while both of these are present in the genomes of zebrafish and

other teleost fish, they have primarily been explored in the contexts of cardiac function?*>,

296

sleep/wake cycles?*%, and regulating food intake®*’ %, Probing the potential role of these

neuropeptides in fish itch, and comparing them to the roles they play in mammals, could yield
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valuable information about the evolutionary history of spinal processing mechanisms of pruritic
stimuli.

Lastly, examining the brain regions involved in itch sensation in the zebrafish would
provide additional insight into how itch and pain are coded in this species. Initial experiments
could take the form of whole-brain imaging to identify certain regions differentially activated by
pruritic vs. painful stimuli. Lightsheet microscopy could be a useful tool in such experiments, as
it has been employed extensively in the zebrafish for whole-brain imaging purposes in the
zebrafish®"13%, Transgenic zebrafish expressing CaMPARI pan-neuronally could be used in
such experiments; alternatively, immunohistochemical techniques using antibodies targeted
towards markers of neuronal activity, such as c-Fos or phosphor ERK, could similarly be
employed®*3%. While we did not have great success using c-Fos antibodies to label active
trigeminal neurons in the zebrafish, perhaps due to low baseline expression levels of c-Fos
observed by others®, labeling active neurons in larval zebrafish using phospho-ERK staining%
has been satisfactorily performed in the lab, and would be a promising tool for future
experiments.

Together, these proposed experiments would allow us to identify other morphological
characteristics of highly-sensitive itch neurons, illuminate the exact ways in which PLC
signaling exerts its effects on neuronal recruitment, and establish the behavioral relevance of
phenomena we observed in imaging experiments. Additionally, we would be able to identify
electrophysiological properties and differences in gene expression that may contribute the
heightened sensitivity of TRPA1-expressing itch neurons. Lastly, these experiments would allow
us to expand upon our knowledge base of itch in fish, providing valuable insight as to how itch

signals are processed beyond the periphery. As such, they will further our understanding of itch
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transduction mechanisms in different species and allow us for formulate hypotheses about how
itch evolved, and at what times certain aspects of itch coding strategies emerged in evolutionary
history. Understanding the molecular basis and neural circuitry of itch and pain may also
improve understanding of various pathological conditions, perhaps even aiding in the

identification of novel therapeutic targets for the treatment of itch and pain disorders.
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