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Abstract:

Animals contain mechanisms for interacting with their environment that are
exquisitely sensitive to particular modalities. Of all our senses, mechanosensation
is the least well understood. The mammalian somatosensory system contains
several sensory organs specialized for mechanotransduction, however it is difficult
to study for a number of reasons. The da neuron system in Drosophila offers a
powerful system in which to study the molecular mechanisms of somatosensation.
In this work, the Class Ill neurons are identified as a rapidly adapting
mechanotransducers. In addition, the DEG/ENaC channel Ppk26 is found to
interact with Ppk1 in Class IV neurons, where it plays a role in mechanical

nociception and locomotion behavior.
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Chapter 1. Introduction:

Through of millions of years of evolution animals have developed
sophisticated mechanisms for sensing and interacting with their changing
environment. These mechanisms are specified at the level of protein biophysics
and signal transduction, as well as sensorineuronal integration.

Since the time of Aristotle it has been recognized that there are five
senses in humans. Four of these, vision, hearing, taste, and smell, have
circumscribed organs dedicated entirely to this function. Aristotle called the fifth
sense “touch” but the diversity of cutaneous sensations made him uncertain as to
whether the fifth sense should rather be termed “general sensation”, a term
encompassing corporeal sensation of skin, joints, deep tissues, viscera, etc.

In the mid 1800s Johannes Muller laid out a series of propositions relating
to the “specific irritabilities” of the nerves subserving the various senses of
Aristotle. Stimulating a given nerve gave rise to the same kind of sensation,
regardless of the position of stimulation on the nerve. Based on these findings,
Muller suggested that intrinsic differences existed in the nerves subserving each
of the senses. Volkmann in 1844 suggested separate nerve endings for each
subdivision of cutaneous sensory experience, and Von Helmholtz soon
introduced the term “sensory modality” to designate “a class of sensations
connected by a qualitative continua”. This principle could be applied to most of

the Aristotelian senses, but he recognized that cutaneous sensation did not have



the same continuous quality. Each cutaneous sensation, touch, warmth, pain,
cold. seemed to have the status of “sensory modality” in that could be
experienced on this qualitative continuum (Sinclair et al., 1967).

By the late 1800s the philosophical idea that sensory modality had some
anatomical substrate was widely accepted. Even in the 1600s Rene Descartes
had proposed animal spirits traveling from the sensory locus through pathways
up to the brain (Figure 1.1). The growing field of histology (buttressed by the dye
industry) had led to studies of the innervation of the skin and mucosa by
pioneering anatomists. It was found that free nerve endings permeated the skin
and surrounding hairs, and that in addition, five types of anatomically different
nerve endings could be found in addition to the ubiquitous free nerve endings.
These were the Vater-Pacini corpuscles (1741, 1834), Meissner Wagner
corpuscles (1852), Krause end-bulbs (1859), Merkel’s disks (1875), and the
Ruffini endings (1894) (Figure 1.2). In 1884 Blix reported mosaic spots in the
skin for touch, cold, and warm, but found that the sense of pain could be found
throughout the skin, at a density much higher than the mosaic spots. Von Frey
suggested in 1895 that under the skin of each of Blix’s sensory spot was an

endorgan specialized to respond to a particular stimulus (Sinclair et al., 1967).



Unlike the other senses, pain was unique in that it could be produced by
any modality of stimulus provided that it was sufficiently intense. It was also the
most difficult to quantify due to it’s subjective nature, and wide variability between
individuals. Nociceptors in the skin have been found to be either unimodally or
polymodally dedicated to painful sensation of high threshold mechanical stimuli,
noxious temperatures, chemical insult or tissue damage. Mammalian
nociceptors typically have multiple bare sensory dendrites with a highly elaborate
dendritic pattern, with sensory receptors for each modality thought to reside in
dendrites (Figure 1.3, 3.3). Nociceptors of similar morphology and function are
present in Drosophila, and provide evidence for evolutionary conservation of this
type of sensory neurons (Tracey et al., 2003).

In the early days of sensory physiology it became recognized that of the
mechanical senses, there also must be a “deep sense” of representation of the
body’s internal position. This so-called sixth sense allows the body to know
where it is positioned in space with respect to some coordinate system, and is
important for both movement and posture. Although poorly understood,
peripheral proprioceptive mechanosensory input provides ongoing information on
body position, necessary for tuning central mechanisms driving locomotion and
postural control (Proske and Gandevia, 2012). Sensory ion channels are the
primary candidates mediating the sensing aspect of this process (Corey, 2006),
whereas the central nervous system is responsible for the decoding of this input

and the internal representation of body position (Proske and Gandevia, 2012).



Initiation of sensory impulses presents a series of problems: first the
transmission of the stimulus from the external source to the receptor cell, second,
the mechanism by which the stimulus is transformed into a membrane
depolarization, third, the initiation of nerve impulses and their propagation into the
afferent axon trunk. Stimuli are detected and encoded by specialized sensory
neurons whose signaling mechanisms transduce these signals into depolarizing
influences and action potential firing (Katz, 1950). This action potential firing is
processed at several levels until it reaches higher order centers of the brain.

The discovery that specifically expressed G-protein coupled receptors
were responsible for stimulus sensitivity in the visual, olfactory, and gustatory
systems led researchers to suspect that this may be the case in the
somatosensory system. In the mid 1990’s a heat sensitive cation channel was
observed in a subpopulation of nociceptors (Cesare and McNaughton, 1996),
which was followed a year later by the cloning of a cDNA of the capsaicin
receptor or vanilloid receptor, TRPV1, a Ca2+ permeable non-selective channel
belonging to the TRP ion channel superfamily (Caterina et al., 1997), which were
first described in Drosophila (Montell and Rubin, 1989). This cation channel
could be opened by capsaicin, a selective activator of polymodal nociceptor
neurons. In this way, TRPV1 was suggested to be the molecular substrate for
sensing painful stimuli in these neurons. In addition, the channel was activated
by temperatures above 43 and also activated by protons. It was mainly found in

small unmyelinated neurons, thought to be involved in pain and temperature



sensation in the skin. Since the cloning of TRPV1, many more TRP channels
have been characterized and expressed in heterologous systems. They are
gated by temperature with thresholds from 52 to 18, encompassing the range of
noxiuous and innocuous stimuli (Belmonte and Viana, 2008).

In contrast to rapid progress in delineating the molecular mechanism of
temperature sensation, the mechanosensory proteins involved in sensing gentle
or painful touch have proven more elusive. It is assumed in many cases that a
large transduction apparatus composed of multiple proteins is necessary for
mechanotransduction, which are often embedded in a tissue or organ. In
addition, experimental stimulus delivery is not as straightforward with
mechanosensation as it is with temperature or chemicals. Candidates for the
touch mechanotransduction channel in mammals include several TRP channels
TRPA1, TRPC1, TRPV4, as well as members of the Deg/ENaC family of
channels, which are known mechanosensors in c. elegans. In addition, 2-pore
potassium channels and P2X purinergic receptors have been implicated in
playing modulatory roles during mechanotransduction (Belmonte and Viana,
2008).

A subset of the DEG/ENaC family, the degenerins, also play important
roles in touch sensation and proprioception and have lent a great deal to our
understanding of mechanosensitivity by ion channels. Specific mutations in
MEC-4, MEC-10, UNC-8, UNC-105, and DEG-1 cause swelling and death of the

expressing cells. The proteins were nicknamed the degenerins because of the



degenerative phenotype that they caused when mutated. Many of the MEC
channels involved in mechanotransduction are co-expressed, such as the
DEG/ENaC pore-forming subunits mec-4 and mec-10. These subunits, along
with deg-1 act as mechanosensory ion channels for touch sensation in vivo
(Geffeney et al., 2011; O'Hagan et al., 2004). Although many of the MEC
channels are co-expressed and known to be involved in mechanotransduction,
very little is known about their trafficking.

ENaC Channels, which are structurally related to the degenerins, are
present on the surface of the apical surface of epithelial cells, mediating sodium
ion transport across this tight junction bound sheet. The main purpose of the
ENaC channel is to allow transepithelial transport of sodium. A strong
electrochemical gradient drives the sodium ion through the ENaC channel, and
then the Na+K+-ATPase pump acts on the basolateral membrane to pump the
sodium out. In the kidney and in the colon, the ENaC channel plays an essential
role in maintaining blood sodium and potassium levels, and for their homeostatic
regulation. In the lung and salivary glands, the ENaC channel is important for
maintaining fluid balance in the alveolar fluid or saliva. In addition, this sodium
current can be modulated by shear at the plasma membrane (Fronius 2008).

Mutations in the B and Y ENaC subunits lead to hyperactive channels,
causing Liddle’s syndrome symptoms, with arterial hypertension and intrastitial
volume expansion, hypernaturimia and hypokalemia. Unlike in patients with

hyperaldosteronism, patient’s with Liddle’s syndrome have normal levels of



aldosterone in the blood. These mutations are due to a deletion in a PY motif in
the intracellular tail of ENaC, leading to a decrease in ubiquitin ligation by the E3
ligase Nedd4. This leads to an increase in the activity of the channel leading to

an increase in sodium readsorption.

Another homolog of the Deg/ENaC channels, found in mammals, are the
four so-called Acid Sensing lon Channels (ASIC) that have been cloned based
on homology to DEG/ENaC channels, of which 1,2, and 3 are alternatively
spliced. ASIC1a, ASIC2a, and ASIC2b, have widespread distribution in the
nervous system, with ASIC4 being co-expressed in many areas. In the PNS of
mammals ASICs are mainly found in small diameter free nerve endings involved
in pain sensation. ASIC2a has been found in taste buds and has been shown to
be involved in sour taste perception. ASIC4 has also been localized to the inner
ear, but contribution to function is not understood (Belmonte and Viana, 2008).

The physiological role of ASICs is not well understood, but a major role
could be in the sensation of painful stimuli, for example in response to tissue
acidosis. Significant acidification of the extracellular space has been associated
with epilepsy, and ASIC channels could be involved in homeostatic responses to
this condition. ASIC2 knockout mice do not show any obvious phenotypes,
except for a reduced low threshold rapidly adapting mechanosensor response in
a skin-nerve preparation. ASIC2a/b have also been localized to lanceolate nerve

endings of the hair follicle. In addition, ASICs are the target of mambalgins,



potent analgesic peptides with comparable in activity to morphine (Diochot et al.,
2012).

Another recently discovered family of proteins, Piezo1 and Piezo2, have
recently been identified as mechanically activated ion channels in the
neuroblastoma cell line Neuro2A (Coste et al., 2010). The Piezo proteins are
large membrane proteins with 24 to 40 transmembrane domains, and can induce
mechanically activated cationic currents when expressed in a heterologous
system. These Piezo proteins are thought to form tetramers, although it is not
clear if this complex contains one or more functional pores (Bargiantsev et al.,
2014).

Piezo1 appears to function in endothelial cells under static and shear
stress conditions, and young knockout mice die in midembryonic stages due to
vascular defects in the yolk sac (Liu et al., 2014). Endothelial specific elimination
of Piezo1 also caused defects in vessel formation. In addition, Piezo1 also
functions as a sensor of shear stress in umbilical vein cells, where cells having
diminished Piezo1 showed defects in alignment with shear stress (Ranade et al.,
2014).

While Piezo1 plays an important role in the vasculature, Piezo2 appears to
function during the recognition of gentle touch as well as noxious stimuli in the
somatosensory system. Piezo2 appears to be responsible for a rapidly

desensitizing component of the mechanically activated current in Merkel cells,



but there are clearly other channels involved in this system (Maksimovic et al.,
2014).

In Drosophila, where only one Piezo protein exists, this protein has been
shown to play an important role in mechanical nociception response by Class IV
da neurons (Kim et al., 2012). Because Class IV da neurons are thought to be
polymodal nociceptors, it is possible that Piezo is functioning as a mechanical
sensor for high threshold mechanical force. Although Piezo is a bonafide
mechanosensor, it was still not clear whether Piezo would contribute to other
mechanosensory behaviors served by Class IV neurons, such as locomotion
(Ainsley et al., 2003). This aspect is addressed later in Chapter 3.

In addition to the diversity of ion channels expressed in sensory neurons,
one of the most striking features of the somatosensory system is the degree of
morphological diversity in the sensory nerve endings. Neurons are each
endowed with a characteristic arbor shape as well as often being embedded in
accessory tissues or organs. The shape of the neuron is presumably related to
the function of the neuron, and is reproducible within neurons belonging to each
sensory nerve ending type.

The dendritic arborization (da) neurons in Drosophila larvae constitute a
useful genetic system for the study of mechanisms underlying dendrite
development and function via ion channels. Da neurons are a set of four classes
of well-defined segmentally repeated sensory neurons. Each class has dendritic

arbors with a unique stereotypic pattern of arborization, presumably reflecting its



functional requirement (Bodmer and Jan, 1987; Grueber et al., 2003). Of these,
Class Il and Class IV da neurons have dendrites that tile the epidermis. Class |
da and bd neurons are thought to express the TRPN channel NompC and are
important for coordinating the appropriate timing of peristaltic locomotion; loss of
NompC function in these neurons results in profound slowing and paralysis of the

animal (Cheng et al., 2010).

The class Ill da neurons have actin-rich and spine-like filopodial processes
and in this work | show that they are sensitive to gentle touch and act as rapidly-
adapting mechanoreceptors. With my co-authors, we demonstrated that the
class Il neurons express the TRPN channel NompC, which is localized to
dendrites and is involved in transducing the sensation of gentle touch (Tsubouchi
et al.,, 2012; Yan et al., 2013; Kernan et al., 1994).

Class IV da neurons express the Degenerin/Epithelial Sodium Channel
(DEG/ENaC), Pickpocket (Ppk1), and play an essential role in coordinating
turning behavior (Adams et al., 1998; Ainsley et al., 2003). The DEG/ENaC or
Ppk channel superfamily are voltage insensitive and are assembled as either
homomeric or heteromeric trimers. Interestingly, Ppk1 also plays an essential
role in mechanical nociception behavior (Zhong et al., 2010), suggesting that
these neurons can process multiple stimulus modalities. Class IV da neurons
resemble mammalian nociceptors morphologically (Caterina and Julius, 1999;

Tracey et al., 2003) and in their polymodal sensitivity to a variety of sensory
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stimuli (Ohyama et al., 2013). In addition to sensing mechanical nociception and
coordinating locomotion, Class IV da neurons are also sensitive to temperature
(Hwang et al., 2012), light (Xiang et al., 2010), and chemical stimuli (Kang et al.,
2010; Xiang et al., 2010). Recent studies show that the newly discovered
mechanosensory ion channel, Piezo (Coste et al., 2010), functions in mechanical
nociception in Class IV da neurons (Kim et al., 2012) in a pathway that is parallel
to Ppk1 with respect to mechanical nociception. How Ppk1 functions in parallel to

Piezo during this process, is still unclear.
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Chapter 2: Identification of Class Ill neurons as mechanotransducers

involved in sensing gentle touch.

introduction

The sensation of touch is vital to the human experience, and is critical to our
ability to feel the texture of materials, for appropriate grasping and manual
manipulation of objects, as well as for social interaction. Despite the importance
of this sensory modality, very little is known about how this signal is transduced
in sensory neurons. In humans, several mechanoreceptors of the skin are
thought to be involved in the sensation of touch. Each of these mechanosensory
nerves have distinct firing properties and stimulus sensitivity, which facilitates
effective behavior. Pacinian corpuscles are rapidly adapting mechanoreceptors
in the skin that sense very small deflections such as gentle touch. These cells
return to their normal firing rate after deflection in less than 100ms. In humans,
this mechanoreceptor is located deep inside the skin, and are found at relatively
low density. Meissner’s corpuscles and hair follicle receptors have mild
adaptation properties. They are compatible with sensing static force, and can fire
for up to a second before they adapt. Ruffini endings, Merkel’s cells, and Tactile
disks are examples of mechanoreceptors with slow adaptation properties. This

type of receptor is located near the surface of the skin and is thought to sense
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static deformation. These are one of the receptors that are responsible for tactile
sensation during grip and object manipulation.

The structure of the skin in Drosophila larvae is different from that of humans. A
single layer of cuboidal epithelium secretes a layered substance on the apical
surface, and is exposed to the Drosophila lumen on the basal surface. Itis on
the basal surface of the epidermis that sensory neurons of the peripheral nervous
system extend many of their dendrites, embedded inside a basal lamina

structure.

In the Drosophila larva two neurons are known to tile the basal lamina of the
epidermis, the class Il and class IV dendritic arborization (da) neurons. When
we began this work we had little direct evidence for the mechanosensitivity of da
neurons in Drosophila, never mind their adaptation properties. The likely role for
the da neurons in facilitating movement was well established based on
behavioral studies (Hughes et al., 2007; Song et al., 2007), however little was

known with respect to a neuron’s direct mechanosensing properties.

We knew that class | and bd neurons expressed NompC, and were important for
locomotion, but based on Gal4 expression we did not know NompC was
expressed in the Class Il neurons. Based on a new Gal4 line (Petersen and
Stowers 2011) specially designed to encompass both upstream and downstream

enhancers of NompC, NompC-Gal4 could be seen as very highly expressed in
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the class Il and chordotonal organs. In addition, a new antibody against the
ankyrin repeat of NompC showed strong evidence that NompC is expressed in

the Class Ill da neurons (Liang et al., 2011).
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Results:

While performing electrophysiological recordings of Class IV neurons, attempting
to observe a mechanosensitive response to indentation, which | did not observe,
| discovered that the Class Il da neurons show a very strong and reproducible
firing of action potentials in response to stimulation with a piezoelectric stimulator.
This was the first recording of a mechanical response from da neurons.
Interestingly the Class Il neurons showed a marked adaptation in response to
the stimulation, within 100 milliseconds suggesting that they may be best tuned
to a rapid or transient stimulus, such as gentle touch. To perform these
experiments, | developed a piezoelectric system for stimulation of Class Ill da
neurons, shown in Figure 2.1.

Stimulation of the Class Ill neuron resulted in rapid response and
adaptation of the neuron, shown in Figure 2.2. This system was used to quantify
the contribution of NompC to mechanosensitivity in these neurons (Yan et al.,
2013).

The rapid adaptation properties and sensitivity to micron displacement led
us to consider if the larva is responding to a gentle and transient signal such as
touch. Drosophila larva have a characteristic behavioral response to gentle
touch with an eyelash (Kernan et al., 1994), so we tested the role of these
neurons in their affect on this behavior. Silencing of the Class Il neurons by
over-expression of tetanus toxin led to a defect in this gentle touch response of

the larva (Figure 2.3).
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Discussion:

When we began this work we had little idea for the function of da neurons in
Drosophila. The likely role for the da neurons in sensing body position was well
established (Song et al., 2007; Hughes et al., 2007), but little was known with
respect to their direct mechanosensing properties.

In mammals much is known about the properties of mechanoreceptors in
the skin, however these systems are often more complicated than the fruit fly,
and less easily amenable to study. Pacinian corpuscles are rapidly adapting
mechanoreceptors in the skin that sense very small deflections such as gentle
touch. These cells return to their normal firing rate after deflection in less than
100ms. In humans, this mechanoreceptor is located deep inside the skin, and so
the density of these receptors is not as high as the free nerve endings; it is not
necessary to have such a dense innervation of these receptors because the
mechanical indentation is distributed. Meissner’s corpuscles and hair follicle
receptors have mild or medium adaptation properties. In contrast to the Pacinian
corpuscles, they are compatible with sensing static force, and can be firing for up
to a second. Ruffini endings, Merkel’s cells, and Tactile disks are examples of
mechanoreceptors with slow adaptation properties. This type of receptor is

located near the surface of the skin and senses static deformation of the skin.
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These are one of the receptors that are responsible for tactile sensation during
grip and manipulation.

In the Drosophila da neuron system, it is not well understood which plane
the neurons are in. The class Ill and class IV neurons exhibit tiling behavior, and
thus it is thought that they occupy the same plane in the epidermis. It is not
known however what the association of the dendrites of the Class Il neurons, or
for that matter, the spines, are with the epidermis.

Using a piezoelectric stimulator and extracellular recording pipette we
were able to record action potential firing in the Class Ill neuron, and observe
rapid adaptation of this neuron in response to mechanical stimuli. We were also
able to show that the Class Ill neurons are important for gentle touch behavior.
This was the first example of a da neuron sensing mechanical force with a neural
response in action potentials. These experiments played a crucial role in our
paper Yan et al 2013, whose first authors Zhigiang Yan and Wei Zhang
discovered the heterologous mechanosensitivity of the NOMPC protein, and
discovered both based on a new Gal4 line (Petersen and Stowers 2011) and
convincing antibody staining (Yan et al., 2013) that NOMPC is expressed in
Class Ill neurons.

It is still not clear how calcium is transduced in the Class Ill neurons during
mechanotransduction. Specifically, it is not known if the spines are responsible
for the transduction. It is not clear where the initiation of the mechanical stimulus

on the class Il neuron occurs. One possibility is that the mechanical response is
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initiated in the actin-rich filopodia, and another possibility is that it is initiated in
the dendrite, another possibility is that it is initiated in both the spines and the
dendrite. Future experiments using dendritic patch can test this.

It is still not clear if NompC is the only mechanosensor present in Class
da neurons. Future work will need to use patch clamp electrophysiology to
determine if other mechanosensory ion channels are present in this neuron.
Piezo is one possibility, as piezo —Gal4 labels the Class Ill neruons (Kim et al.,
2012). RNASeq approaches may also allow the identification of genes
specifically expressed in the Class Ill neurons.

The mechanism for rapid adaptation of Class Il da neurons is not yet
understood. One possibility is that the adaptation of the neuron has to do with
the adaptation of the mechanosensitive ion channel itself (i.,.e. NOMPC). Another
possibility is that the rapid adaptation is a combination of the properties of
NOMPC as well as intrinsic properties conferred by other ion channels. Finally,
one cannot exclude the influence of the mechanical shape or nanostructure of
the neuron itself contributing to the adaptation of the neuron. Fortunately many

of these possibilities can be tested within our system.
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Materials and Methods: Materials and methods are described in our paper

(Yan et al., 2013). Briefly, a piezoelectric flexure stage was used to deform the
larval epidermis (muscles removed) while performing extracellular recordings of
Class Il neurons using a glass pipette (resistance approximately 500kOhm).

Behavioral experiments were performed as previously described (Kernan et al.,

1994).
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Introduction

The somatosensory system serves to integrate multiple modalities, including
temperature sensation, mechanical cues, body posture (proprioception), and pain
(nociception) (Lumpkin and Caterina, 2007). Stimuli can be either unimodal,
responding to only one type of stimulus, or polymodal, responding to multiple
stimuli. Nociceptors in the skin are an important class of somatosensory
neurons, either unimodally or polymodally dedicated to painful sensation of high
threshold mechanical stimuli, noxious temperatures, chemical insult or tissue
damage. Mammalian nociceptors typically have multiple bare sensory dendrites
with a highly elaborate dendritic pattern, with sensory receptors for each modality
thought to reside in dendrites. Nociceptors of similar morphology and function
are present in Drosophila, providing evidence for evolutionary conservation of
this type of sensory neurons (Tracey et al., 2003).

Proprioceptors are another important class of sensory neurons, involved in
sensing body position during movement. Although poorly understood, peripheral
proprioceptive mechanosensory input provides ongoing information on body
position, necessary for tuning central mechanisms driving locomotion (Proske
and Gandevia, 2012). Sensory ion channels, primary candidates mediating this
process (Corey, 2006), reside in dendrites of multidendritic and ciliated sensory
neurons (Desai et al., 2014).

Although some sensory neurons function only as proprioceptors, there is

growing evidence that polymodal nociceptive neurons can also convey
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information about body position. Patients with congenital insensitivity to pain,
arising from deficits in Ad and C fiber function but not from myelinated
proprioceptive fibers, also have impaired proprioception (Axelrod and Hilz, 20083;
lijima and Haga, 2009; Rosemberg et al., 1994). “Sleeping” nociceptors in
humans do not respond to painful stimuli unless sensitized by chronic injury
(Qrstavik et al., 2003), and these could contribute proprioceptive or kinesthetic
information in non-sensitized conditions. In C. elegans, PVD and FLP neurons
are high-threshold mechanosensors mediating mechanical nociceptive
behaviors, but also acting to coordinate body posture, locomotion, and
temperature sensing (Way and Chalfie, 1989; Chatzigeorgiou et al., 2010;
Arnadottir et al., 2011; Liu et al., 2012). An open question is how a single neuron
can distinguish between mechanosensory modalities, for example those involved
in proprioception and nociception.

The dendritic arborization (da) neurons in Drosophila larvae constitute a
useful genetic system for the study of mechanisms underlying dendrite
development and function via ion channels. Da neurons are a set of four classes
of well-defined segmentally repeated sensory neurons. Each class has dendritic
arbors with a unique stereotypic pattern of arborization, presumably reflecting its
functional requirement (Bodmer and Jan, 1987; Grueber et al., 2003). Of these,
Class Il and Class IV da neurons have dendrites that tile the epidermis.

Class Ill da neurons have actin-rich spine-like filopodia and are sensitive

to gentle touch. These neurons express the TRPN channel NompC, localized to
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dendrites and involved in mechanosensation of gentle touch (Tsubouchi et al.,
2012; Yan et al., 2013; Kernan et al., 1994). Class | da and bd neurons also
express NompC and are important for coordinating the appropriate timing of
peristaltic locomotion; loss of NompC function in these neurons results in
profound slowing and paralysis (Cheng et al., 2010).

Class IV da neurons express the Degenerin/Epithelial Sodium Channel
(DEG/ENaC), Pickpocket (Ppk1), and play an essential role in coordinating
turning behavior (Adams et al., 1998; Ainsley et al., 2003). The DEG/ENaC or
Ppk channel superfamily are voltage insensitive and are assembled as either
homomeric or heteromeric trimers. Interestingly, Ppk1 also plays an essential
role in mechanical nociception behavior (Zhong et al., 2010), suggesting that
these neurons can process multiple stimulus modalities. Class IV da neurons
resemble mammalian nociceptors morphologically (Caterina and Julius, 1999;
Tracey et al., 2003) and in their polymodal sensitivity to a variety of sensory
stimuli (Ohyama et al., 2013). In addition to sensing mechanical nociception and
coordinating locomotion, Class IV da neurons are also sensitive to temperature
(Hwang et al., 2012), light (Xiang et al., 2010), and chemical stimuli (Kang et al.,
2010; Xiang et al., 2010). Recent studies show that the newly discovered
mechanosensory ion channel, Piezo (Coste et al., 2010), functions in mechanical
nociception in Class IV da neurons (Kim et al., 2012) in a pathway that is parallel
to Ppk1 with respect to mechanical nociception. How Ppk1 functions in parallel to

Piezo during this process, is still unclear.
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DEG/ENaC-type channels are often co-expressed in various parts of the
nervous system. Of these, Acid-Sensing lon Channels (ASICs) are gated by
protons and are targets of potent analgesics (Diochot et al., 2012). Although
gated by protons, this stimulus activates only a small fraction of the maximal
ASIC conductance, and mounting evidence suggests the existence of more
potent stimuli in vivo, acting independently or coincidently to protons (Bagriantsev
and Minor, 2010; Bohlen et al., 2011; Yu et al., 2010). During tissue injury and
acidosis, ASIC channels function in behavior and physiology directly related to
pH change (Ziemann et al., 2009). However, other stimuli may regulate the
channels at physiologic pH (Wemmie et al., 2013). In heterologous systems,
differential ASIC subunit composition can result in distinct response properties,
but heteromutimerization might also affect surface trafficking of these channels in
vivo (Sherwood et al., 2011). In C. elegans, many MEC channels involved in
mechanotransduction are co-expressed, such as the DEG/ENaC pore-forming
subunits mec-4 and mec-10. These subunits, along with deg-1 act as
mechanosensory ion channels for touch sensation in vivo (Geffeney et al., 2011;
O'Hagan et al., 2004). However, loss of mec-10 does not result in complete loss
of touch sensitivity, but rather in an atypical mechanoreceptor current (Arnadottir
etal., 2011).

In Drosophila, our knowledge about DEG/ENaC hetero-oligomerization is
limited to co-expression of Ppk23 and Ppk29 in contact-chemoreceptors (Thistle

et al., 2012), Ppk11 and Ppk16 in motor neurons (Younger et al., 2013), and
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Ppk11 and Ppk19 in taste bristles (Liu et al., 2003). Ppk23 and Ppk29 play non-
redundant and essential roles in contact chemoreceptors, with each mutant
showing loss of calcium response to cuticular hydrocarbons and defective
courtship. Ppk11 and Ppk16 are co-expressed in motor neurons as a single
transcript in an operon-like fashion, and mutations in each or both subunits result
in the same defect in homeostatic plasticity (Younger et al., 2013). Disrupting
Ppk11 and Ppk19 also affects the ability to taste salt (Liu et al., 2003).
Functional dependency on heteromeric channels could explain the non-
redundancies observed in these cases, a possibility that remains to be tested.
Here we report that the previously uncharacterized DEG/ENaC channel
Ppk26/CG8546 is specifically expressed in Class IV da neurons, which have
been implicated in both mechanical nociception and proprioception. We find that
Ppk26 and Ppk1 proteins co-localize in dendrites of Class IV da neurons and that
they interact biochemically. Analysis of specific Ppk1 and Ppk26 null mutants
reveals a reciprocal dependence for plasma membrane localization in dendrites.
Behavioral analysis of mutants and knockdowns suggest that Ppk26 and Ppk1
are likely to function together during locomotor behavior, presumably through the
transduction or processing of a proprioceptive cue. We also report that both
Ppk1 and Ppk26 play a role in mechanical but not thermal nociception behavior.
Surprisingly, we found that Piezo null mutants have normal locomotion,
suggesting that while Piezo might function in parallel with Ppk1 in mechanical

nociception, they participate in a separate pathway during locomotion. The
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identification of Ppk26 as a DEG/ENaC subunit that is co-expressed with Ppk1
possibly in the same channel complex, as well as the reciprocal requirement for
their dendritic plasma membrane localization, provides insights into the function

of DEG/ENaC channels during mechanosensitive behaviors.
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Results:

Ppk26 is a member of the DEG/ENaC family

Sensory modality is thought to be in large part determined by the complement of
sensory ion channels expressed in a neuron. In a screen for ion channels
specifically expressed in larval Class IV da neurons, we identified Ppk26 as a
strong candidate. By fusing a 0.8 kB enhancer sequence upstream of the ppk26
transcriptional start sequence to a minimal promoter and the Gal4 element, we
generated the ppk26-Gal4 driver, which was found to express Gal4 exclusively in
Class IV da neurons (Figure 3.1A,B). A similar enhancer of 2.2kB upstream of
Ppk26 was independently observed to drive Class IV da neuron-specific
expression (Zelle et al., 2013). The ppk26 gene is predicted to encode a
member of the DEG/ENaC family of ion channels, which are thought to be
trimeric based on crystallographic evidence (Jasti et al., 2007). Each subunit
contains two transmembrane helices flanking a large extracellular domain (Figure
3.1C). The closest relatives of Ppk26 in Drosophila are Ripped pocket (Rpk) and
Pickpocket (Ppk1), as well as Ppk5, Ppk12, Ppk28, and Ppk29 — all members of
the DEG/ENaC family (Figure 3.1D).

A homology model of monomeric Ppk26, based on ASIC1 structure,
demonstrates conservation of many structural features, including intracellular N
and C termini, of 96 and 20 amino acids respectively, two helical transmembrane
domains, and a large extracellular loop structure comprising an arm and hand

holding a ball (Jasti et al., 2007) (Figure 3.1C). Key conserved components of
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this extracellular loop are the wrist, palm, thumb, finger, knuckle and beta ball
domains (Jasti et al., 2007) (Figure 3.1C). Conservation extends to the pore
region of the predicted Ppk26 channel, where TM2 lines the pore and TM1
contacts the lipid bilayer (Gonzales et al., 2009, Baconguis et al., 2012) (Figure
3.81). This conservation includes an alanine residue proximal to the pore that is
thought to constitute the Degenerin site, namely, a residue which when mutated
from alanine to valine leads to tissue degeneration as well as increased channel
open time and open probability in C. elegans (Brown et al., 2007). Thus, our
screen identified Ppk26 as a DEG/ENaC ion channel expressed in Class IV da

neurons, which may form part of a functional channel with Ppk1.

Ppk26 protein is specifically expressed in Class IV da neurons

To confirm that ppk26-Gal4 reflects the endogenous expression pattern, we
generated anti-peptide antibodies to a Ppk26 epitope (amino acids 532-539)
located on the exposed and structurally rigid knuckle region (Figure 3.1C) (Jasti
et al., 2007, Gonzalez et al., 2009, Baconguis et al., 2012). In third-instar body
walls, we found that anti-Ppk26 immunoreactivity is specifically localized to Class
IV da neurons in the PNS (Figure 3.1E). anti-Ppk26 signal was found in the cell
body as well as in the entire complement of dendritic processes, including higher
and lower order branches, and the axon initial segment (Figure 3.1F1, F2). We
also raised an antibody against a peptide (amino acids 506-523) inside the

knuckle region of Ppk1. Similar to anti-Ppk26, anti-Ppk1 signal was found
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exclusively in Class IV da neurons - within the cell body, the entire complement
of dendritic processes, and the axon initial segment (Figure 3.1G1-2). The
specificity of both antibodies was validated by immunocytochemistry of Ppk1-
EGFP and Ppk26-mCherry expressed in heterologous systems (Figure 3.51), as
well as null mutants (Figure 3.3A1-A4).

ENaC channel surface trafficking is important for proper physiological
function and mutants affecting trafficking result in aberrant sodium transport, as is
the case in the renal tubules of Liddle’s syndrome patients (Snyder et al., 1995).
However, very little is known about Ppk channel family localization in neurons,
besides channel function in sensory bristles (Thistle et al., 2012) and motor
neuron presynaptic terminals (Younger et al., 2013). To determine the likely site
of Ppk26 function in Class IV da neurons, we ascertained the cell surface
localization of the channel under permeabilizing versus non-permeabilizing
conditions (Figure 3.1F). Under permeabilizing conditions, Ppk26 was detected
throughout the neuron including the dendritic arbor (Figure 3.1 F1, F2). However,
under non-permeabilizing conditions, Ppk26 immunoreactivity was absent from
the surface of the cell body and segments of primary dendrites proximal to the
cell body (Figure 3.1 F3, F4). Instead, Ppk26 immunoreactivity was observed
inside more distal regions of primary dendrites as well as in lower order
dendrites. Similarly, we found that under permeabilizing conditions, Ppk1 was
detectable throughout the neuron including the dendritic arbor (Figure 3.1 G1,

G2). However, under non-permeabilizing conditions, Ppk1 immunoreactivity was
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absent from the surface of the cell body and segments of primary dendrites
proximal to the cell body. Instead, Ppk1 immunoreactivity was observed inside
more distal regions of primary dendrites and well as in lower order dendrites
(Figure 3.1 G3, G4). Thus, both Ppk26 and Ppk1 are specifically expressed in
Class IV da neurons and are inserted in the plasma membrane of dendrites at a
distance from the cell body. However, the possibility that glial membrane
wrapping of the soma (Han et al., 2011) may prevent antibody penetration to the

soma cannot be ruled out.

Ppk26 and Ppk1 likely co-exist in the same protein complex

To test whether Ppk1 and Ppk26 could function together, we first examined if
they had overlapping localization in Class IV da neurons. Double labeling
ppk1>Ppk1-EGFP expressing animals with antibodies against GFP and Ppk26
revealed that both proteins are colocalized in these neurons (Figure 3.1E). We
also performed immunoprecipitation experiments to determine if Ppk1 and Ppk26
are found in the same protein complex. We co-transfected HEK293 cells with
either Ppk26-mCherry and Ppk1-EGFP or Ppk26-mCherry and EGFP as control,
and used anti-EGFP antibodies to immunoprecipitate proteins in complex with
Ppk1-EGFP. We found that Ppk26 co-immunoprecipitated with Ppk1-EGFP
when Ppk26-mCherry and Ppk1-EGFP were cotransfected (Figure 3.1H, lane 2),
suggesting that these channel subunits can form a complex in heterologous cells.

This co-immunoprecipitation was specific, since Ppk26 was not detectable in
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control immunoprecipitation from cells expressing Ppk26-mCherry and EGFP
(Figure 3.1H, lane 1). The finding that Ppk26 can form a complex with Ppk1 and
that both proteins colocalize in the same dendritic regions of Class IV da neurons
supports the notion that these channel subunits may assemble in vivo to form a
functional heteromultimeric channel.

Interestingly, examination of RNA seq data through development (Daines
et al., 2011) revealed that ppk26 and ppk1 transcripts have similar
developmental expression dynamics (Figure 3.S1C, bottom) with the absolute

ppk26 RNA levels about twice that of ppk7 RNA expression (Figure 3.S1C, top).

Generation of ppk26 and ppk1 mutants

Thus far studies of Ppk1 in Drosophila have relied on analyses of a combination
of RNAIi and large deficiencies removing genes in addition to ppk1 (Ainsley et al.,
2003; Zhong et al., 2010; Boiko et al., 2012). To determine the function of Ppk26
and its relation to Ppk1, we generated specific ppk26 (Figure 3.2B) and ppk1
(Figure 3.2A) null mutants by “super-sized” Minos element excision, using the
Minos-element strains MB01724 and MB10310 respectively to generate specific
deficiencies uncovering each gene (Witsell et al., 2009). We excised each of
these Minos elements, which were located at the 3’ end of the ppk26 or ppk1
gene (Figure 3.2). Since imprecise excisions of Minos elements rarely generate
large deletions, we combined respective Minos element strains for ppk1 and

ppk26, in a mutant background for mus309, the Drosophila homolog of Bloom
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Syndrome Helicase, to generate “super-sized” deletions. This mus309 mutation
interferes with double stranded break repair, resulting in large and frequent
deletions upon Minos element excision (Witsell et al., 2009). Using this strategy,
we were able to generate large but specific excisions of each gene. Imprecise
excision of MB01724 resulted in Df(3R)ppk26™"" and Df(3R)ppk26™°, referred
to as ppk26D 11 and ppk26D29. The ppk26D 11 deletion removes the entire gene
but retains a piece of the Minos element (Figure 3.2B), while ppk26D29 removes
all except for a piece of the first coding exon. To test for specificity, CG42458
and CG42660 located 1.4kB upstream and 6.9kB downstream respectively were
assayed for genomic integrity (Figure 3.S2A). Imprecise excision of MB10310
resulted in Df(2L)ppk1™ and Df(2L)ppk1™'®, referred to as Ppk1D5 and
Ppk1D16. The Ppk1D5 deletion removes the gene through exon 7 UTR, and
retains a piece of the Minos element (Figure 3.2A), and ppk1D16 removes the
entire gene, also leaving behind a piece of the Minos element. To test for
specificity, elbowB and spel1 genes, located 9.4kB upstream and 11.3kB
downstream of ppk1 respectively were assayed for integrity in each case. Both
genes were found to be intact (Figure 3.S2B). As genetic background controls,
we also isolated precise excisions of MB01724 and MB10310, resulting in the
revertants Mi{ET1}MB10724"2" for Ppk26 and MKET1}MB10310"" for Ppk1. To
our knowledge these are the first specific null alleles of ppk26 and ppk1, which
will be useful for future functional studies of these co-expressed DEG/ENaC

channel subunits, as well as analysis of genetic interactions.
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Ppk1 and Ppk26 exhibit mutual dependence for dendritic plasma
membrane localization.
lon channels and receptors composed of multiple subunits are often assembled
in the endoplasmic reticulum (ER), and traffic as multimers to their site of function
(Heusser et al., 2005, Muth et al., 2003). Thus, lack of one of the subunits may
prevent the others from reaching their destination. For example, the vanilloid
receptor (TRPV) channel subunits, Nanchung and Inactive, which are critical for
hearing in the adult fly (Gong, 2004) and larval sound response (Wu et al., 2011;
Zhang et al., 2013) have interdependent trafficking in chordotonal organs.
Mutants in either nanchung or inactive result in the apparent absence of the other
subunit in cilia, possibly accounting for the hearing defect in either mutant (Gong
et al., 2004), and indicating that expression is either co-regulated or that the
proteins become degraded in single mutants. In C. elegans, OSM-9 and OCR-2
channels also have mutually dependent transport and function in the ciliated ASH
neuron (Tobin et al., 2002), although surface expression has not been assayed.
If Ppk1 and Ppk26 form part of the same ion channel, then their trafficking
to the cell surface might be linked. To test this hypothesis, we examined the
surface expression of Ppk26 on the dendritic plasma membrane under non-
permeabilizing conditions, in both wild type larvae and in ppk1D16 mutants.
Strikingly, in the absence of Ppk1, Ppk26 failed to be inserted at the plasma

membrane of dendrites (Figure 3.3B1, B2). Similarly, we found that the removal
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of Ppk26 prevented Ppk1 from localizing to the plasma membrane of dendrites
(Figure 3.3B3, B4). Thus, Ppk1 and Ppk26 are mutually required for localization
to the surface of dendrites — presumably their site of function. Interestingly,
although surface localization was mutually dependent, under permeablizing
conditions both Ppk1 and Ppk26 immunoreactivities were still found in the
dendrites of Ppk26 and Ppk1 mutants, (Figure 3.3C, D) suggesting that it is
plasma membrane integration which is affected. Although Ppk1 and Ppk26 are
exclusively expressed in Class IV da neurons, we also confirmed that other da
neuron classes were present in ppk26 and ppk1 mutants by labeling preparations

with Futsch/22C10 antibody, which marks a neuronal epitope (Figure 3.3C, D).

Ppk26 degenerin mutation leads to loss of class IV da neuron dendrites
Mutations leading to increased activity of the human ENaC channel result in rare
dominant hereditary diseases that impact kidney, colon and lung tissues
(Kellenberger and Schild, 2002). In MEC channels it has been suggested that
Degenerin mutations (substitution at the Degenerin residue; alanine for threonine,
valine, or aspartate) increases calcium permeability (Bianchi et al., 2004), as well
as channel open time and open probability (Brown et al., 2007), thereby
increasing cytoplasmic calcium levels and leading to excitotoxicity. However, a
degenerin phenotype has not been reported for Ppk channels, including animals
over-expressing Ppk1-Deg (Wegman et al., 2010). Since Ppk26 contains a

conserved Degenerin residue (Figure 3.1C), we sought to ascertain the effects of
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this mutation in Class IV da neurons. In particular, we tested a Ppk26-Deg-
mCherry transgene containing the Degenerin mutation (A547V) in the peri-TM2
region of the protein for expression in Class IV neurons. Over-expressing a wild
type Ppk26-mCherry transgene alone in Class IV da neurons did not result in any
obvious abnormal phenotypes in these neurons (Figure 3.4A). In contrast,
expressing a Ppk26-Deg-mCherry mutant transgene resulted in loss of dendritic
coverage by many of the Class IV da neurons along the body wall (Figure 3.4B),
due to a drastic reduction in both primary and secondary dendrites (Figure 3.4C).
This diverged from the observation that, as previously reported (Wegman et al.,
2010), expressing the Ppk1-Deg mutant did not elicit a strong dendritic arbor

phenotype (Figure 3.S4).

Ppk26 regulates locomotor behavior

Class IV da neurons are implicated in locomotor behavior, presumably by acting
as proprioceptors that modulate motor output in a Ppk1-dependent manner
(Ainsley at el., 2003). To test whether Ppk1 and Ppk26 regulate locomotor
behavior via their activity in Class IV da neurons in a cell-autonomous manner,
we examined locomotor behavior in larvae expressing either Ppk26-RNAi or
Ppk1-RNAi in Class IV da neurons using the ppk1-Gal4 driver (Grueber et al.,
2007). Crawling behavior in Drosophila larvae consists of sequential contractions
of circumferential and longitudinal muscles in each segment, which propagate

from posterior to anterior segments (Fox et al., 2006; Hughes and Thomas, 2007;
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Song et al., 2007; Ainsley et al., 2003; Vogelstein et al., 2013). Knockdown of
either Ppk1 or Ppk26 resulted in a decrease in turning frequency (Figure 5A),
such that locomotion was predominately composed of directional crawling.
Similar abnormal behavior was observed in ppk1 and ppk26 null mutants (Figure
3.5B, E), but not in their respective revertants. This defect was rescued by
expressing a wild type Ppk1-EGFP or Ppk26-mCherry transgene in Class IV
neurons of the mutants (Figure 3.5C, E), thus confirming the critical role of these
channel subunits in controlling locomotion. To look for any additive effect, we
examined the phenotype of ppk1; ppk26 double mutants, and found that turning
was reduced to a similar extent as the single null mutant of either ppk1 or ppk26
(Figure 3.5D), supporting the notion that the two genes function together in the
same pathway. Silencing the Class IV neurons by over-expressing Kir2.1
showed a reduction in turning, consistent with Class IV sensory neurons
themselves contributing to this locomotion behavior (Figure 3.5G). Interestingly,
ppk1 and ppk26 transheterozygotes did not differ from wild type controls (Figure
5H).

Since Piezo is a mechanosensitive channel required in Class IV da
neurons for harsh mechanical touch sensation (Kim et al., 2012), we also
examined turning behavior in these mutants. In contrast to ppk1 and ppk26
mutants, there was no significant difference in piezo mutant turning behavior
(Figure 3.5F). Because painless and dTrpA1 have also been implicated in Class

IV da neuron function, we also tested mutations in these genes for turning
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behavior. Because a bonafide null allele for Painless was not available, we
generated pain®® and pain” alleles missing the coding region and the entire gene
region respectively (Figure 3.S3), to be used in conjunction with existing alleles.
While dTrpA1 mutants showed no significant defect in locomotion, pain’, pain®
and pain” alleles showed significant defects in turning behavior (Figure 3.5F).
While pain’ showed defects in both thermal and mechanical nociception, pain®

and pain® mutants showed less severe phenotypes (Figure 3.S6).

Ppk26 serves mechanical but not thermal nociception behavior

Class IV neurons have been implicated in both proprioceptive as well as
multimodal nociceptive behaviors. Since Class IV neurons are important for
thermal nociception behavior (Chattopadhyay et al., 2012; Hwang et al., 2012),
we examined thermal response in mutant animals. While animals expressing
Kir2.1 in Class IV neurons had a significant rightward shift in temperature
response to a 46°C heated probe as compared to wild type (Figure 3.6 D-G),
ppk1 and ppk26 mutants showed no significant difference from wild type (Figure
3.6 A-C). Since Ppk1 as well as Piezo have been implicated in Class IV da
neurons for harsh touch sensation (Kim et al., 2012), we also tested harsh touch
behavior in ppk1, ppk26 and piezo mutants. We found significant defects in harsh
touch behavior in all of the above mutants, consistent with previous work, as well

as our finding that Ppk26 is the likely partner of Ppk1.
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Discussion

We have identified Ppk26, an DEG/ENaC channel subunit that is co-
expressed with Ppk1in Class IV da neurons. Consistent with the model that
Ppk26 and Ppk1 may be subunits of the same channel, we found that Ppk1 and
Ppk26 co-localize in Class IV da neurons, that they form a complex in
heterologous expression systems, and that they show non-additive and non-
redundant mutant phenotypes in vivo. Ppk26 protein was found in somatic,
dendritic and axonal compartments, and plasma membrane insertion was
observed in terminal dendrites. Ppk1 and Ppk26 were reciprocally required for
normal trafficking and/or insertion to the plasma membrane, further supporting
the notion that these two channel subunits interact in vivo. We show that, as is
the case for Mec Degenerin channels, mutations at the Degenerin position of
Ppk26 lead to loss of Class IV da neuron integrity. We also found that Ppk26
function plays essential roles in normal larval locomotion, particularly in turning

behavior.

Proposed role of Ppk1 and Ppk26 in mechanosensation by class IV da neuron

dendrites

Overexpression of EGFP-tagged MEC channels in C. elegans has been
reported to result in a punctate localization, leading to suggestions that each of
these puncta represents a mechanosensory apparatus (O'Hagan et al., 2004). In

light of the speculation that contact of dendrites with subcuticular epidermis is
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part of the apparatus that senses mechanical stimuli (Chalfie 2009; Chen and
Chalfie, 2014; Han et al., 2012), it is intriguing that we find both Ppk1 and Ppk26
on the surface of distal and higher order dendrites (Figure 3.1), consistent with
channel function in this compartment. Mutants in Ppk1 and Ppk26 showed
defects in the frequency of turning of freely crawling larvae (Figure 3.5).
Moreover, loss of function of either or both Ppk26 and Ppk1 had the same effect
on larval locomotion. These findings support the notion that Ppk26 and Ppk1 may
act in the same pathway — perhaps in the same channel complex — in

mechanosensation that is important for proper locomotion.

Is Ppk26 associated with Ppk1 in a multimeric channel?

Class IV da neurons are known to express the DEG/ENaC channel
subunit Ppk1 (Adams et al., 1998), an observation that was confirmed in our
study. Given that DEG/ENaC channels are trimeric ion channels that typically
require the assembly of different subunits for proper function, the specific co-
expression of Ppk26 in Class IV da neurons raises the possibility that Ppk1 and
Ppk26 may correspond to different subunits of the same mechanosensory
channel in vivo. This is supported by our findings of biochemical interactions
between Ppk1 and Ppk26 (Figure 3.1), their null mutant phenotypes that indicate
non-redundancy (Figure 3.5), and by the reciprocal requirements of Ppk1 and
Ppk26 for normal trafficking or insertion to the plasma membrane (Figure 3.3).

The mechanism for this mutual dependence is currently unknown.
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Notably, inspection of the developmental expression profile of ppk1 RNA
and ppk26 RNA revealed a similar time course, with the absolute levels of RNA
for ppk26 twice as high as those of RNA for ppk1 throughout development
(Figure 3.S1). Although we cannot be certain that this quantitative difference in
RNA levels reflects a similar quantitative difference in the levels of Ppk1 and
Ppk26 subunits, it is tempting to speculate that two Ppk26 subunits and one Ppk1

subunit may be assembled to form a surface-expressed trimeric channel.

Tendency of the Degenerin mutation to be involved in neuronal degeneration

Studies in many systems have suggested that mutations in the Degenerin
domain of DEG/ENaC lead to loss of cell integrity and perhaps degeneration,
however this behavior has not yet been observed in Drosophila Pickpocket family
members. The Degenerin position is localized in the wrist region, close to the
mouth of the pore. Thus, it has been suggested that Degenerin mutations change
the properties of the channel, increasing open time probability and perhaps
shifting its ion selectivity from Na* to Ca®* (Bianchi et al., 2004; Brown et al,
2007). Given the tight regulation of Ca®* within cells and its involvement in critical
cellular processes, this increase in Ca®* permeability may lead to loss of cellular
homeostasis, in a process that has been dubbed excitotoxicity. Consistent with
these findings, we also observed that when a Degenerin mutation was introduced
into Ppk26 that was overexpressed in Class |V da neurons, it resulted in a

marked reduction in dendritic arbor size (Figure 3.5). This suggests that the
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Ppk26-Deg mutation leads to toxicity in the sensory neurons, as has been
observed in DEG/ENaC channels in C. elegans, but not in Ppk1 (Wegman et al.,
2010). Whereas it is likely that the function of the pore structure of these
channels is evolutionarily conserved, it is unclear why Ppk26-Deg has a more
potent effect than Ppk1-Deg. One possibility is that the Ppk26-Deg residue
makes a larger contribution to pore structure than Ppk1-Deg, due to its intrinsic

structure or due to a potential 2:1 stoichiometry in vivo.

Role of Ppk26 and Ppk1 in larval locomotion

Larval locomotion is likely regulated by sensory input provided by sensory
neurons in the body wall, which may in turn modulate the motoneurons
innervating the body wall. The C. elegans mechanosensitive TRPN channel TRP-
4 acts in the DVA neuron to coordinate bending behavior and body posture
through positive and negative modulation (Li et al., 2006). It seems likely that
Class IV da neurons likewise provide some information for sensory modulation of
locomotion through a mechanosensory mechanism, but future work will need to

determine if this is indeed the case.

Role of Class IV da neurons in proprioception

Proprioception is a mechanosensory process involving sensory neurons
that transduce the mechanical information related to body position or

characteristics of the environment for the generation of appropriate behavioral
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output, such as the turning locomotor behavior that is essential for foraging
larvae (Chalfie et al., 2009; Proske and Gandevia, 2012). Here we have
identified a member of the DEG/ENaC family of proteins, Ppk26, which acts
together with Ppk1 likely as subunits of a channel important for
mechanosensation. Our results suggest that perhaps a major site of
mechanosensory transduction is located in Class IV da neuron dendritic
processes. The behavioral phenotypes of larvae with Ppk1 and Ppk26
knockdown in Class IV da neurons as well as the respective null mutants or
double mutants suggest that a deficit in these channels interferes with the ability
of the animal to execute proper turning behavior, raising the possibility that the
two subunits could be involved in proprioceptively sensing the deformation of the
cuticle. Whether Class IV neurons function as proprioceptors still needs to be
directly demonstrated, and future experiments will be needed to address the

relationship between Class |V neural activity and body position.

Role of Class IV da neurons in nociception

Numerous studies have implicated the Class IV da neurons in both
thermal and mechanical nociception behavior (Zhong et al., 2010, Zhong et al.,
2012, Kim et al., 2012). We found that while Ppk1 and Ppk26 are important for
mechanical nociception behavior, they are dispensable for thermal nociception
behavior. While Ppk1 and Ppk26 channels indeed moonlight during two

processes in the same neuron, namely mechanical nociception and
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proprioception, these channels must be playing a specific role as they are not

involved in thermal response by the same neuron (Figure 3.4, Figure 3.6).

Different ion channels may serve different mechanosensory modalities in the

same neuron

Whereas the Class | da neurons and bd neurons implicated in
proprioception for the regulation of sequential contractions use the TRPN channel
NompC as the sensor (Cheng et al., 2010), Class IV da neurons rely on the
DEG/ENaC channel likely composed of Ppk26 and Ppk1 for the regulation of
turning behavior as well as mechanical nociception, perhaps through sensing a
mechanical signal at the cuticle. Interestingly, we found that Piezo, a bonafide
mechanotransducing ion channel involved in Class IV da neuron
mechanotransduction and required for mechanical nociception, does not appear
to be involved in turning behavior, suggesting that different combinations of ion

channels may serve different mechanosensory functions in the same neuron.
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Materials and Methods:

Molecular Biology and Cloning: Standard cloning techniques were used to

generate the C-terminal tagged Ppk26-mCherry and Ppk1-EGFP. Ppk1>Ppk26-
mCherry and Ppk1>Ppk1-EGFP lines used for rescue experiments were cloned
into an APPHIH vector containing the Ppk enhancer. UAS expression constructs
were generated by cloning the tagged genes into pTW and pUAST. UAS-Ppk26
Degenerin-mCherry was generated by site directed mutagenesis [A547V] of

Ppk26-mCherry/pmCherry-N1.

Locomotion Behavior Assay:

Wandering 3 instar larvae were placed on a fresh agarose plate, equilibrated for
2-3 minutes, then transferred to an additional agarose plate for imaging. The
plate was illuminated tangentially using 850nm infrared LED strips 120 degree
beam angle, #3258 (EnvironmentalLights.com). The LED light was passed
through a diffuser to form an arena with high contrast. The larvae were tracked

using OpenCV software.

Mechanical and Thermal Nociception Assays:
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Mechanical Nociception Assay was performed as in Zhong et al., 2010. Each
trial corresponds to the percentage of responding larvae. Thermal Nociception

Assay was performed as in Hwang et al., 2012.

Immunocytochemistry and Immunofluorescence Imaging:

Larvae were dissected in PBS and fixed in 4% Paraformaldehyde. For
permeablizing conditions, larvae were washed with 0.1% Triton-X 100 in PBS
and for non-permeablized conditions, Triton-X 100 was omitted. Rabbit anti-

Ppk26 was used at 1:10,000 and Rabbit anti-Ppk1 at 1:3000.

Antibody Generation:

Rabbit anti-peptide antibodies were generated against synthetic peptides
representing the knuckle region of PPK1 (AA 506-523) and PPK26 (AA 532-539)

(YenZym, South San Francisco).

Fly Genetics and Mutant Generation:

The following fly stocks were used: Mi{ET1}MB10724, M{ET1}MB10310,

P{hsILMiT}2.4, mus309[N1], and mus309[D2] (Bloomington Stock Center); UAS-
Ppk26-mCherry and Ppk1-EGFP (generated via germline transformation); ppk1-
RNAI (Xu et al., 2004); ppk26-RNAi (GD5110; VDRC); was obtained from VDRC;
pain”® and pain (generated as in Gao et al., 2008); dTrpA1™ (Dr. Paul Garrity);

piezo®® (Dr. Ardem Patapoutian). A 1kB ppk1-Gal4 was used to label Class IV
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neurons (Grueber et al., 2007). M{ET1} excisions were performed in a mus309

mutant background as in Witsell et al,. 2009.

Immunoprecipitation and Westerns

Immunoprecipitations were performed from transfected HEK293 cell
homogenates using protein A-conjugated Sepharose beads (Invitrogen). Proteins
separated by SDS/PAGE were transferred to nitrocellulose membranes and after

immnolabeling examined by chemiluminescence.
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Chapter 4: Concluding Remarks and Future Directions

Animals contain mechanisms for interacting with their environment that are
exquisitely sensitive to particular modalities. Of all our senses,
mechanosensation is the least well understood. The mammalian somatosensory
system contains several sensory organs specialized for mechanotransduction,
however it is difficult to study for a number of reasons, including the diminutive
size and overlapping distribution of sensory nerve endings, low abundance of
receptor molecules, long distance between sensory specialization and cell body,
and relative difficulty to do genome-wide genetic screens. The da neuron system
in Drosophila offers a powerful system in which to study the molecular
mechanisms of somatosensation in a genetic system amenable to both imaging
and electrophysiology. In this work, we showed that the Class Ill neurons are
rapidly adapting mechanotransducers involved in gentle touch response. In
addition, we showed that the DEG/ENaC channel Ppk26 can interact with Ppk1
in Class IV neurons, where it plays a role in both mechanical nociception and
locomotion behavior.

Although it is clear that NompC is a mechanosensitive ion channel
expressed in Class Il neurons, and mediating mechanical response of the
neuron, it is not clear if Ppk1 and Ppk26 come together to form a

mechanosensitive ion channel in Class IV neurons to mediate proprioceptive or
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mechanical nociceptive behavior. The fact that thermal nociception, a process
dependent on the Class IV neurons, is normal in the mutants suggests that the
channels are not required for the basic ability of the neurons to fire action
potentials, but rather participate in some specific transduction mechanism
contributing to locomotor or mechanical nociceptive behavior. Although we made
efforts to test mechanotransduction of Ppk1/Ppk26 in heterologous systems, so
far we have not observed any currents. It is possible that a functional channel is
not formed in heterologous systems, and that other as of yet unidentified
components are necessary, and thus multiple components will need to be
reconstituted in this system, or that a current might be isolated from dissociated
neurons stimulated mechanically with the appropriate stimulus.

The locomotion phenotype observed in Class IV silenced neurons
suggests that there could be some function of these neurons as proprioceptors.
In ongoing work we have observed in a fictive locomotion preparation that the
Class IV neuron synaptic terminals indeed have periodically active calcium
transients that require both muscle contraction and integrity of the nerve bundle.
Although this periodic activity may contain information about body position of the
animal, a systematic approach must be used to address if indeed the Class IV
neurons are sensing the body position, or contractedness of the cuticle. For this,
we have built a mechanical device designed to stretch the larval cuticle.

Another open question after this work is whether the Class IV neuron are

indeed both proprioceptors and nociceptors, as is our working hypothesis. Since
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the Drosophila larva crawls at a frequency of approximately 1Hz, and there are
over 10 segments in the animal, it might imply that for a proprioceptive stimulus
the moment to moment activation of the Class IV neuron occurs on the order of
100 milliseconds. This is much faster than the time it takes for behavioral
response to harsh touch or the light response, which in our observation can be
on the order of one second. Ongoing experiments are more precisely timing
these behavioral responses as well as recording electrophysiological responses
during relevant stimulation.

It is quite interesting that the molecular mechanisms for nociception and
locomotion behavior appear to be different in the Class IV neurons. The TRPA1
channel is sensitive to isothiocyanates, and contributes to ability to sense harsh
touch and thermal nociception. In addition, the channel piezo is responsible for
the response to harsh touch conveyed by the Class IV neurons, and is indeed a
mechano-gated channel. On the other hand, TRPA1 and piezo mutants do not
have locomotor phenotypes. Furthermore, ppk1 and ppk26 mutants have
locomotion phenotypes and harsh touch phenotypes, and painless mutants have
only locomotion phenotypes. If all of these channels are expressed in Class IV
neurons, it might suggest that TRPA1 and Piezo subserve a pain function,
whereas painless subserves a function during locomotion, and Ppk1 and Ppk26
contribute to both (see Table 1).

Future work will need to look at whether mechanoelectric transient is

affected in ppk1 and ppk26 mutants. Since piezo is co-expressed in the Class IV
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neurons, it would make sense to look at piezo single mutants as well as piezo-
ppk26 or piezo, ppk1; ppk26 mutants for these experiments. It is known that free
nerve endings in the human knee are likely to be a mixture of both proprioceptor
and nociceptor, but this duality has not been demonstrated in any system. Unlike
the golgi tendon receptors of muscles, the joint proprioceptors in mammals are
composed of Pacinian corpuscles, as well as free nerve endings that are
sensitive to both non-nociceptive and nociceptive stimuli. Although the
Drosophila larva does not have bones or joints, it is possible that the free nerve
endings of Class IV neurons are sensing stretch and position of the body just as

the joint proprioceptors of humans.
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Figure Legends:

Figure 1.1: The drawing of the kneeling man. In this diagram, Descartes
wanted to account for the behavior of a man kneeling next to a fire. He believed
that the particles of the fire could excite “animal spirits” in the area of the skin that
would pass through conduits in the mans body up to his head, which in turn
would cause the eyes to look at it, realize the foot is on fire, and to remove the
foot from the fire.

Figure 1.2: In the skin there are several types of nerve endings found,
based on morphology. These are the Ruffini Corpuscles, Free Nerve Endings,
Merkel’s Disks, Krause’s Bells, Pacini’'s Corpuscles, and Hair Follicle Nerve
endings

Figure 1.3: modality specificity of the somatosensory system in humans.
A, Sensory modalities for touch, temperature, pain, vibration are all present in the
finger tip. These project to the spinal chord and then to the hand area of the
somatosensory cortex. The finger areas in human contain some of the highest
densities of nerve endings. B, Each dorsal root ganglion in humans contains
sensory neurons whose dendrites innervate a specific area of the body called a
dermatome. Axons from the nerve terminal defasiculate and the nerve endings
are spread about the skin surface. Generally the density and relative

composition of sensory nerve endings is different in the various dermatomes.
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Figure 1.4: Schematic of da neuron classes. Class |, II, lll, IV are shown,
as well as the bipolar dendrite neuron and chordotonal organ.

Figure 2.1: Schematic of stimulation setup for Class Il neuron poking. In
this figure, a schematic diagram shows a beveled glass pipette stimulating a
Class Ill neuron. In contrast to mechanical stages driven by magnetic motors,
piezoelectric crystals allow movement without the generation of large electric
fields, which aid themselves to electrophysiological recording.

Figure 2.2: Class lll neurons are rapidly-adapting mechanosensors
A, Deflection of the simulating probe during simultaneous recording resulted in a
rapid response of the neuron, that was restricted to about 100 milliseconds. B,
this system was used to examine the contribution of NOMPC to the respons of
this neuron.

Figure 2.3: Behavioral Response to Touch. Animals expressing TNT in
Class Il neurons showed a defect in touch response (from Yan et al., 2013).

Figure 3.1: Ppk26 is a newly identified DEG/ENaC subunit expressed in
Class IV neuron dendrites and interacting with Ppk1. A: Location of Class IV
neurons on the larval body wall. B: Expression pattern of ppk26-Gal4 (Grueber
et al., 2007). Scale bar = 5mm. C: Homology model of a single Ppk26 subunit
based on ASIC2A crystal structure. Peptide antibodies were raised against the
knuckle region. D: Phylogenetic tree showing relationship between members of
the Ppk family. E: Endogenous Ppk26 immunoreactivity was colocalized with

Ppk1-EGFP immunoreactivity in Class IV dendrites. Scale bar = 10mm. F:
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Ppk26 immunoreactivity was present in the cell body and dendrites of Class IV
neurons under permeablizing conditions (F1, F2). Surface immunoreactivity was
present throughout the dendritic compartment including proximal and distal
dendrites. Small arrowheads = terminal dendrites; open arrow = cell body; short
arrow = axon. G: Ppk1 immunoreactivity was present in the cell body and
terminal dendrites of Class IV neurons (G1, G2), and surface immunoreactivity
was present in the cell body and terminal dendrites of Class IV neurons (G3, G4).
Scale bar = 20mm. H: Immunoprecipitation of EGFP from cells co-transfected
with Ppk26-mCherry and Ppk1-EGFP or EGFP. Coprecipitation of Ppk26-
mCherry was observed when co-transfecting with Ppk1-EGFP (lane 2; ), but no
when co-transfecting with EGFP (lane 1; V= EGFP vector). Note that that IgG
heavy chain is observed at ~ 50kD in lanes 1 and 2, and that a EGFP
degradation or cleavage product at ~ 27kDa can be observed in lane 2. See also
Figure S1.

Figure 3.2: Generation of specific ppk1 and ppk26 null mutants. A:
Schematic showing excision of the Mi{ET1}MB10310 element at the 3’ of
ppk1/CG3478 produced ppk1D5 and ppk1D16 mutants, which delete the entire
open-reading frame of Ppk1, leaving behind a piece of the M{ET1} element. B:
Schematic showing excision of the M{ET1}MB10724 element at the 3’ of
ppk26/CG8546 gene produced ppk26D11 and ppk26D29 alleles. ppk26D11
deletes the entire open-reading frame of ppk26 leaving a piece of the Mi{ET1}

element behind. ppk26D29 deletes exons 3 through 6 as well as the 3’ UTR and
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polyadenylation sequence, leaving intact the non-coding exon 1 and part of the
coding exon 2. Dashed lines indicates the region containing the break point,
which does not affect upstream or downstream genes. Solid line indicates
deletions confirmed by PCR. See also Figure S2.

Figure 3.3: Ppk1 and Ppk26 show mutually dependent surface expression
on Class IV neuron dendrites. A: ppk1 and ppk26 null mutants lack
immunoreactivity under permeablizing conditions. B: Ppk26 was present on the
surface of Class IV neuron dendrites in wild type, and absent or severely reduced
in mutants lacking Ppk1 (B1, B2). Ppk1 was present on the surface of Class IV
neuron dendrites in wild type, and absent or severely reduced in mutants lacking
Ppk26 (B3, B4). C: Immunostaining under permeablizing conditions showed
mutants that while lacking Ppk1 still contained Ppk26 in Class IV neuron
dendrites. D: Immunostaining under permeablizing conditions showed that
mutants lacking Ppk26 still contained Ppk1 protein at Class IV dendrites. In C
and D, Futsch/22C10 immunostaining confirmed the presence of the remaining
neurons in the da neuron cluster in both in wild type and mutants. Scale bar =
30um.

Figure 3.4: Overexpression of Ppk26-degenerin resulted in a reduction in
Class IV dendritic arbors. A: Overexpression of Ppk26-mCherry in Class IV
neurons using the Ppk1 promoter resulted in strong localization to dendrites with
elaborate primary and higher order arbors. B: Overexpression of Ppk26-

degenerin-mCherry resulted in a dramatic reduction in dendritic arbors of mid-
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second instar larvae. Arrowheads= cell bodies; arrows= fragmented and reduced
dendritic arbors. Scale bar = 300mm. C, D: Over-expression of Ppk26-
degenerin-mCherry in a wild type background resulted in reduced arbor
complexity of third instar Class IV neurons, as evidenced by the membrane
marker CD4-tdGFP. Scale bar = 60mm.

Figure 3.5: Ppk26 and Ppk1 are required for locomotion behavior. A:
RNAIi mediated knockdown of Ppk26 or Ppk1in Class IV neurons using ppk1-
Gal4 driver (Grueber et al., 2007) results in reduced turn frequency. B: ppk1 and
ppk26 null mutant, but not revertant strains, have a reduced frequency of turns.
C: Expression of Ppk1-EGFP or Ppk26-mCherry in Class IV neurons, using one
copy of a direct ppk1 promoter fusion, rescued the turning defects in ppk1 and
ppk26 mutants. D: ppk26 and ppk1 but not piezo mutants had a reduced turning
frequency. E: Representative traces of wild type, mutant, and rescue animals for
Ppk26 and Ppk1. Arrowheads = turning. F: Locomotor turning behavior of
painless, dTrpA1, and piezo mutants. G: Effect of silencing Class IV neurons.
Error bars represent +SEM, *=p<0.01. In violin plots, white circles show the
medians; box limits indicate the 25th and 75th percentiles as determined by R
software; whiskers extend 1.5 times the interquartile range from the 25th and
75th percentiles; polygons represent density estimates of data and extend to
extreme values. H. Turning behavior of heterozygotes and transheterozygotes.
Error bars denote +SEM, n>10; ***= p < 0.001, Student’s t-test. See also Figure

S5.
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Figure 3.6: Ppk26 and Ppk1 are required for mechanical but not thermal
nociception. A-C: Thermal nociception of ppk1 and ppk26 mutants were
assessed by applying a thermal probe and monitoring the time to nocifestive
response (n>100). D-G: Silencing of Class IV neurons using ppk-Gal4 (Grueber
et al., 2007) resulted in a strong defect in thermal nociception response time
(n>100). H, I: ppk1, ppk26, and piezo mutant animals showed significant defects
in harsh mechanical nociception response. Error bars = + SEM, n>10, ***= p<
0.001, Student’s t-test and Fisher’s exact test. See also Figure S6.

Figure 3S1: A. To determine anti-Ppk1 antibody specificity, HEK293 cells
were transfected with Ppk26-mCherry (A1) or Ppk1-EGFP (A2) and probed with
anti-Ppk1 antibody. B. To determine anti-Ppk26 antibody specificity, HEK293
cells were transfected with Ppk26-mCherry (B1) or Ppk1-EGFP (B2) and probed
with anti-Ppk26 antibody. C. Expression levels from RNA Seq data, plotted as
absolute expression level through development, and normalized expression level
through development. D. Alignment of Ppk1 and Ppk26 protein sequences, as
well as the peri-TM2 region of C. elegans Mec-4, Mec-10, D. melanogaster Ppk1,
Ppk26, Rpk, as well as human ENaC a, b and g proteins.

Figure 3S2: A. Genomic locus for ppk26, showing upstream (CG42458)
and downstream (CG42661) genes as well as the Minos element (m symbol).
PCRs of various ppk26 exons, the first being distal to the Minos element, the last
being proximal to the minos element. PCRs of the last exon of CG42458 in

wildtype and ppk26 mutants indicate CG42458 is intact. PCRs of the first exon of
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CG42661 in wildtype and ppk26 mutants indicate CG42661 is intact. A water
negative control was used to rule out potential contamination with wildtype DNA
in our reagents. B. Genomic locus for ppk1, showing downstream (spe1) and
upstream (elbowB) genes as well as the Minos element (m symbol). Several of
the candidates from our original screen are shown, with ppk1D5 and ppk1D16
showing deletion of the first exon distal to the minos element, indicating the gene
is deleted. PCRs of spe1 last exon show that the gene is intact in the ppk1D5
and ppk1D16 mutants. PCRs of elbowB last exon show that the gene is intact in
the ppk1D5 and ppk1D16 mutants. A water negative control was used to rule out
potential contamination with wildtype DNA in our reagents.

Figure 3S3:A, B. Morphology of ppk1D16 (A) and ppk26D11 (B) mutants
were examined by confocaling live animals expressing a Ppk>CD4tdTomato
marker in Class IV neurons.

Figure 3S4: A, B. Morphology of Ppk1-Deg over-expressed in wildtype
Class IV neurons did not show a dramatic phenotype. Outline of the larva is
denoted with a white dashed line (A). Dendrites were marked with the
Ppk>CD4tdGFP marker.

Figure 3S5:Schematic diagram of painless gene region is shown, with
deletion of the coding and full length regions. PCR was used to verify the
deletion of painless coding and painless full length mutants, with primers

upstream and downstream of the large locus. NaCP60E 3’ UTRs are shown
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upstream and CG30427 is shown downstream. Normalized painless expression
in the mutants was determined using gPCR.

Figure 3S6: A, B. Mechanical nociception response of painless mutants to
a 50mN Von Frey filament (n>10). D-F. Thermal nociception response of

painless mutants using a 46°C heatprobe (C-F) (n>50).
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Table 1: Null mutant phenotypes of Class IV expressed ion channels:

Ppk1/Ppk26 Painless Piezo
Locomotion Behavior X X
Mechanical Nociception X X

Thermal Nociception

dTRPA1
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Figure 3S1:
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