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ABSTRACT

Olfaction, the sense of smell, allows animals tce®e the multitude of volatile
and nonvolatile molecules present in the envirortménmany mammals, such as mice
and rats, there are four unique chemosensory orfgalusling the (1) main olfactory
epithelium (MOE), (2) septal organ, (3) Griinebesggjion, and (4) vomeronasal organ
(VNO). While the VNO detects some general volatiflorants, it is further specialized
for the detection of behaviorally relevant nonvibdbabdorants or pheromones. In
rodents, the VNO is encased within a bony capsulel@cated at the base of the nasal
cavity. Odorants are detected by vomeronasal sgngoiron (VSN)s, bipolar neurons
with a single axon that projects to the accesstagmry bulb of the brain and a single
dendrite capped with microvilli that project inteetlumen of the VNO. In the MOE,
purinergic signaling through adenosine 5’-triphcaeh(ATP) gated ionotropic P2X and
G-protein coupled P2Y receptors contributes a n@otective and neuroregenerative
pathway. As virtually nothing was known about pergic signaling in the VNO, | set
out to characterize the (1) presence of the pugineeceptors and (2) ATP release
pathways. In isolated VSNs, ATP elicited an inseem intracellular calcium ([G§))
and an inward current with similar potency. Adenesand the P2Y receptor agonists
adenosine 5’-diphosphate (ADP), uridine 5’-triphloate (UTP), and uridine 5'-
diphosphate (UDP) were ineffective. The increasiCi’ "], was dependent upon
extracellular calcium and the inward current eéidiby ATP was partially blocked by the
P2X receptor antagonists pyridoxal-phosphate-64agoyl-2’,4’-disulfonate (PPADS)
and 2',3'-0-(2,4,6-trinitrophenyl) adenosine Hiosphate (TNP-ATP). When coapplied
with the natural stimulus dilute urine, ATP incredshe inward current above that
elicited by either dilute urine or ATP alone. Fatmore, ADP hyperpolarized the
voltage dependence of steady state inactivatimoldge activated sodium currengdl
in a subset of VSNs. The hyperpolarization inwbkage dependence of steady state
inactivation elicited by ADP was blocked in the ggace of suramin, a purinergic
receptor antagonist, but similar to that producgd{oleoyl-2-acetyl-sn-glycerol (OAG),
a membrane permeable protein kinase C (PKC) aotivMeither ATP nor ADP affected
the voltage dependence of activation, fast inattwaor time dependent recovery from
inactivation. Interestingly, ADP reversibly inceeal spike frequency but did not change
an action potential’s amplitude, latency, halfwidsh threshold voltage. Accordingly, we
detected gene expression of the P2X1 and 3 asaw€lRY1, 2, and 6 receptors in the
VNO and localized the P2Y1 and 2 receptors to tedl& SNs. Thus, excitability in
VSNSs can be enhanced by (1) ATP eliciting an inwandent through P2X receptors and
(2) ADP decreasing spike adaptation during pensisteng presumably through P2Y
receptors. Moreover, one possible source of AT Inoeafrom mechanical stimulation of
the VNO that accompanies vasomotor pump activation.
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CHAPTER 1: INTRODUCTION
1.1. General Overview of Olfaction

Sensory systems allow animals to detect changdianvironment and respond
appropriately. This has been accomplished thrdlglevolutionarily driven
development of specialized organs, such as eyasdion and ears for audition, and
refinement of neuronal networks in the brain. €baversion of raw environmental
energy by the senses into electrical activity m Ithain represents the processes of
sensation and perception respectively. Amongsvahneus sensory systems, the
chemical senses are the oldest and most primitaselwy which animals interact with
their environment. Olfaction, the sense of smeglinvolved in proper nutrition, foraging,
aggression, mating, and avoidance of predators gstomany other behaviors. Any
animal’s niche, including plants, conspecifics, atlter species that coinhabit it, are
constantly releasing volatile and nonvolatile males. Through normal respiration (i.e.
volatile odorants) and physical contact (i.e. ndatil® odorants), the released molecules
gain access to the nasal cavity where they careteei@d. The study of olfaction, like
many other fields in neuroscience, has benefitedensely from the use of rodents as
model systems. In rodents, there are four disthetmosensory organs including the (1)
main olfactory epithelium (MOE), (2) septal orgéB), Griineberg ganglion, and (4)
vomeronasal organ (VNO; Figure 1.1).

The MOE detects general volatile odorants, sudh@se released from food
during mastication, and some behaviorally relevatatile odorants. Within the MOE,

olfactory sensory neuron (OSN)s are a group oflaipchemosensory receptor cells with



a single axon that projects to discrete processmitg in the olfactory bulb of the brain,
the glomeruli, and a single ciliated dendrite fvatjects into the nasal mucosa. G-
protein coupled odorant receptors are expresseheocilia. Odorant receptor activation
triggers the production of cyclic adenosine 5’-mpinasphate (CAMP) by adenylyl
cyclase (AC) through &,;. CAMP dependent gating of nonselective catiomok
(CNC)s leads to membrane depolarization and theggation of action potentials to the
olfactory bulb, constituting the major pathway $ignal transduction in OSNs (reviewed
in Buck, 1996). The MOE is currently understooduoction cooperatively with the
VNO in the detection of some behaviorally relevaoiaitiie odorants. However, the
VNO is specialized to also detect behaviorallyvate nonvolatile odorants such as
certain secretions concentrated in urine and exeqiand fluids. The VNO is further
distinct from the MOE in the morphology of the clesansory neurons, the pathway
used for signal transduction, and the projectionhé brain. This chapter broadly
reviews the available literature concerning the \V/[gQrinergic receptors, and sodium
channels.
1.2. Accessory Olfactory System

1.2.1. Vomeronasal Organ

The VNO is found in many mammals, amphibians, apdiles. In rodents, the
VNO is a paired tubular structure that is encapsdlay cartilage and located at the base
of the nasal cavity. Unlike the MOE, which hasedircontact with nasal airflow, the
VNO is only connected to the nasal cavity by theapalatine duct. Within each half of

the VNO, the sensory epithelium houses vomerorsgsadory neuron (VSN)s, a group of



bipolar chemosensory receptor cells. Each VSNahasxon that projects to the
glomeruli of the accessory olfactory bulb (AOB) andendrite capped in microvilli that
project into the lumen of the VNO. In additionM&NSs, the sensory epithelium is also
composed of supporting cells and basal progenéiis.c Conversely, the nonsensory
epithelium is principally made up mucosal glandd eifiated respiratory cells. Unlike
the MOE, the sensory and nonsensory epitheliae¥tiO are highly vascularized.
Anatomically, the sensory epithelium can be delie@dy its proximity to the midline of
the VNO and the absence of a large blood vesseistaly present in the nonsensory
epithelium (Figure 1.2).

The large blood vessel of the nonsensory epitheliminich receives sympathetic
innervation from the superior cervical ganglions b@en the topic of considerable
investigation in the context of the VNO's physida@placement from the nasal cavity. In
anesthetized hamsters, stimulation of the nasapalaerves produced a pumping of the
VNO. It was hypothesized that arousal of the ahimbhich presumably would lead to
sympathetic activation, drove a vasomotor pumpdeitery of odorants to the lumen
(Meredith and O’Connell, 1979). In support of thigoothesis, guinea pigs exhibited
fluorescent staining of the VNO only after beingpeged to urine containing rhodamine
red and not rhodamine red alone (Wysocki et aB0).9 Further confirmation of this
hypothesis was provided with the observation thdtaely behaving male hamsters, the
vasomotor pump was active when the male hamstaes exposed to a novel

environment (i.e. new cage) or a sexually recedbweale hamster (Meredith, 1994).



Moreover, the vasomotor pump of the VNO appeatsweta common feature amongst
rodents and guinea pigs (Ben-Shaul et al., 2010).
1.2.2. Accessory Olfactory Bulb

The AOB, which is subdivided into the posterior @mderior AOB, is located at
the base of the brain under the frontal lobes. AQ8& is the initial site of sensory
integration from the vomeronasal nerve. Much tike& main olfactory system, each
glomerulus of the AOB is made up of two principiurons, the granule and mitral cells.
However, the connectivity of the AOB with the resthe brain is distinct from that of
the main olfactory system. c-Fos immunoreactiatynolecular marker of neuronal
activity, was detected in the mitral and granulélegers of the glomeruli, medial
amygdala, medial preoptic area, and bed nucletlseddtria terminalis in male golden
hamsters stimulated by hamster vaginal fluid omtlesence of a female golden hamster.
In male golden hamsters whose VNOs were ablatdg,sparse c-Fos immunoreactivity
was detected in the brain following exposure to $tamvaginal fluid or the presence of a
female golden hamster (Fernandez-Fewell and Méret®94). Furthermore, induction
of immediate early gene expression was detectechimunohistochemistry in the medial
amygdala of mice exposed to hamster vaginal fl8ahtuelsen and Meredith, 2009).
Thus, the AOB coordinates odorant-driven behavtorsugh the amygdala and
hypothalamus. Moreover, a diffuse topographicétigna of connectivity exists between
the primary output neurons of the AOB, the mitrels; and those of the VNO, the basal

(V2R/Gao) and apical (V1R/@G;) VSNs. Using antibodies specific taxgand Gz, the



posterior AOB is enriched indg while the anterior AOB is enriched ino§3 (Jia et al.,
1997; Shinohara et al., 1992).

1.3. Vomeronasal Sensory Neurons
1.3.1. Signal Transduction

Odorants are uniquely processed by VSNs. In VN@brane fractions. &y,
Gai, and to a lesser extenti; were detected by western blot (Luo et al., 1994 )situ
hybridization indicated the expression ak&and G, which were distributed to the
basal and apical portions of the sensory epithetespectively, as well as ACII
(Berghard and Buck, 1996). Relative to the MOE,\YNO was devoid of ACIII, Gy,
and CNC1, the major components of signal transdndti OSNs (Berghard et al., 1996).
These results were the first molecular evidenceafdistinct mechanism of signal
transduction in VSNs. Intracellular dialysis obsitol 1,4,5-trisphopshate @Pelicited
an inward current and membrane depolarization iN&/SThe inward current elicited by
intracellular dialysis of IPwas decreased by ruthenium red, an antagonistmgient
receptor potential channel (TRPC)s (Taniguchi et1&I95).

Building upon the hypothesis for the role of [ffoduction and TRPC activation
in VSNs, seminal fluid increased the productionRaffrom VNO membrane fractions
and was dependent upon the presence of guanosiripigsphate (GTP). In MOE
membrane fractions, seminal fluid did not increlisdevels above those observed at
baseline (Wekesa et al., 1997). Incubation of lid@nbrane fractions with antibodies
specific to Gis and Gig had no effect on the $production elicited by urine while

antibodies specific to & and Gy decreased the §production elicited by urine



(Krieger et al., 1999). In the on-cell configucatj urine elicited an increase in spike
frequency of VSNs. The increase in spike frequegiicjted by urine was decreased by
neomycin and U73122, both blockers of phospholifia$eLC), as well as ruthenium
red (Inamura et al., 1997). Through an extensiveeniing of cDNA libraries produced
with RNA isolated from the VNO, a novel channehted TRPC2 was cloned. TRPC2
was detected by northern blot solely in the VNO aatlin the MOE or brain.
Furthermore, TRPC2 was localized by immunohistoakynto the microvilli of VSNs
(Liman et al., 1999). Activators of TRPC2, inclndil-oleoyl-2-acetyl-sn-glycerol
(OAG), 1,2-dioctanoyl-sn-glycerol, and 1-stearoydachidonoylsnglycerol, elicited
an inward current when applied to inside-out pagdihem the microvilli of VSNs (Lucas
et al., 2003).

The putative pheromone receptor families V1R, V@R V3R were cloned from
cDNA libraries constructed with RNA isolated frohetVNO. Broadly speaking, V2R
receptors were observed to cluster similarly ag @d V1R receptors were observed to
cluster similarly as @; (Dulac and Axel, 1995; Herrada and Dulac, 1997tsdaami
and Buck, 1997; Pantages and Dulac, 2000; Ryba mimdielli, 1997). However,
additional components used for signal transdudtioi’SNs have been elucidated.
Arachadonic acid (AA) elicited an increase in ingtular calcium ([C&],) and inward
current in VSNs (Spehr et al., 2002). AA is a retde of diacylglycerol (DAG)
produced by DAG lipase. DAG is synthesized aloig$k; following PLC activation.
The inward current elicited by urine was decredsethe DAG lipase inhibitor

RHC80267 in VSNs, suggesting the involvement of D&t AA (Zhang et al., 2008).



Moreover, the chloride channel blockers'4ldsothiocyanatostilbene-2Z;8isulfonic
acid (Yang and Delay, 2010) and niflumic acid (ketral., 2011; Yang and Delay, 2010)
decreased the inward current elicited by urine 8N\¢. Furthermore, Gaactivated a
single channel conductance when applied to insidgratches from the dendritic knobs
of VSNs. (Yang and Delay, 2010). Thus, activanbiV1R/V2R receptors leads to PLC
mediated production of fland DAG. DAG gates TRPC2 producing an influx af N
and C4" the latter of which gates calcium activated chlemtiannels. Further
downstream, DAG lipase breaks down DAG into AA atlvates an inward current that
is independent of TRPC2 (Figure 1.3).
1.3.2. Modulation of Signal Transduction

Little is known about the modulation of signal tsdaction in VSNs. Although
odor perception is a result of processing by tlanbit relies on the nature of sensory
inputs whose character may change in a fashionndigioé upon the animal’s internal
state. Given that the VNO is highly vascularized atimately linked with a variety of
hormonally influenced behaviors, the modulatiorsighal transduction in VSNs
represents an exciting and largely unanswered iguestike in the MOE (Eisthen et al.,
2000; Zhang and Delay, 2007), the gonadotropirasitg hormone receptor (GnRHR)
was detected in the VNO and isolated VSNs by imrhistochemistry and -
cytochemistry respectively. In VSNs, GnRH elicisdinward current that was
decreased by U73122, suggesting the involvemeRt.6f (Zhang, 2007). Another
hormone receptor, the oxytocin receptor (OXTR), deiected by RT-PCR with RNA

isolated from the VNO. OXTR was detected in theQv/And isolated VSNs by



immunohistochemistry and -cytochemistry respecyivéh a subset of VSNs, OXT
increased spike frequency following depolarizatigrsmall amplitude current injections.
OXT also elicited long lasting and wavelike incresiin [C4'], in some VSNs, while
eliciting self propagating transient spikes in {gan other VSNs. In VSNs, OXT did
not elicit an increase in [€§, in the presence of U73122 or the absence of esthudar
calcium ([C&"o), suggesting the involvement of PLC and a nonsigkecation channel
(Yang, 2010).

While sulfated steroids are putative mouse pher@s@Nodari et al., 2008),
recent evidence suggests that steroid hormonessttees are modulators of signal
transduction in VSNs. The presence of the claksgtangen receptor (ER¢sandp, as
well as the nonclassical G-protein coupled estrageaptor (GPER) 30, were detected
by RT-PCR with RNA isolated from the VNO. kRind GPER30 were detected in the
VNO and isolated VSNs by immunohistochemistry andochemistry respectively. 17
B-estradiol decreased the inward current elicitedtitye and the increase in [ER
elicited by a mixture of sulfated steroids in VSNIg 3-estradiol was detected in the
VNOs from male and female as well as ovariectominéxe, suggesting that one
possible source of 1fF-estradiol in the VNO could be local production édian et al.,
2014). 173-estradiol can modulate voltage activated ion cknrn particular the
voltage activated sodium channel (NaV)s in dorsat ganglion (DRG) neurons (Wang
et al., 2013). However, 1¥F-estradiol did not alter the kinetics of NaV or tagle
activated potassium channel (KV)s in VSNs. i&stradiol was similarly without effect

on the increase in [€4, elicited by a sudden elevation of extracellularagsium in



VSNs, a proxy for voltage activated calcium (Ca¥aenels (Cherian, 2014). Thus, 17
B-estradiol appears to exert its effects on the nmamebexcitability of VSNs through the
modulation of signal transduction.
1.3.3. lon Channels and Excitability

VSNs are remarkably excitable. Current injectiaasmall as 1 to 2pA are
capable of eliciting of spike trains (Liman and €gr1996; Shimazaki et al., 2006;
Ukhanov et al., 2007). This is pertinent for pnogensory encoding as the urine induced
inward current is often highly variable in ampligyadvith some reported values being
<10pA (Kim et al., 2011). Basal VSNs (V2Rig) were capable of generating higher
frequency spike trains at comparable levels ofenirmjection than apical VSNs
(V1R/Goy). Moreover, apical VSNs displayed prominent s@klaptation during
prolonged depolarizing current injections. In basal apical VSNs, the L-type calcium
current (1) and big conductance calcium activated potassiument (kx) were required
for persistent firing (Ukhanov et al., 2007).
NaV

NaVl.1, 2, and 3 were detected by RT-PCR with RB#ated from the VNO
(Fieni et al., 2003) and NaV1.7 was detected by umahistochemistry on the axons of
VSNSs (Rupasinghe et al., 2012). VSNs possesdi@igin-resistant (TTX-R) and
sensitive (TTX-S) sodium currengf). TTX-R and —Sy, activate close to -40mV and
peaked close to OmV. While the activation timestants (0.3 to 0.6ms) were similar
between TTX-R and -S4, the half maximal voltage () of steady state inactivation of

TTX-R (-94mV) was hyperpolarized relative to th&fTd X-S Iy, (-66mV).



Furthermore, TTX-R (20ms) recovered slower fronadtestate inactivation than TTX-S
Ina (Bms; Liman and Corey, 1996). In one repaitwas larger in apical relative to basal
VSNs (Fieni et al., 2003). In another repagt,was smaller and the,) of steady state
inactivation was hyperpolarized in apical relativbasal VSNs (Ukhanov et al., 2007).
KV/BK

VSNs display delayed rectifier potassium curreg}, (hward rectifier potassium
current, anddk. Ik activated close to -10mV with &) of activation around -11.5mV
and was decreased by the potassium channel bltetke@ethylammonium (TEA).
Residual tail currents had two distinct inactivattone constants for the rising (2.4s) and
steady state (49s) phasesof While no gk was detected (Liman and Corey, 1996),
later work showed that AA activated an outward entithat was sensitive to TEA as
well as iberiotoxin and charybdotoxin, both blockef sk (Zhang et al., 2008). In one
report, no difference irglwas reported between apical and basal VSNs (Eteli,
2003). In another reports ivas smaller bugk was substantially smaller in apical
relative to basal VSNs and could explain the pr@nirspike adaptation during persistent
firing in apical VSNs (Ukhanov et al., 2007).
CaVv

VSNs have N-type calcium curreng)J T-type calcium current{),and |. A
transient calcium currentd)) was activated close to -60mV and peaked clos2tmV
while a sustained:} was activated close to -10mV and peaked clos@to\2 The
transient ¢, was decreased by Kjj a blocker of 4., but noto-conotoxin ando-agatoxin-

IVa, both blockers ofy. The sustainedti was decreased by nitrendipine and nifedipine,
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both blockers of|l, as well aso-conotoxin-GVla, a blocker ofyl(Liman and Corey,
1996). In one reporty was smaller in apical relative to basal VSNs heté¢ was no
difference in |,y between apical and basal VSNs (Fieni et al., 2008another report;|
was also smaller in apical relative to basal VSNisly was substantially smaller in
apical relative to basal VSNs and could explaingieninent spike adaptation during
persistent firing in apical VSNs (Ukhanov et aD0Z).
1.4. Odorant-Driven Behaviors

In rodents, a number of reproductive behaviorsranmmately linked to the
accessory olfactory system. The Bruce effect, elmefemale rodents terminate a
pregnancy and return to estrus in the presencestwwaage male rodent, was decreased in
a group of female mice whose VNOs were ablatedifiBger et al., 1980). The Whitten
effect, when female rodents spontaneously ovufatee presence of male rodents, is
also mediated by the VNO. The number of male undeced spontaneous ovulations in
female rats following disruption of the estrus &ybly continuous light exposure was
decreased in female rats whose VNOs were occlubdth§ et al., 1978). The Lee-Boot
effect, whereby female rodents suppress the esyals in the presence of other female
rodents, was decreased in a group of female miasevk'NOs were ablated (Reynolds
and Keverne, 1979). Lastly, the Vandenbergh effgloen prepubescent female rodents
reach the first estrus cycle faster in the presenceale rodents, was decreased in a
group of female mice whose VNOs were ablated (LoamsKeverne, 1982).

Various urinary nonvolatiles and exocrine glandsgons have been identified as

putative mouse pheromones. Field potential reagsdin the VNO from the luminal
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surface of the sensory epithelium revealed evokeenpials in the presence of major
histocompatibility complex (MHC) class one moleau{keinders-Zufall et al., 2004). A
mixture of sulfated androgens, estrogens, pregoees| and glucocorticoids increased
[Ca™], in VSNs (Nodari et al., 2008). In addition to MH{ass one molecules and
sulfated steroids, small peptides have also beamtifted as putative mouse pheromones.
Specifically, field potential recordings in the VNf@m the luminal surface of the
sensory epithelium revealed evoked potentialsemptiesence of a peptide purified from
the extraorbital lacrimal gland, exocrine glandre@ing peptide 1 (Kimoto et al., 2005).
In addition, mouse major urinary proteins have b@e@mposed to bind pheromones and
concentrate them in urine (Bacchini et al., 199gspite the apparent progress in
pheromone identification, connecting a specificdhabr with a particular pheromone has
remained difficult to show definitively (Doty, 201L0Regardless, ablation of the VNO or
genetic deletion of key signal transduction commbsie VSNs, such as TRPC2, leads to
disturbances in sexual and aggressive behavioosv€ss et al., 2002).
1.5. Purinergic Signaling

1.5.1. Brief Historical Perspective

Purinergic signaling refers to the extracellulaygblogical actions of various
purine and pyrimidine nucleotides. Adenosine fpkosphate (ATP), the prototypical
purinergic receptor agonist, was long thought tly be the energy carrier of living cells.
In 1929, Drury and Szent-Gyorgyi were the firssbmw that intravenous infusion of
various bovine and sheep tissue extracts contaadegylic acid (adenosine 5'-

monophosphate) resulted in a slowing of heartaatedecrease in arterial pressure of
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guinea pigs. Building upon this work, an indicatf a richer pharmacology was
observed when serial reductions in the number o§phates of ATP increased the
potency with which vasodilation occurred when itgecinto canulized jugular veins of
the rabbit and cat (Gillespie, 1934). ATP andrisakdown product adenosine 5'-
disphosphate (ADP) resulted in vasodilation in rabars when injected into canulized
arteries. Going further, stimulation of the graaticular nerve produced a similar
vasodilation in rabbit ears as arterial injectioh& TP and ADP (Holton and Holton,
1954). In 1959, Holton demonstrated that stimatatf the great auricular nerve of
rabbits resulted in the release of ATP.

In smooth muscle cells of the guinea pig and ratddidn, stimulation of intrinsic
pelvic nerves resulted in inhibitory junction paiah(lJP)s that were insensitive to
guanethidine, a blocker of noradrenergic synagliease (Furness, 1969). Moreover,
following selective degeneration of the noradreiengrve fibers innervating the smooth
muscle cells of the guinea pig colon, stimulatibthe remaining nerves was capable of
eliciting IJPs (Furness, 1969). These early studrethe vasoactive properties and
influence on colonic motility by purine nucleotidesre the foundation for the
emergence of the nonadrenergic, noncholinergic (SBANerve hypothesis. Burnstock
(1972), through an extensive survey of the avagldibdrature, showed that ATP satisfied
the five criteria of a neurotransmitter in NANC wes: (1) synthesized in the neuron, (2)
released from the axon of the neuron, (3) mimickedulation of the neuron’s axon, (4)
presence of a clearance mechanism, and (5) dragdidrupted synaptic transmission

also disrupted the effect produced by the putaiewgrotransmitter. In 1993, two groups
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independently cloned the first G-protein couplednrgic receptors from NG108-15
cells (P2Y2; Lustig et al., 1993) and embryonicckkn brain (P2Y1; Webb et al., 1993).
The following year, two more groups independenkined the first ionotropic purinergic
receptors from PC12 cells (P2X1; Brake et al., 139 rat vas deferens (Valera et al.,
1994).
1.5.2. lonotropic P2X Receptors

There are currently seven known isoforms of thetipic P2X receptor (P2X1-
7). Each subunit has two transmembrane domain (@iMil2)s, intracellular C- and N-
termini, and a large cysteine rich extracelluladg¢Newbolt et al., 1998; Torres et al.,
1998; Figure 1.4). The combination of three sutsufoirms a functional P2X receptor
(Nicke et al., 1998 and 2003). Similar subunits cambine to form functional
homotrimers (i.e. P2X2), while dissimilar suburdén also combine to form functional
heterotrimers (i.e. P2X2/3; Jiang et al., 2003} Have distinguishing biophysical
properties such as differential €@ermeability and deactivation kinetics. Moreover,
some subunits (i.e. P2X6) appear to be nonfundtibpeesent only as homotrimers
(Egan and Khakh, 2004). Repeated or prolongesatiin of P2X2 (Fisher et al., 2004,
Khakh et al., 1999), 2/3, 4, and 7 (Khakh et &99) receptors leads to distinct changes
in ion permeability. While ATP is the endogeno@xXRagonist, a well characterized
pharmacology exists. Accordingly, numerous symtheegonists and antagonists with
concentration dependent selectivities amongst iffereht P2X receptors are

commercially available.
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The single channel properties of P2X2 receptore l@en well characterized. In
HEK 293 cells transfected with P2X2 receptors, lemipannel conductances were
observed in outside-out patches in the presenédBf There was significant flickering
of the single channel conductance indicating tiseltgion of various subconducting
states. In the presence of symmetri¢ With and without divalent cations (i.e. Kicgand
cd™), P2X2 currents exclusively displayed inward rfézdtion. The ionic permeability
of P2X2 receptors was determined to besSkRb" > CS > Na > Li* (Ding and Sachs,
1999). InXenopus laevisocytes transfected with P2X2 receptors, at lieastdifferent
channel states were observed in outside-out patotiee presence of ATP (C,QD,,
and Q). When a patch containing a single channel waspaoed to those containing
either two or more channels, it was observed tiettean open times of the various
states increased (Ding and Sachs, 2002). Thusatext P2X2 receptors work
cooperatively to facilitate the activation of theadable channel pool.

Prior to the elucidation of the P2X4 crystal sturet(Kawate et al., 2009), many
studies involving mutagenesis of P2X2 receptorsigdes an invaluable framework for
the evaluation of structure and function. In HEX3Zells transfected with P2X2
receptors, Ag reversibly potentiated wildtype P2X2 currents (Eg#al., 1998; Haines
et al., 2001). Within TM2, 1328C, V343C, and L358@tant currents were irreversibly
attenuated by AG (Egan et al., 1998; Figure 1.4). Within TM1, 158G3C, and S54C
mutant currents were also irreversibly attenuaieAdf™ (Haines et al., 2001; Figure
1.4). Ad"* can theoretically only interact with accessibld #mus water exposed residues

(Egan et al., 1998; Haines et al., 2001). Thuspibre is located within TM1 and 2 of
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P2X2 receptors. Notably, ATP was considerably peent at H33C, R34C, and K53C
mutant than wildtype P2X2 receptors, suggestingdhbeast some residues in TM1
contributed to channel gating (Haines et al., 260dure 1.4). To better understand the
contribution of TM1 to the gating of P2X receptdP2X chimeras were produced by (1)
fusing the extracellular domain of P2X2 with P2Xteptors, (2) fusing TM1 of P2X1
with P2X2 receptors, and (3) fusing TM1 of P2X3wi2X2 receptors. The P2X1 and 3
agonista,-methylene ATP was capable of activating each P@kera (Haines et al.,
2001). Thus, TM1 confers some of the unique chlageteng properties amongst P2X1,
2, and 3 receptors. Additional TM1 and 2 mutantsuding V48C/1328C, but not V48C
or 1328C alone, exhibited a partial recovery todtyipe P2X2 currents following
reduction of a presumed disulfide linkage by dithieitol (Jiang et al., 2001; Figure 1.4).
Thus, channel gating occurs cooperatively betweddh &nd 2 of P2X2 receptors.

In order to investigate the calcium permeabilityP@X?2 receptors, a series of
TM2 mutants were expressed in HEK 293 cells. Whiteimber of different mutations
of D315, T330, S345, and D349 were without aff&i&331 (larger and hydrophobic),
T336V, T339V, and S340A (no negative charge) sigaiftly decreased the calcium
permeability of P2X2 receptors (Migita et al., 206igure 1.4). The calcium
permeability of various P2X receptors has also beesstigated using patch clamp
photometry. Briefly, recordings of whole cell cemt are made simultaneously with and
compared to recordings of fura-2 fluorescence. sAllen P2X isoforms, with the
exception of P2X6 receptors, displayed some degfrealcium permeability. However,

P2X1, 2, and 4 receptors displayed the greatesiucalpermeability when compared to
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P2X3, 5, and 7 receptors. Mutations in TM2 of P2¥Reptors to more sterically
hindered residues including T339Y and S340Y, as$ agemutations to uncharged
residues including T336V, T339V, and S340A, sigmafitly decreased the calcium
permeability (Egan and Khakh, 2004; Figure 1.4hug; a calcium selectivity filter is
located within TM2 of P2X2 receptors.
1.5.3. G-Protein Coupled P2Y Receptors

There are currently eight known isoforms of the IGt@in coupled P2Y receptor
(P2Y1, 2, 4, 6, 11, 12, 13, 14). Sequencing offitisé successfully cloned P2Y receptors
indicated the presence of seven putative transnemlitomains characteristic of G-
protein coupled receptors. In combination withrtlbaly modest sequence homology to
the thrombin and angiotensin |l receptors, the R&¥ptors were determined to be
unique members of the G-protein coupled receptoilyaLustig et al., 1993; Webb et
al., 1993). In addition, site directed mutagene$iB2Y1 receptors has implicated the
extracellular domains of TM3 (Erb et al., 1995)afd 7 (Jiang et al., 1997) as the
putative ligand binding domain. Through sequentdysis and alignment of the eight
known isoforms of P2Y receptors, two phylogeneljcdistinct classes were observed.
P2Y1, 2, 4,5, and 11 receptors were groupedogs€eptors that couple to PLC
activation. Conversely, P2Y12, 13, and 14 recepimre grouped asdareceptors that
couple to AC inhibition (Costanzi et al., 2004; &g 1.5). Unlike P2X receptors, ATP is
not the only endogenous P2Y agonist. In fact, ogpinate purine nucleotides such as
ADP, in addition to pyrimidine nucleotides suchuasline 5'-triphosphate (UTP),

uridine 5’-diphosphate (UDP), and UDP-glucose,ddten more potent agonists than
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ATP. As is the case with P2X receptors, P2Y remespalso possess a well described
pharmacology and numerous synthetic agonists a@dj@amnists with concentration
dependent selectivities amongst the different R&éptors are commercially available.
1.6. Purinergic Signaling in Chemosensory Systems

1.6.1. Olfaction

ATP is regarded as a neuroregenerative and neueapike signal in the MOE.
In slices of MOE, a highly concentrated odoranttom& induced the release of ATP as
measured by lucifern-luciferase luminometry. Byigthe firefly enzyme luciferase
reduces luciferin in the presence of ATP and emjtboton that can be detected in a
luminometer (Hegg and Lucero, 2006). In additioiranasal infusion of ATP resulted
in an increased incorporation of bromodeoxyurididelU), a marker for proliferative
cells, that was eliminated in the presence of pxadphosphate-6-azophenyl-2',4'-
disulfonic acid (PPADS), a purinergic receptor gotast. The proliferation of new cells
occurred in basal progenitor cells, supportingsgelnd OSNs, but with a unique
temporal pattern for each cell type (Jia et alQ90 The proliferation of new cells in the
MOE following exposure to ATP was important in regeating tissue morphology
following damage by nickel sulfate (Jia et al., @Dand satratoxin G, a mycotoxin that
induces apoptosis (Jia et al., 2011). Furthernsingle olfactory bulbectomy induced
apoptosis in the ipsilateral side of the MOE. dpgritoneal injections of suramin
(Hassenklover et al., 2009), a purinergic receatiagonist, and PPADS and suramin
(Gao et al., 2010) decreased the incorporationrdBand further confirmed the

importance of ATP as a neuroregenerative signdderMOE. Additional pathways for
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the release of ATP beyond tissue damage have Heatified in the MOE by luciferin-
luciferase luminometry. In slices of MOE, the P2&gbnist 2'(3’)-O-(4-
benzoylbenzoyl)-ATP (BzATP) induced the releas@®P that was blocked by PPADS.
Carbenoxolone and probenecid, both blockers of @dnrand pannexin hemichannels
respectively, as well as the synaptic transmissibibitor botulinum toxin type A,
decreased the constitutive release of ATP (Hayat €2012). Thus, ATP is released
from the MOE not only by tissue damage but alsough activated P2X receptors,
connexin and pannexin hemichannels, and vesicles.

Purinergic receptors are involved in the attenwatibsignal transduction by
OSNs and increasing [€% in supporting cells from the MOE. In OSNs, ATRiéd
an inward current and increase in fathat was decreased in the absence of]ga
suggesting the contribution of P2X and P2Y receptdmportantly, coapplication of a
mixture of odorants with ATP resulted in an inceeais[C& ], below that elicited by
either a mixture of odorants or ATP alone. Indinecell configuration, coapplication of
a cyclic nucleotide cocktail that activates CNCOBNs with ATP decreased the
resulting inward current (Hegg et al., 2003). ThABP elicits an inward current in
OSNs by activation of P2X receptors and increa€e&T in OSNs and supporting cells
by activation of P2X and P2Y receptors. HoweverPAalso decreases the
chemosensory response of OSNs through P2Y receyiated inhibition of CNCs and
may be neuroprotective against excitotoxic chakenip supporting cells, ATP (Czesnik
et al., 2006; Hassenklover et al., 2008) and UTé&ggHet al., 2009) elicited an increase in

[C&®"], that was decreased in the absence ofJéand in the presence of cyclopiazonic
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acid (CPA), a blocker of G&ATPases, suggesting the involvement of P2Y recepto
The increase in [G4); was propagated from the apical stalk to the basdfoot of the
supporting cell (Hassenklover et al., 2008; Hegal €2009). While such a pattern of
calcium waves is reminiscent of astrocytes in ttan their exact purpose in the
supporting cells of the MOE is unknown.

Comparatively less is known about the purinergeeptors in the VNO. In slices
of VNO, the P2X3 receptors were detected in the@gnand nonsensory epithelia by
immunohistochemistry. P2Y1 and 2 receptors wese détected in the sensory
epithelium by immunohistochemistry but with a mpranctate and diffuse distribution
than the P2X3 receptors (Gayle and Burnstock, 200¥lices of VNO, ATP elicited an
increase in [C4], in the supporting and basal cell layers but netsinsory neuron cell
layer. In the supporting and basal cell layers,ititrease in [C4], elicited by ATP was
decreased in the absence of{@and in the presence of CPA. UTP was equipotent as
ATP at eliciting an increase in [€% in the supporting cell layer while ADP, UDP, and
UTP were equipotent as ATP at eliciting an incréag§€&"], in the basal cell layer
(Dittrich et al., 2013). Thus, the supporting doadal cells of the VNO express similar
P2Y receptors but the basal cells express additip2¥é receptors with a distinct
pharmacology from those found in the supportindscedlike the MOE, the function of
the supporting cells of the VNO is not well undecst.

1.6.2. Gustation
Much of what is known about purinergic signalingifaction is rooted in earlier

work on gustation, the sense of taste. Gustasionddiated by chemosensory receptor
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cells housed in the taste buds of the tongue kremwaste receptor cell (TRC)s. The
P2X2 and 3 receptors were detected along the ndraesynapse with the taste buds (Bo
et al., 1999). Accordingly, stimulation of circuailate taste buds with a tastant mixture
elicited the release of ATP as measured by lucifkrciferase luminometry. In
comparing P2X2/3 to wildtype mice, a lack of chorda tympani andsglopharyngeal
nerve responses was observed following oral adtraiien of NaCl (salt taste), sucrose
(sweet taste), quinine (bitter taste), citric gadur taste), and monosodium glutamate
(MSG; umami). Furthermore, P2X2/3nice showed near chance levels of
discrimination in the two bottle preference testdacrose, quinine, and MSG when
compared to wildtype mice (Finger et al., 2005).btief-access testing and conditioned
taste aversion, P2X2/3mice displayed a deficit in their ability to prafyediscriminate
NacCl relative to wildtype mice (Eddy et al., 200930ing further, depolarizing TRCs in
the vicinity of COS-1 “sniffer cells,” cells thakpress purinergic receptors and can be
used to detect the release of ATP, increasedGa the COS-1 sniffer cells. The
increase in [C4]; in the COS-1 sniffer cells upon depolarizatio&Cs was blocked
by suramin (Romanov et al., 2007). Connexin3043ds well as pannexinl were
detected by RT-PCR with RNA isolated from the tdmtds but with pannexinl being the
most abundantly expressed hemichannel (Huang, &0417).

In addition to activating gustatory afferents, Aa&ts within the taste buds to
facilitate neurotransmitter release. ATP and ABétéased [Cd], in TRCs, the former
of which was unaffected by the absence of{{za Similarly, ATP, ADP, and UTP

increased [C4]; in presynaptic taste cell (PTC)s, the former ofoltwas unaffected by
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the absence of [¢§o. In TRCs from P2Y1/2 mice, ATP and ADP no longer increased
[Ca™];. Accordingly, CHO sniffer cells positioned in thiginity of TRCs detected a
decrease in the release of ATP elicited by a tastaxture in the presence of MRS2719,
a P2Y1 antagonist (Huang et al., 2009). FurtheemBzATP elicited an increase in
[Ca™], in TRCs (Hayato et al., 2007). In TRCs from tiansreceptor potential cation
channel subfamily M member 5 (TRPM5jHuang et al., 2010) and P2XZ/8Huang et
al., 2011) mice, CHO sniffer cells positioned ie thcinity of TRCs no longer detected
the release of ATP elicited by a tastant mixturaus, TRCs release ATP in the presence
of tastants following TRPM5 mediated activatiorpahnexinl hemichannels. The
released ATP binds to P2X2 and P2Y1 receptors ddslahd stimulates the release of
additional ATP. Activation of P2X2 and 3 receptbysATP on gustatory afferents
results in the sensation of taste.
1.7. Sodium Channels

In excitable cells such as OSNs and VSNs, NaV ntedie upstroke of the
action potential (Hodgkin and Huxley, 1952). THere, the regulation of NaV in these
neurons can have profound consequences for seasoogling. There are currently nine
known isoforms of the subunit (NaV1.1, 2, 3, 4, 5, 6, 7, 8, and 9) ang known
isoforms of the auxiliary subunit 1, 2, 3, and 4). NaV1.8 and 9 are unique in they t
are responsible for generating persistent TTXRotimarily in sensory neurons
(Akopian et al., 1996; Dib-Hajj et al., 1998; Samgeswaran et al., 1996). In neurons,
NaV are heterotrimers composed of thgubunit, one noncovalently linkgdsubunit 1

or 3; Isom et al., 1992; Morgan et al., 2000), and covalently linke@ subunit 2 or 4;
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Frank et al., 2003; Isom et al., 1995). Theubunit is composed of four homologous
domains (D1 to 1V) with large intracellular linkelogtween DIl and 1l and a large
intracellular C-terminus on DIV. DI through IV éach composed of six transmembrane
segments (S1 to 6; Noda et al., 1983). S1 torh the voltage sensor while S5 and 6
form the pore and sodium selectivity filter (Payahnat al., 2011; Figure 1.6).
Accordingly, S4 is made up of a number of positnveiarged residues (Noda et al.,
1989). Amongst a variety of S4 NaV1.2 mutantg)gfaction of K226Q and
R217Q/K226Q in oocytes depolarized the voltage deeece of activation in cell-
attached patches (Stilhmer et al., 1989). In adidit forming the pore and Na
selectivity filter, S6 is also the binding site fwore blocking drugs (Payandeh et al.,
2011). Transfection of the S5 and 6 cytoplasnmkdr NaV1.2 mutant E387Q in oocytes
eliminated the decrease ig, elicited by TTX and saxitoxin (Noda et al., 1989).

The first successful purification of intact NaV ¢amingo andf subunits was
performed by Hartshorne and Catterall (1984). Whearted into planar lipid bilayers
and studied under voltage clamp, depolarizatiodaaded single channel conductances
whose frequency and duration were voltage deperadehtiecreased in the presence of
TTX. Furthermore, the permeability of NaV was detimed to be Na>> Rb" > K*
(Hartshorne et al., 1985). Prior to reaching aetbstate, NaV quickly enter into an
inactivated state that facilitates the refractosyigd of the action potential and is known
as fast inactivation. Intracellular dialysis of amtibody specific to the cytoplasmic linker
between DIl and IV, but not any other portion W decreased fast inactivation in

skeletal muscle cells (Vassilev et al., 1988)odieytes transfected with the DIIl and IV
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cytoplasmic linker NaV1.2 mutant F1489Q or 11488Q¥89Q/M1490Q, there was
decreased fast inactivation (West et al., 1992jus] the cytoplasmic linker between DIII
and IV interacts with the pore shortly after adtiva of NaV and terminates channel
conductance.

The 1 subunit contains a single transmembrane domairaarextracellular
domain that is glycosylated. In oocytes cotrartsf@aevith rat brain NaV1.2 and tift@
subunit, there was an increaseng hyperpolarized voltage dependence of steady state
inactivation, and increased fast inactivation reéato oocytes transfected with rat brain
NaV1.2 alone (Isom et al., 1992). Tp@ subunit, which is principally found in neurons,
possesses a similar structure aspthsubunit but is also modestly homologous to thle ce
adhesion molecule contactin. In oocytes cotratsfiewith rat brain NaV1.2 and tifi@
subunit, there was an increasengdnd a slightly hyperpolarized voltage dependeifice o
steady state inactivation relative to oocytes fiested with rat brain NaV1.2 alone.
Additionally, cotransfection of oocytes with raebr NaV1.2 and thf2 subunit
increased fast inactivation in cell-attached padaledative to oocytes transfected with rat
brain NaV1.2 alone. While the functional conseauasnon |, by thef1 and 2 subunits
were nearly identical, th@2 subunit also increased the expression of Na\iidcall
capacitance (Isom et al., 1995). Notably,drsibunit forms a functional NaV in the

absence of thp subunits (Noda et al., 1986).
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1.8. Modulation of Sodium Channels by Neurotransmitters and Hor mones
1.8.1. PK A Dependent

Many neurotransmitter and hormone receptors arpleduo AC and the
activation of CAMP dependent protein kinase A (PK&nce activated, PKA
phosphorylates target proteins and alters theictfan. Theo subunit of NaV is
phosphorylated at multiple sites by PKA on the plasmic linker between DI and II
(Rossie et al., 1987; Rossie and Catterall, 1988p&3, S610, S623, and SG8Witro
(Murphy et al., 1993; Figure 1.6). CoapplicatidriP&KA with ATP to inside-out patches
from CHO cells transfected with NaV1.2 decreasgavithout altering the voltage
dependence of activation. In addition, coapplaatf PKA with ATP to inside-out
patches from brain neurons decreased the openlplibpime without altering
amplitude of the single channel conductance (lalet1992). Thus, PKA activation
leads to phosphorylation of the cytoplasmic linketween DI and Il of NaV at a number
of serine residues. While no change in voltageeddpnt kinetics occurs, the decrease in
Ina results from a destabilization of the single clermpen state.

Of the five types of dopamine receptor (DR)s exgeesn the hippocampus, DR1
and 5 are coupled to AC and PKA activation. SKE®], a DR1 and 5 agonist,
decreasedyl, without altering the voltage dependence of adtivabr steady state
inactivation in hippocampal neurons. The decr@asg, elicited by SKF 81297 was
eliminated in the presence of the DR1 and 5 antag&TH 23390 and mimicked by the
membrane permeable PKA activator cBIMPS (Canttedl.¢ 1997). Similarly, SKF

81297 decreasedJwithout altering the voltage dependence of adtivabr steady state
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inactivation in prefrontal cortical neurons. Thectease iny, elicited by SKF 81297
was also eliminated in the presence of SCH 23380@micked by cBIMPS (Maurice et
al., 2001). A-kinase-anchoring protein 15 (AKAP-1%¥olocalized with NaV in
hippocampal neurons. Ht31 and AP2 are peptiddésrtafere with the binding of PKA
to AKAP-15. Intracellular dialysis of Ht31 and A2evented the decrease jj |
elicited by SKF 81297 in hippocampal neurons (Gahét al., 1999). Thus, D1 and 5
receptors are positioned on the somas of hippoclamep@ons in such a way to permit
the modulation of NaV through a PKA/AKAP-15 sigmajicomplex (Figure 1.6).
Modulation of NaV by PKA is not limited to the brabut also present in
peripheral sensory neurons. Prostaglandin E2 ¢PiG&reased TTX-Ry, and
hyperpolarized the voltage dependence of activatimhsteady state inactivation in DRG
neurons. dbcAMP, a PKA analogue, mimicked thedase in TTX-R\, elicited by
PGE (England et al., 1996). It is important to ndtattthe increase in TTX-RJd
elicited by PGEwas a combination of PKA and protein kinase C (PE&ivation. In
the presence of staurosporine or with intracelldlalysis of PKGq.36 both blockers of
PKC, PGE did not increase TTX-Ry (Gold et al., 1998). Another hormone,
gonadotropin releasing hormone (GnRH), decreaggd DSNSs. In the presence of
H89, a blocker of PKA, GnRH did not decreagg lin a similar manner to the
involvement of PKA and PKC in the increase in TTArRelicited by PGEin DRG
neurons, the decrease ja €licited by GnRH in OSNs was a combination of P&
protein kinase G (PKG) activation. In the presenic€T 5823, a blocker of protein

kinase, GnRH did not decreasg (Zhang and Delay, 2007).
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1.8.2. PKC Dependent

In addition to AC and PKA activation, many neurasmitter and hormone
receptors can also be coupled to PLC and PKC dictivaOnce activated, PKC
phosphorylates target proteins and alters theictfan. Thea subunit of NaV is
phosphorylated at multiple sites by PKC on the plgsmic linker between DIll and IV
predominately at S1506, K1507, and K1%0&itro (Li et al., 1993; West et al., 1991) as
well as S1521 (West et al., 1998)vivo. PKC phosphorylation also occurs on the
cytoplasmic linker between D1 and Il at S576 antiGG@antrell et al., 2002y vitro
along with S6 in DIl at N1446 (Chen et al., 20@6Yivo (Figure 1.6). In CHO cells
transfected with NaV1.2, the membrane permeable Biti®ator OAG decreasegl
and fast inactivation (West et al., 1991 and 198i#)out altering the voltage dependence
of activation or steady state inactivation (Numanal., 1991) in cell-attached patches.
In oocytes transfected with chicken brain mRNA, qiiod 12-myristate 13-acetate
(PMA), a PKC activator, decreasegd Without altering the voltage dependence of
activation or steady state inactivation (Sigel 8aar, 1988). In oocytes transfected with
NaV1.2, PMA increased the time required for actoraand deactivation of the single
channel conductance in cell-attached patches (bochager et al., 1991).

Beyond decreasing,d and fast inactivation, PKC can exert additionéef on
NaV. In TsA 201 cells transfected with NaV1.2, Oktreased the onset of slow
inactivation without altering the voltage dependentactivation or steady state
inactivation (Chen et al., 2006). PKC phosphorglaglso appears to be necessary for

maximizing PKA phosphorylation of NaV. In CHO (&t al., 1993) and TsA 201
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(Cantrell et al., 2002) cells transfected with Na&/Jas well as hippocampal neurons
(Cantrell et al., 1999), OAG enhanced the decragakg elicited by cBIMPS in cell-
attached patches. Thus, PKC activation leads esgdtorylation of the cytoplasmic
linker between DIIl and IV at a number of serinel dysine residues as well as N1446 in
S6 of DIIl in NaV. Once phosphorylated by PKC, giddhal phosphorylation by PKA
can enhance the decreaseyithat results from slower open to closed and clésexpen
state transitions of the single channel.

Of the five types of muscarinic ACh receptor (mMAQ&Rxpressed in the
hippocampus, mAChR1, 3, and 5 are coupled to PIdOPMC activation. Carbachol, a
cholinergic receptor agonist, decreasgdr hippocampal neurons without altering the
voltage dependence of activation or steady staietivation. The decrease i Elicited
by carbachol was blocked by the mAChR antagonispate and mimicked by OAG
(Cantrell et al., 1996; Figure 1.6). In some caB&sC activation has effects on the
voltage dependence of steady state inactivatidre serotonin receptor (5-HTR)s 2a and
c were expressed in prefrontal cortical pyramidalmons. 5-HT decreaseg, Without
altering the voltage dependence of activation. déxrease inyk elicited by 5-HT was
blocked by the 5-HT2a and ¢ antagonist spiperodenaimicked by the 5-HT2a and ¢
agonist 2,5-dimethoxy-4-iodoamphetamine (DOI). &twer, DOI hyperpolarized the
voltage dependence of steady state inactivatioshlwivas mimicked by OAG (Carr et
al., 2002). A number of more recent reports hdse suggested that PKC activation
hyperpolarizes the voltage dependence of steatyistctivation (Carlier et al., 2006;

Franceschetti et al., 2000; lkeda et al., 2005¢iT &k al., 2005).
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1.8.3. G-Protein Dependent

The coupling of neurotransmitter and hormone remspgb AC and PLC
activation occurs through G-proteins. Activategi®teins can also modulate NaV
independently of PKA and PKC phosphorylation. &wlhg crosslinking of all proteins
in rat brain synaptoneurosomes with phenylenedimade, Go.o coimmunoprecipitated
with thea but not thed subunit (Anis et al., 1999). Intracellular diatysf GTRS, an
activator of G-proteins, increasag hnd hyperpolarized the voltage dependence of
activation and steady state inactivation in hippagal neurons. Pertussis toxin (PTX), a
blocker of Gu;, prevented the increase i\ Elicited by intracellular dialysis of GTB
(Ma et al., 1994). Similarly, intracellular dialgoof GTRS (Ma et al., 1994) and GTP
(Majumdar and Sikdar, 2006) increasggldnd hyperpolarized the voltage dependence of
activation and steady state inactivation in CHOsdeansfected with NaV1.2. In
ventricular myocytes, isoproterenol (ISO)} adrenergic receptor agonist, increasgd |
without altering the voltage dependence of actbrabr steady state inactivation. While
ISO did not increaseyd following intracellular dialysis of an antibodyespfic to Gos,
ISO increasedyk following intracellular dialysis of PKI, a blockef PKA. Application
of Gas’ ™ a short synthetic fragment obG to inside-out patches increased the
amplitude of the single channel conductance (Lai.e1999).

In addition to thex subunit, thedy subunits of activated G-proteins can also
modulate NaV. Contrary to the results of Anis antleagues (1999) in rat brain
synaptoneurosomes, tfesubunit coimmunoprecipitated with NaV in cortiogurons

(Marin et al., 2001). Cotransfection of TsA 201llcwith NaV1.2 and,y; decreasedvh
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and fast inactivation as well as depolarized tHeage dependence of steady state
inactivation (Ma et al., 1997). Notably, while #resubunits increased the persistence of
transient |5, thea subunit of activated G-proteins can modulate Ni@t tontribute to
persistenty.. Intracellular dialysis of GTFS increasedyh, hyperpolarized the voltage
dependence of steady state inactivation, and desdehe recovery from slow
inactivation in ND7/23 cells transfected with Na91.Additionally, intracellular dialysis
of GTP/S increased the duration of single channel openmgstside-out patches
(Vanoye et al., 2013).
1.9. Modulation of Sodium Channels by Purine Nucleotides

In some excitable cells, purine nucleotides appearodulate NaV in a receptor
independent manner. In ventricular myocytes, Addtaasedn, and hyperpolarized the
voltage dependence of activation and steady statdivation. Cholera toxin (CTX), a
blocker of Gus, was ineffective (Scamps and Vassort, 1994). RGheurons, ATP
increased TTX-Rn, while decreasing TTX-S4. Importantly, the purinergic receptor
antagonists, reactive blue-2 (RB-2) and suramimeweeffective. Guanosine 5'-
disphosphate (GDB3%, a blocker of G-proteins, was also ineffective@(Choi et al.,
2003). In a later study, Park and colleagues (R08064erved that not only ATP but ADP
and the nonpurinergic receptor agonists GTP and @D&uced similar
hyperpolarizations in the voltage dependence a¥vatobn and steady state inactivation.
In hippocampal neurons, ATP, GTP, and RB-2 incr@dggand hyperpolarized the
voltage dependence of activation and steady statgivation (EIl-Sherif et al., 2001).

The structure of ATP, specifically the adenine yiisga common chemical motif found in
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many anesthetic, anticonvulsant, and antiarrhythinigs that target NaV.
Consequently, it was proposed that ATP exertdfiéxes on k5 by binding directly to
NaV (Williams, 2006). However, these results weravn from modeling the chemical
structures of different drugs with ATP and so elai€tand where ATP binds to NaV is
unknown.

It is important to note that purine nucleotides e unique in their direct action
on NaV despite having a clearly defined set of pemes, nor are they new to the debate
as to whether their effects are solely receptoepashdent. In HEK 293 cells transfected
with NaV1.2, thes1 agonist (+)-SKF 10047 decreasggldnd hyperpolarized the voltage
dependence of steady state inactivation. In amyithecl receptor antagonists BD
1047, NE-100, and BD 1063 were ineffective. PTX &TX were also ineffective (Gao
et al., 2012). Conversely, in intracardiac gangheurons, thel agonists DTG and
PTZ decreased,d and increased action potential latency. PTZ higmerpolarized the
voltage dependence of steady state inactivatiantr@ry to the findings of Gao and
colleagues (2012), BD 1063 prevented the decreakg elicited by DTG, suggesting

the involvement o&1 receptors (Zhang et al., 2010).
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Figure Legends

Figure1.1. Sagittal Section of the Mouse Head and Nose. A sagittal section through a
mouse head reveals four distinct chemosensory srigafuding the (1) MOE, (2) septal
organ, (3) Gruneberg ganglion, and (4) VNO. Untike MOE, the VNO is displaced
from the nasal cavity and connected only by th@palstine duct. The axons of the
sensory neurons in MOE project to the OB whiledakens of the sensory neurons in
VNO project to the AOB. Reprinted with permissioom (Ferrero DM & Liberles SD.
(2010). The secret codes of mammalian scéMitey Interdisciplinary Reviews: Systems

Biology and Medicin@, 23-33).

Figure1.2. Anatomy of the Mouse Vomeronasal Organ. A coronal section through a
VNO shows the clear division by the lumen of th@sensory epithelium from the
sensory epithelium. Within the nonsensory epithmelisympathetic innervation of the
large blood vessel facilitates a vasomotor pumpdbfively draws odorants into the
lumen for detection. The sensory epithelium is posed of basal cells, supporting cells,
and VSNs. The VSNs extend a dendrite capped inowilt into the lumen. The
nonsensory epithelium is composed of mucosal glandsciliated respiratory cells.

BV — Blood vessel, NSE — Nonsensory epithelium, lLuumen, SE — Sensory Epithelium.

Figure 1.3. Signal Transduction in Mouse Vomeronasal Sensory Neurons. VSNs

posses a single dendrite that extends from the soritie apical portion of the sensory

epithelium and makes contact with the lumen thraighmicrovilli. Within the
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microvilli, the signal transduction of odorants ot V1R/V2R receptor activation leads
to the production of IPand DAG by PLC. DAG gates TRPC2 and the resuitifigx of
Na"and C4" gates CACCs. DAG lipase breaks down DAG into AAttgates a non-

TRPC2 channel.

Figure 1.4. Structure of the P2X Receptor Subunit. Each functional P2X receptor is
composed of three subunits with two transmembraneaihs, intracellular C- and N-
termini, and a large cysteine rich extracellulapo TM1 binds ATP and confers the
differential agonist potencies amongst the P2X&eéptors. The pore is located in TM1
between 150 and S54 and TM2 between 1328 and L3&8ne P2X receptors, in
particular P2X1, 2, and 4 receptors, exhibit sutisgthcalcium permeability. A calcium
selectivity filter is located in TM2 between N338daS345. In the close state, V48 in
TM1 and 1328 in TM2 interact to stabilize the capfiation. Reprinted with permission
from (North RA. (2002). Molecular physiology of P2¥ceptorsPhysiological Reviews

82, 1013-1067).

Figure 1.5. Intracellular Signaling Pathways of the P2Y Receptor. Two
phylogenetically distinct classes of P2Y receptaste The P2Y1, 2, 4,5, and 11
receptors couple todg, PLC activation, and the release of f8a(a). The P2Y12, 13,
and 14 receptors couple taxGnd AC inhibition (b). Reprinted by permissionrfro
Macmillan Publishers LTD: [IMMUNOLOGY AND CELL BIODGY] (van der

Weyden L, Conigrave AD, & Morris MB. (2000). Sigrtehnsduction and white cell
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maturation via extracellular ATP and the P2Y11 ptoe Immunology and Cell Biology

78, 369-374), Copyright (2000).

Figure 1.6. Structureand L ocation of the Phosphorylation Sites of the Voltage
Activated Sodium Channel. Each NaV is composed of arsubunit, one noncovalently
linked 1 or 3 subunit, and one covalently linkg2l or 4 subunit. The subunit
possesses four homologous domains each with sigrtrambrane segments. The voltage
sensor is present in S1 to 4 while the pore andsskectivity filter is present in S5 and 6.
Pore blocking drugs, such as TTX, interact with &protein coupled neurotransmitter
and hormone receptors can modulate NaV througlereRKA or PKC phosphorylation.
The cytoplasmic linker between DI and 1l is phosptaied by PKA at S573, S610,
S623, and S687. Typically, this results in a desedn \,. The cytoplasmic linker
between DIIl and IV is phosphorylated by PKC at @,3K1507, K1508, and S1521.
Typically, this results in a decrease jg &nd fast inactivation. Reprinted by permission
from Macmillan Publishers LTD: [NATURE REVIEWS NEWSCIENCE] (Cantrell,
AR & Catterall, WA. (2001). Neuromodulation of Naannels: an unexpected form of

cellular plasticityNature Reviews Neuroscien2e397-407), Copyright (2001).
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Figure 1.5.

IP;+ DAG  PIP, ATP  cAMP

Inactive PKA

+.
PKC holoenzyme XD
h
A Active free
\
\ catalytic subunits ,,-
S A" -
‘5‘ -"’
. - “ ~
rd
T b »

Responses of target cell

53



Figure 1.6.
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CHAPTER 2
ATPEXCITESMOUSE VOMERONASAL SENSORY NEURONS THROUGH
ACTIVATION OF P2X RECEPTORS
(Vick, J.S. and Delay, R.J.. (2012) ATP Excitesus® vomeronasal sensory neurons

through activation of P2X receptors. Neuroscie@@®, 341-350.)
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Abstract

Purinergic signaling through activation of P2X d&2lY receptors is critically
important in the chemical senses. In the mousa wifactory epithelium (MOE),
adenosine 5'-triphosphate (ATP) elicits an increadatracellular calcium ([CE],) and
reduces the responsiveness of olfactory sensompngtio odorants through activation of
P2X and P2Y receptors. We investigated the roleuoihergic signaling in vomeronasal
sensory neuron (VSN)s from the mouse vomeronagahofVNO), an olfactory organ
distinct from the MOE that responds to many consjgechemical cues. Using a
combination of calcium imaging and patch-clamp tetgahysiology with isolated VSNs,
we demonstrated that ATP elicits an increase ifJCand an inward current with
similar EGoes. Neither adenosine nor the P2Y receptor ligaggnosine 5’-diphosphate,
uridine 5’-triphosphate, and uridine-5’-disphosghebuld mimic either effect of ATP.
Moreover, the increase in [E& required the presence of extracellular calciumtaed
inward current elicited by ATP was partially blockiey the P2X receptor antagonists
pyridoxal-phosphate-6-azophenyl-2’,4’-disulfonatel 2',3'-O-(2,4,6-trinitrophenyl)
adenosine 5'-triphosphate. Consistent with theatein of P2X receptors, we detected
gene expression of the P2X1 and 3 receptors i@ by RT-PCR. When co-
delivered with dilute urine, a natural stimulus, A$ignificantly increased the inward
current above that elicited by dilute urine or AdlBne. Mechanical stimulation of the
VNO induced the release of ATP, detected by lutifrciferase luminometry, and this
release of ATP was completely abolished in thegres of the connexin/pannexin

hemichannel blocker, carbenoxolone. We concludettie release of ATP could occur

56



during the activity of the vasomotor pump that litaties the movement of chemicals into
the VNO for detection by VSNs. This mechanism ddabkd to a global increase in

excitability and the chemosensory response in ViBiNgigh activation of P2X receptors.
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I ntroduction

The mammalian vomeronasal organ (VNO), the prinsansory organ of the
accessory olfactory system, is critical for normgdfjressive and reproductive behaviors.
Ablation of the VNO results in a severe disruptairsexual behaviors in male and
female rodents, such that mounting and lordosisiadenger preferentially directed
towards the opposite sex (Samuelsen and Meredl9;Stowers et al., 2002). The
rodent VNO is a paired tubular structure encasealbony capsule at the caudal tip of the
nose that is anatomically segregated from theafetste nasal cavity. The sensory
epithelium of the VNO is richly populated by vomeasal sensory neuron (VSN)s,
supporting cells, and basal cells. VSNs are bips#asory neurons with a single dendrite
that extends into the lumen of the VNO and a siaglen that projects to the accessory
olfactory bulb (Liman and Corey, 1996). It is witlihe microvilli of the dendritic knob
that the chemosensory signal transduction machisdogated (Menco et al., 2001).
Apical VSNs express V1R receptors andl ®hile basal VSNs express V2R receptors
and Gy, (Berghard and Buck, 1996). In mice, many congjgechemical cues are
released into urine and can be detected by VSNl @i@l., 2000). These chemicals
can activate V1R/ V2R receptors, which leads toptteeluction of diacylglycerol (DAG)
and inositol-1,4,5-triphosphate gy phospholipase C (PLC) (Krieger et al., 1999).
DAG opens transient receptor potential channel 8 ERPC2) and produces an influx
of sodium and calcium into the microvilli, the ktiof which can activate calcium-
activated chloride channel (CACC)s and amplifyphienary response (Kim et al., 2011;

Yang and Delay, 2010).
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Purine nucleotides, such as adenosine 5'-triphds#d P), exert their effects on
cellular physiology by binding to three classesemfeptor (1) ionotropic P2X receptors
(P2X1-7), (2) G-protein coupled P2Y receptors (P2¥,14, 6, 11, 12, 13, 14), and (3) G-
protein coupled adenosine receptors (Al, 2A, 2Bf@)review: Burnstock, 2007). P2X
receptors are trimers, with each monomer consistirtggo transmembrane domains and
large extracellular loops. Monomer subtypes camfooth homomeric (i.e. P2X3) as
well as heteromeric (i.e. P2X2/3) P2X receptorbe Ppore of P2X receptors is permeable
to both monovalent and divalent cations, and isvedéy the binding of ATP as well as
a variety of synthetic, nonhydrolyzable ATP analeg(Ding and Sachs, 1999; Egan et
al., 2006). P2Y receptors are activated not oghADP, but by adenosine 5'-
diphosphate (ADP), uridine 5’-triphosphate (UTR)dine 5’-diphosphate (UDP), and
UDP-glucose.In vitro, P2Y receptors typically (1) activate the cycldeaosine 5'-
monophosphate (cAMP)/adenylyl cyclase (AC) path@WBY11), (2) inhibit the
CAMP/AC pathway (P2Y2, 4, 12, 13, 14), or (3) aatevthe IR'PLC pathway (P2Y1, 2,
4, 6, 11) (for review: Abbracchio et al., 2006)dekosine receptors are activated by
adenosine, which is typically produced by the rdpiebkdown of extracellular ATP by
transmembrane ATPases (Burnstock, 2007). In thesmxmain olfactory epithelium
(MOE), P2X and P2Y receptors are expressed inghsmy epithelium. ATP increases
intracellular calcium ([C&])) and reduces the responsiveness of olfactory sgnsoiron
(OSN)s to odorants through activation of P2X and R&eptors (Hegg et al., 2003).
Furthermore, ATP induces the differentiation ofddggogenitor cells into new OSNs

(Gao et al., 2010; Hassenklover et al., 2009; J&d. £2009). Exposure to highly
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concentrated odorants, such as is possible willtpol, appears to result in the release
of ATP from the MOE (Hegg and Lucero, 2006). There, purinergic signaling in the
MOE is believed to play a neuroprotective and neagenerative role by protecting
OSNSs against further excitotoxic challenge and miimy basal progenitor cells to
differentiate into new OSNs. While P2X3 and P2¥2aptors are expressed in the
sensory epithelium of the rat VNO, the role of pergic signaling in the VNO has not
yet been determined (Gayle and Burnstock, 2004).

Fluid movement into the VNO lumen of guinea pigd amce exposed to urine, a
natural stimulus, indicates the VNO is able to asdbde nasal cavity despite its
anatomical segregation (Ogura et al., 2010; Wysetki., 1980). Along the lateral wall
of the VNO bony capsule are large blood vesselsateextensively innervated by
sympathetic nerves from the superior cervical gandiCantd Soler and Suburo, 1998).
Stimulation of the nasopalatine nerves in anestbdthamsters and mice, along which
the sympathetic nerves from the superior cerviealgjon enter the VNO, results in the
activation of the vasomotor pump that facilitates movement of chemicals into the
VNO for detection by VSNs (Ben-Shaul et al., 20@&redith and O’Connell, 1979). In
awake, behaving male hamsters, the pumping of @ dccurs naturally in the
presence of a novel environment or a sexually tecefemale hamster (Meredith,
1994). Purine nucleotides are released in a medeasitive manner from the retina,
urinary bladder, nephron of the kidney, polarizpdheelium of the lung, and cochlea
(Chen et al., 2010; Homolya et al., 2000; Newm&®12 Sipos et al., 2009; Zhao et al.,

2005). In the nephron of the kidney and cochl€ER As released by mechanosensitive
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connexin hemichannels (Sipos et al., 2009; Zhab. e2005). Connexin 36, 31.1, and
30.1 are expressed in the sensory epithelium omthiese VNO (Zhang and Restrepo,
2003; Zheng-Fischhofer et al., 2007; Zheng-Fiscahéft al., 2007). In this report, we
provide evidence that ATP elicited a concentratlependent increase in [€h and an
inward current in isolated mouse VSNs through ation of P2X receptors. Moreover,
we show that ATP increased the responsiveness NS\& dilute urine. We conclude
that ATP could be released from the VNO when meicladly stimulated, and that
activation of P2X receptors may provide a meangafally increasing excitability and

the chemosensory response in VSNs when the vasomata is active.
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Methods
VNO Dissection and VSN Isolation

Male and female C57BL/6 and BALB/C mice (CharlesdRiLaboratory;
Wilmington, MA) were maintained on a 12hr light/X2tark cycle with food and water
providedad libitumin accordance with the University of Vermont'stihigional Animal
Care and Use Committee. Mice were euthanized byaS@hyxiation followed by
cervical dislocation. The head was removed, datdrally, and the entire VNO was
dissected outThe VNO was removed from both halves of the borpsoée and VSNs
were isolated by mechanical dissection in nomindiNsalent cation-free Ringer’'s
solution (in mM: 140 NaCl, 5 KCI, 10 HEPES, 10 Gisge; pH 7.4) supplemented with
~50ug/mL papain for 10 minutes. After filtratiorrdkngh a nylon mesh, VSNs were
maintained in Ringer’s solution (in mM: 138 NaCIKE&l, 10 HEPES, 2 MgGJ 2 CaC},
10 Glucose; pH 7.4) supplemented wittOg/mL leupeptin for 15 minutes to inhibit
papain and plated on glass coverslips for calcimaging and patch-clamp

electrophysiology. VSNs remained viable for ugttoours.

Chemical/Drug Preparation and Urine Collection

All chemicals/drugs were dissolved in Ringer’s $iolu to their final
concentrations unless noted otherwise. Urine wated to a final concentration of
1:100 at which there is no effect on osmolarityletectable level of ATP (Turner et al.,
2010; Yang and Delay, 2010). ATP magnesium sdl?Anonopotassium salt dihydrate,

UTP trisodium salt hydrate, UDP disodium salt hyelradenosine, carbenoxolone
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disodium salt, gramicidin, and dimethylsulfoxideMBO) were purchased from Sigma
Aldrich (St. Louis, MO). Papain and concanavlirf@onA) were purchased from
Calbiochem (Darmstadt, Germany). Leupeptin washmasged from USB (Cleveland,
OH). Fura-2, acetoxymethyl (fura-2, AM) and pluimk-127 were purchased from
Invitrogen (Carlsbad, CA). Pyridoxal-phosphatezézhenyl-2’,4’-disulfonate (PPADS)
and 2',3'-0-(2,4,6-trinitrophenyl) adenosine Piiosphate (TNP-ATP) were both kind
gifts from Dr. John Tompkins of the anatomy androbiology department at the
University of Vermont (Burlington, VT). Urine wa®llected from at least 20 male and
female mice, and filtered through a 0.2um filtefdoe storage in single use aliquots at -

80°C.

Calcium Imaging

VSNs were plated on ConA-coated glass coversligsibated in pM fura-2,
AM and 0.05% pluronic F-127 dissolved in DMSO im&er’s solution for 15 minutes,
and washed in Ringer’s solution for 10 minutes kefach recording session. Only
VSNs with a stable baseline were used. Images eaptired every 5s with excitation
wavelengths of 340nm and 380nm and an emissionlemyth of 510nm. All changes
in [C&"], were recorded as changes in the fluorescent (@4i@380) and background
subtracted before analysis. Fluorescent ratiog wemorded with a xenon short arc lamp
(Ushio) and C4742-95 digital camera using the SaRfll 6.0 software (Hammatsu) and
an inverted fluorescent Nikon TE2000S microscoplee changes in [G§, elicited by

ATP were measured with the following equation
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RATP:R -R

Max Baseline

Eq. 1. Background Subtraction
where Riax = Maximum amplitude of the fluorescent ratio witl#0s of ATP
delivery and Raseline= Average amplitude of the fluorescent ratio imdgir's solution for
1 minute. When testing the role of extracellulaicium ([C&']o), VSNs were incubated
in calcium-free Ringer’s solution (in mM: 138 NaGIKCI, 10 HEPES, 2 MgGJ 10
Glucose, 2 EGTA; pH 7.4) fef2 minutes before the delivery of ATP. A Warneitfas
step SF-77B perfusion system was used to delivemdals/drugs to VSNs under

continuous bathflow.

Patch-Clamp Electrophysiology

The perforated patch-clamp configuration with gr@din as the pore forming
agent was used for two major reasons. First, grndmipores are impermeable to
chloride, which is crucial due to the high intrdeklr chloride concentration in VSNs and
importance of chloride for the chemosensory resp@isn et al., 2011; Yang and
Delay, 2010). In addition, gramicidin pores ar@@rmeable to second messengers,
which is crucial for VIR/V2R and P2Y receptors doe¢heir reliance on second
messengers. Intracellular Ringer’s solution (in N0 K-Gluconate, 10 NaCl, 30 KCl,
10 HEPES, 1 MgGJ 0.023 CaCl 1 EGTA; pH 7.4) was supplemented with
~0.27mg/mL gramicidin dissolved in DMSO. Electrode=re pulled from LE16 glass
using a P-97 Flaming/Brown micropipette pulleredtodes with a resistance of 5 to

8MQ had the tips filled with intracellular Ringer’'slston minus gramicidin and were
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backfilled with intracellular Ringer’s solution spiemented with gramicidin. Currents
and voltages were recorded with a Digidata 1322&\Malticlamp 700A using the
pClamp 8.2 software (Axon Instruments) and an iteceNikon TE2000S microscope.
After formation of a gigaseal (R=>1.0X2), complete perforation took 20 to 60
minutes. Acceptable electrical access was detewiy observing consistent time to
peak of the voltage-activated sodium current reedrdith nine +20mV voltage steps
from -90 to +90mV. A Warner fast-step SF-77B psidn system was used to deliver
chemicals/drugs to VSNs under continuous bathfl&ar voltage-clamp experiments,
VSNs were held at -80mV. For current-clamp experits, current was injected into
VSNs if necessary so that the membrane potengdkest at -60mV. A depolarizing
current injection of 4pA for 2s was used to elagtion potentials both in the presence
and absence of ATP. All electrophysiology dataengessel filtered at 4kHz with a

sampling interval of 10kHz.

Mechanical Stimulation

The methods for mechanical stimulation and the oreasent of ATP release
were adapted with minor modifications from Zhao antleagues (2005). Briefly, the
entire VNO was dissected out of the mouse, reméneed both halves of the bony
capsule, and washed in Ringer’s solution or SmNbeaoxolone in Ringer’s solution for
5 minutes. Following wash, the VNO was transfetee@d00uL of Ringer’s solution or
5mM carbenoxolone in Ringer’s solution for 45 memitvith the entire sample medium

removed for analysis and replaced with 200uL a$HrRinger’s solution or 5mM
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carbenoxolone in Ringer’s solution every 5 minutesom t=10 to 25 minutes, the VNO
was mechanically stimulated by slowly drawing solutinto the pipette tip and gently

ejecting it back into the bath.

Luciferin-Luciferase Luminometry

Samples were analyzed in 96 well Co-Star platesBioTek H4 Synergy
luminometer at the University of Vermont's Cell adidlecular Core Facility
(http://www.uvm.edu/~cbmrexne/) using Invitrogenisiferin-luciferase ATP
determination kit according to manufacturer’s instions. A standard curve of relative
light units (RLU) plotted against 1nM, 5nM, 10nM)riM, and 100nM ATP was
produced with each experiment and served as amaiteontrol of measurement
reliability (data not shown?r= 0.9795). 5mM carbenoxolone in Ringer's solutione
(515 £ 113 RLU) had no effect on RLU when comparceRinger’s solution alone (453
+ 101 RLU; Meant SEM), indicating that the concentration of carbeone used in
the present study had no detectable effects olutiferin-luciferase assay (data not

shown; p > 0.05, Mann-Whitney U test).

RT-PCR

Total RNA was isolated and purified from the VNQOngsQiagen’s RNeasy Mini
Kit according to manufacturer’s instructions. cDMAs synthesized with 2.5uM
random hexamers (Applied Biosystems) and 200U Squigat Il Reverse Transcriptase

(Invitrogen) from=1ug of total RNA in a volume of 20uL. A negativentrol was
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performed by omitting SuperScript Il Reverse Ti@aisase to ensure that any of the
desired PCR products came from cDNA and not comtatimg genomic DNA.
RNaseOUT (Invitrogen), a ribonuclease inhibitorsvaalded to the reactions to prevent
degradation of RNA. PCR was performed using 1ptiNA, 2.5mM MgC}h
(Invitrogen), 12.5pmol forward and reverse prim@@)uM dNTPs (New England
BioLabs), 10x reaction buffer (Invitrogen), and3LPTaq polymerase (Invitrogen) in a
volume of 25uL. Primer sequences for the P2X1eéptors and the PCR conditions
were the same as those used by Lewis and colle§20@2), with the exception that an
annealing temperature of B for 45s was used. PCR products were purifieehfro
agarose gels using Omega Bio-Tek’s Gel Extractigra&cording to manufacturer’s
instructions and sequenced at the Vermont Canaete€CBNA Analysis Facility

(http://www.vermontcancer.org/).

Data Analysis

To determine the concentration of ATP at whichrésponse is half-maximal
(EGCsp), the raw data were normalized to the peak iner@afC& ], (calcium imaging) or
the peak inward current (patch-clamp electrophgsgip) recorded with 10tV ATP.
The normalized responses were plotted againsothgdf the corresponding ATP
concentration and fit with a non-linear Hill regses using the Origin 7.5 software

(OriginLab) with the following equation

_ A-A
R/ RMaX - 1+10[|09(Ecso)*X]*H + Al
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Eq. 2. Hill Equation

where Al = Bottom asymptote, A2 = Top asymptotesg=0Concentration of
ATP at which the response is half-maximal, and Hil:coefficient. The regressions
were performed with 200 iterations at 95% configdemtervals. Awas constrained to O
since the responses elicited hyM, 10uM, 30uM, and 5QuM ATP were normalized to
the response elicited by 1o ATP. To analyze the effects of calcium-free Ririg
solution on the response to ATP, the raw data wermalized to the peak increase in
[C&®"], recorded with ATP in Ringer's solution prior teethxchange of Ringer’s solution
for calcium-free Ringer’s solution. To analyze #fects of PPADS on the response to
ATP, the raw data were normalized to the peak idvearrent recorded with ATP prior
to the co-delivery of PPADS and ATP. To analyzeeffects of TNP-ATP on the
response to ATP, the raw data were normalizeddagéak inward current recorded with
ATP prior to the co-delivery of TNP-ATP and ATPo @nalyze the effects of ATP on
the response to dilute urine, the raw data weremabzed to the peak inward current
recorded with dilute urine prior to the co-deliverfydilute urine and ATP. Firing
frequency was calculated in Hz by counting the neind$ action potentials that occurred
during stimulus delivery and dividing by 2s, themstlus delivery time.

Data are presented as mean + SEM. All data weteddor normality with the
Shapiro-Wilk test using the Origin 7.5 softwaren @ata that were normally distributed,
paired samples t-tests were used to compare widtments, and independent samples
t-tests and one-way analyses of variance (ANOVAgsawised to compare between

treatments using the Origin 7.5 software. On tlaawere not normally distributed,
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Wilcoxon signed rank tests were used to compareinviteatments, and Mann-Whitney
U tests were used to compare between treatmemig the GraphPad Prism 5.0 software

(GraphPad Software). All figures were producedhgshe Origin 7.5 software.
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Results
ATP Elicited a Concentration Dependent Inward Cutre

In the mouse MOE, ATP elicits an increase in1Gand reduces the
responsiveness of OSNs to odorants through adaivati P2X and P2Y receptors (Hegg
et al., 2003). In the rat VNO, P2X3 and P2Y2 recepare expressed in the sensory
epithelium, but little is known about the physialzg role of purinergic signaling in the
VNO (Gayle and Burnstock, 2004). We set out tedeine whether isolated VSNs from
the mouse VNO respond to ATP and if so, what cotmagans would be necessary for
purinergic receptor activation. In VSNs voltagaraped at -80mV in the perforated
patch-clamp configuration, a concentration depenuhevard current was elicited by
ATP (Figure 2.1A). All VSNs tested exhibited noasarable membrane current in the
presence of M ATP. The EG of the inward current elicited by ATP was calcathto
be~6.24uM (Figure 2.1B). As near maximal inward currentsvedicited by 3Q0M ATP,
this concentration of ATP was used for the remaind¢he experimentn(= 46/52,
88%). The average inward current elicited byld0ATP was 37.2% 2.32pA (Meant
SEM), with the majority of VSNs responding toid® ATP in the 20 to 40pA range
(Figure 2.1C).

ATP can activate both P2X and P2Y receptors, wtslenetabolite, adenosine,
can activate adenosine receptors. ATP is an emdogdigand for both P2X and P2Y
receptors, while ADP, UTP, and UDP are endogengasds for P2Y receptors
(Abbracchio et al., 2006; Burnstock, 2007; Ding &aths, 1999; Egan et al., 2006).

Therefore, we used the pharmacological specifaitthe purinergic receptors to
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determine the particular purinergic receptor popoteresponsible for the inward current
elicited by ATP in VSNs. ATP was delivered to48BNs prior to the delivery of
adenosine or the indicated P2Y receptor ligand (ADPP, or UDP). In none of the
VSNs voltage clamped at -80mV did 8@ adenosiner( = 10; Figure 2.2A), ADPn(=

5; Figure 2.2B), UTPr(= 3; Figure 2.2C), or UDM(= 4; Figure 2.2D) elicit any
measurable membrane current. Furthermore, higiherentrations of ADPn(= 5), UTP
(n=3), and UDPr{ = 4; 5QuM and 10@M) did not elicit any measurable membrane
current (data not shown). The range of amplituafébe inward currents elicited by
30uM ATP were not significantly different in the VSNissted with either adenosine,
ADP, UTP, or UDP, indicating a similar sample of N&Stested for each purine

nucleotide (data not shown; p > 0.05, one-way ANQVA

ATP Elicited an Increase in [G§, similar to the ATP-Induced Inward Current

To explore the possibility that there may be ademoand/or P2Y receptors
mediating a response to ATP that was undetectgmtoh-clamp electrophysiology, we
set out to determine whether ATP could increasé’]Cia VSNs. In VSNs loaded with
fura-2, AM, a concentration dependent increas€ai’], was elicited by ATP (Figure
2.3A). In 3 VSNs, M ATP elicited a small increase in [€3 while in another 3
VSNSs, 1uM ATP elicited no increase in [€3,. A desensitization was noticed with the
increases in [C4], elicited by 5M and 10M ATP that was not observed with the
inward currents elicited by 5 and 10QM ATP. The EGo of the increase in [G4|

was calculated to b€l.40uM (Figure 2.3B). We continued to usel®® ATP in most of
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the calcium imaging experiments to facilitate congmzns with our patch-clamp
electrophysiology datan(= 16/19, 84%). The average increase irf{lzalicited by
30uM ATP was 151.6% 13.45% (Mearr SEM) above baseline.

Since P2Y2 receptors are expressed in the senpihgkum of the rat VNO, we
next attempted to see if the concentration deperiderease in [Cd], elicited by ATP in
VSNSs could be reproduced with the P2Y2 receptandgUTP (Gayle and Burnstock,
2004). In none of the VSNs tested djdVi, 10uM, 30uM, 50uM, and 10@M UTP
elicit any increase in [G4, (data not showm = 5). We again used the pharmacological
specificity of the other P2Y receptors to determfrtbey were involved with the
increase in [C4], elicited by ATP in VSNs. ATP was delivered to4BNs prior to the
delivery of adenosine (labeled as “A”) and the caded P2Y receptor ligand (ADP, UTP,
and UDP). No increases in [ER were observed with 30/ adenosine, ADP, UTP,
and UDP (n = 4; Figure 2.3C). These results letbus/pothesize that P2X receptors
were responsible for both the increase in’[Gand the inward current elicited by ATP
in VSNs. To test our hypothesis, VSNs were incetbdibr~2 minutes in calcium-free
Ringer’s solution prior to the delivery of 30 ATP (Figure 2.3D). In all of the VSNs
tested, removal of [Go led to a complete abolishment of the increas€ai, elicited
by 3QuM ATP (4.11+ 0.49%;n = 4, p < 0.001, paired samples t-test), whichiaiayt
recovered following the reintroduction of [ER, (76.82+ 7.55%; Figure 2.3E). These
results support our hypothesis that P2X recept@sesponsible for the increase in

[Ca®"], elicited by ATP in VSNS.
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P2X Receptor Antagonists Partially Blocked the Ai@iced Inward Current

To test our hypothesis that P2X receptors are resple for the inward current
elicited by ATP in VSNs, we used PPADS, a non-catitige general P2X receptor
antagonist. VSNs were voltage-clamped at -80mViaadbated in pM PPADS for=2
minutes prior to the co-delivery ofis! PPADS and 30M ATP (Figure 2.4A).
Incubation in M PPADS for 2 minutes significantly blocked, butlaiot completely
abolish, the inward current elicited by 3@ ATP (62.03+ 2.50%;n =5, p < 0.0001,
paired samples t-test). This effect was obsemed iVSNs tested (Figure 2.4B). The
recovery of the inward current elicited by,d® ATP was slow and incomplete (78.32
5.59%). However, the2 minute incubation time of PPADS used in the prestudy is
consistent with an extended delay in the recovétii@inward current elicited by ATP
(Li, 2000). To explore these results further, wediTNP-ATP at a concentration which
is non-selective for P2X receptors (Virginio et 4998). VSNs were voltage-clamped at
-80mV and incubated ing TNP-ATP for~2 minutes prior to the co-delivery ofibl
TNP-ATP and 3QM ATP (Figure 2.4C). In 4 VSNs, the inward curretitited by
30uM ATP was completely abolished by incubation iiVbTNP-ATP (0 + 0%) and the
recovery was close to baseline (88.19 + 3.34%)3 UENSs, the inward current elicited
by 3QuM ATP was not significantly blocked by incubation5uM TNP-ATP (77.91
0.07%;n = 3, p > 0.05, Wilcoxon signed rank test; Figu®. To confirm the
functional expression of P2X receptors, we perfaiR@-PCR with the VNO for the
P2X1, 2, and 3 receptors. While we detected gepeession of the P2X1 and 3

receptors (Figure 2.4E), we did not detect geneesgion of the P2X2 receptor (data not
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shown). Gene expression of the P2X1 and 3 receptas confirmed by sequencing.
These results further support our hypothesis tBxt i@ceptors are responsible for the

inward current elicited by ATP in VSNSs.

ATP Elicited Action Potentials and Modulated thevémd Current Elicited by Dilute
Urine

Mouse VSNs express a high density of voltage-atgt/aodium channels and
will fire action potentials with depolarizing cunteinjection as low as 1pA (Liman and
Corey, 1996). Thus, we set out to determine if ADBId elicit action potentials in
stable, resting VSNs (firing frequency = OHz), avitether ATP could increase the
number of action potentials elicited by depolamizaurrent injection for 2s (firing
frequency > OHz). Baseline current was injected WiSNs in the perforated patch-
clamp configuration if necessary so that the memdpotential started at -60mV, and
either Ringer’s solution or 31 ATP was delivered for 2s (Figure 2.5A). Uponidety
of 30uM ATP, firing frequency was significantly increasablove that observed in
Ringer’s solution (1.64 £ 0.40HR;= 14, p < 0.05, paired samples t-test; Figure 2.5B
We repeated the experiment but used a 4pA injecti@urrent for 2s during stimulus
delivery to elicit action potentials, and looked &n increase in firing frequency with the
delivery of 3uM ATP (Figure 2.5C). To our surprise, firing freancy with the delivery
of Ringer’s solution (3.50 + 1.67Hz) andi3@ ATP (3.58 + 0.96Hz) were not
significantly different in the presence of a 4pAeution of current for 2sn(= 5, p > 0.05,

paired samples t-test; Figure 2.5D). Despite thidar firing frequencies with the
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delivery of Ringer’s solution and @M ATP during depolarizing current injection, a
sustained lack of repolarization and decliningactotential amplitude were observed
only in some VSNs during the delivery of 8@ ATP.

Mouse VSNs respond to the chemicals present irewvith the activation of
V1R/V2R receptors, which leads to the productiotPgfand DAG by PLC (Holy et al.,
2000; Krieger et al., 1999). DAG opens TRPC2, ponag an influx of sodium and
calcium into the microvilli, the latter of which mkactivate CACCs and amplify the
primary response (Kim et al., 2011; Yang and De2&},0). We set out to determine if
ATP could increase the inward current elicited Bytd urine in VSNs. VSNs were
voltage-clamped at -80mV. Dilute urine andu8DATP were both delivered separately
to record the baseline inward current elicited bgrestimulus. Dilute urine and |30
ATP were then co-delivered, followed b% minute wash before looking for recovery of
the inward current elicited by dilute urine (Fig@&®A). The inward current elicited by
the co-delivery of dilute urine and 391 ATP (191.10 = 7.51%) was significantly
increased beyond that elicited by the deliveryitftd urine (100%n =7, p < 0.0001,
paired samples t-test) or @@ ATP alone (150.85 + 12.34%:;= 7, p < 0.05, paired
samples t-test). However, the inward current telttby the co-delivery of dilute urine
and 30uM ATP was significantly less than the presgiccum of those elicited by dilute
urine and 30uM ATP (250.85 + 12.34%5 7, p < 0.01, paired samples t-test). This
effect was observed in all VSNs tested (Figure 2.6Bonsistent with our hypothesis that

P2X receptors are responsible for the inward ctiebaited by ATP in VSNs, a partially
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additive effect between the inward currents eleCitg dilute urine and 3M ATP was

observed.

Mechanical Stimulation of the VNO Resulted in tee&se of ATP

We set out to determine if mechanical stimulatibthe VNO could induce the
release of ATP. To address this question, we pedd a luciferin-luciferase assay in
combination with mechanical stimulation of the VI gentle pipetting adapted with
minor modifications from the methods of Zhao antleamues (2005). A transient
increase in RLU was observed at t=15 minutes, whicbkly returned close to baseline
at t=20 to 25 minutes during the course of meclasitmulation in Ringer’s solution.
This effect was abolished by the connexin/pannarimichannel blocker 5SmM
carbenoxolone in Ringer’s solution (Figure 2.7&)pr this reason, statistical analyses of
the data were performed between Ringer’s solutimhsamM carbenoxolone in Ringer’s
solution at t=10 and t=15 minutes. Mechanical station of the VNO in Ringer’s
solution at t=15 minutes (3474 = 945 RL&L7nM ATP) significantly increased RLU
above baseline at t=10 minutes (831 + 84 RLU; < J&MP), indicating the release of
ATP (n=5, p <0.05, paired samples t-test). Conversegchanical stimulation of the
VNO in 5mM carbenoxolone in Ringer’s solution at5minutes (440 + 96 RLU; <
1nM ATP) had no significant effect on RLU from blse at t=10 minutes (490 + 159
RLU; < 1nM ATP;n =4, p > 0.05, paired samples t-test). MoreoyenV
carbenoxolone in Ringer’s solution significantlyolibhed the increase in RLU observed

in Ringer’s solution at t=15 minutes (p < 0.05,apdndent samples t-test; Figure 2.7B).
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These results suggest that mechanical stimulafitimeovVNO is sufficient to induce the
release of ATP, and that a likely contributing meobsensitive pathway for ATP release

are the connexin/pannexin hemichannels.
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Discussion

To our knowledge, this is the first report detajlihe physiological role of ATP
in isolated mouse VSNs. VSNs displayed a higharse rate to ATP that was similar to
a variety of other sensory neurons, most notablysadladder sensory neurons and
OSNs (Chen et al., 2010; Hegg et al., 2003). ©swlts indicate that ATP elicited a
concentration dependent increase in‘{Gand an inward current with similar E&
(Figure 2.1 and Figure 2.3). Both types of resperdicited by ATP were not mimicked
by adenosine, or the P2Y receptor ligands ADP, LarE, UDP (Abbracchio et al., 2006;
Burnstock, 2007; Ding and Sachs, 1999; Egan e2@06) (Figure 2.2 and Figure 2.3).
These results led us to hypothesize that both tgpessponses elicited by ATP were due
to activation of P2X receptors. Consistent with lsypothesis, the increase in fCa
was completely abolished in calcium-free Ringedkison (Figure 2.3) and the inward
current elicited by ATP was partially blocked bg th2X receptor antagonists PPADS
and TNP-ATP (Li, 2000; Virginio et al., 1998) (Figu2.4). Furthermore, we detected
gene expression of the P2X1 and 3 receptors buifribe P2X2 receptor in the VNO by
RT-PCR (Figure 2.4). ATP elicited action poterdtiad resting VSNs (Figure 2.5) and
increased the inward current elicited by dilutenann a partially additive fashion (Figure
2.6). Our results show that ATP can be releasmd the VNO following mechanical
stimulation (Figure 2.7), and we conclude thatleage of ATP may accompany
activation of the vasomotor pump.

A desensitization was observed in the increas€#'; but not in the inward

current elicited by higher concentrations of ATRy(FFe 2.1 and Figure 2.3). We needed
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to use a longer delivery time of ATP for our cafoiimaging (10s) than we did for our
patch-clamp electrophysiology experiments (500m®rder to measure a change in
[Ca™];. The longer delivery time for the higher concatitms of ATP may have
promoted a desensitization in the increase irf [Cthat was not observed in the inward
current, and is likely to have affected determmrawf the true E€. Nevertheless, the
similarity of the EGes and the pharmacology of the increase irf{zand the inward
current elicited by ATP support our hypothesis thath types of responses were due to
activation of P2X receptors. It is important tdethat our results do not rule out the
expression of adenosine and P2Y receptors in V&NigEh may have a modulatory role
that is independent of increasing fJa or an inward current (Abe et al., 2003; Brown
and Dale, 2002; Chen et al., 2010; Filippov et20004). While our study focused on
VSNs, the sensory epithelium of the VNO possessppating cells and basal cells in
addition to sensory neurons. Activation of P2Yeqgors in the sustentacular supporting
cells of the mouse and lanienopus laeviMOE can increase [€§, (Czesnik et al.,
2006; Hassenklover et al., 2008; Hegg et al., 200®9) previous study, it was reported
that P2X3 receptors are expressed by VSNs and P&éptors are expressed by
supporting cells in the sensory epithelium of teMNO (Gayle and Burnstock, 2004).
Our results are consistent with the author’s casiohs, and leave open the possibility
that purinergic signaling may be important for aiety of other cell types in the sensory
epithelium of the VNO.

The detection of chemicals and the propagatiorctidia potentials by VSNs is

vital for the animal’s social and reproductive bé@bes (Holy et al., 2000; Kim et al.,
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2011; Krieger et al., 1999; Liman and Corey, 198&ng and Delay, 2010). Our results
indicate that ATP increased the inward currenttekicby dilute urine in a partially
additive fashion (Figure 2.6), which is best expdal by a summed ion conductance
through both activated P2X receptors and the chensasy signal transduction pathway.
In the mouse MOE, ATP elicits an increase in{Gand an inward current in OSNs
through activation of P2X and P2Y receptors. Femtiore, ATP reduces the
responsiveness of OSNs to odorants, presumabl@lyré&ceptor mediated G-protein
inhibition (Hegg et al., 2003). Our results shdwattin the mouse VNO, ATP elicited an
increase in [C4];, an inward current, and an increase in the respemsss of VSNs to
dilute urine through activation of P2X receptofidus, a fundamental difference exists in
the mechanisms by which purine nucleotides altef‘JCand excitability as well as
modulate chemosensation in these closely relatétypes. While ATP elicited action
potentials, the number of action potentials thauo®d during depolarizing current
injection was unaffected by the presence of ATRYF 2.5). VSNs express big-
conductance calcium-activated potassium chann&3s(Bnd L-type voltage dependent
calcium channel (VDCC)s which underlay persistaimd (Ukhanov et al., 2007; Zhang
et al., 2008). Therefore, it is possible that AMBdulates BK or L-type VDCCs in such
a way to elicit a sustained lack of repolarizato declining action potential amplitude.
One of the most interesting questions raised byesults is the source(s) of ATP
for VSNs. While undiluted urine may representgngicant source of ATP for VSN,
we explored the possibility of local, tissue-spiecsiources of ATP (Turner et al., 2010).

A group of solitary chemosensory cells reside atgbsterior part of the mouse VNO
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lumen where it connects to the nasopalatine dlibese cells can respond to bitter
molecules and detect excessively high concentmtbisalts that would be damaging to
the VNO (Ogura et al., 2010). By doing so, polhitacan be actively excluded from the
VNO, and under normal circumstances, would likedyer reach the concentrations that
can result in the release of ATP from the MOE (Hagd Lucero, 2006). Due to the
anatomical segregation of the VNO from the nasaitgasympathetic control of the
vasomotor pump facilitates the movement of chemigab the VNO for detection by
VSNSs (Ben-Shaul et al., 2010; Meredith, 1994; Méarednd O’Connell, 1979; Cant6
Soler and Suburo, 1998). Mechanosensitive pathizaybe local release of ATP in a
variety of tissues have begun to emerge in thelibee (Chen et al., 2010; Homolya et
al., 2000; Newman, 2001; Sipos et al., 2009; Zham.£2005). Connexin hemichannels
are responsible for the mechanosensitive releasd@Bfin the nephron of the kidney and
cochlea (Sipos et al., 2009; Zhao et al., 20059)nr@xin 36, 31.1, and 30.1 are expressed
in the sensory epithelium of the mouse VNO (Zhamdj Restrepo, 2003; Zheng-
Fischhofer et al., 2007; Zheng-Fischhofer et &1Q07).

Since the VNO undergoes continual contractionsratakations during the
activation of the vasomotor pump, and that the egjmen of the lumen when filled with
fluids could exert a mechanical force on the sgnepithelium, we hypothesized that one
possible source of ATP for VSNs may be release eghanical stimulation. With
mechanical stimulation by gentle pipetting of thiQ®, we observed a transient release
of ATP using luciferin-luciferase luminometry th@turned close to baseline during the

later course of mechanical stimulation (Figure 2.These results are different from
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those observed in the cochlea, where a sustaihesseeof ATP occurred during the
entire course of mechanical stimulat{@mao et al., 2005). It is likely that the amooht
ATP available for release was used up quickly byeogperimental protocol given the
duration of mechanical stimulation by gentle pipgttused in the present study (15
minutes). In the presence of the connexin/pannieemichannel blocker carbenoxolone,
mechanical stimulation by gentle pipetting of thie® was insufficient to induce the
release of ATP (Figure 2.7). While the connexinewn to be expressed in the mouse
VNO have been primarily localized to the sensoryhgium, we can not rule out the
expression of additional connexins/pannexins imii@sensory epithelium that may have
contributed to the release of ATP during mecharstalulation. Taken together, our
results suggest that mechanical stimulation oMN@® can induce the release of ATP,

presumably through connexin/pannexin hemichannels.
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Abbreviations

AC, adenylyl Cyclase; ADP, adenosine 5’-disphosphANOVA, analysis of variance;
ATP, adenosine 5'-triphosphate; BK, big-conductacaieium-activated potassium
channel; CACC, calcium-activated chloride chan@&nA, concanavlin A; DAG,
diacylglycerol; Fura-2, AM, fura-2, acetoxymethi®s, inositol-1,4,5-trisphosphate;
MOE, main olfactory epithelium; OSN, olfactory sensneuron; PLC, phospholipase C;
PPADS, pyridoxal-phosphate-6-azophenyl-2’,4’-disnlite; RLU, relative light unit;
TNP-ATP, 2',3'-0-(2,4,6-trinitrophenyl) adenosiridriphosphate; TRPC2, transient
receptor potential channel type 2; UDP, uridin@lSphosphate; UTP, uridine 5'-
triphosphate; VDCC, voltage dependent calcium ceBAMNO, vomeronasal organ;

VSN, vomeronasal sensory neuron.
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Figure Legends

Figure2.1. ATP Elicited a Concentration Dependent Inward Current. Isolated
VSNs were voltage-clamped at -80mV andvi, 10uM, 30uM, 50uM, and 10@M ATP
were delivered for 500ms witt2 minute wash. X) In a representative VSNull ATP
did not elicit any measurable membrane curreniM@TP elicited a sub-maximal
inward current, and 3M, 50uM, and 10@M ATP elicited near maximal inward
currents. B) The normalized inward currents were fit with andimear Hill regression
(r* = 0.9985) and the Egwas calculated to be6.24uM (n = 6, Meant SEM). C) A
frequency distribution plotting the number of VS{ysaxis) that responded to 301
ATP with an inward current of amplitudes (x-axighging from OpA (no response) to

80pA (maximum response observed).

Figure2.2. Adenosine, ADP, UTP, and UDP did not Mimic the Inward Current
Elicited by ATP. Isolated VSNs were voltage-clamped at -80mVuN®ATP was
delivered for 500ms followed by2 minute wash and either 381 adenosine, ADP,

UTP, or UDP. In four separate, representative V,3ldsneasurable membrane current
was elicited byA) 30uM adenosiner(= 10), 8) ADP (n=5), C) UTP (h=3), or D)

UDP (= 4).

Figure2.3. ATP Elicited a Concentration Dependent Increasein [Ca’"], that
Required [Ca®]o and was not Mimicked by Adenosine, ADP, UTP, or UDP.

Isolated VSNs were loaded with fura 2, AMA)(1uM, 10uM, 30uM, 50uM, and
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100uM ATP were delivered for 10s with2 minute wash. In a representative VSNVL
ATP elicited a small increase in [E€h while 10uM and 3@M ATP elicited near
maximal increases in [¢3,. A desensitization was observed with the increase
[C&®"], elicited by 5@M and 10M ATP. (B) The normalized increases in fCawere
fit with a non-linear Hill regressioniF 0.9741) and the Egwas calculated to be
~1.4QuM (n = 6, Meant SEM). ) 30uM ATP was delivered for 10s followed b2
minute wash and 30M adenosine, ADP, UTP, and UDP. In a represergati8N, no
increase in [C&], was elicited by 30M adenosine (labeled as “A”), ADP, UTP, and
UDP (h=4). O) 30uM ATP was delivered for 10s followed by minute wash.
Ringer’s solution was replaced with calcium-freadrir's solution for2 minutes
followed by the delivery of 30M ATP. Recovery of the increase in [Claelicited by
30uM ATP was determined after calcium-free Ringer’sison was replaced with
Ringer’s solution for2 minutes. In a representative VSN, removal of[{za
completely abolished the increase in{ielicited by 3@M ATP. (E) The average
normalized increases in [€% for the first delivery of 3aM ATP, delivery of 3g:M
ATP in calcium-free Ringer’s solution, and delivaxfy30uM ATP after~2 minute wash
are displayed in the histogram£ 4, Meant SEM; paired samples t-test). *p < 0.05,

**p < 0.001, ***p < 0.0001.

Figure2.4. The P2X Receptor Antagonists PPADS and TNP-ATP Partially Blocked

the Inward Current Elicited by ATP. Isolated VSNs were voltage-clamped at -80mV.
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(A) 30uM ATP was delivered for 500ms followed bf minute wash. The VSNs were
then incubated in @M PPADS for=2 minutes followed by the co-delivery of 8@ ATP
and .uM PPADS for 500ms. Recovery of the inward cureidited by 3@uM ATP was
determined after PPADS was washed off¥80 minutes. In a representative VSN,
incubation in WM PPADS for=2 minutes prior to the co-delivery of 380 ATP and

5uM PPADS patrtially blocked the inward current ekcitby 3uM ATP. (B) The
normalized inward currents elicited by the firstidery of ATP, co-delivery of 3aM

ATP and M PPADS, and the delivery of M ATP after~30 minute wash are
displayed in the boxplot for each VSN tested. &nerage normalized inward currents
elicited by the first delivery of 3tM ATP and the co-delivery of 3t ATP and uM
PPADS are displayed in the histogram=(5, Meant SEM; paired samples t-test)C)(
30uM ATP was delivered for 500ms followed b minute wash. The VSNs were then
incubated in M TNP-ATP for~2 minutes followed by the co-delivery of 3@ ATP

and .uM TNP-ATP for 500ms. Recovery of the inward cutrelicited by 3@M ATP

was determined after TNP-ATP was washed ofkfdminutes. In a representative VSN,
incubation in WM TNP-ATP for=2 minutes prior to the co-delivery of 30 ATP and
5uM TNP-ATP completely abolished the inward currditieed by 3uM ATP. (D) The
inward currents elicited by the first delivery @i.avl ATP, the co-delivery of 30M ATP
and .uM TNP-ATP, and the delivery of 3 ATP after~2 minute wash are displayed

in the boxplot for each VSN tested £ 7). €) Gene expression of the P2X1 (382bp)
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and 3 (252bp) receptors was detected by RT-PCReivNO. L = Ladder, + =

Experimental groups, — = Control groups. *p < 0:0% < 0.001, ***p < 0.0001.

Figure2.5. ATP Elicited Action Potentials but did not Change the Number of

Action Potentialsduring Depolarizing Current Injection. Current was injected into
isolated VSNs if necessary so that the membrarengiat started at -60mV, and Ringer’s
solution or 3@M ATP were delivered for 2s in either the absefc&(B) or presence of
a 4pA injection of current for 2€(& D). (A) In a representative VSN, g0 ATP
elicited action potentials while Ringer’s solutidil not elicit any responseB) The
average firing frequencies in Ringer’s solution &M ATP are displayed in the
histogram ( = 14, Meant SEM; paired samples t-test)C)(In a representative VSN,
30uM ATP elicited the same number of action potentRinger’s solution in the
presence of a 4pA injection of current for 2B) The average firing frequencies in
Ringer’s solution and 3M ATP in the presence of a 4pA injection of currtart2s are
displayed in the histogramm € 6, Meant SEM; paired samples t-test). *p < 0.05, **p <

0.001, ***p < 0.0001.

Figure2.6. ATP Increased thelnward Current Elicited by Dilute Urinein a
Partially Additive Fashion. Isolated VSNs were voltage-clamped at -80mV &bdVB
ATP was delivered for 500ms followed bg minute wash. 1:100 urine was delivered
for 500ms followed by2 minute wash. After recording the baseline inwardents

elicited by 1:100 urine and @M ATP, 1:100 urine and 30M ATP were co-delivered
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for 500ms. The recovery of the inward currentiedat by 1:100 urine was determined
after the VSNs were washed fot minutes. A) In a representative VSN, the inward
current elicited by the co-delivery of 1:100 urswed 3QuM ATP was partially additive.
(B) The inward currents elicited by 1:100 urine, tioedelivery of 1:100 urine and g
ATP, and delivery of 1:100 urine afte4 minute wash are displayed in the boxplot for
each VSN tested. The inward current elicited byNMTP was normalized to the first
delivery of 1:100 urine for all VSNs and is dispayas an average in the boxplot (Mean
+ SEM). The average normalized inward currentstetidoy the delivery of 36M ATP,
first delivery of 1:100 urine, and co-delivery afl@0 urine and 3eM ATP are displayed
in the histogramn(= 7, Meant SEM; paired samples t-test). *p < 0.05, **p <@LO

**p < 0.0001.

Figure2.7. Mechanical Stimulation of the VNO Induced the Release of ATP and

was Blocked by Car benoxolone, a Connexin/Pannexin Hemichannel Blocker. The
VNO was incubated in 2Q@Q Ringer’s solution or 5mM carbenoxolone in Ringer’
solution for 45 minutes. The medium was samplextye® minutes and replaced. From
t=10 to 25 minutes, the VNO was mechanically stated by gentle pipetting. All
samples were analyzed by a luciferin-luciferasays$\) The average RLU for all
experiments at all time points are displayed farger’s solutionif = 5, squares) and
5mM carbenoxolone in Ringer’s solutiom#£ 4, triangles) in the boxplot (MeanSEM).

A transient increase in RLU was observed at t=15uteis and returned close to baseline

at t=20 to 25 minutes during the course of meclasitmulation in Ringer’s solution,
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indicating the release of ATP. This effect waslasbed by 5mM carbenoxolone in
Ringer’s solution. B) The average RLU for Ringer’s solutiom£ 5) and 5mM
carbenoxolone in Ringer’s solution £ 4) at baseline (t=10 minutes; white bars) and
during mechanical stimulation (t=15 minutes, graysh are displayed in the histogram
(Mean+ SEM,; paired and unpaired samples t-test). *p0%0¢*p < 0.001, ***p <

0.0001.
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A

ATP (30uM) Adenosine (30uM)

-80mvV ---H
Yol

B ADP (30uM)
__.a.v..... . —
- UTP (30uM)
m;m:J M/— ---T'wu-—
D UDP (30uM)
-

500ms

95



Figure2.3.
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Figure2.4.
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Figure 2.5.
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Figure 2.6.
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Figure2.7.
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CHAPTER 3

MODULATION OF SODIUM CHANNELSAND MEMBRANE EXCITABILITY

IN MOUSE VOMERONASAL SENSORY NEURONSBY ADP
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Abstract

The mouse vomeronasal organ (VNO) is a chemosessagture located at the
base of the nasal cavity that regulates many sanlfear related behaviors. Social
odorants, colloquially known as pheromones, areaetl within the lumen of the VNO
by bipolar vomeronasal sensory neuron (VSN)s. Wsved previously that ATP, a
neuromodulator in chemosensory systems, elicitédrapotentials and produced a
partially additive effect on odorant responses 8Né through activation of iontropic
P2X receptors. However, it was unclear if G-pmot@upled P2Y receptors were
involved in modulating the membrane excitabilityM®Ns. As purine nucleotides
modulate sodium channel (NaV)s independently of R&¢ptor activation, we
hypothesized that ATP and its metabolite ADP walddrease sodium currengd)lin
VSNs and hyperpolarize the voltage dependencetvition and steady state
inactivation. Using whole cell patch clamp, we elved that while ATP was without
effect, ADP hyperpolarized the voltage dependericteady state inactivation in a
subset of VSNs. This effect was abolished by suraanpurinergic receptor antagonist,
and mimicked by 1-oleoyl-2-acetyl-sn-glycerol (OA@)membrane permeable PKC
activator. However, neither ATP nor ADP had arfgefon the voltage dependence of
activation, fast inactivation, or time dependemioreery from inactivation. We also
detected gene expression of P2Y1, 2, and 6 recepyoRT-PCR with RNA from the
VNO and the presence of P2Y1 and 2 receptors byuinoaytochemistry in isolated
VSNs. Furthermore, our data showed a reversilgieease in spike frequency but no

change in an action potential’s amplitude, latet@jfwidth, or threshold voltage in the
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presence of ADP. We conclude that activation BR& or P2Y-like receptor in VSNs
leads to a novel form of NaV modulation, possiliisotigh PKC phosphorylation and

subsequent stabilization of the inactivated staté, a decrease in spike adaptation.
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I ntroduction

The mammalian accessory olfactory system, whicbaaigtehaviorally relevant
odorants, is critical for proper nursing, matinggeession, and predator avoidance
(Bellringer et al., 1980; Chamero et al., 2011;nkét al., 1978; Lomas and Keverne,
1982; Reynolds and Keverne, 1979; Stowers et@D2R The vomeronasal organ
(VNO) is the primary sensory organ of the accesstfactory system. In rodents, the
VNO is encased within a bony capsule at the baseeohasal cavity and uses a
sympathetically driven vasomotor pump to deliveoraahts to the lumen (Ben-Shaul et
al., 2010; Meredith and O’Connell, 1979; MeredtB94; Ogura et al., 2010; Wysocki
and Beauchamp, 1980). In mice, urine is a richh@®af behaviorally relevant
nonvolatile small peptide and sulfated steroid adts (Bacchini et al., 1992; Leinders-
Zufall et al., 2004; Nodari et al., 2008).

Chemosensory signal transduction occurs in theosg@pithelium by
vomeronasal sensory neuron (VSN)s, which are bipwarons with a single axon that
projects to the accessory olfactory bulb and alsidgndrite capped with microvilli that
project into the lumen. Within the microvilli, azation of G-protein coupled V1R/V2R
receptors by odorants stimulates phospholipase.C)(Bnd leads to the production of
inositol-1,4,5-trisphosphate and diacylglycerol (GA DAG gates transient receptor
potential channel 2 (TRPC2), a nonselective catltannel, resulting in membrane
depolarization and the elicitation of action poigist The primary response is further
amplified through calcium activated chloride chdr(@ACC)s (Kim et al., 2011; Yang

and Delay, 2010). VSNs are remarkably sensitiventall current injections and can
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sustain long duration, high frequency spike trawith variable degrees of adaptation
(Ukhanov et al., 2007).

The voltage activated sodium channel (NaV) isaaltfor the generation of
action potentials. Of the nine currently knownfasms of the corer subunit (NaV1.1-
9), NaV1l.1, 2, and 3 are expressed in the senguttyelium of the mouse VNO and
NaV1.7 is expressed on the axons of VSNs (Fieal.eR003; Rupasinghe et al., 2012).
Indeed, loss of NaV1.7 is associated with both ekesd pain perception and anosmia in
humans and mice (Weiss et al., 2011). In neurthiesy subunit is an important
regulatory target of both neurotransmitter and rmrenreceptors. G-protein coupled
receptors that activate protein kinase A (PKA) sas dopamine, gonadotropin releasing
hormone, and odorant receptors (Cantrell et a@7 1Bisthen et al., 2000; Schiffmann et
al., 1995; Wetzel et al., 2001; Zhang and Dela@720decrease sodium currenilin
neurons. In addition to PKA, the activation of fgia kinase C (PKC) by muscarinic and
G-protein coupled serotonin receptors (Cantredllet1996; Carr et al., 2002) also
decreasesy) in neurons. Moreover, noncanonical PKCs (i.e. PK@hat are not
activated through the release of intracellularicaiccan decreasgd(Chen et al., 2005).
The PKA and PKC pathways, as well as activated @eprs, can simultaneously
converge on NaV and allow for dynamic regulaticonira varied assortment of receptor
inputs (Li et al., 1993; Ma et al., 1994; Schulstral., 1989).

The purinergic receptors are a class of purineeuicle gated ion channels
(P2X1-7 receptors) and G-protein coupled reced®2¥1, 2, 4, 6, 11, 12, 13, and 14

receptors). They are expressed by a variety ahosensory neurons, most notably taste
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receptor cells and olfactory sensory neuron (ONggg et al., 2003; Huang et al., 2007
and 2009; Huang and Roper, 2010). We have shoatnrtachanical stimulation of the
mouse VNO triggered the release of ATP. Activatd®2X receptors by ATP in VSNs
increases excitability both in the presence anératesof dilute urine. Furthermore, we
found no evidence of functional P2Y receptors (Vackl Delay, 2012). However, in
addition to the release of intracellular calciurtj\ation of P2Y receptors modulates
different types of ion channels including delayedtifier potassium channels (Brown
and Dale, 2002; Nakazawa et al., 1994), big corathoet calcium activated potassium
channels (Coppi et al., 2012; Hede et al., 2006jcRer et al., 2010), inward rectifier
potassium channels (Filippov et al., 2004), andagd activated calcium channels (Abe
et al., 2003; Borvendeg at al., 2003; FilippovletE98; Vartian and Boehm, 2001).
Interestingly, NaV is also modulated by purine eatides but independently of P2Y
receptor activation (El-Sherif et al., 2001; Joadt al., 2003; Park et al., 2004; Scamps
and Vassort, 1994), suggesting that purine nucestmay directly bind to NaV
(Williams, 2006).

In the current study, we hypothesized that purineeotides would decreasg |
and hyperpolarize the voltage dependence of amivaind steady state inactivation in
mouse VSNs independently of P2Y receptor activatimstead, we found that the
voltage dependence of activation, fast inactivataond time dependent recovery from
inactivation, all previously shown to be modulabsopurine nucleotides in neurons, were
unaffected. However, the voltage dependence afigtstate inactivation was (1)

reversibly hyperpolarized by ADP, (2) only presend subset of VSNs, (3) abolished by
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the purinergic receptor antagonist suramin, ananiicked by the membrane
permeable PKC activator 1-oleoyl-2-acetyl-sn-glpt€éOAG). Functionally, we
observed reversible increase in spike frequencybuwhange in an action potential’s
amplitude, latency, halfwidth, or threshold voltagehe presence of ADP. Consistent
with the possibility of P2Y receptor mediated madidn of NaVand membrane
excitability, we detected gene expression of P2/ Bnd 6 receptors by RT-PCR with
RNA from the VNO and the expression of P2Y1 ane&ptors by
immunocytochemistry in isolated VSNs. We concltit P2Y or P2Y-like receptor
activation in VSNs leads to a novel form of NaV natadion, possibly through PKC
phosphorylation and subsequent stabilization ofrihetivated state, and a decrease in

spike adaptation.
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Methods
VNO Dissection and VSN Isolation

Male and female C57BL/6 and BALB/C mice (CharlesdRiLaboratory;
Wilmington, MA) were maintained on a 12hr light/X2tark cycle with food and water
provided ad libitum in accordance with the Univaraif Vermont'’s Institutional Animal
Care and Use Committee. Mice were euthanized byas@hyxiation followed by
cervical dislocation. The head was removed, datdrally, and the entire VNO
dissected out. VSNs were isolated with slight rficdiions from a previously published
protocol (Ghiaroni et al., 2002). Briefly, the VN&as mechanically dissected in
nominally divalent cation-free Ringer’s solution (nM: 140 NaCl, 5 KCI, 10 HEPES, 2
EGTA, 10 Glucose; pH 7.4) supplemented with 1mgbullagenase and 0.1mg/mL
trypsin for~10 minutes. Following mechanical dissection, thk suspension was gently
rocked on a Boekel Orbitron Rotator Il {860 to 65 minutes. After centrifugation for 1
minute at 4,600rpm, the supernatant was decantkd.VSNs were resuspended in either
cadmium Ringer’s solution (in mM: 138 NaCl, 5 K€ HEPES, 2 MgGJ 2 CaC}, 0.1
CdCbh, 10 Glucose; pH 7.4) for recording of sodium caotrgy,), or standard Ringer’s
solution (in mM: 138 NaCl, 5 KCI, 10 HEPES, 2 Mg CaC}, 10 Glucose; pH 7.4),
for recording of action potentials, that was supmated with 1mg/mL DNase | fesl5
minutes. The VSNs were plated on glass coverfifipgatch clamp electrophysiology

and remained viable for 5 to 6 hours.
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Chemical/Drug Preparation

All chemicals/drugs were dissolved in Ringer’s $iolo to their final
concentrations unless noted otherwise. ATP magmesalt, ADP monopotassium salt
dihydrate/sodium salt, GTP sodium salt hydrate, QBNase | (Clostridium
histolyticum), and collagenase type | (bovine paasj were purchased from Sigma
Aldrich (St. Louis, MO). OAG was dissolved in DMS@uramin sodium salt and
papain were purchased from Calbiochem (Merck K@a#mstadt, Germany). 0.25%
Trypsin-EDTA (1x) was purchased from Gibco (Lifecheologies; Grand Island, NY).

Leupeptin was purchased from USB (Affymetrix; Sa@tara, CA).

Whole Cell Patch Clamp Electrophysiology
Ina

VSNs were washed before recording with cadmium &tisgsolution. Electrodes
with a resistance of 1 to SMwere pulled from LE16 glass capillaries using a7P-
Flaming/Brown Micropipette puller and filled witlesium intracellular solution (in mM:
140 CsCl, 10 HEPES, 3 EGTA, 2 ATP, 0.5 GTP; pH WKhanov et al., 2007). Once a
high resistance seal was formed G(2), the membrane was ruptured with gentle suction
and/or 100us to 50ms zap to achieve the wholecoeliguration. The electrode solution
was allowed to dialyze with the interior of theldel ~2 minutes. In this wayyl was
isolated by blocking calcium channels with extrdal cadmium and potassium
channels with intracellular cesium. The voltagpatelence of activation was determined

after 150ms prepulses to -130mV followed by 50misage steps in 10mV increments
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from -80 to 30mV. The voltage dependence of stesaly inactivation was determined
by 150ms prepulses in 10mV increments from -13@@mV followed by 50ms test
pulses to the voltage that elicited maximal(typically -20 to OmV). The time
dependent recovery from inactivation was determimed50ms prepulses to -20mV
followed by 0 to 15ms recovery pulses in 1ms in@eta to -130mV and 25ms test

pulses to the voltage that elicited maximal |

Action Potentials

VSNs were washed before recording with standarg@étia solution. Electrodes
with a resistance of 3 to @ were filled with standard intracellular solutian (MM:
110 K-Gluconate, 10 NaCl, 30 KCI, 10 HEPES, 3 EGIAIgChL, 0.023 CaCl 2 ATP,
0.5 GTP; pH 7.4). Once a high resistance seaffarased £1GQ), the membrane was
ruptured to achieve the whole-cell configuration #ime electrode solution was allowed
to dialyze with the interior of the cell fe2 minutes. Current was injected into VSNs in
order to maintain the membrane potential clos&@oV. Action potentials were elicited

by 2s depolarizing current injections in 2pA incearts from 0 to 20pA.

Data Acquisition and Analysis

Currents and voltages were recorded with an Axstruments CV-7A or B
headstage connected to a Multiclamp 700A that wagrated by a Digidata 1322A to a
Dell PC running pClamp 8.2ndwas recorded after neutralization of cell capacita

with a Bessel filter of 4kHz and a sampling fregeyenf 50kHz. Action potentials were

110



recorded with a sampling frequency of 20kHz. A Warfast-step SF-77B perfusion
system was used to deliver test solutions to VSMNkeucontinuous bathflow. Each VSN
received a single voltage clamp (either voltagesdédence of activation, steady state
inactivation, or time dependent recovery from ingtton) or current injection protocol
and a single drug.nd and action potentials were recorded after incobat both vehicle
and vehicle + drug for 30s and 2 minutes and aftesh for 30s and 2 minutes. This was
done in order to quantify spontaneous changeg.iarlaction potentials and evaluate the
stability of the recording configuration on a cel-cell basis. Fong, VSNs had (1)
series resistances consistently about @{vhnge: 2 to 18 I®), (2) no clear indication
of space clamp present, and (3)* 500pA for the duration of the experiment. Nfogf
was made to compensate for series resistancedubttages used for curve fitting were
adjusted offline based on the calculated voltagerer~or action potentials, VSNs had no
substantial (1) deviations in membrane potent@hfr60mV and (2) spike rundown for
the duration of the experiment.

To analyze the voltage dependence of activatien\tirecorded at each voltage
step was normalized to the maxima, Iplotted against the corresponding voltage step,

and fit with the Boltzmann equation

=2 P g

Max — 14 g0 Xo)/dx

Eq. 1. Boltzmann Equation
where A and A are the upper and lower asymptotes respectivglg, the 4, of

activation, and gis the slope factor. Fast inactivation was akst@amined for \a
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recorded at each voltage step by normalizing atidad points to the peak point within a
sweep and fitting with a single exponential equatio
y=y, + Ae "
Eq. 2. Single Exponential Equation

wherert is the time constant of fast inactivation. Tolgma the voltage
dependence of steady state inactivation, the tdsé,recorded after each prepulse
was normalized to the test pulsg lecorded after the -130mV prepulse, plotted agains
the corresponding prepulse, and fit with the Bolmm equation. The parameters were
the same as those of EqQ. 1, with the exceptionthatthe i, of steady state
inactivation. To analyze the time dependent regofrem inactivation, the test pulsgsl
recorded after each recovery pulse was normalzddet test pulse recorded after a
150ms recovery pulse, plotted against the corredipgirecovery pulse duration, and fit
with a single exponential equation. The parametere the same as those of Eq. 2, with
the exception thatis the time constant of recovery from inactivatighl curve fitting
was done with the data from individual VSNs usingg@d 7.5 Software.

The analysis of action potentials was performedh@itustom made script
(http://'www.mathworks.com/matlabcentral/fileexchefih667-apanalysis) that partially
consisted of downloaded material from MatLab Cdné&rdree file exchange endorsed by
MatLab, and was partially written by the autho@utputs included spike frequency,
action potential amplitudes and their latenciefizhdths, and threshold voltages. An
action potential was considered to have occurreeilvihe voltage exceeded OmV. Spike

frequency (Hz) was calculated by dividing the numifeaction potentials that occurred
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during the sweep by 2s, the duration of the curirgattion. Amplitude (mV) was
calculated by estimating the difference betweeratii®n potential's maximum voltage
at the end of the rising phase and minimum volthgeng the falling phase. Action
potential latency (s) was calculated by the spikees$.m script (Rune W. Berg;
http://www.mathworks.com/matlabcentral/fileexchat2y®00-spiketimes-m). Halfwidth
(s) was calculated by finding points on the risamgl falling phases that were closest to
50% of the calculated amplitude. Finally, threshabltage (mV) was calculated by the
knee_pt.m script that searches for a "knee poimt curve (Dmitry Kaplan;
http://www.mathworks.com/matlabcentral/fileexchald3g®94-knee-point). Briefly, the
“knee point” is calculated by approximating theanvime series with two linear
regressions from opposite ends of a sequentiathgem bisection point and proceeding
until a point is found where both linear regressibave a minimal sum of errors. Other
scripts that were used include abfload.m (Haraldtstghke ;
http://www.mathworks.com/matlabcentral/fileexchattg®0-abfload), for loading
pClamp files into the MatLab workspace, and fasioatin.m (Tom O'Haver ;
http://www.mathworks.com/matlabcentral/fileexchati@®98-fast-smoothing-function),
for smoothing the time series. Smoothing the ta@ees increased the performance of
spike_times.m and knee_pt.m by dampening the moiseler to better resolve major
patterns to the algorithms.

Data are presented as mean + SEM. All data wésdtésr normality with the
Shapiro-Wilk test using Origin 7.5 software. Pdisamples t-tests were used to compare

within treatments using Origin 7.5 software. Nl comparisons in a single treatment
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were performed using repeated measures one-waysasabf variance (ANOVA)s and
one-way ANOVAs with Bonferroni post-hocs using GiBad Prism 6.0 software. All

figures were produced using Origin 7.5 software Addbe Photoshop.

RT-PCR

Total RNA was isolated from the VNO using QiageRNeasy Mini Kit
according to manufacturer’s instructions with adiadnal step of DNA digestion using
Qiagen’s RNase-Free DNase Kit. cDNA was synthesizigh 2.5uM random hexamers
(Applied Biosystems/Life Technologies; Grand IslaNd) and 200U SuperScript 11|
Reverse Transcriptase (RT; Invitrogen/Life Techgas; Grand Island, New York) from
~1ug of total RNA in a volume of 20uL. A negativentrol was performed by omitting
SuperScript Ill Reverse Transcriptase (RT) to emsiliat any of the desired PCR
products came from cDNA and not contaminating DN®NaseOUT (Invitrogen), a
ribonuclease inhibitor, was added to the reactionwevent degradation of RNA. PCR
was performed using 1pL of cDNA, 2.5mM MgClnvitrogen), 12.5pmol forward and
reverse primers, 200uM dNTPs (New England BioL#syich, MA), 10x reaction
buffer (Invitrogen), and 1.25U Tag polymerase (frogen) in a volume of 25uL. Primer
sequences for the P2Y1, 2, 4, and 6 receptors thergame as those used by del Rey and
colleagues (2006). The following PCR conditionsewssed: 92C for 5 minutes, 35
cycles of 94C for 45s, 54C for 30s, 72C for 30s, and 7Z for 5 minutes. PCR

products were purified from agarose gels using Gnikg-Tek’s Gel Extraction Kit
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according to manufacturer’s instructions and sege@mt the Vermont Cancer Center

DNA Analysis Facility (http://www.vermontcancer.dyg

Immunocytochemistry

VSNs were isolated either with the same protocetlua the current study for
patch clamp electrophysiology or with our previgusiliblished protocol (Vick and
Delay, 2012). VSNs were plated on glass covesdhgated with concanavalin A
(Calbiochem/Merck KGaA; Darmstadt, Germany). Aft@rminutes, VSNs were fixed
with 4% paraformaldehyde in 0.1M PBS for 15 minut&fe cover slips were washed
three times with 0.1M PBS, placed in preincubabaffer (6.5% normal goat serum and
10% Triton-X-100 (Acros Organics; Geel, Belgium)driM PBS) for 30 minutes, and
incubated with a 1:500 dilution of the rabbit ambuse P2Y1 or 2 primary antibody
(Alomone Labs; Jerusalem, Israel) for 24 hours’&t 4Both the P2Y1 and 2 primary
antibodies recognize the appropriate third intdatzl loop between transmembrane
domains 5 and 6. In each experiment, a negatingaavas performed by omitting the
appropriate primary antibody. After incubation lre tprimary antibody, the cover slips
were washed three times with 0.1M PBS for 5 minates incubated with a 1:1000
dilution of the secondary goat anti-rabbit TRITGgmated antibody (Invitrogen) for 1
hour. After incubation in the secondary antibathg cover slips were washed 2 times
with 0.1M PBS for 5 minutes. A final wash with tlied water was performed before
mounting the cover slips with Fluoromount-G to met/crystallization during storage at

4°C. Isolated VSNs were imaged with a Keyence BA®FIluorescence microscope and
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processed with BZ-1I Analyzer software. VSNs wpositively identified by the
presence of the dendrite and dendritic knob. Imagere obtained using a 40x objective
at 68x magnification with the same exposure foregxpental and negative control cover

slips.
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Results
ATP and ADP do not Affect the Voltage Dependen&odium Current (J,) Activation
or Fast Inactivation

In dorsal root ganglion (DRG) neurons, ATP decredSEX-sensitive 5 and
hyperpolarizes the voltage dependence of activai@hsteady state inactivation (Joo
Choi et al., 2003). These effects do not invohe dctivation of P2Y receptors and were
nonspecific among a variety of tri- and diphosphateleotides (Park et al., 2004).
Similarly, ATP decreasedd in hippocampal neurons and hyperpolarized theagelt
dependence of activation and steady state inaiciiv@éEl-Sherif et al., 2001). As we
were previously unable to detect the expressidomdtional P2Y receptors in mouse
VSNs (Vick and Delay, 2012), we hypothesized th&PAand ADP would decreasg |
and hyperpolarize the voltage dependence of amivaind steady state inactivation. To
address this question, we performed whole celbgatclamp with isolated mouse VSNSs.
VSNs were voltage clamped at -130mV for 150ms|lamafor complete deinactivation
of Iya, and then from -80 to 30mV in 10mV incrementsdbvate k.. Ina Was typically
activated at -50 to -40mV and peaked at -20 to Ooovisistent with the activation of
NaV in mouse VSNs (Fieni et al., 2003; Liman ande&yp1996; Ukhanov et al., 2007).
A sample of VSNs (n=5) was first incubated in cagmiRinger’s solution for 2 minutes,
to empirically determine spontaneous shifts\iy &nd then incubated in ADP (104)
for 2 minutes. ADP (1Q@M) had no effect on submaximal to maxima| (Figure 3.1A)
and the V\; of activation (-19.15mV) was indistinguishablerfréhat at baseline (-

17.22mV; Figure 3.1B, left panel). Moreover, thiéedlence in the average absolute
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AV 1, of activation between ADP (1Q®; 1.89 + 0.53mV) and control (1.73 £ 0.89mV)
was not statistically significant (p=0.91, pairedrgles t-test; Figure 3.1E). A different
sample of VSNs (n=5) was first incubated in cadmRimger’s solution for 2 minutes
and then ATP (10@M) for 2 minutes. ATP (10@M) had no effect on submaximal to
maximal ka (Figure 3.1C), but the 5 of activation (-27.59mV) was slightly
hyperpolarized relative to that at baseline (-261%¥8Figure 3.1D, left panel). However,
the difference in the average absolwté , between ATP (10@M; 1.90 + 0.79) and
control (1.71 + 0.55mV) was not statistically siggant (p=0.82, paired samples t-test;
Figure 3.1E).

The transient nature ofd arises from a process known as fast inactivation,
whereby the decay ofd is nearly complete after a few milliseconds folingvactivation.
For each VSN whose voltage dependence of activatasdetermined in both the
presence and absence of ADP (10I) or ATP (10uM) for 2 minutes, the of fast
inactivation was also determined at each voltage bm -30 to 30mV. ADP (1Q0M)
had no effect on the decay rate of submaximal ppasuaximal \, (Figure 3.1B, right
panel). Across the sample of VSNs (n=5) testett wDP (10QM), the differences in
the average absoluteg from —30 to 30mV were not statistically signifitgp>0.05, one-
way repeated measures ANOVA,; Figure 3.1F, left pari@imilarly, ATP (10@M) had
no effect on the decay rate of submaximal to supramal k5 (Figure 3.1D, right panel).
Across the sample of VSNs (n=5) tested with ATFO(I\), the differences in the

average absolut&r from —30 to 10 and 30mV were not statisticallyndigant (p>0.05,
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one-way repeated measures ANOVA). The differendbe average absolute at
20mV was also not statistically significant (n=40p41, paired samples t-test; Figure

3.1F, right panel).

ADP Reversibly Hyperpolarized the Voltage DependariSteady Stat@d Inactivation
in a Subset of VSNs

To further address our hypothesis, we next exantinedoltage dependence of
steady state inactivation in the presence of AT®PADP. The voltage dependence of
activation was first determined in each VSN. Tbéage that elicited maximayd
(typically -20 to OmV) was used as the test pulg&Ns received 150ms prepulses from -
130 to -20mV in 10mV increments to steadily inaates |\, prior to the 50ms test pulse.
A sample of VSNs (n=12) was first incubated in cadmRinger’s solution for 2
minutes and then incubated in ADP (100uM) for 2uteés. When tested with ADP
(100uM), we observed consistent clustering ofAlg, into two groups where either (1)
theAVy, in ADP exceeded that in control (n=5/12; “type A1)(2) theAVy, in ADP
was less than or equal to that in control (n=77fy%1e B”). In the type A cluster, ADP
(100uM) further decreaseg,lat more depolarized prepulses (Figure 3.2A) ardAlp
of steady state inactivation (-72.64mV) was rexmysyperpolarized from that at
baseline (-60.97mV) upon wash for 2 minutes (-68129Figure 3.2B). Furthermore,
the difference in the average absolwté , between ADP (10@M; 9.02+1.43mV) and

control (2.93+ 1.27mV) was statistically significant in the typecluster (p<0.05), but

the difference in the average absolsté , between ADP (106M; 1.72+ 0.29mV) and
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control (3.99+ 0.66mV) was not statistically significant in thgé B cluster (p>0.05,
one-way ANOVA). The difference in the average &ls\V1,in the controls of both
the type A and B clusters were not statisticalgngicant (p>0.05, one-way ANOVA;
Figure 3.2C). A different sample of VSNs (n=6) viiast incubated in cadmium
Ringer’s solution for 2 minutes and then ATP (iRD for 2 minutes. ATP (10aV) did
not further decreas@dat more depolarized prepulses (Figure 3.2D) aad/ilp of
steady state inactivation (-56.55mV) was indistisgable from that at baseline (-
56.19mV; Figure 3.2E). In addition, the differencdhe average absolut®/,,, between
ATP (10QuM; 2.89 + 1.0mV) and control (4.76 £ 0.98mV) wag statistically
significant (p=0.16, paired samples t-test; FigBLaF).

These results partially supported our hypothesisdhpurine nucleotide, ADP,
would decreasey} and hyperpolarize the voltage dependence of steiadly inactivation.
However, there were two important caveats to torsctusion: the effect was only (1)
elicited by ADP and (2) present in a subset of VSNBis would not be anticipated as an
outcome of purine nucleotides binding to NaV, msteéad with the activation of a G-
protein coupled purinergic receptor that is expeddsy only a subset of VSNs. To
explore this possibility, we examined the voltagpehdence of steady state inactivation
in the presence of both suramin, a purinergic recegmtagonist, and ADP. We
hypothesized that if a P2Y or P2Y-like receptor b the action of ADP on
hyperpolarizing steady state inactivation, suramiuld abolish the type A cluster of
VSNs where théV,,, in ADP exceeded that in control. A sample of VENs9) were

first incubated in suramin (50uM) for 2 minutesaasontrol, before being washed and
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incubated in suramin (50uM) and ADP (100uM) for utes. In the presence of
suramin (50uM), ADP (1Q@M) in did not further decreasg.lat more depolarized
prepulses (Figure 3.3A) and the)of steady state inactivation (-57.36mV) was only
slightly hyperpolarized from that at baseline (4#mV; Figure 3.3B). Furthermore, the
difference in the average absoluié,,, between ADP (10@M) in the presence of
suramin (50uM; 1.6& 0.44mV) and control (1.2¥ 0.29mV) was not statistically
significant (p=0.52, paired samples t-test; Figau&C).

P2Y receptors, particularly those activated by AD& P2Y1), are often
intracellularly coupled to PLC and PKC activatigkbbracchio et al., 2006). PKC
activation and subsequent phosphorylation of Nawal characterized in neurons
(Cantrell et al., 1996; Carlier et al., 2006; Gatral., 2002; Chen et al., 2005 and 2006;
Franceschetti et al., 2000; Ikeda et al., 200%tlal., 1993; Talon et al., 2005; Zhang and
Delay, 2007). Therefore, we next examined theagatdependence of steady state
inactivation in the presence OAG, a membrane pdotad2KC activator. We
hypothesized that since P2Y or P2Y-like receptdivatton by ADP would likely result
in downstream PKC signaling, OAG would mimic thpeyA cluster of VSNs where the
AV 1, Of steady state inactivation in ADP exceeded ithabntrol. A sample of VSNs
(n=7) were first incubated in DMSO (1%) for 2 miest as a control, before being
washed and incubated in OAG (50uM) for 2 minut@AG (50uM) further decreased
Ina @t more depolarized prepulses (Figure 3.3D) aad/th of steady state inactivation (-
68.76mV) was reversibly hyperpolarized from thabaseline (-55.94mV) upon wash for

2 minutes (-61.07mV; Figure 3.3E). Furthermore, difference in the average absolute
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AV, between OAG (50uM; 8.991.02mV) and control (2.32 0.53mV) was

statistically significant (p=0.002, paired samphesst; Figure 3.3F).

ATP and ADP did not Alter the Time Dependent Regdvem Iy, Inactivation

The finding that neither ATP nor ADP altered thdtage dependence of
activation or fast inactivation, but that ADP sifigantly hyperpolarized steady state
inactivation in a subset of VSNs, suggested thsipdiy that only inactivated NaV are
targets of modulation. Therefore, we next invedgd the time dependent recovery from
inactivation in the presence of ATP and ADP. Thkage dependence of activation was
first determined in each VSN. The voltage thatiedd maximal \, was used as the test
pulse. VSNs were voltage clamped at -130mV fomi§Qo allow for complete
deinactivation of,, prior to the 25ms test pulse. VSNs were thetage clamped at -
20mV for 150ms, to allow for complete inactivatiohly,, prior to the 0 to 15ms
recovery pulses in 1ms increments at -130mV. iastch recovery pulse was followed
by a 25ms test pulse to determine the extent avery. A sample of VSNs (n=4) was
first incubated in cadmium Ringer’s solution fom2nutes and then ADP (1QM) for 2
minutes. ADP (100M) slightly increased the amount of time requiredIf, to recover
from inactivation (Figure 3.4A) and thg2.11ms) was slower from that at baseline
(1.88ms; Figure 3.4B). However, the differencéhi@ average absolute between ADP
(100uM; 0.53 + 0.27ms) and control (0.68 + 0.18ms) wasgtatistically significant
(p=0.70, paired samples t-test; Figure 3.4E). ffedeént sample of VSNs (n=4) was first

incubated in cadmium Ringer’s solution for 2 mirsugad then ATP (1QOM) for 2
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minutes. ATP (100M) did not alter the amount of time required fgg o recover from
inactivation (Figure 3.4C) and thg1.22ms) was indistinguishable from that at baseli
(1.32ms; Figure 3.4D). Moreover, the differencéhie average absoluta between
ATP (10QuM; 0.1 = 0.05ms) and control (0.26 + 0.1ms) wasgtatistically significant

(p=0.27, paired samples t-test; Figure 3.4E).

Gene Expression of P2Y1, 2, and 6 was DetectdteifViNO and P2Y1 and 2 were
Expressed by VSNs

The hyperpolarization of steady state inactivabgrADP, along with the
abolishment by suramin and mimicry by OAG, sugge#itie expression of P2Y
receptors in a subset of VSNs. We performed RT-R@R primers specific for P2Y1,
2, 4, and 6 receptors with RNA isolated from the®NWhile we were unable to detect
P2Y4 transcripts (data not shown), we detected P2Yand 6 transcripts at the proper
product sizes and sequencing confirmed successiplifecation of the target sequences.
We consistently observed an extra large band \Wwetptimers for the P2Y2 receptor that
through sequencing was identified as mucin 5 suB/Figure 3.5A). As P2Y1 and 2
receptors are among the most common P2Y receptpressed by neurons, we
performed immunocytochemisty with antibodies spec¢d these receptors. In each
replication of the experiment (n=4 animals), weldatnambiguously identify twenty to
thirty isolated VSNs by the presence of the deadxitd dendritic knob.
Immunoreactivity was detected in roughly 60 to 76Rtsolated VSNs for either P2Y1 or

2. In any given VSN, the pattern of P2Y1 and 2regpion was even throughout the
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soma, dendrite, and dendritic knob. Accordinghg hegative controls for both P2Y1

and 2 showed no immunoreactivity (Figure 3.5B).

ADP Increased Spike Frequency but did not Alterigency to First Spike, Amplitude,
Halfwidth, or Threshold Voltage of the Action Pdieh

To assess any possible consequences of NaV mamulatiADP on action
potentials, we utilized current clamp to examine dlation potentials of VSNs in both the
presence and absence of ADP. Our analysis wdgdted by a custom made script
written in MatLab that automated the determinatbspike frequency as well as the
latency to first spike, amplitude, halfwidth, amdeshold voltage of each action potential.
We hypothesized that since NaV are essential fgpgraction potential generation, ADP
would reduce membrane excitability in a subset 8N\¢g as a consequence of the
hyperpolarization in the voltage dependence ofdststate inactivation. VSNSs received
2s depolarizing current injections from 0 to 20@A2pA increments to elicit action
potentials. A sample of VSNs (n=7) were first ibated in standard Ringer’s solution
for 2 minutes, to empirically determine spontanesiufts in action potentials, and then
incubated in ADP (100uM) for 2 minutes. In a resgngtative VSN, action potentials
were elicited with as little as 2pA of current ic@n, consistent with their highly
excitable nature (Kim et al., 2011; Liman and CotE396; Shimazaki et al., 2006;
Ukhanov et al., 2007). Additionally, nearly haffadl VSNs tested exhibited a decrease
in spike frequency at more depolarized currentimas (typically 18 to 20pA). To our

surprise, ADP (100uM) reversibly relieved this éd&ge in spike frequency at more
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depolarized current injections (Figure 3.6A and Bgross the sample of VSNs tested
with ADP (100uM), there was no significant changepike frequency relative to
control from 6 to 16pA of current injection (p>0,08peated measures one-way
ANOVA). However, at 18pA of current injection, tieewas an increase in spike
frequency in ADP (100uM; 223264.6%) relative to control (8727.5%) that was
statistically significant (p<0.05, repeated measunge-way ANOVA). Similarly at
20pA of current injection, there was an increasgpike frequency in ADP (100uM;
189.7+ 64.5%) relative to control (724 15.0%) that was statistically significant
(p<0.05, repeated measures one-way ANOVA; Figu€).

We next examined the latency to first spike, amgkt halfwidth, and threshold
voltage of each action potential (Figure 3.6D). dlese to analyze the data from 6 to
20pA of current injection as there was consisteut r@liable firing in every VSN.
Across the sample of VSNs (n=7) tested with ADRO(1ld), there was no significant
change in latency to first spike (Figure 3.6E) alflnidth (Figure 3.6G) relative to
control from 6 to 20pA of current injection (p>0,08peated measures one-way
ANOVA). While there was no significant change mglitude (Figure 3.6F) relative to
control from 6 to 12pA and 16 to 20pA of curreneation (p>0.05), there was an
increase in amplitude in ADP (100uM; 9% 2.6%) relative to control (9182.2%) at
14pA of current injection that was statisticallgmsificant (p<0.05, repeated measures
one-way ANOVA). Lastly, there was no significahtange in threshold voltage (Figure
3.6H) relative to control from 6 to 16pA of currenfection (p>0.05, repeated measures

one-way ANOVA). It is important to note that dwethe degree of spike adaptation at 18
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to 20pA of current injection in control conditionge were unable to accurately resolve
the threshold voltage for each action potentiabngequently, the threshold voltages at

18 to 20pA of current injection were incomplete dmas omitted from the analysis.
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Discussion

In the current study, we hypothesized that ATP AD& would decreasg,d and
hyperpolarize the voltage dependence of activatimhsteady state inactivation
independently of P2Y receptor activation. While aig not observe any change in the
voltage dependence of activation, fast inactivafleigure 3.1), or recovery from
inactivation (Figure 3.4) by ATP or ADP, our dateowed a reversible hyperpolarization
in the voltage dependence of steady state inamivaty ADP. Contrary to our original
hypothesis, this effect was specific to ADP anduoed only in a subset of VSNs
(Figure 3.2). Thus, our results suggest the poggibf P2Y or P2Y-like receptor
mediated modulation of NaV. In support of our niiedi hypothesis, ADP was
ineffective at inducing a hyperpolarization of steatate inactivation in the presence of
suramin, a purinergic receptor antagonist. Mored®AG, a membrane permeable
activator of PKC, elicited a similar hyperpolaripat in the voltage dependence of steady
state inactivation as ADP (Figure 3.3). We als@dietd gene expression of P2Y1, 2, and
6 receptors by RT-PCR with RNA from the VNO and pinesence of P2Y1 and 2
receptors by immunocytochemistry in isolated VSNg\re 3.5). In addition to the
decrease ink, We observed a reversible increase in spike frecpbut no change in an
action potential’s amplitude, latency, halfwidth,tbreshold voltage in the presence of
ADP (Figure 3.6). We conclude that P2Y or P2Y-likeeptor activation in VSNs leads
to a novel form of NaV modulation, possibly throdgKC phosphorylation and

subsequent stabilization of the inactivated staté, a decrease in spike adaptation.
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P2Y receptors are well known to modulate a varétyn channels including
delayed rectifier potassium channels (Brown an®ePD2002; Nakazawa et al., 1994), big
conductance calcium activated potassium channelgdiCet al., 2012; Hede et al., 2005;
Schicker et al., 2010), inward rectifier potassicimnnels (Filippov et al., 2004), and
voltage activated calcium channels (Abe et al. 32@brvendeg at al., 2003; Vartian and
Boehm, 2001). In most cases, activation of a PRF2Y-like receptor results in a form
of negative feedback whereby current density snathted (Abe et al., 2003; Borvendeg
et al., 2003; Brown and Dale 2002; Coppi et all2WNakazawa et al., 1994; Vartian
and Boehm, 2001). Similarly, purine nucleotidedoiate NaV independently of
purinergic receptor activation potentially throughding to NaV (Williams, 2006). In
DRG neurons (Choi et al., 2003; Park et al., 206gpocampal neurons (El-Sherif et al.
2001), and ventricular myocytes (Scamps and Vaste®4d), ATP decreasesland
hyperpolarizes the voltage dependence of activatimhsteady state inactivation.
Interestingly, the purinergic receptor antagonistsamin and reactive blue 2, have
similar effects onn, as ATP (Choi et al., 2003; EI-Sherif et al., 200Pgark and
colleagues (2004) further showed that not only AR the classical P2Y receptor
agonists, but other tri- and diphosphate purindeaiides are capable of hyperpolarizing
activation and steady state inactivation. Dedpiéesimilarities in NaV expression
between mouse DRG neurons and VSNs (Fieni et@03;2Rupasinghe et al., 2012), we
did not observe any effects on the voltage depearelehactivation, fast inactivation, or
recovery from inactivation with ATP and ADP (Figarg.1 and 4). However, we did

observe a hyperpolarization in the voltage depeceleh steady state inactivation with
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ADP in a subset of VSNs (Figure 3.2) that was gemsio suramin (Figure 3.3).
Therefore, our results are consistent with theoastiof purine nucleotides on other ion
channels where activation of a P2Y or P2Y-like pgoeand subsequent downstream
intracellular signaling is the mechanism of action.

NaV are modulated through phosphorylation by PKKRCPand the direct action
of G-proteins (Cantrell et al., 1996 and 1997; Céeal., 2005 and 2006; Carr et al.,
2002; Eisthen et al., 2000; Li et al., 1993; Malet1994; Schiffmann et al., 1995;
Schubert et al., 1989; Wetzel et al., 2001; ZhamyBelay, 2007). PKA
phosphorylation of NaV leads to a decreasgriiirough a decrease in single channel
open probability (Li et al., 1992) or an inductiohslow inactivation (Chen et al., 2006).
PKC phosphorylation of NaV leads to a decreasqgiand fast inactivation (Cantrell et
al., 1996; Chen et al., 2005; Li et al., 1993). FAB a potent agonist at P2Y1, 11, 13, and
14 receptors (Abbracchio et al., 2006). We detegene expression of P2Y1, 2, and 6
receptors by RT-PCR with RNA isolated from the Vid@d the presence of P2Y1 and 2
receptors by immunocytochemistry in isolated VSNg\re 3.5). P2Y receptors can
couple to PLC activation and subsequent downstfe@ signaling (Abbracchio et al.,
2006). We observed a consistent and reversiblerpgtarization in the voltage
dependence of steady state inactivation with OAGuie 3.3). The hyperpolarization in
the voltage dependence of steady state inactivatioibed by OAG was remarkably
similar to that observed with ADP in a subset oNgSFigures 3.2 and 3). Combined
with the lack of an effect by ADP on the voltaggeéedence of activation and fast

inactivation, our results are similar to those simgna selective and reversible
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hyperpolarization of steady state inactivation BYCR Carlier et al., 2006; Carr et al.,
2002; Franceschetti et al., 2000; Ikeda et al.520@lon et al., 2005). Thus, our results
suggest that activation of a suramin sensitive B2F2Y-like receptor in a subset of
VSNs may lead to downstream PKC phosphorylatioNa¥ and stabilization of the
inactivated state.

Interestingly, ADP induced a reversible increasgpike frequency at higher
current injections. This occurred without any gahsal changes in the amplitude,
latency, halfwidth, or threshold voltage of thei@etpotential (Figure 3.6). This suggests
that despite the stabilization of the inactivatedesof NaV in a subset of VSNs,
activation of a P2Y or P2Y-like receptor by ADP mitates another ion channel that
underlies persistent firing. This is similar to BReurons, where even though purine
nucleotides decreasg, by hyperpolarizing the voltage dependence of atitm and
steady state inactivation (Joo Choi et al., 20@8k Rt al., 2004), membrane excitability
is still increased (Yosuf et al., 2011). In nedioal pyramidal neurons, OAG increased
spike frequency, despite hyperpolarizing steady steactivation, by enhancing
persistent current (Franceschetti et al., 200@)Y Feceptors can modulate big
conductance calcium activated potassium channelgiCet al., 2012; Hede et al., 2005;
Schicker et al., 2010), which are known to medgpassistent firing in VSNs (Ukhanov et
al., 2007), and it is possible that such modulati@y override the PKC induced
stabilization of the inactivated state of NaV. cbimclusion, we have provided evidence
for a novel form of NaV modulation by ADP that apped to rely on P2Y or P2Y-like

receptor activation and downstream intracellulgnaling. Moreover, we have shown
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that ADP enhanced the membrane excitability of VBMslecreasing spike adaptation at
higher current injections and that the genes fof IR2, and 6 receptors were expressed
in the VNO and P2Y1 and 2 receptors were exprelsgesblated VSNs. Further
research will be needed in order to address ansilleschanges in membrane
excitability that occur as a result of stabilizatiof the inactivated state of NaV by ADP
and what other ion channel(s) are modulated by Abfacilitate persistent firing in

VSNs.
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Abbreviations

AC, adenylyl cyclase; CACC, calcium activated cliderchannel; DAG, diacylglycerol;
DRG, dorsal root ganglionyd, sodium current; NaV, voltage activated sodiumncied;
OAG,1-oleoyl-2-acetyl-sn-glycerol; OSN, olfactorgrsory neuron; P2X, ATP-gated ion
channel; P2Y, G-protein coupled purinergic rece®A, protein kinase A; PKC,
protein kinase C; PLC — phospholipase C; RT, revgenscriptase;, tau; TRPC2,
transient receptor potential channel type 2; VSbingronasal sensory neuron; VNO,

vomeronasal organ.

132



References

Abbracchio M, Burnstock G, Boeynaems J, BarnarBdyer J, Kennedy C, Knight G,
Fumagalli M, Gachet C & Jacobson K. (2006). Intéoral Union of
Pharmacology LVIII: update on the P2Y G protein4oled nucleotide receptors:
from molecular mechanisms and pathophysiology ¢oaiy.Pharmacological
Reviews$8, 281-341.

Abe M, Endoh T & Suzuki T. (2003). Extracellular Rinduced calcium channel
inhibition mediated by P1/P2Y purinoceptors in heansubmandibular ganglion
neuronsBritish Journal of Pharmacologi38, 1535-1543.

Bacchini A, Gaetani E & Cavaggioni A. (1992). Phraome binding proteins of the
mouse, Mus musculuExperientiad8, 419-421.

Bellringer J, Pratt HP & Keverne E. (1980). Invatvent of the vomeronasal organ and
prolactin in pheromonal induction of delayed impédion in miceJournal of
Reproduction and Fertilit$9, 223-228.

Ben-Shaul Y, Katz L, Mooney R & Dulac C. (2010).Mro vomeronasal stimulation
reveals sensory encoding of conspecific and allmpeues by the mouse
accessory olfactory bullProceedings of the National Academy of Scied6&s
5172-5177.

Borvendeg S, Gerevich Z, Gillen C & llles P. (200B2Y receptemediated inhibition
of voltagedependent Ca2+ channels in rat dorsal root gangkomonsSynapse
47, 159-161.

Brown P & Dale N. (2002). Modulation of K+ currentsXenopus spinal neurons by
P2Y receptors: a role for ATP and ADP in motor @attgenerationThe Journal
of Physiologyb40, 843-850.

Cantrell A, Ma J, Scheuer T & Catterall W. (199@uscarinic modulation of sodium
current by activation of protein kinase C in rgggocampal neuronsleuronl6,
1019-1026.

Cantrell A, Smith R, Goldin A, Scheuer T & Cattéi. (1997). Dopaminergic
modulation of sodium current in hippocampal neuraascAMP-dependent
phosphorylation of specific sites in the sodiumreleda subunit.The Journal of
Neurosciencd7, 7330-7338.

Carlier E, Sourdet V, Boudkkazi S, Déglise P, Ar¥riFronzaroli-Molinieres L &

Debanne D. (2006). Metabotropic glutamate receqibtype 1 regulates sodium
currents in rat neocortical pyramidal neurofise Journal of Physiolody77,

133



141-154.

Carr D, Cooper D, Ulrich S, Spruston N & Surmeier(2002). Serotonin receptor
activation inhibits sodium current and dendriticixbility in prefrontal cortex
via a protein kinase C-dependent mechaniEne. Journal of Neuroscien@2,
6846-6855.

Chamero P, Katsoulidou V, Hendrix P, Bufe B, Rab&t Matsunami H, Abramowitz J,
Birnbaumer L, Zufall F & Leinders-Zufall T. (2011% protein Go is essential
for vomeronasal function and aggressive behavionige.Proceedings of the
National Academy of Scienc#38, 12898-12903.

Chen Y, Cantrell A, Messing R, Scheuer T & Catlénal (2005). Specific modulation of
Na+ channels in hippocampal neurons by proteindd@r@. The Journal of
Neuroscienc@5, 507-513.

Chen Y, Yu F, Surmeier D, Scheuer T & Catterall(2006). Neuromodulation of Na+
channel slow inactivation via CAMP-dependent prmoténase and protein kinase
C. Neuron49, 409-420.

Coppi E, Pedata F & Gibb A. (2012). P2Y1 receptodmation of Ca2+-activated K+
currents in medium-sized neurons from neonatatrattal slicesJournal of
Neurophysiology 07, 1009-1021.

del Rey A, Renigunta V, Dalpke A, Leipziger J, Math Robaye B, Zuzarte M,
Kavelaars A & Hanley P. (2006). Knock-out mice ravihie contributions of P2Y
and P2X receptors to nucleotide-induced Ca2+ siggah macrophagedournal
of Biological Chemistry81, 35147-35155.

Eisthen H, Delay R, Wirsig-Wiechmann C & Dionne(2000). Neuromodulatory effects
of gonadotropin releasing hormone on olfactory pémeneuronsThe Journal of
Neuroscienc0, 3947-3955.

El-Sherif Y, Wieraszko A, Banerjee P & Penington(RD01). ATP modulates Na+
channel gating and induces a non-selective catiorist in a neuronal
hippocampal cell lineBrain Researci®04, 307-317.

Fieni F, Ghiaroni V, Tirindelli R, Pietra P & BigiaA. (2003). Apical and basal
neurones isolated from the mouse vomeronasal atiffen for voltagedependent
currents.The Journal of Physiology52, 425-436.

Filippov A, Fernandez-Fernandez J, Marsh S, Simd@adnard E & Brown D. (2004).

Activation and inhibition of neuronal G protein-gdtinwardly rectifying K+
channels by P2Y nucleotide receptdvimlecular Pharmacolog®6, 468-477.

134



Filippov A, Webb T, Barnard E & Brown D. (1998). P2 nucleotide receptors
expressed heterologously in sympathetic neuronbitrifoth N-type Ca2+ and
M-type K+ currentsThe Journal of Neurosciend8, 5170-5179.

Franceschetti S, Taverna S, Sancini G, Panzicamplrdi R & Avanzini G. (2000).
Protein kinase C-dependent modulation of Na+ cisrerreases the excitability
of rat neocortical pyramidal neurond$e Journal of Physiology28, 291-304.

Ghiaroni V, Fieni F, Tirindelli R, Pietra P & BigiaA. (2003). lon conductances in
supporting cells isolated from the mouse vomerdrasggn.Journal of
Neurophysiology9, 118-127.

Hede S, Amstrup J, Klaerke D & Novak . (2005). R2ahd P2Y4 receptors regulate
pancreatic Ca2+-activated K+ channels differerRRiigers Archiv450, 429-436.

Hegg C, Greenwood D, Huang W, Han P & Lucero MO@Q0Activation of purinergic
receptor subtypes modulates odor sensitivitye Journal of Neuroscien@3,
8291-8301.

Huang Y, Dando R & Roper S. (2009). Autocrine aadaprine roles for ATP and
serotonin in mouse taste bud$ie Journal of Neuroscien@9, 13909-13918.

Huang Y, Maruyama Y, Dvoryanchikov G, Pereira Eadthari N & Roper S. (2007).
The role of pannexin 1 hemichannels in ATP releaskcell-cell communication
in mouse taste budBroceedings of the National Academy of Sciel6ds6436-
6441.

Huang YA & Roper SD. (2010). Intracellular Ca2+ arlPM5-mediated membrane
depolarization produce ATP secretion from tastepéar cellsThe Journal of
Physiology588, 2343-2350.

Ikeda M, Yoshida S, Kadoi J, Nakano Y & MastumotdZ®05). The effect of PKC
activity on the TTX-R sodium currents from rat nedaganglion neuronkife
Sciencegd8, 47-53.

Johns M, Feder H, Komisaruk B & Mayer A. (1978)indrinduced reflex ovulation in
anovulatory rats may be a vomeronasal efleetters to Natur@72, 446-448.

Joo Choi E, Hong M, Kyoo Shin Y, Soo Lee C, Parl&Nsong J. (2003). ATP
modulation of sodium currents in rat dorsal roatgjeon neuronsBrain
Researct968, 15-25.

Kim S, Ma L & Yu C. (2011). Requirement of calciwstivated chloride channels in the

135



activation of mouse vomeronasal neurdvature Communication®, 1-7.

Leinders-Zufall T, Brennan P, Widmayer P, Maul-RaviA, Jager M, Li X, Breer H,
Zufall F & Boehm T. (2004). MHC class | peptidesch@mosensory signals in
the vomeronasal orgaScience306, 1033-1037.

Li M, West J, Lai Y, Scheuer T & Catterall W. (199EZunctional modulation of brain
sodium channels by cAMP-dependent phosphorylahi@uron8, 1151-1159.

Li M, West J, Numann R, Murphy B, Scheuer T & Catiew. (1993). Convergent
regulation of sodium channels by protein kinasen@ @MP-dependent protein
kinase.Science261, 1439-1442.

Liman E & Corey D. (1996). Electrophysiological caeterization of chemosensory
neurons from the mouse vomeronasal org&e. Journal of Neurosciends,
4625-4637.

Lomas D & Keverne E. (1982). Role of the vomerohasgan and prolactin in the
acceleration of puberty in female mideurnal of Reproduction and Fertili6,
101-107.

Ma J, Li M, Catterall W & Scheuer T. (1994). Modiiden of brain Na+ channels by a G-
protein-coupled pathwayroceedings of the National Academy of ScieBges
12351-12355.

Meredith M. (1994). Chronic recording of vomerorigeanp activation in awake
behaving hamster®hysiology & Behaviob6, 345-354.

Meredith M & O'Connell R. (1979). Efferent contiafl stimulus access to the hamster
vomeronasal orgaihe Journal of Physiolog386, 301-316.

Nakazawa K, Inoue K & Inoue K. (1994). ATP redugekliage-activated K+ current in
cultured rat hippocampal neurofdliigers Archivd29, 143-145.

Nodari F, Hsu F, Fu X, Holekamp T, Kao L, Turk H&ly T. (2008). Sulfated steroids
as natural ligands of mouse pheromone-sensing nedrbe Journal of
Neuroscienc@8, 6407-6418.

Ogura T, Krosnowski K, Zhang L, Bekkerman M & Lin.\(2010). Chemoreception
regulates chemical access to mouse vomeronasal:aade of solitary
chemosensory cell®LoS One, 1-12.

Park S, Kim H, Shin Y, Lee C, Park M & Song J. (2DModulation of sodium currents
in rat sensory neurons by nucleotidégin Researci006, 168-176.

136



Reynolds J & Keverne E. (1979). The accessory mfgsystem and its role in the
pheromonally mediated suppression of oestrus inggd miceJournal of
Reproduction and Fertilit7, 31-35.

Rupasinghe D, Knapp O, Blomster L, Schmid A, Adéam&ing G & Ruitenberg M.
(2012). Localization of Navl. 7 in the normal angured rodent olfactory system
indicates a critical role in olfaction, pheromor@sing and immune function.
Channelss, 103-110.

Scamps F & Vassort G. (1994). Effect of extracallATP on the Na+ current in rat
ventricular myocyte<Circulation Researcii4, 710-717.

Schicker K, Chandaka G, Geier P, Kubista H & Boehn(2010). P2Y1 receptors
mediate an activation of neuronal calchgiependent K+ channelShe Journal of
Physiology588, 3713-3725.

Schiffmann S, Lledo P & Vincent J. (1995). Dopamidie receptor modulates the
voltage-gated sodium current in rat striatal neasotiirough a protein kinase A.
The Journal of PhysiologgB3, 95-107.

Schubert B, VanDongen A, Kirsch G & Brown A. (198Bgta-adrenergic inhibition of
cardiac sodium channels by dual G-protein pathw@ggence?45, 516-519.

Shimazaki R, Boccaccio A, Mazzatenta A, Pinato @lidre M & Menini A. (2006).
Electrophysiological properties and modeling of mewvomeronasal sensory
neurons in acute slice preparatioBbemical Sensel, 425-435.

Stowers L, Holy T, Meister M, Dulac C & Koentges (@002). Loss of sex
discrimination and male-male aggression in micécaeft for TRP2 Science295,
1493-1500.

Talon S, Giroux-Metges M, Pennec J, Guillet C, Gadd & Gioux M. (2005). Rapid
protein kinase C-dependent reduction of rat skietetescle voltage-gated sodium
channels by ciliary neurotrophic factdihe Journal of Physiologh65, 827-841.

Ukhanov K, Leinders-Zufall T & Zufall F. (2007). #&-clamp analysis of gene-targeted
vomeronasal neurons expressing a defined V1r or&&ptor: ionic mechanisms
underlying persistent firinglournal of Neurophysiolog98, 2357-2369.

Vartian N & Boehm S. (2001). P2Y receptoediated inhibition of voltagactivated
Ca2+ currents in PC12 celBuropean Journal of Neuroscient®, 899-908.

Vick J & Delay R. (2012). ATP excites mouse vomersead sensory neurons through

137



activation of P2X receptordleuroscienc20, 341-350.

Weiss J, Pyrski M, Jacobi E, Bufe B, WillneckerSghick B, Zizzari P, Gossage S,
Greer C & Leinders-Zufall T. (2011). Loss-of-furanti mutations in sodium
channel Navl. 7 cause anosnhNature472, 186-190.

Wetzel C, Spehr M & Hatt H. (2001). Phosphorylatajrvoltagegated ion channels in
rat olfactory receptor neuronsuropean Journal of Neuroscient4, 1056-1064.

Williams W. (2006). Voltage-gated Na+ channel ligamnd ATP: relative molecular
similarity and implications for channel functiaiournal of Pharmacy and
Pharmacology8, 1235-1241.

Wysocki C, Wellington J & Beauchamp G. (1980). Asxef urinary nonvolatiles to the
mammalian vomeronasal org&tience207, 781-783.

Yang C & Delay R. (2010). Calcium-activated chlericlirrent amplifies the response to
urine in mouse vomeronasal sensory neurdhs.Journal of General Physiology
135, 3-13.

Yousuf A, Klinger F, Schicker K & Boehm S. (201Nucleotides control the excitability
of sensory neurons via two P2Y receptors and adafad signaling cascade.
Pain 152, 1899-1908.

Zhang W & Delay R. (2007). Gonadotropieleasing hormone modulates

voltageactivated sodium current and odor responses inulesmaculosus
olfactory sensory neurondournal of Neuroscience Resea%$) 1656-1667.

138



Figure Legends

Figure 3.1. TheVoltage Dependence of |\, Activation and Fast | nactivation were
Unaffected by ATP and ADP. Following a 150ms deinactivating voltage step to
130mV, VSNs received 50ms voltage steps in 10myements from -80 to 30mV to
activate |, (see inset in panel A for protocol)A)(In a representative VSN, ADP
(100uM) had no noticeable effect on the activatotransient nature of4 relative to
baseline at all voltage stepB) (Quantification of the voltage dependence of ation
(left side) and fast inactivation (right side) frahre VSN shown in panel A revealed no
change in ADP (100uM) relative to baselin€) (n a different VSN, ATP (100uM)
similarly had no noticeable effect on the activato transient nature ofd relative to
baseline at all voltage step®)(Quantification of the voltage dependence of ation
(left side) and fast inactivation (right side) frahre VSN shown in panel C revealed no
change in ATP (100uM) relative to baselin€) The difference in the average absolute
AV, of control and ADP (100uM) was not statisticaligrsficant (n=5, p=0.91; paired
samples t-test). In a different group of VSNs, difeerence in the average absoluié;,
of control and ATP (100uM) was likewise not statially significant (n=5, p=0.82;
paired samples t-test)F) The differences in the average absolutet the voltage steps
from -30 to 30mV of control and ADP (100uM; leftis) were not statistically
significant (n=5, p>0.05; one-way repeated meas@iNOVA). In a different group of
VSNs, the differences in the average absoltat the voltage steps from -30 to 10 and
30mV of control and ATP (100uM; right side) wereelvise not statistically significant

(n=5, p>0.05; one-way repeated measures ANOVA).ditlerence in the average
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absoluteAt at 20mV of control and ATP (100uM; right side) vedso not statistically

significantly (n=4, p=0.41; paired samples t-test}.— Not significant.

Figure 3.2. TheVoltage Dependence of |\, Steady State I nactivation was Reversibly
Hyperpolarized by ADP in a Subset of VSNs. VSNSs received 150ms prepulses in
10mV increments from -130 to -20mV to steadily iinaate k, prior to a 50ms test pulse
to the voltage that elicited maximal typically -20 to OmV; see inset in panel A for
protocol). @A) In a representative type A VSN, ADP (100) enhanced the degree of
steady state inactivation gfslat more depolarized prepulse®) Quantification of the
voltage dependence of steady state inactivatian thee VSN shown in panel A revealed
a reversible hyperpolarization in ADP (100uM) redatto baseline. @) VSNs were
grouped based on theil 1/, into a cluster where (1) th®V/,,, of ADP exceeded that in
control (“type A”) and (2) th&\V 1, was less then or equal to that in control (“tyge B
The difference in the average absolté;, of control and ADP (100uM) was
statistically significant in the type A (n=5/12,@8€5) but not in the type B cluster
(n=7/12, p>0.05, one-way ANOVA).Dj In a different VSN, ATP (10@M) had no
noticeable effect on the steady state inactivaiol, relative to baseline.E(
Quantification of the voltage dependence of stestdie inactivation from the VSN
shown in panel D revealed no change in ATP ((MPrelative to baseline.H) In the
group of VSNs tested with ATP (1aM), the difference in the average absolntg /, of
control and ATP (100uM) was not statistically sigrant (n=6, p=0.16; paired samples t-

test). ns — Not significant, * — p < 0.05.
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Figure 3.3. Suramin Abolished and OAG Mimicked the ADP Induced
Hyperpolarization in the Voltage Dependence of |\, Steady State I nactivation.

VSNs received 150ms prepulses in 20mV increments #130 to -20mV to steadily
inactivate |, prior to a 50ms test pulse to the voltage thaiteli maximal {5 (typically -
20 to OmV; see inset in panel A for protocolp) (n a representative VSN, ADP
(100uM) in the presence of suramin (@@) had no noticeable effect on the steady state
inactivation of k5 relative to baseline.B( Quantification of the voltage dependence of
steady state inactivation of the VSN shown in pa&netvealed no change in ADP
(100uM) in the presence of suramin (@@) relative to baseline.Q) In the group of
VSNs tested with ADP (1QOM) in the presence of suramin (@), the difference in the
average absolut&V,/, of control and ADP (100M) in the presence of suramin (@@)
was not statistically significant (n=9, p=0.52;neal samples t-test) D] In a different
VSN, OAG (5uM) enhanced the degree of steady state inactivafidg at more
depolarized prepulsesE) Quantification of the voltage dependence of stesidte
inactivation from the VSN shown in panel D reveadeckversible hyperpolarization in
OAG (50uM) relative to baselineF) In the group of VSNs tested with OAG (84),

the difference in the average absolté, of control and OAG (50uM) was statistically

significant (n=7, p=0.002; paired samples t-tast)— Not significant, * — p < 0.05.

Figure 3.4. The Time Dependent Recovery of |y, from I nactivation was Unaffected

by ATP and ADP. Following a 150ms deinactivating voltage steplf80mV, VSNs
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received a 25ms test pulse to the voltage thatedienaximal |, (typically -20 to OmV).
Ina Was then inactivated by a 150ms voltage step@m\2before being allowed to
recover at -130mV for 0 to 15ms in 1ms incremeiitse extent of recovery was
determined by a final 25ms test pulse (see inspairel A for protocol). A) In a
representative VSN, ADP (100uM) had no noticeaffleceon the time required fogd

to recover from inactivation. Dashed lines repn¢slee omission of the -20mV
inactivating voltage step for clarityB) Quantification of the time dependent recovery
from inactivation of the VSN shown in panel A releghno change in ADP (100uM)
relative to baseline.Q) In a different VSN, ATP (100puM) had no noticeabféect on
the time required foryk to recover from inactivation. Dashed lines repnéslee omission
of the -20mV inactivating voltage step for claritfD) Quantification of the time
dependent recovery from inactivation of the VSNwghan panel C revealed no change
in ATP (100uM) relative to baselineE) The difference in the average absolteof
control and ADP (100uM) was not statistically sfgrant (n=4, p=0.70; paired samples
t-test). In a different group of VSNs, the diffece in the average absolute of control
and ATP (100uM) was likewise not statistically sfgant (n=4, p=0.27; paired samples

t-test). ns — Not significant.

Figure3.5. P2Y1, 2, and 6 Gene Expression was Detected in the VNO and P2Y1
and 2 were Expressed by Isolated VSNs. (A) RT-PCR with RNA from the VNO
showed gene expression of P2Y1, 2, and 6 recepbars: Ladder, Minus — No RT, Plus

— RT. @) Immunocytochemisty with P2Y1 (left side) and @t side) antibodies in
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isolated VSNs revealed uniform expression in thaax) dendrites, and dendritic knobs.
VSNs were identified by the presence of the deadnitd dendritic knob. Images were
obtained with a 40x objective at 68x magnificatiorder phase contrast (PC; top panels)
or a TRITC filter (TRITC; bottom panels) at the sasxposure for negative control and

experimental cover slips.

Figure3.6. ADP Increased Spike Frequency at More Depolarized Current

I njections Without Altering Characteristics of the Action Potential. VSNs received
2s current injections in 2pA increments from 0 @pA to elicit action potentials.A{) In
a representative VSN, action potentials were elicwith as little as 2pA of current
injection. While not noticeably altering spikedresncy at lower current injections
(<16pA), ADP (100uM) caused the spike frequencsetarn to the maximal rate of
firing at higher current injections (>16pA) relaito baseline. The dashed line
represents OmV and was used as the cutoff forifgerg an action potential. B)
Quantification of the spike frequency from the VSihown in panel A revealed a
reversible stabilization of the maximal rate oirfg at higher current injectionsC) The
difference in the average percentage change ire $mkiuency of control and ADP
(100uM) at 6 to 16pA of current injection was ntattistically significant (p>0.05), but
was statistically significant at 18 to 20pA of et injection (n=7, p<0.05, repeated
measures one-way ANOVA)D] To analyze each action potential’'s amplitudesriay,
halfwidth, and threshold voltage, a custom madpsaras written in MatLab. ) The

difference in the average percentage change indeg® to first spike of control and ADP
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(100uM) at 6 to 20pA of current injection were stdtistically significant (n=7, p>0.05,
repeated measures one-way ANOVAY.) The difference in the average percentage
change in the amplitudes of control and ADP (100jak8 to 12pA and 16 to 20pA of
current injection were not statistically signifitgp>0.05), but were statistically
significant at 14pA of current injection (n=7, p€B, repeated measures one-way
ANOVA). (G) The difference in the average percentage chanbelfwidths of control
and ADP (100uM) at 6 to 20pA of current injectioere not statistically significant
(n=7, p>0.05, repeated measures one-way ANOVH). The difference in the average
percentage change in the threshold voltages ofaamtd ADP (100uM) at 6 to 16pA of
current injection were not statistically signifitgn=7, p>0.05, repeated measures one-

way ANOVA). ns — Not significant, * — p < 0.05.
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Figure 3.3.
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Figure 3.4.
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Figure 3.5.
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Figure 3.6.
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CHAPTER 4: CONCLUSION AND DISCUSSION

4.1. A Model of Purinergic Signaling in Vomeronasal Sensory Neurons

Olfaction, the sense of smell, is an essential @apt of survival for all animals.
The detection of volatile odorants by the main aodessory olfactory systems facilitates
the avoidance of environmental dangers such asiffiderotten food. However, animals
also release nonvolatile odorants, some of whiehrefierred to as pheromones, that are
concentrated in bodily secretions like urine andoexe gland fluids (Bacchini et al.,
1992; Kimoto et al., 2005; Leinders-Zufall et 2004; Nodari et al., 2008). Nonvolatile
odorants are often detected by the accessory otfasystem and mediate an array of
aggressive and sexual behaviors (Bellringer el@B0; Chamero et al., 2011; Johns et
al., 1978; Lomas and Keverne, 1982; Reynolds ancie, 1979; Stowers et al., 2002).
In rodents, many nonvolatile odorants are transdilbgespecialized chemosensory
receptor cells, the vomeronasal sensory neuron J¥SNat are present in the
vomeronasal organ (VNO). Amongst the sensory a@dthe chemical senses,
including the main olfactory epithelium (MOE; Chapt, 1.6.1) and taste buds (Chapter
1, 1.6.2), purinergic signaling represents a ungymechanism with multifaceted
contributions to tissue function. However, virlyalothing was known about purinergic
signaling in the VNO. In this dissertation, | eaq@d two principle questions concerning
the presence of purinergic receptors and adendsitngphosphate (ATP) release
pathways in the VNO. Using luciferin-luciferasermmometry, mechanical stimulation of
the VNO induced a release of ATP that appearee tihntmugh connexin or pannexin

hemichannels. Moreover, the ionotropic P2X recespdmd G-protein coupled P2Y
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receptors were detected in the VNO. ActivatiofP@K receptors in VSNs led to a
depolarizing membrane conductance that partiallgreated with the chemosensory
response (Chapter 2). Although activation of P8¥eptors led to a hyperpolarization in
the voltage dependence of steady state inactivafionltage activated sodium channel
(NaV)s in a subset of VSNs, membrane excitabiliagswncreased through a decrease in
spike adaptation during persistent firing (Chag@er These results have led to a
hypothetical model of purinergic signaling in VS{sgure 4.1). This chapter
summarizes the expression and functional role ®PRX and P2Y receptors and ATP
release pathways in the VNO. Special attentigraid to comparisons with the taste
buds and MOE, limitations, and future directions.
4.2. Expression of the P2X and P2Y Receptors

4.2.1. Summary

P2X2 and 3 receptors are expressed by the gusttergnts that innervate the
taste buds (Bo et al., 1999). Moreover, P2X2 aad Well as P2Y1 and 2 receptors are
expressed by taste receptor cell (TRC)s while P@¢gptors are expressed by
presynaptic taste cell (PTC)s (Hayato et al., 200¥ng et al., 2009). In the MOE,
P2X1 and 4 receptors are expressed by olfactorgosgmeuron (OSN)s while P2Y
receptors, and to a lesser extent P2X recept@ex@ressed by supporting and basal
cells (Czesnik et al., 2006; Hassenklover et 808 Hegg et al., 2003 and 2009). In the
VNO, two previous reports showed that (1) P2X3 ptaes are expressed by VSNs while

P2Y1 and 2 receptors are diffusely distributed dlgimut the sensory epithelium (Gayle
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and Burnstock, 2004) and (2) P2X and P2Y receptmrexpressed in the supporting and
basal cell layers of the sensory epithelium (Qittret al., 2013).

Gene expression of P2X1 and 3 receptors (Chaptes @ll as P2Y1, 2, and 6
receptors (Chapter 3) was detected in the VNO byPR'R. Based on these results,
immunohistochemistry was performed in the VNO wWRhX1 as well as P2Y1 and 2
receptor antibodies. Immunoreactivity for P2Xlegtors throughout the sensory and
nonsensory epithelia was observed. Within theagrepithelium, P2X1 receptors were
present in the VSN but absent from the supporteiblayers (Figure 4.2).
Immunoreactivity for P2Y1 and 2 receptors througihtbe sensory and nonsensory
epithelia was also observed. Within the sensoithelum, P2Y1 and 2 receptors were
present in the VSN and supporting cell layers (Fegui2). The expression of P2X1 and
P2Y1 receptors in isolated VSNs was confirmed bynumocytochemistry utilizing the
same immunohistochemistry antibodies (ChapteiBjlike P2Y2 receptors, which
displayed no clear pattern in the nonsensory epitne P2X1 and P2Y1 receptors were
clustered around the mucosal glands that surrdumthtge blood vessel. It is important
to note that some nonspecific signal was obsenmvékis region of the negative controls
(i.e. omission of the primary antibody; Figure 4.2ccordingly, the positive signal
observed for P2X1 and P2Y1 receptors in the muaglaalds that surround the large
blood vessel of the nonsensory epithelium shoulohtegpreted with caution.

4.2.2. Future Directions
The taste buds, MOE, and VNO are similar in thaX B&d P2Y receptors are

expressed in the chemosensory receptor cells wreldominately P2Y receptors are
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expressed in the supporting cells/presynaptic .céllewever, a limitation in the current
work, and indeed in most studies concerning theumuiocalization of P2X and P2Y
receptors, is the focus on P2X1, 2, and 3 in aoldiio P2Y1, 2, 4, and 6 receptors.
While it is accepted that these are the most conlyrexpressed P2X and P2Y receptors
in neurons and glia, the identification and locatian of the remaining P2X and P2Y
receptors (with the notable exception of P2Y11 Wwhscpresent only in humans;
Abbrachio et al., 2006) would provide evidenceddditional roles in olfaction. All of
the immunohistochemistry and -cytochemistry expenta were performed with VNOs
harvested from the BALB/C and C57BL/6 mouse straifikis was done to compliment
the physiology experiments and reduce the posstdiéound of interstrain variation in
P2X and P2Y receptor expression, a phenomenomtmatecently described for the
V1R/V2R receptors (Wynn et al., 2012). Howevethaut molecular markers, it
remains difficult to definitively identify which dietypes express the particular P2X and
P2Y receptors in the immunohistochemistry experisie®ne experiment would be to
repeat the immunohistochemistry with VNOs harvestech green fluorescent protein
(GFP)/olfactory marker protein (OM#)nice. In GFP/OMP mice, GFP expression is
driven by the promoter for OMP, a protein expredsseall mature olfactory neurons, and
can be used to definitively identify VSNs. In ttese of definitively identifying
supporting cells, molecular markers such as cytiketype Il and calnexin have been
used but only in the MOE (Czesnik et al., 2006;d¢aklover et al., 2008). Thus, an
important first step to test the reliability of #'molecular markers of supporting cells in

the VNO would be to perform immunohistochemistrghaW NOs harvested from
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GFP/OMP™ mice. If cytokeratin type Il or calnexin antibedimark supporting cells in
the VNO, a nonoverlapping signal between GFP atiecgtokeratin type Il or -calnexin
interspersed amongst the dendrites should be dxerv

4.3. Functional Role of the P2X Receptors
4.3.1. Membrane Excitability and Regulation of Intracellular Calcium

In P2X2/3" mice, application of salty, sweet, bitter, sourg @amami tastants to
the oral cavity no longer elicited depolarizatiamshe chorda tympani and
glossopharyngeal nerves (Finger et al., 2005)TREs, the P2X7 receptor agonist 2'(3')-
O-(4-benzoylbenzoyl) ATP elicits an increase imanellular calcium ([CH];; Hayato et
al., 2007). In OSNs, ATP elicits an increase ig’[; and an inward current. While the
increase in [C4], elicited by ATP was likely a combination of P2XdaR2Y receptor
activation, the inward current elicited by ATP waagesult of P2X receptor activation
(Hegg et al., 2003).

In VSNs, ATP elicited a concentration dependentdase in [C&], that was not
mimicked adenosine or P2Y receptor agonists amdirgdited in the absence of
extracellular calcium ([Cd]o). Furthermore, ATP elicited a concentration defser
inward current that was also not mimicked by aderesr P2Y receptor agonists,
sensitive to the purinergic receptor antagonistglpyal-phosphate-6-azophenyl-2’,4’-
disulfonate and 2',3'-0O-(2,4,6-trinitrophenyl) ATéhd sufficient to trigger action
potentials. These results suggest that in VSNX, ié2eptors are responsible for the
increase in [C&], and inward current elicited by ATP (Chapter 2).ahother report,

ATP did not elicit an increase in [€& in the sensory neuron cell layer (Dittrich et al.,
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2013). These results are difficult to interpretegi the immunohistochemical signal
observed for P2X1 (Figure 4.2) and P2X3 (Gaye amch&ock, 2004) throughout the
sensory epithelium of the VNO and the increaseCief ], and inward current elicited by
ATP in VSNs (Chapter 2). However, the model systesad by Dittrich and colleagues
(2013) wasxXenopus laeviand not mouse or rat. Thus, a fundamental difieze
between purinergic signaling in amphibian and rod8O is the presence of P2X and
P2Y receptors in VSNs of the latter. This hypoihéspartially supported by the results
indicating that ATP elicited an increase in fGain OSNs from the MOE of mice (Hegg
et al., 2003) but not dfenopus laevigCzesnik et al., 2006).
4.3.2. Modulation of Signal Transduction

Activation of the adenosine 2B receptor (A2BR) mlatks sweet taste as
evidenced by decreased glossopharyngeal nervensspto sweet stimuli in A2BR
mice, the expression of A2BR by TRCS, and adenasuhéced potentiation of the
increase in [C4], elicited by a mixture of sweet tastants in TRCar{fo et al., 2012;
Kataoka et al., 2012; Nishida et al., 2014). Hogrewno evidence for the involvement of
P2X and P2Y receptors in the modulation of tassggital transduction in TRCs exists in
the literature. ATP attenuates the increase iri‘|Celicited by a mixture of odorants in
OSNs. In the on-cell configuration, ATP decreabesinward current elicited by a cyclic
nucleotide cocktail that activates CNCs in OSNsggdet al., 2003). The location of the
MOE in the nasal cavity maximizes the exposurarftoa and volatile odorants.
Consequently, pollutants and highly concentrateatarats have unrestricted access to the

MOE and can cause tissue damage significant entouglluce the release of ATP from
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necrosing cells (Hegg and Lucero, 2006). Thus, ATy be neuroprotective against
excitotoxic challenge by inhibiting CNC conductamc®©SNs. ATP is also released
constitutively in the MOE by activated P2X recegtaronnexin and pannexin
hemichannels, and vesicles (Hayoz et al., 2012erdfore, ATP may also tonically
inhibit CNC conductance in OSNs.

Unlike the MOE, the VNO is physically displacedrfrahe nasal cavity. The
lumen of the VNO is only connected to the nasaltgdwy the nasopalatine duct and
depends on a sympathetically driven vasomotor piamihe delivery of odorants (Ben-
Shaul et al., 2010; Meredith, 1994; Meredith an@@inell, 1979; Wysocki et al., 1980).
Moreover, a type of solitary chemosensory cell ($@@t can detect chemical irritants
resides just posterior of the nasopalatine ductrastlicts odorant access to the lumen of
the VNO (Ogura et al., 2010). As odorants mustamby be actively delivered to the
lumen by the vasomotor pump but also screened I3sSIEseems unlikely that
pollutants or highly concentrated odorants woulttlily gain access to the VNO. This
leads to the hypothesis that ATP may not be neoteptive against excitotoxic
challenge in the VNO. Accordingly, ATP increaskd tnward current elicited by the
natural stimulus dilute urine in VSNs. As the effeas a partial sum of the inward
currents elicited by dilute urine and ATP, it waely the result of concomitant
activation of a P2X receptor and TRPC2 (Chapter 2).

4.3.3. Future Directions
TRCs, OSNs, and VSNs are similar in that activabbR2X receptors increases

[C&®"], and elicits an inward current. While P2X7 receptare most likely responsible
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for the increase in [G4, and inward current in TRCs, which P2X receptonstigbute to
the increase in [G4, and inward current in OSNs and VSNs are unkno@ne
experiment would be to record single channel P2¢p#&r currents in the outside-out
configuration. By comparing P2X receptor singlamhel conductances in VSNs with
those published in the literature, the P2X recepéaipressed by VSNs can be identified.
Another experiment would be to harvest VSNs follagvelectrophysiological
characterization of their P2X receptors and perfemmgle cell RT-PCR with primers for
P2X1-7 receptors. While these two approaches wonddide compelling evidence for
the presence of particular P2X receptors, they avbeltechnically challenging.
Amongst the different P2X receptors, the charaatéine inward current with respect to
deactivation kinetics are remarkably different.r Egample, P2X1 receptor currents
deactivate slowly while P2X3 receptor currentsteaiasient. Therefore, the simplest
experiment would be to perform whole cell patchrgdarecord P2X receptor currents,
and measure theof deactivation. The distribution of be it either skewed (only fast or
only slow) or bimodal (mixture of fast and slow)owd provide preliminary evidence for
the presence of particular P2X receptors.

While the adenosine but not P2X or P2Y receptagsrarolved in the modulation
of tastant signal transduction in TRCs, activatdi®2Y receptors in OSNs attenuates
odor responses and activation of P2X receptorsSN&enhances odor responses. This
represents a fundamental difference in two closgBted olfactory systems whereby in
the MOE, ATP is an inhibitory neuromodulator, butlhe VNO, ATP is an excitatory

signal. The modulation of signal transduction iB8N& by ATP was performed using
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only the natural stimulus dilute urine, a complextore of nonvolatile odorants. To
determine if specific odor responses are enhang&dP in VSNs, one experiment
would be to use putative mouse pheromones, sushli@ted steroids, in place of dilute
urine (Nodari et al., 2008). In addition, whiletimcrease in [Cd], and inward current
elicited by ATP were not mimicked by adenosine ®¥ Peceptor agonists, similar
experiments were not performed with the modulatibthe inward current elicited by
dilute urine. To determine if the modulation ajrsl transduction in VSNs by ATP
involves activation of P2Y receptors in additionP®X receptors, another experiment
would be to use dilute urine with P2Y receptor agtsn
4.4. Functional Role of the P2Y Receptors

4.4.1. Membrane Excitability and Regulation of Intracellular Calcium

ATP, adenosine 5’-diphosphate (ADP; Huang et 8092, and uridine 5'-
triphosphate (UTP; Baryshnikov et al., 2003) elaitincrease in [G4, in TRCS and
PTCs (Huang et al., 2009). None of the P2Y reaegujonists are effective at eliciting an
increase in [C&], in TRCs from P2Y1/2 mice (Huang et al., 2009). In OSNs, ATP,
and to a lesser extent UTP and ADP, elicit an imeedn [C&], (Hegg et al., 2003). In
supporting cells of the MOE, ATP (Czesnik et al0&; Hassenklover et al., 2008) and
UTP (Hegg et al., 2009) elicit an increase in{(idhat is attributable to P2Y receptor
activation. In the supporting and basal cell layarthe VNO, ATP elicits an increase in
[Ca®™], that is also attributable to P2Y receptor activaiDittrich et al., 2013).

In VSNs, ATP elicited a concentration dependentdase in [C&], that was

eliminated in the absence of [€g. Furthermore, neither adenosine or any P2Y
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receptor agonist mimicked the increase in{{Galicited by ATP (Chapter 2). Similar to
the modulation of signal transduction, another amdntal difference between the MOE
and VNO is that the increase in [Claoccurs through activation of P2X and P2Y
receptors in OSNSs but solely through activatio®2K receptors in VSNs. However,
there is some evidence to suggest the presen@Yofdeeptors in VSNs that do not
increase in [C4], but instead alter membrane excitability. In cotrddamped VSN,
steadily increasing the amplitude of short duratiepolarizations elicited an increase in
firing frequency. In some VSNSs, spike adaptaticouwred over time and was
manifested as an inability to retain maximal rateBring when challenged with larger
depolarizations. In the presence of ADP, spikeptaten was reversibly decreased and
VSNs returned to the maximal rate of firing (Cha3g

In supporting cells of the VNO, ATP and ADP elicitan increase in [¢§,. For
these experiments, supporting cells were identifigtheir characteristic columnar
morphology and absence of an increase iff |Calicited by a sudden elevation of
extracellular potassium (Figure 4.3). While a @ggtion of the calcium wave was
consistently observed from the apical stalk tolthsal endfoot of supporting cells of the
MOE (Hassenklover et al., 2008; Hegg et al., 20083, was only observed in a few
supporting cells of the VNO. While a fundamentéfiedlence between purinergic
signaling in amphibian and rodent VNO is the presesf P2X and P2Y receptors in
VSNs of the latter, a fundamental similarity is firesence of P2Y receptors in the
supporting cells. Like the MOE, the function oétbupporting cells in the VNO is not

well understood.
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4.4.2. Modulation of Sodium Channels

In ventricular myocytes, ATP increases sodium aurfk,) and hyperpolarizes
the voltage dependence of activation and steady istactivation. A blocker of &,
cholera toxin, has no effect on the increasgrelicited by ATP (Scamps and Vassort,
1994). In dorsal root ganglion (DRG) neurons, Am€reases tetrodotoxin-resistant
(TTX-R) Ina and decreased TTX-sensitive (TTX-K). IMoreover, the purinergic
receptor antagonists reactive blue-2 (RB-2) andraur, as well as intracellular dialysis
of the G-protein blocker guanosine 5’-disphospli@&eP)3s, has no effect on the
decrease in TTX-S¢} elicited by ATP (Joo-Choi et al., 2003). Thessuits suggest that
the modulation of voltage activated sodium chatiNeNV)s by purine nucleotides occurs
independently of P2Y receptor activation. Accogiynnot only ATP, but ADP,
guanosine 5’-triphosphate (GTP), and GDP hyperpadhe voltage dependence of
activation and steady state inactivation (Park.e2804). In hippocampal neurons, ATP,
GTP, and RB-2 increasgiland hyperpolarize the voltage dependence of daivand
steady state inactivation (El-Sherif et al., 200 .ventricular myocytes, DRG neurons,
and hippocampal neurons, the modulation of NaV B{? Aas been interpreted as a
direct association of ATP with NaV based on theilsinties of the chemical structure of
ATP and different anesthetic, anticonvulsant, amtharhythmic drugs (Williams, 2006).

Unlike ventricular myocytes, DRG neurons, and hggmopal neurons, ATP had
no effect on the voltage dependence of activatioltage dependence of steady state
inactivation, or time dependent recovery from inatton in VSNs. However, while

ADP had no effect on the voltage dependence ofaan or time dependent recovery
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from inactivation, the voltage dependence of stestdie inactivation was hyperpolarized
in a subset of VSNSs. In the presence of suramR Alid not elicit a hyperpolarization
in the voltage dependence of steady state inaivatMoreover, the protein kinase C
(PKC) activator 1-oleoyl-2-acetyl-sn-glycerol (OA@&)micked the hyperpolarization in
the voltage dependence of steady state inactivatiotbed by ADP (Chapter 3). These
results are not in agreement with the direct assioci of ATP with NaV hypothesized in
ventricular myocytes, DRG neurons, and hippocampalons. Instead, these results
suggest that in some neurons, P2Y receptors mawbked in the modulation of NaV
through the activation of PKC with subsequent phosglation of NaV and stabilization
of the inactivated state. A similar hyperpolariaatin the voltage dependence of steady
state inactivation by 5-HT2a and c receptor (Caal.e 2002) and PKC activation
(Carlier et al., 2006; Franceschetti et al., 20RO¢a et al., 2005; Talon et al., 2005)
occurs in different types of neurons.
4.4.3. Future Directions

The taste buds, MOE, and VNO are similar in théavvaton of P2Y receptors
increases [C4], in the supporting cells/presynaptic cells. Cosedy, the taste buds and
MOE differ from the VNO in that the activation o2P receptors increases [€R in the
chemosensory receptor cells of the taste buds & but not the VNO. However, a
limitation in testing for P2Y receptors in increagiC& ], is the use of isolated VSNSs.
No matter the yield, isolated VSNs only reflecihaadl sample of the VNO. One
experiment would be to use a slice preparatioh®MNO to see if small subpopulations

of VSNs exhibit an increase in [€% elicited by P2Y receptor agonists. Neverthelass,
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ADP is a potent agonist at P2Y1 receptors (Abbrcehal., 2006), the modulation of
membrane excitability and NaV in VSNs along witk thcrease in [C4], in supporting
cells elicited by ADP is in agreement with the immhistochemistry (Figure 4.2) and -
cytochemistry experiments (Chapter 3) that inddagositive signal for P2Y1 receptors
in VSNs and immunohistochemistry experiments (Fegli) that indicated a positive
signal for P2Y1 receptors in the supporting ceteleof the VNO.

While ADP hyperpolarized the voltage dependenc&eddy state inactivation in
a subset of VSNs, an effect that was eliminatatiénpresence of suramin and mimicked
by OAG, another experiment would be test ADP inghesence of the PLC blocker
U73122. As P2Y1 receptors couple to PKC througl® RLttivation (Abbracchio et al.,
2006), it is hypothesized that U73122 would prevwbathyperpolarization in the voltage
dependence of steady state inactivation eliciteADbf?. Surprisingly, ADP reversibly
decreased spike adaptation and VSNs returned tmaxemal rate of firing. However,
firing frequency was also increased in pyramidairoas by OAG (Franceschetti et al.,
2000) and DRG neurons by ATP (Yosuf et al., 20 EBpite inducing a
hyperpolarization in the voltage dependence ofdstasate inactivation. The dichotomy
in these results suggests an additional ion chaamebdulated by P2Y receptors in
VSNSs. Big conductance calcium activated potassibannel (BK)s underlay persistent
firing in VSNs (Ukhanov et al., 2007). As a resitlis hypothesized that activation of a
P2Y receptor potentiategkl, perhaps in a similar manner to other cells (Cappail.,
2012; Hede et al., 2005; Schicker et al., 201@xahy decreasing spike adaptation. One

experiment would be to record potassium currgqtifl the presence of (1) ADP and (2)
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the kg blocker iberiotoxin (IbTX) with ADP to see if lis only potentiated in the former.
Another experiment would be to induce spike adaptatith IbTX before using ADP to
see if P2Y receptor activation decreases spiketatiap.

Immunohistochemistry experiments also indicatedstjve signal for P2Y2
receptors in the VSN and supporting cell layerthefVNO (Figure 4.2). While UTP is a
potent agonist at P2Y2 receptors (Abbracchio e2806), no increase in [E3 was
elicited by UTP in VSNs or supporting cells (Chafend Figure 4.3). One experiment
would be to evaluate membrane excitability anavibleage dependence of activation,
voltage dependence of steady state inactivatiahtiare dependent recovery from
inactivation in VSNs in the presence of UTP. SIiR&¥ 2 receptors also couple to PKC
through PLC activation (Abbracchio et al., 2006)s ihypothesized that UTP may mimic
the effects of ADP by hyperpolarizing the voltaggpendence of steady state inactivation
and decreasing spike adaptation.

45. ATP Release Pathways
45.1. Summary

Application of a bitter tastant mixture to circunttaée papillae induces the
release of ATP (Finger et al., 2005). Furthermdepolarization of TRCs by voltage
steps (Romanov et al., 2007) or activation of tiamtseceptor potential cation channel
subfamily M member 5 by a tastant mixture (Huanglgt2010) induces the release of
ATP, presumably through pannexinl hemichannels ifigw al., 2007). A feedforward
autocrine loop, whereby the ATP released from TRi@ds to P2X2 and P2Y1 receptors

expressed by TRCs, induces the release of addithorfa (Huang et al., 2009 and 2011).
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In the MOE, pollutants and highly concentrated adts induce the release of ATP from
necrosing cells (Hegg and Lucero, 2006). Howethere is also a constitutive pathway
for the release of ATP including activated P2X ptoes, connexin and pannexin
hemichannels, and vesicles (Hayoz et al., 2012).

In order to gain access to the contents of thel gas&y, a sympathetically driven
vasomotor pump results in continual contractions r@axations of the VNO to draw
fluids and dissolved odorants into the lumen fdedion (Ben-Shaul et al., 2010;
Meredith, 1994; Meredith and O’Connell, 1979; Wydaet al., 1980). In a number of
other tissues including the retina, urinary blagddephron of the kidney, lung, and
cochlea, ATP is released by mechanosensitive canpaxainexin hemichannels (Chen et
al., 2010; Homolya et al., 2000; Newman, 2001; Sigbal., 2009; Zhao et al., 2005). In
the VNO, connexin 36, 31.1, and 30.1 are express#te sensory epithelium (Zhang
and Restrepo, 2003; Zheng-Fischhofer et al., 2BB&ng-Fischhofer et al., 2007).
Mechanical stimulation induced the release of AiidPifthe VNO as detected by
lucifern-luciferase luminometry. In the presentééhe connexin/pannexin hemichannel
blocker carbenoxolone, mechanical stimulation ditlinduce the release of ATP from
the VNO (Chapter 2). Therefore, it is hypothesittet the vasomotor pump may serve a
dual purpose in delivering odorants to the lumethefVNO for detection and triggering
a release of ATP that enhances odorant respond&3Nis by activation of P2X receptors

and increases [§, in supporting cells by activation of P2Y receptors
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4.5.2. Future Directions

The taste buds, MOE, and VNO are similar in thainexin/pannexin
hemichannels are a common ATP release pathwayvetsxly, the MOE may differ
from the taste buds and VNO by the presence ohatitative pathway for the release of
ATP that also depends on activated P2X receptatveasicles. In the VNO, there may
be additional ATP release pathways and the ced(g)ahat releases ATP is unknown.
HEK or CHO sniffer cells positioned in a slice paegtion of the VNO can be used to
probe additional ATP release pathways. One exmriwould be to examine whether a
constitutive release of ATP occurs in the senspithelium of the VNO and if
pharmacological interventions such as carbenoxokeu@min, or the vesicular release
blocker botulinum toxin A, decrease the releasAT®. To elucidate which cell type(s)
in the sensory epithelium of the VNO is responsiblethe mechanosensitive release of
ATP, one experiment would involve a slice preparatind point mechanical stimulation
of cells using graded physical contact of patcimglaylass with a small metal bead
inserted into the tip with the cell membrane. His way, any resulting [¢§, waves can
be tested pharmacologically with suramin or the A3dapyrase to determine if they
spread dependent upon the release of ATP.

4.6. Purinergic Sigaling in Odorant-Driven Behaviors

The evidence that purinergic signaling modulates sgnsitivity at the
chemosensory receptor cell level in the MOE and \@d@gests that purinergic signaling
may contribute to odorant-driven behaviors. Evesugh P2X2/3 mice can no longer

properly discriminate between sweet, bitter, umg@fmger et al., 2005), and salt tastants
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(Eddy et al., 2009), they still select the flavioatt was paired with monosodium
glutamate in the two bottle preference test (Sirdtnd Finger, 2011) and avoid bitter as
well sour tastants in brief-access testing (Halletkl., 2009). These results are likely to
have arisen from the conditioning of postingesatffects with the flavor of the solution

or odor of the tastants and indicate that P2X2t8ce have a normal capacity for general
olfaction. Similarly, P2X4 mice were not different relative to wildtype miceeither

the frequency or duration spent sniffing a novelnged block following habituation to a
different scented block (Wyatt et al., 2013). Heese fasted mice that had ATP nasally
administered exhibited an increased latency inifip@ scented sugar cube relative to
control mice (Colleen Hegg and Mary Lucero, peréapanmunication, May 14, 2014).
While these results are consistent with the involeet of P2Y and not P2X receptors in
the attenuation of odor responses in OSNs, additiexperiments are needed to clarify
whether a behavioral phenotype exists that is digrrupon purinergic signaling in the
MOE.

Conversely, P2X4 mice exhibit a decrease in total sniffing bouts strange
mouse, specifically the abdomen, relative to wylget mice (Wyatt et al., 2013). Itis
possible that P2X4 receptors are expressed in M@ &nhd contribute to the
enhancement of odor responses in VSNs. Regardiess are the first results to
implicate P2X receptors in an odorant-driven betiaviro provide a definitive link
between purinergic signaling in the VNO and odowdmien behaviors, additional
experiments are needed. One experiment would tEstd2X2/3 mice by placing male

mice together, one of which is the resident mak fiome cage) while the other is the
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intruder male, and quantifying the degree of agavesbehavior directed by the resident
at the intruder male. Another experiment woulddtest P2X2/3 mice by placing male
and female mice together and quantifying the fragyeas well as duration of male
mountings. Admittedly, the interpretation of thesg@eriments would difficult due to the
ubiquitous expression of P2X2 and 3 receptorsemirvous system and the cooperative
role of the MOE in detecting some pheromones. lermative, but more challenging
approach, would be to instead use a conditionatkmat mouse where P2X2 and 3
receptors are selectively lost from the VNO. laliidn, nickel sulfate could be nasally
administered to selectively destroy the MOE andddhe VNO intact. In conclusion,
determining whether a behavioral phenotype existgdoss of purinergic signaling in
the VNO is a crucial first step in broadening thegge of the research discussed in this

dissertation beyond the gene, protein, and singldeyel.
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Figure Legends

Figure4.1. A Hypothetical Model of Purinergic Signalingin VSNs. (1) The animal is
at rest or unstimulated 2)(Upon stimulation, sympathetic activation of treesemotor
pump draws fluids into the lumen of the VNO foretdion (in this case, urine). The
mechanical stimulation of the VNO induces the redeaf ATP. 8) Components of urine
bind to V1R/V2R receptors on the microvilli andiaate a TRPC2 conductance of Na
and C&". Simultaneously, ATP binds to P2X receptors @sbma and activates a
conductance of Naand C4" that partially summates with the TRPC2 conductaridee
resulting action potentials are propogated to syo@pntacts in the olfactory bulb4)(
As the fluids are cleared from the lumen of the \\MOP is broken down by the action
of ubiqutous ectoATPases into ADF) ADP binds to P2Y receptors on the soma and
hyperpolarizes the voltage dependence of steaty istctivation in a subset of VSNs.
Similarly, ADP binds to P2Y receptors on the somd modulates a different ion

channel which decreases spike adaptation in VSNs.

Figure4.2. P2X1, P2Y 1, and P2Y 2 were Expressed in the VNO.

Immunohistochemistry was performed with the samé1P&s well as P2Y1 and 2
receptor antibodies used for immunocytochemisiige VNO was fixed in 4%
paraformaldehyde in 0.1M phosphate buffer (PBS)Lfbour, washed twice with 0.1M
PBS, and embedded in 15% gelatin for 1 hour. Th®Wiis washed six times for 10
minutes with 0.1M PBS before cryoprotecting witldgd sucrose solutions consisting of

0.5M, 1M, 1.5M, and 2M sucrose in 0.1M PBS. A MierddM505E cryostat was used
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to slice 2@m coronal sections. The sections were washed inquigation buffer (6.5%
normal goat serum and 10% triton-X-100 in 0.1M PB&J incubated in either the P2X1
(2:500 dilution), P2Y1 (1:100 dilution), or P2Y2:%DO0 dilution) receptor primary
antibody for 24 hours at room temperature. A nggatontrol was performed with each
experiment and consisted of omitting the primarybmdy (leftmost column). After
incubation in the appropriate primary antibody, sleetions were washed six times with
0.1M PBS for 10 minutes and incubated in the seagngdoat anti-rabbit TRITC
conjugated antibody (1:1000 dilution) for 1 houheTsections were washed a final time
with 0.1M PBS, mounted with Fluoromount-G for 24imgy and imaged with a Zeiss
Axioskop2 microscope. Images were captured usiagsame exposure for control and
experimental slides with a Photometrics CoolSnag&xera utilizing NIS Elements and
processed with Image J and Adobe Photoshop. Aipesignal for P2X1, P2Y1, and
P2Y2 receptors was observed throughout the sesaryonsensory epithelia (middle
column). While a positive signal for P2X1, P2YhdaP2Y2 receptors was seen in the
sensory neuron cell layer, the P2Y1 and 2 recepiopgared to be more concentrated

then the P2X1 receptor in the supporting cell Igyightmost column).

Figure4.3. ATP and ADP Elicited an Increasein [Ca®"], in | solated Supporting

Cells. Supporting cells were enzymatically isolated viilpsin and collagenase. After
plating on ConA-coated glass coverslips, supportelts were incubated ind/ fura-2,
AM and 0.05% pluronic F-127 dissolved in DMSO imger’s solution (in mM: 138

NacCl, 5 KCI, 10 HEPES, 2 Mggl2 CaC}, 10 Glucose; pH 7.4) for 15 minutes. Each
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recording session began following a wash in Rirgsolution for 10 minutes. Only
supporting cells with stable baselines were usethges were captured every 5s with
excitation wavelengths of 340nm and 380nm and asstom wavelength of 510nm. All
changes in [C&], were recorded as changes in the fluorescent (@igFssq) and
background subtracted before analysis. Suppocetig were identified morphologically
and by the absence of an increase irf{Galicited by 50mM KCI. 100pM ATP, ADP,
UTP, and UDP were applied for 30s and separatétiajnute washes. In a
representative supporting cell, 100uM ATP and 100MD# elicited reproducible
increases in [CGd], while 100pM UTP, 100puM UDP, sand 50mM KClI did etitit any
change in [C&];. The histogram shows the average change iﬁ*ImI every
supporting cell tested with 100uM ATP (n=11; 0.18.85 F4¢F3s0), 100uM ADP
(n=11; 0.27 £ 0.15 f¢/F3s0), 100uM UTP (n=11; 0.03 + 0.0k f/F3s0), 100pM UDP

(n=11; 0.01 = 0.01 £¢/F350), and 50mM KCI (n=7; 0.004 % 0.0044F3s0).

177



Figures
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Figure4.3.
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