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Abstract:

Acid-sensing ion channels (ASICs) are sodium selective channels gated by
extracellular protons that may play a role in ischemia sensing. Ischemia occurs when
a tissue receives insufficient oxygen to meet its metabolic demand which can result in
metabolic changes, pain and tissue damage. A subtype of ASIC, ASIC3, has the ideal
properties of an ischemia sensor; it is strongly expressed in ischemia sensing sensory
neurons and is sensitive to the small pH changes that occur during ischemia. Acid
alone, however, is insufficient to cause ischemic pain or excite ischemia sensitive
sensory nerve afferents, creating an acid paradox.

Work presented in this dissertation sought to resolve this paradox and will
describe the discovery of synergistic activity of acid and ATP. ATP was found to act
on ASIC3 making it more sensitive to protons. Unexpectedly, this sensitization
occurred through the interaction of two ion channels, ASIC3 and P2X. Activation of
P2X by ATP modulated ASIC3 activity in a manner that had several unique features.
1) Modulation was slow to occur, taking tens of seconds to reach a peak, and slow to
reverse- lasting for many minutes after washout of ATP. 2) Modulation increased the
sensitivity of ASIC3 to protons, unlike previously described channel-channel
interactions which caused mutual inhibition.

Using pharmacological, electrophysiological and optical methods it was
determined that P2X5 was likely the endogenous P2X receptor that interacted with
ASIC3 in sensory neurons, although co-expression of P2X2, P2X4 or P2X5 with
ASIC3 reconstituted ATP dependent modulation of ASIC3 in several mammalian cell

lines. P2X was found to both physically and functionally couple to ASIC3 and no



evidence suggested a role for common second messenger systems in ASIC
modulation indicating the presence of a direct channel-channel interaction between
ASIC and P2X.

Through its interaction with P2X5, ASIC3 is able to sense the coincident
appearance of ATP and acid which are both released from working ischemic muscle
so that ASIC3/ P2X35 is suited to distinguish between painful ischemic acidosis and
other forms of acidosis. In addition to triggering pain this ion channel complex may
be physiologically important for activation of sympathetic pressor reflexes which
increase heart rate and blood pressure in response to vigorous exercise or cardiac

ischemia to maintain cardiovascular homeostasis.
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Chapter 1: Introduction

The nervous system is constantly integrating inputs from the outside world and
the body and using the information to react to and interact with the environment and
maintain the health of the body. Sensory neurons are the first line of detection which
receive and relay information as diverse as touch, temperature, pain, muscle condition,
hunger, heart rate, and blood pressure. A subset of sensory neurons called
metaboreceptors sense metabolic changes that result in reflexes by the nervous system to
control or respond to those changes in a variety of ways. It is thought that ion channels
that are gated by metabolites and are located on sensory nerve endings may serve as the
monitors of homeostasis and be the first step in reflex loops that aim to protect the body
from damage. This dissertation focuses on two families of ion channels, the acid sensing
ion channels (ASICs) and the ATP gated purinergic ion channels (P2X), and their
potential role in forming a metabolic sensory complex by a functional interaction
between them. This chapter will describe the context in which we think peripheral ASICs

and P2Xs function and background into the properties of these channel families.

Physiology and pathology of muscle ischemia

Monitoring the metabolic state of the cardiovascular and muscular systems is vital for
maintaining physiological conditions and responding to pathological states. The
autonomic nervous system constantly monitors the metabolic conditions of the body to
regulate heart rate, vascular tone and breathing to maintain homeostasis. When conditions

in muscle stray from a normal and healthy range, a pathological state manifested by pain



and tissue damage can occur. One such state is muscle ischemia. When a working muscle
receives insufficient oxygen to meet its metabolic demand ischemia occurs. Ischemia
results anytime there is insufficient blood flow to a muscle including during a heart
attack, peripheral artery disease and sickle cell anemia and can result in severe and

sometimes chronic pain.

The heart is a particularly useful system for studying ischemic pain because the only
conscious sensation that arises from the heart is ischemic pain. The heart is insensitive to
touch or even burning. Chronic cardiac ischemic pain, angina, occurs when the heart has
insufficient oxygen to meet its metabolic demand. Angina affects over three million
Americans, often as a result of coronary artery disease, and can be debilitating. In
addition to pain, chronic cardiac ischemia may trigger a paradoxical sympathetic reflex,
increasing heart rate and blood pressure, thus leading to hypertrophy and heart failure
(Malliani, Schwartz et al. 1969). Understanding the sensory mechanism underlying
ischemic pain is a critical step along the path towards developing a treatment for angina.
Angina and other ischemic muscle pain is thought to be caused by metabolites that are
released from working muscle which would be dispersed rapidly during normal perfusion

but instead build up when circulation is hampered.

In addition to pathological states, metabolites released from muscle are involved in
maintenance of homeostasis. One well studied homeostatic mechanism is the exercise
pressor reflex (Kaufman and Hayes 2002). The exercise pressor reflex is a nervous

system dependent reflex loop that results in increased heart rate and blood pressure in



response to static muscle contraction. This reflex can also be accompanied by localized
vasorelaxation allowing greater blood delivery to the working muscles while reducing
blood flow to less active muscles and other organs, ensuring adequate cardiac and
cerebral perfusion. It is clear that both mechanical and metabolic stimuli in muscle are
crucial for transducing information during exercise to trigger the pressor response. One of
the first descriptions of the exercise pressor reflex reasoned that metabolites released
from muscle triggered the reflex since circulatory occlusion to the working muscle
maintained the increase in blood pressure in the absence of muscle contraction until
circulation was restored (Alam and Smirk 1937; Coote, Hilton et al. 1971). Like ischemia

sensing, however, the identity of the metabolites and sensors involved in the pathway

remains contentious.

The search for Factor P

Over 75 years ago Thomas Lewis first hypothesized that a metabolite released from
working muscle was involved in transduction of ischemic pain (Lewis 1932). The
hypothesis was based upon observations from tourniquet experiments. When blood flow
is occluded to an extremity, no pain is felt. Pain is felt only when the extremity is
exercised while blood flow is occluded, implying working muscle is essential for the
mediation of ischemic pain (Lewis and Pickering 1931). This led to the suggestion that an
unknown factor termed “Factor P” was a signaling molecule for transduction of ischemic
pain. Factor P was hypothesized to be released from working muscle and act on sensory
nerve endings innervating the muscle. Over the years numerous identities of Factor P

have been suggested including bradykinin, substance P, adenosine, oxygen radicals, ATP,



lactate and protons (Meller and Gebhart 1992; Sutherland, Cook et al. 2000). The
McCleskey lab has focused our recent efforts toward investigating the role of lactic acid
in ischemia sensation since it is well documented that lactic acid is produced and released
from muscle during anaerobic metabolism. In addition to its abundance during ischemia,
there is functional evidence to argue that lactic acid may play a role in ischemia sensation
(Pan, Longhurst et al. 1999). Acid has been well documented to be pain causing (algesic)
when injected into muscle and the pH of ischemic cardiac tissue has been measured to
drop from pH 7.4 to around pH 6.7 over the course of a 30 minute ischemic event (Cobbe
and Poole-Wilson 1980), while pH in tourniquet pain experiments have been found to
drop to around pH 7.0 (Issberner, Reeh et al. 1996), although precisely measuring

localized changes in the interstitial pH is difficult.

One particularly useful physiological study of the role of protons in cardiac ischemia in
the cat revealed that protons appear to be necessary but not sufficient to trigger
excitiation of ischemia-sensitive small diameter afferents which are the likely triggers for
ischemic pain (Pan, Longhurst et al. 1999). In this study it was observed that ischemia
increased the firing rate of the likely nociceptors and this was mirrored by a decrease in
tissue pH. If the cat was administered carbon dioxide (hypercapnia) rather than ischemia,
a similar pH change occurred but there was no increase in the firing rate. This indicated
that protons were not the trigger for ischemia sensing. However, if ischemia was induced
and the pH of the receptive field of the afferent nerve terminal was buffered with a strong
pH buffer, the firing rate was greatly diminished. This, in contrast to the previous result,

implied a critical role for protons in ischemia sensing. These findings also agree with



clinical observations in humans relating to angina. Many patients have metabolic
disorders or kidney failure that can cause the pH of the body to drop to levels similar to
what is seen during ischemia, however, ischemic pain is not a symptom of these
disorders. Thus, again protons alone appear insufficient for triggering ischemic pain. We
therefore sought to investigate the role of ion channels as potential ischemia sensors and

look for a synergistic effect of multiple metabolites.

Acid Sensing Ion Channel 3 (ASIC3) is sensitive to physiological pH changes and
enriched on cardiac sensory neurons.

Candidate ischemia sensors must be suited to sense physiologically relevant changes in
homeostasis. An ischemia sensor requires proper location on sensory nerve endings and
sensitivity to the appropriate chemical stimuli. Various potential chemical stimuli are
released during ischemia, notably H+ are released dropping the extracellular pH from a
normal value of about 7.4 to the range of 7.0-6.8 (Cobbe and Poole-Wilson 1980;
Sinoway, Prophet et al. 1989; Bangsbo, Johansen et al. 1993; Pan, Longhurst et al. 1999).
Isolated cardiac sensory neurons are responsive to pH changes as small as drops from
pH7.4 to 7.0 with large inward currents (Benson, Eckert et al. 1999). Such decreases in
pH are common during ischemia. The Acid Sensing lon Channels (ASICs) are obvious

candidates for sensing such pH changes.

ASICs were first described nearly 30 years ago by Krishtal and Pidoplichko who
observed several unique pH activated sodium selective currents in sensory neurons and

subsequently elucidated their basic features but their identity remained a mystery



(Krishtal and Pidoplichko 1980; Krishtal and Pidoplichko 1981; Krishtal and Pidoplichko
1981). With advances in cloning, the molecular identity of the ASICs were discovered 17
years after their initial description (Waldmann, Bassilana et al. 1997; Waldmann,
Champigny et al. 1997; Waldmann, Champigny et al. 1999). The ASIC’s were revealed
to be unique channels that are members of the Epithelial Sodium Channel/ Degenerin
(ENaC/Deg) family of 2 transmembrane domain containing sodium channels and the
chicken ASICI has been recently crystallized revealing an unexpected trimeric
architecture with each subunit forming and hand-like tertiary structure (Figure 1-1A, B)
(Jasti, Furukawa et al. 2007). There are now 4 known ASIC genes and two splice variants
(ASICla, 1b, 2a, 2b, 3, and 4). ASICla, 1b, 2a, and 3 open in response to decreases in
extracellular pH in a calcium dependent manner, while ASIC2b likely forms functional
heteromers only with other subunits and an agonist for ASIC4 has yet to be identified. All
ASICs are about as sodium selective as the voltage gated sodium channels and, like
ENaCs and DEGs, all are blocked by amiloride with relatively low affinity. ASICs have
varying calcium permeability and ASIC3 is relatively calcium impermeable. Calcium and
protons appear to compete for a calcium binding site whereby proton binding catalyzes
the release of calcium allowing the channel to open (Figure 1-1 D) (Immke and
McCleskey 2003). Putative pH sensors were identified in the recent crystal structure
(Figure 1-1 A, C) and suggested a potential gating mechanism with proton binding to
acidic residues in the thumb/ finger interface promoting conformational changes that are
transduced through the thumb to the transmembrane regions perhaps gating the chaﬁnel

(Jasti, Furukawa et al. 2007).



The sodium selective proton gated inward currents observed in cardiac sensory neurons
and ASIC3 expressing COS-7 cells share nine nearly identical physical properties, which
are clearly different from other ASIC family members (Sutherland, Benson et al. 2001).
The most profound difference is the extreme proton sensitivity in the physiological pH
range that occurs during ischemia (from pH 7.2-6.8). It was therefore proposed that

ASIC3 is a cardiac ischemic sensor due to its localization and physical characteristics.

ASIC3 rapidly opens and desensitizes in response to prolonged pH changes. In contrast,
ischemic pain is a sustained sensation lasting as long as sufficient stimulus is around. If
ASIC3 is to be an ischemia sensor it must be able to respond to acid in a sustained
fashion. Recent work has reported that ASIC3 can produce a sustained current in
response to modest pH changes (7.2-6.8) overlapping the changes that occur during

moderate exercise and ischemia (Yagi, Wenk et al. 2006).

There are several examples of modulation of ASICs in the literature (Xu and Xiong
2007). Most research has focused on ASIC1 modulation. We know that calcium plays a
crucial role in gating and recovery from desensitization, so it is unsurprising that most
divalent and trivalent cations inhibit the current flow through ASICs. Lactate which is a
product of ischemic metabolism increases the acid evoked currents carried by ASIC3 by
chelating extracellular calcium. This makes ASIC3 more sensitive to lactic acidosis than
other forms of acidosis. Pathways that are possibly activated in ischemia that are shown
to interact with ASICs include redox modulation (selectively modulating ASIC1),

arachidonic acid (enhancing ASIC3), protein kinases PKA, PKC and CaMKII (only PKC



has been demonstrated to phosphorylate ASIC3), lactate, and scaffolding proteins
including CIPP, PSD95, and Lin7b for ASIC3 (Catarsi, Babinski et al. 2001; Immke and
McCleskey 2001; Allen and Attwell 2002; Anzai, Deval et al. 2002; Hruska-Hageman,
Wemmie et al. 2002; Chu, Wemmie et al. 2004; Gao, Wu et al. 2004; Hruska-Hageman,
Benson et al. 2004; Price, Thompson et al. 2004; Wu, Duan et al. 2004; Andrey,
Tsintsadze et al. 2005; Chu, Close et al. 2006; Chu, Close et al. 2006; Wang, Chu et al.
2006; Cadiou, Studer et al. 2007; Cho and Askwith 2007; Smith, Cadiou et al. 2007;

Wang, Yu et al. 2007; Sherwood and Askwith 2008).

Sensing ATP

ATP is maintained at millimolar concentrations in every cell and is critically important
for the maintenance of most life. In contrast, ATP is normally at zero concentration
outside cells because it is rapidly hydrolyzed to ADP, AMP and adenosine by various
ecto-nucleotidases (Robson, Sévigny et al. 2006). It is, therefore, not surprising that ATP
and its metabolites have been utilized for many kinds of cell-cell signaling ranging from
fast synaptic transmission to paracrine trophic signaling in neuronal and non-neuronal
cells and systems. Working skeletal and cardiac muscle release ATP, which rises to
concentrations above micromolar levels in the interstitium when muscle becomes
ischemic (Forrester and Williams 1977; Clemens and Forrester 1981; Hellsten, Maclean
et al. 1998). There are several families of receptors capable of sensing ATP and its
metabolic products and which one, if any, are involved in sensing the ATP that is
released by muscle is not entirely clear (Abbracchio, Bumnstock et al. 2006; Khakh and

North 2006; Burnstock 2007). In addition to the P2X family of ATP gated ion channels,



P2Y and adenosine receptors have been well studied and described. P2Y receptors are G-
protein coupled receptors (GPCR) that can be activated by ATP or ADP in addition to
other nucleotides depending on the subtype of P2Y. Adenosine receptors (sometimes
called P1) are also GPCRs which are activated by adenosine, serving as sensors for
hydrolysis of ATP. The action of P2Y and Adenosine receptors is broad and their ability
to sense the products of ATP hydrolysis is likely an important part of their function, since

appearance of extracelluar ATP is transient, while ATP metabolites are more persistent.

The P2X receptors are ATP gated ion channels that are gated by micromolar
concentrations of extracellular ATP. Like ASICs functional P2X channels are believed to
form by a trimeric assembly of 2 transmembrane containing subunits with a short N- and
highly variable C-terminal domain and a large extracellular loop (Figure 1-3) (Collo,
North et al. 1996; Nicke, Baumert et al. 1998; Egan, Samways et al. 2006; Gever,
Cockayne et al. 2006; Roberts, Vial et al. 2006). There are seven P2X subunits (P2X1-7)
each having somewhat unique agonist and antagonist sensitivities. All P2X subunits are
non-selective cation channels with varying amounts of calcium permeability rivaling that
of the NMDA receptor. Human P2X5 has been reported to have significant chloride
permeability as well (Bo, Jiang et al. 2003). There is significant heterogeneity between
P2X subtypes in terms of activation and desensitization characteristics and ATP affinity.
P2X1 and 3 both desensitize rapidly and completely and take minutes to recover from
desensitization correlating with a relatively high ATP affinity. P2X2, 5, and 7 desensitize
more slowly and recover relatively quickly. P2X4 is intermediate between slowly and

quickly desensitizing subtypes and P2X6 does not form functional homomeric channels



forming only heteromeric channels with other subtypes. In addition to the seven subtypes,
functional heteromeric channels have been reported for P2X1/5, P2X2/3, P2X2/6,
P2X4/6, and recently P2X4/7 allowing for a wide variety of functions (Table 1-1) (Egan,
Samways et al. 2006). Of the seven P2X receptors, mRNA for all but P2X7 are present in
sensory neurons (Collo, North et al. 1996; Kobayashi, Fukuoka et al. 2005) but P2X3 and
P2X?2/3 are the major current carriers in sensory neurons (Lewis, Neidhart et al. 1995;
Cook, Vulchanova et al. 1997; Vulchanova, Riedl et al. 1997). P2X5 is the least
understood of the P2X subunits due to its small currents— about 100 fold smaller than
other family members (for rat)- and more limited distribution when compared to other

P2X subunits (Collo, North et al. 1996; Garcia-Guzman, Soto et al. 1996).

The P2X family was traditionally thought to mediate rapid cell-cell communication and
P2X channels are indeed found both pre and post synaptically in the CNS, especially
P2X2, 4 and 6. Their exact function is unknown, however the significant calcium
permeability at all membrane potentials and ability to depolarize nerve terminals suggests
that they may play some role in facilitating neurotransmitter release (Boehm 1999) and
perhaps mediate some processes which involve post-synaptic calcium influx (Bardoni,
Goldstein et al. 1997). In addition to fast synaptic function, slow trophic functions have
been described for P2X receptors as well. P2X5 has been implicated in the regulation of
skeletal muscle differentiation of satellite cells (Ryten, Dunn et al. 2002). The mechanism
of regulation is thought to involve phosphorylation of the MAPK family of kinases,
specifically p38 MAPK. It is not clear whether extracellular calcium is involved as an

activator of these signaling events. Additionally, P2X5 has been reported to be present on

10



differentiating squamous epithelia and P2X7 has been implicated in ATP induced
apoptosis (Groschel-Stewart, Bardini et al. 1999). This suggests that signal transduction
may be an important role of the P2X channels. P2X2, 3, 4, and 7 are all currently being
investigated by several pharmaceutical companies for their potential roles in various
aspects of pain sensation. As a result, subtype selective agonists and antagonists are just
now being discovered, which along with gene knockout technology should shed more

light on what role specific P2X receptors play physiologically and pathologically.

P2X family member P2X2 inhibits several ion channels via physical interactions.
The data within this thesis will show that ATP modulates ASIC channels by binding to a
P2X receptor. The link between the P2X and ASIC ion channels is the critical mystery.
There is precedent for P2X receptors to interact with other ion channels and with
themselves. The best-studied example is the reciprocal inhibition of P2X2 and the 034
subunits of the nicotinic acetylcholine channel (Nakazawa 1994; Khakh, Zhou et al.
2000). Application of either ATP or ACh produced a large inward current in Xenopus
oocytes expressing P2X2 and o334 channels (Figure 1-2). Co-application of ATP and
ACh produced a much smaller than expected current appearing to occlude most of the
Ach mediated current. This effect was transient and only occurs during co-application of
both agonists as washout of either agonist relieves the cross-inhibition. Although a direct
interaction was suspected, no attempts at co-immunoprecipitation of the two channels had
been successful. Recently, the channels have been shown to closely associate using
fluorescence resonance energy transfer (FRET) with cyan fluorescent protein labeled and

yellow fluorescent protein labeled P2X2 and o334 (Khakh, Fisher et al. 2005).
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P2X2 has also been demonstrated to associate with pl/GABA and SHT-3 in a similar
cross-inhibitory manner that is thought to be a direct physical inhibition (Boue-Grabot,
Barajas-Lopez et al. 2003; Boue-Grabot, Emerit et al. 2004; Boue-Grabot, Toulme et al.
2004). In addition to the inhibitory effects of P2X receptors on other channel subtypes,
there is single channel evidence that suggest cooperativity between individual P2X2
channels. Channels from inside out patches containing multiple P2X2 channels display
non-independent gating whereby one channel is more likely to open in response to
agonist when another channel is already open (Ding and Sachs 2002). That is, gating of
one channel affects gating of other channels that would not be expected if the channels
gated independently. This would have the effect of increasing the sensitivity of the
channels to ATP and is yet another piece of evidence that P2X receptors interact with

other channels in their environment.

In response to prolonged applications of ATP, P2X2, 4, 5 and 7 have been reported to
undergo slow conformational changes which result in a change in the permeability of the
channels to the large cations NMDG+ and fluorescent dye YO-PRO1 (Khakh, Bao et al.
1999; Virginio, MacKenzie et al. 1999; Virginio, MacKenzie et al. 1999). It has been
suggested that these changes in permeability represent an alternate open states of the
channel and this is generally well accepted. It has been observed with P2X7, however,
that dye uptake and NMDG+ permeability are distinct pathways and that perhaps the
permeability to YO-PROL is secondary to activation of a second messenger rather than

occurring as direct flux through the open P2X channel itself (Jiang, Rassendren et al.
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2005). In either case, it indicates the susceptibility of slowly desensitizing P2X receptors
to be influenced by long applications of ATP in a manner that may alter channel function

and result in transitions to different states.

Some ion channels may moonlight as signal transducers by a G-protein coupled
mechanism.

There have been several reports of ion channels that are linked to G-proteins by an
unknown mechanism. Kainate, in dorsal root ganglia cells from mice expressing the
ionotropic glutamate receptor subunit GluRS, inhibits K+ induced calcium increases
(Rozas, Paternain et al. 2003). This inhibition is not seen in GIuR5 knockout mice and is
sensitive to Pertussis toxin and inhibitors of protein kinase C, implying a G-protein
mediated inhibition of voltage gated calcium channels. The idea of ionotropic receptors
linked to G-proteins is a provocative idea but it should be noted that this conclusion relies

solely on the knockout of GluRS, which may cause unknown changes in these mice.

Another report consistent with several previous findings, implicates AMPA receptors in
coupling to G-proteins (Takago, Nakamura et al. 2005). AMPA and the AMPA/Kainate
agonist domoate applied to the calyx of held were demonstrated to inhibit presynaptic
calcium currents in a G-protein dependent manner and this inhibition can be blocked by
the AMPA receptor antagonists GYKI52466 and CNQX. These reports demonstrate the
possibility of ion channels serving to activate G-proteins through an unknown

mechanism, which may hold true for P2X5 modulation of ASIC3.
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Significance:

The results in this thesis may provide a solution to the paradox that while acid appears
necessary to trigger ischemic pain, it is not sufficient to do so. Coincident detection of
acid and ATP is achieved by the physical coupling of two ion channels in a long lasting
manner that is unlike previously described channel-channel interactions. The implications
of this work may go beyond ischemic pain and apply more broadly to metabo-sensing in
muscle physiology and exercise pressor responses and may mediate some aspects of

tissue damage due to ischemia including stroke and chronic cardiac ischemia.

Goals of this work:

The work in this thesis aimed to offer a solution to the paradox that acid seemed
necessary but not sufficient to cause ischemic pain. Upon the discovery of modulation of
ASICs by extracellular ATP, the identity of the ATP receptor (a P2X channel) was
sought. Next, this work aimed to identify the mechanism of interaction between ASIC3

and P2X and to describe changes in ASIC3 as a result of its interaction with P2X.
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Figure 1-1: Trimeric architecture of Acid-sensing ion channels

A Structure of chicken ASIC1 demonstrating trimeric architecture with large extracellular
domain. Arrow indicates putative pH sensor. B Structure of ASIC1 viewed from above
demonstrating 3-fold symmetry. C Cartoon detailing potential mechanism of transduction
of pH binding to channel gating. Binding of protons titrates acidic residues in the finger,
thumb interface. This binding is transduced through the thumb region through the wrist
and gates the channel by moving tramsmembrane domains. D Model of ASIC3 gating
demonstrating competition between calcium and proton for a calcium binding site.
Calcium and protons appear to compete for the same binding site and increasing proton
concentration catalyzes unbinding of calcium. (A, B, C adapted from: (Jasti, Furukawa et
al. 2007) with permission, D adapted from : (Immke and McCleskey 2003) with

permission)
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Figure 1-2: Cross-inhibition between P2X2 and nACh channels.

Application of ATP or acetylcholine (ACh) individually evoked large currents in oocytes
expressing both P2X2 and o34 nicotinic channels. When ATP or ACh is applied in the
presence of the other agonist currents are smaller than expected from the sum of the two
current components individually. This indicated that cross-inhibition was occurring
between the two channels and is believed to be mediated by a direct channel-channel
interaction. Note the temporal characteristics of this inhibition. Once the second agonist
was removed the current immediately returned to the expected amplitude. From:(Khakh,

Zhou et al. 2000) with permission.
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P2X1 | P2X2 | P2X3 | P2X4 | P2X5 | P2X6 | P2X7
P2X1 + + + - +* + -
P22 + +* - as i -
P2X3 =t - + - -
P2X4 + i 4 %
P2X5 7 + -
P2X6 + :
P2X7 T

Table 1-1: Potential heteromeric interactions among various P2X subtypes

Different combinations of P2X subtypes were assayed for co-immunoprecipitation of

recombinant rat P2X receptors expressed in HEK 293 cells + and - indicates positive

and negative co-immunoprecitpitation respectively [Table summarizes data from

(Torres, Egan et al. 1999)]. Functional interactions with unique kinetic or
pharmacological properties are noted with *. Note an interaction between P2X4 and
P2X7 that was not revealed under these experimental but have been reported under

other conditions (Guo, Masin et al. 2007). Also note that P2XS5 potentially interacts

with all other subunits exclusive of P2X7.
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Figure 1-3: Sequence alignment of P2X subtypes
Multiple protein sequence alignment of the three subtypes of P2X receptors that

modulate ASIC3: Red letters denote putative transmembrane spanning regions.
Residues in white with black background denote location of truncation which did not
affect modulation of ASIC3. * denotes conserved; : partially conserved; . partially

homologous residues.
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Chapter 2: Methods
Cell Culture

Chinese hamster (Cricetulus griseus) ovary (CHO) cells were cultured on
10cm plates in F12 medium (GIBCO) containing 10% heat inactivated fetal bovine
serum (FBS) with or without 1% penicillin/streptomycin at 37 degrees C. Cells were
grown to about 60% confluency and split at a 1:8 to 1:15 dilution every two to three
days. Cells were resuspended by removal of media and application of 2.5mL warm
Trypsin/EDTA mixture (0.5g/1 trypsin, 0.2g/l EDTA, Fisher #BW17-161E) and
incubation at 37 degrees for approximately 5 minutes. Trypsin was quenched by
addition of 7.5mL F12 medium + 10% FBS. One-half to 1.2mL of the cell suspension
was then added to a new 10cm plate containing 10mL of pre-warmed medium. The
remaining cells were transfected for experiments. Cells were used generally from

passages 4 through 15.

Freezing and thawing cells:

CHO cells were grown to approximately 70% confluency and stocks were frozen
down. Cells were resuspended as described above. Suspended cells were transferred
to a 15mL conical vial and centrifuged for 2-3 minutes at approximately 800 rpm to
pellet cells in a Sorvall RT6000B swinging bucket centrifuge. The trypsin solution
was aspirated and cells were resuspended in 1mL freezing medium containing 92% F-
12 + FBS and 8% DMSO. The cell solution was then transferred to freezer eppendorf
tubes and placed in an insulated cell freezer (Nalgene Cryo 1°C) in isopropanol and

stored at -80°C to slow-freeze the cells to prevent ice crystal formation. Once frozen
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cells are removed from cell freezer and stored at -80°C until needed. Cells are thawed
rapidly in a 37°C water bath and immediately added to 10mL pre-warmed media in a
10cm tissue culture dish. Cells are allowed to adhere to the dish for 3-5 hours and
then the media is aspirated to remove DMSO and new warm F-12 media media is

added.

Transfection:

CHO cells were transiently transfected using electroporation. After suspending cells
with trypsin and quenching with F-12 medium, cells were transferred to a 15mL
conical vial and spun for 2 minutes at 800rpm to pellet cells. Supernatant was

removed and cells were resuspended in 400-700uL of cold HBS electroportaion

buffer.

HBS Electroporation buffer in 500mL;: NaCl 4.09¢
Hepes 2.9%5g
Na,CO; 0.1g
pH 7.4 with NaOH

0.4 to 10ug of plasmid DNA containing ASIC, pPCMV-DsRed-Express (Clontech) and
P2X were added to a 0.4cm electroporation cuvette (Invitrogen) to this was added
100uL of resuspended CHO cells. Cuvette was placed in a BioRad Gene Pulser

electroporator with capacitance extender. Cells were electroporated with voltage set
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at 0.360V and capacitance set at 0.075mPF for approximately 1 second. Cells were
immediately transferred to room temperature F-12 medium in 35mm culture dishes
containing 7 glass cover slips and incubated at 37 degrees Celsius in 5% CO2. Cells

were used between 18 and 48 hours later.

Alternate transfection protocol:

Electroportation buffer was changed to 100 uL of serum free OPTI-MEM medium
and voltage and capacitance were increased to 0.380V and 0.075mF (high viability)
or 0.100mF (high efficiency) respectively. Otherwise, electroporation protocol was

identical.

Lipid transfection:

For lipid transfections CHO or HEK cells were plated on 35mm tissue culture dishes
or six well plates one day prior to transfection so that they were 80% confluent on the
day of transfection. Medium was replaced with ImL of OPTI-MEM about 1 hour
prior to transfection. For each dish 1.5uL of Lipofectamine 2000 (Invitrogen) was
added to 100uL of OPTI-MEM and incubated for about 5 minutes. This was added to
100uL of OPTI-MEM containing 1-2ug of plasmid DNA and incubated for 20
minutes at room temperature. The mixture was added to cells for three to five hours
and then lipofection was quenched by adding the appropriate serum containing
growth medium- F12 for CHO and DMEM for HEK. Cells were used 24 to 48 hours

later.
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Plasmids:

P2X1-7 were obtained from M. Voigt. ASICs were kindly provided by M Lazdunski.
Both were driven by CMV containing promoters in JPA or PCI vectors. pCMV
DsRed-express was purchased from clontech. JPA5-CFP and YFP and JPAS-NgCAM
CFP and YFP were provided by G. Banker. YC3.1 and mCherry C1 were provided by
W. Almers. GFP-ASIC3 was provided by Eric Gouaux. Chicken NgCAM is a
neuronal cell adhesion molecule of 1280 amino acids in length containing a single
transmembrane domain with a large extracellular N-terminus and relatively

intracellular C-terminus {Buchstaller, 1996 #549}.

Cloning:

To fluorescently tag ASIC and P2X constructs, two EcoRI restriction sites were PCR
amplified onto the N and C termini of each parent construct. The PCR amplified
product was then ligated into JPAS-CFP or JPAS-YFP cloning vector (provided by G.

Banker) into an EcoRI site.
Truncation mutations of P2X2 and P2X5 were constructed by by insertion of a stop
codon using site directed mutagenesis to replace P2X2-H375Z CAT—TAG and

P2X5 E381Z GAG—TAG.

Chimeric P2X DNA constructs were synthesized using a serial PCR approach with

overlapping primers containing sequences homologous to P2X5 and P2X3 to create
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various combinations of P2X5 and P2X3 containing C-terminal domain/ TM1,

extracellular domain, and TM2/ N-Terminal domain.

Electrophysiology

Data were collected using an Axopatch 1B patch clamp amplifier from Axon
Instruments with a CV-4 headstage with 0.1/100U gain, digitized using Axon
Instruments Digidata 1322 converter and recorded on to a hard drive using Clampex
8.2 software. Data were generally collected at 10kHz and filtered at 2kHz using the
Lowpass Bessel filter of the 1B amplifier. Rapid solution exchange was accomplished
using computer driven solenoid valves with gravity flow. 10 solenoid valves were
controlled by an Isolatch Valve Driver purchased form General Valve Corporation.
One solution was switched off and another switched on simultaneously resulting in

rapid solution switching.

Cells were visualized on a Nikon inverted microscope with a 10X Phase objective
and 10X eyepieces. The DsRed was visualized by epiflourescence using a mercury
arc lamp (Osram HBO103W/2) and a thodamine filter set (Nikon DM580, excitation
below 546 nm, emission above 590 nm). DsRed is maximally excited at 556 nm, and

emits maximally at 586 nm.

Pipettes were pulled from Sutter borosilicate glass O.D.: 1.5mm, L.D.: 0.86mm and

10cm in length (BF150-86-10) containing filament and fire polished on the ends. A

Sutter Instruments P-87 puller was used to pull pipettes which were polished on a
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Narishige MF-83 microforge to a final tip resitiance of between 1.5 and 4

MQresistance.

Fluorescent Imaging

Fluorescent imaging was carried out on an Olympus IX71 inverted microscope using
a mercury arc lamp for fluorescent excitation and excitation filters described below
(excitation: 436nm for CFP and 514nm for YFP from Chroma Technology
Corporation). Images were acquired on a Princeton Instruments NTE/CCD camera

that was cooled to -45°C controlled using Metamorph 6.2r6 software.

Fluorescent Resonant Energy Transfer (FRET) experiments were carried out by the
donor dequenching method. Cyan fluorescent protein (CFP) conjugated protein was
co-transfected with yellow fluorescent protein (YFP) conjugated protein. If the two
proteins are in close proximity to one another (10-100nm), excitation of CFP (donor)
will result in the fluorescence of YFP (acceptor) and loss of fluorescence for CFP.
Therefore, destroying YFP by photobleaching will result in an increase in CFP
fluorescence proportional to the closeness of the two fluorophores and the efficiency
of resonant energy transfer. CFP fluorescence was measured by exciting transfected
cells with a mercury arc lamp with light filtered through a 436/20 nm band pass filter
and reflected off of a 450 nm long pass dichroic mirror. Fluorescent emission was
detected by using a Dual View beam splitter with a 520 nm dichroic mirror to split
CFP and YFP fluorescence and passed though a 485/25nm band pass filter for CFP

and 535/25nm band pass filter for YFP/FRET/ and some CFP. This produced two
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images, one of CFP only fluorescence centered around 485nm and one image
containing YFP fluorescence from direct excitation, YFP from FRET excitation, and
some long wavelength CFP fluorescence centered around 535nm. A second image
was then acquired using a 514/10nm band pass filter to directly excite YFP. The
resulting image was almost entirely YFP fluorescence. YFP was then photobleached
for 4 times for 30 seconds. Two images (436 and 514 excitation) were taken after
each photobleaching period. Fluorescence intensities were determined by outlining
each cell and calculating the average intensity of the cell subtracted from the average
background intensity using Metamorph software. Relative CFP fluorescence was then
calculated and plotted as a function of YFP fluorescence remaining. The fraction of

CFP that was quenched due to energy transfer to YFP was then calculated.

TIRF imaging

Total internal reflection fluorescence imaging was carried out on a Zeiss axiovert 135
TV inverted microscope to image expressed recombinant CFP and YFP conjugated
membrane proteins. Helium/Cadmium (Kimmon IK series) and Argon/Krypton
(Coherent, Innova 70C) lasers were used to excite the fluorophores using the laser
lines of 442nm and 514nm to excite CFP and YFP respectively. To achieve total
internal reflection, a high numerical aperture objective 60X NA= 1.49 was used
(Olympus, APO N 60X 1.49). Total internal reflection of light produces a shallow
evanescent field that extends into the sample being imaged up to approximately

200nm (Axelrod 1981; Steyer and Almers 2001). The angle of incident light was then
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optimized to provide the shallowest evanescent field while maintaining brightness by

moving the laser path with a focusing lens and mirror (Newport).

Photobleaching of the CFP fluorophore was a major problem when imaging in TIRF.
A relatively small number of fluorophores are present, making detection more
difficult requiring longer exposure times and more intense light. To find cells
expressing higher amounts of protein, thus requiring less illumination and to identify
transtected cells without bleaching CFP or YFP, soluble mCherry was co-expressed.
The absorption and emission properties of mCherry are such that it is spectrally
separated from CFP and YFP so that it will not interfere with imaging of those
fluorophores, although FRET between YFP and mCherry is possible. A custom
polychroic mirror which reflected the laser lines at 442, 514, and 568nm was used
(442/514/658 ex, Chroma Scientific). Soluble mCherry was excited with the 568nm
line to find and focus on transfected cells. Red transfected cells were identified by eye
which allowed identification of the relatively bright and highly expressing cells,
similar to the conditions used for electrophysiological experiments in which DsRed
was co-expressed and those cells brightly expressing DsRed were recorded from.
DsRed has relatively broad absorption and emission spectra potentially providing
comtaminating fluorescence in the YFP and possibly CFP channel. Dim red
fluorescence generally correlated with very small or non-existent currents, indicating
very few or no functional channels on the cell surface, so these were avoided when

imaging.

29



Images were collected using a quad view beam splitter (Optical Insights) with
appropriate bandpass filters which spectrally split the image into four images, one
CFP image (482/35, Semrock), two YFP images (530/40, Chroma) of opposite
polarity, and one red image (650/75). Standard bandpass filters in the quad view were
replaced as noted to maximize efficiency while preventing bleed though. A 514nm
notch filter was required in the detection pathway to filter out excitatory 514nm light
bleed-through which was not fully reflected by the polychroic mirror. Images were
acquired using a cooled EMCCD camera (Cascade Quantum: 512C). One image of
CFP (442nm ex/ 482/35em) and YFP (514 nm ex, 530/40 em) was taken before and
after 30 photodestruction of YFP and then two additional images of CFP (442 ex)
were taken to determine the rate of photobleaching of CFP due to image acquisition.
Images were acquired in the following order: 442, 514, bleach 514, 514, 442, 442,
442 (excitation wavelength). To correct for photobleaching of CFP between the 1™
and 2™ CFP (442nm) images due to image acquisition, the difference in intensity
between the 2™ and 4™ CFP images was measured and the intensity decrease per
image was estimated. This was then added to the average intensity of the 2" CFP
image to correct for bleaching. Any photobleaching casued by 514nm illumination

was not accounted for.

Since separate lasers were necessary to excite CFP and YFP, care was taken to
maintain consistent laser power and maintain co-linearity between the lasers. The
power of both 514nm and 442nm lines was measured and set to 105nW for each

experiment and the TRIF alignment was kept constant.
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To increase cell density and image quality a few modifications in transfection
protocol were made for TIRF imaging. Round #1.5 coverslips (Hoecht) were coated
with Poly-L Lysine solution (Sigma) for about 1 hr and washed 3X with sterile water
in a 35mm tissue culture dish. A 100uL drop of F12 + FBS was applied to each
coverslip. After electroporation, transfected cells in serum free Optimem (100uL)
were added to the F12 droplet and placed in the incubator for 45min — 1hr to allow
cells to adhere to the coverslip. The dish was then carefully flooded with 2mL F12 +
FBS and cells were incubated for 24-30 hrs. Since photobleaching in TIRF only
bleaches a fraction of the total cell area, cells were fixed in 4% formaldehyde (diluted
from 16% formaldehyde solution, Ted Pella) in calcium and magnesium containing
PBS (GIBCO) for 20 minutes. Cells were washed 3X in PBS + Ca/Mg and stored at
4°C for 1-3 days in imaging media, or PBS + Ca/Mg. Fixation prevented diffusion of
fluorophores into the TIRF field, which was apparent with soluble YC3.1 which did

not show recovery of YFP fluorescence after photobleaching.

Muscle afferent sensory neuron preparation: McCleskey Lab protocol

Dil injection

A 5% stock solution of Dil was made by dissolving 5mg in 100pL DMSO. Stock was
diluted in standard extracellular solution to 5%. Adult rats were anesthetized with
halothane and injected with rat cocktail (0.1 mL/100 g body weight). Area around the
thigh was disinfected with betadine. The skin was lifted with forceps and scissors

were used to cut skin until the muscle was visible. 25-50 uL of Dil was injected into
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each thigh muscle and incision was sutured. Rats were allowed to recover and
returned to cage for 4 weeks prior to DRG dissociation to allow retrograde transport
of Dil to the DRG cell bodies.
Detailed description of sensory neuron dissociation from lab protocol
There are five sections:

1) Media;

2) Surface coating materials;

3) Preparation and dissection;

4) Enzyme treatments and trituration;

5) Plating.

1) MEDIA

CMFHepes-Hanks for tissue dissociation.

Hanks Balanced salts without calcium or magnesium. 5 mM Hepes.

200 ml of 1X HBSS w/o Ca/Mg. 1 Hepes aliquot (1 ml). Filter.

Hepes-L 15 media for storing cells in air.
e Full media: L15; 5 mM Na-Hepes; 5 mM glucose; 10% FCS; 50 U/ml
Pen/Strep;
e 200 ml w/o NGF: 177 ml L15; 1 Hepes aliquot (1 ml); 180 mg D-glucose; 2

serum aliquots (20 ml); 2 P/S aliquots (2 ml 5000 U/ml)
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* 20 ml w/ NGF (2.5 S) for 50 ng/ml: add one 1 pg aliquot (100 ul @ 10 ug/ml)

to 20 ml complete media.

Kl

[\l

media for storing cells in 5%

CO,.

«Q

e Full media: F12; 10% FCS; 50 U/ml Pen/Strep.
e 100 ml w/o NGF: 89 ml F12; 10 ml FCS; 1 ml P/S (5000 U/ml).
® 20 ml w/ NGF (50 pg/ml): add one 1 pg aliquot (100 ul) to 20 ml complete

media.

Stock solutions and Aliquots (store in sterile tubes)

e FCS fetal calf serum, heat-inactivated. Hyclone is preferred source.
Make 10 ml aliquots in centrifuge tubes; heat-inactivate in 57°C water bath for 30
minutes; freeze at -20 °C; mark storage box with source, lot inumber, expiration date,
aliquot date, and name.
e Pen/Strep: 1 ml aliquots of 5000U/ml pen/strep solution (TC supply). Freeze.
e NGEF: 1 ug aliquots. Sigma 2.5 S NGF (N-6009). Add 1 ml F12 to the 10 ug
vial of NGF. Divide into 10 100 ! aliquots. Freeze.
e 1 M Hepes. 1 ml aliquots of 1 M Hepes buffer solution (TC supply). Label
and refrigerate.

e Glucose: 5 mM: 90 mg/100ml; 180 mg/200ml.

Sources of media etc.
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All media are in the Tissue Culture supply refrigerator/freezers except: L15 media
(Life Technologies/GIBCO 11415-064); NGF (Sigma 2.5 S NGF N-6009); glucose.
Sterile microfuge tubes and pipette tips from Autoclavia. Sterile centrifuge tubes from

Research Stores.

2) COATING SURFACES: poly-d-lysine / laminin

General: Coat sterile cover slips/ Petri dishes with poly-d-lysine solution and leave it
overnight in refrigerator; meticulously rinse the surfaces, coat with laminin, always
working at cold temps, and place in refrigerator for 5-24 hours; aspirate the laminin

just before plating cells.

Important notes: 1) Laminin in solution must never get above a few degrees C or it
will form a gel,

2) PDL and laminin should be stored in plastic, not glass;

3) don’t treat PDL or laminin plates with UV lights, sterilize prior to

application.

I. Poly-D-Lysine

1) Coating solution: 20 ug/ml (add 10 ml d.i. water to 100 pl aliquot).
2) Application: Cover surface with solution and store overnight, refrigerated.

Classic number is 5 pg poly lysine per cm” of glass.
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3) Removal: Aspirate the lysine and then rinse the cover glass 3-5 times with
sterile water to remove the toxic bromide. Plates may be stored dry and coated

for several weeks.

II. Laminin

1) Coating solution: 20 pg/ml.

Always use cold solution for reconstitution, always thaw laminin in the refrigerator
and store excess stock laminin at —70 °C (for up to 6 mos). For coating entire plate
surface, use 1 ml aliquots of 200 pg/ml and add 9 ml cold CMF Hanks to dilute. Each
plate requires 1.5-2 ml. To coat only a small area, use 100 ul aliquots of 200 pg/ml
and add 0.9 ml cold Hanks to dilute.

2) Application: Use dry, PDL-coated dishes. Set dishes on ice. Add desired

amount diluted laminin to a cover slip, spread around the area being coated.

Store refrigerated for at least 5 hours and preferably, overnight. Do NOT let it

dry out (store with source of humidity).

3) Plating cells: Just before plating, remove dishes from refrigerator, aspirate laminin
until plate is completely dry, and apply the cells.

Note: if cells are to be placed at a discrete location on a cover slip, cells should

be applied with a pipetman after drying the cover slip very thoroughly.

II1. Stock solutions

e Poly-D-lysine: 2 mg/ml (stock)

(Becton Dickinson, catalog no 40210)
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Add sterile water to vial to make 2 mg/ml, aliquot in 100 ul quantities, store in
PLASTIC, not glass, frozen at —20°C. 100 pl aliquots make 10 ml coating solutions
(1:100 dilution=20 pg/ml).

e Laminin: 200 ug/ml (stock)
(Sigma, catalog no L-2020, 1 mg). Add 5 ml ice-cold CMF-Hanks solution to the 1
mg of laminin (200 pg/ml). Aliquot in desired quantities, store in plastic, freeze at —
20°C for shorttimes or —70°C for long times. Always keep the laminin solution cold;

avoid thawing once frozen. 100 ul aliquots make 1 ml (working dilution=20 pg/ml).

3) TISSUE RECOVERY

Preparation:

o Coated culture dishes (see above): one dish (35 mm glass bottom) for each
adult ganglia.

e CMF (Ca/Mg-free) Hanks for all enzyme solutions.

e Complete media (F12 and L15 with additives).

e Dissection tools.

Dissection:

e Prep:

Chemical Hood: halothane, guillotine, animal bag, dissection dish.
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Dissection Hood: Two 35 mm dishes with CMF Hank’s; 10 ml syringe full of
Hank’s; dissection tools and 70% EtOH. Tools: Two big scissors, one big

forcep, two fine forceps, small sharp spring scissors.

e In chemical hood, anesthetise animal with halothane and behead with
guillotine. Hold the body firmly within a plastic bag until it stops
twitching.

o Use large scissors and forceps to cut away fur and skin from the upper
body. Cut through the shoulder muscles and remove arms. Then cut away
the entire lower body immediately below the rib cage. Isolate the spinal
cord and remove as much muscle tissue as possible.

e Use the 10 ml syringe to rinse the tissue with Hanks, removing any visible
blood and hair.

o Use scissors to carefully cut away the anterior portion of the spinal cord.
Cut as close to the ribs as possible, while leaving the spinal cord intact.
Cutting too deep may sever the ganglia and cause them to be lost, while
cutting too high will make them very difficult to remove around the ribs.

* Rinse the cord again with Hanks and transfer to the dissecting microscope
for ganglia removal. The ganglia should be easily visible as white bulbs
that exit the spinal cord and lay between the cord and the surrounding
muscle tissue. Use the forceps and spring scissors to pluck out individual

ganglia and transfer them to a dish of L15. For labeled cardiac cells, use

37



C8-T3; C8 is the one directly above the first rib. For labeled thigh muscle
afferents, use L3-L6

e Clean up each ganglion by removing as much axonal tissue and dura mater
as possible. Transfer to a fresh dish of L135.

o Cut the ganglia in half so that they will easily fit in a pasteur pipette.

4) ENZYME TREATMENT

e Enzyme preparation 1 (Papain)

item final conc. amt. to use

CMF Hanks 3ml

L-cysteine 0.03% 1 mg (few crystals)
Na2HCO3 topH 7.4 about 4 ul
(saturated)

Papain 20 U/ml 60 units (60 ul or 3
mg)

(Worthington Biochemical cat#3126)

e Enzyme preparation 2 (collagenase and dispase)

ITtem final conc. amt. to use

CMF Hanks 3ml
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10 mM CaCl, 25 uM 7.5 ul
Dispase 11 0.4% 12 mg
(Roche Applied Science cat# 765859)
Collagenase Type2 0.3% % mg
(Worthington Biochemical cat#4176)
pH 7.4
A) Combine in centrifuge tube, then pass through a 0.2 pm filter syringe into a clean
tube. Set aside.
B) Spin cells out of first enzyme solution at 2K RPM (level 4.5) for 3-5 min.
C) Discard supernatant, add enzyme solution 2.
D) Vortex; incubate 10-30 min gently mixing every ten minutes.
E) Prepare polished Pasteur pipettes including one with a narrowed tip for trituration.
F) When enzyme treatment is complete, fluid should appear grainy.
G) Spin cells, remove supernatant and add 3 ml F12 media to inhibit enzymes.
H) Gently agitate, spin, remove supernatant and resuspend in 1-2 ml F12 + NGF.
[) Triturate with fire polished pipette for 10-20 sec, passing the solution up and down
through the pipette 6-7 times. It is NOT necessary to completely break up all pieces;

doing so will result in less healthy cells.

5) PLATING
e After trituration put a 50 pl on a dish and look it in a microscope to determine

cell density. Adjust volume as desired.
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e Pre-plating: Transfer the solution to a Petri dish and incubate at 37° C for 30

minutes. Agitate the dish slightly to dislodge DRGs that may have stuck

down. Transfer the cell suspension into a tube.

e Aspirate laminin from the surfaces.

e With the polished pipette, plate approximately 150 i of the cell suspension

into the center of each plate or enough volume to cover each cover slip.

e Incubate in the 37° incubator for 2-3 hours until most of the cells have stuck

down.

® Feed with complete L-15 + NGF and store in room temperature humidified

chamber for 2-3 days OR feed with F12 + NGF and store in the incubator.

Data Analysis:

Electrophysiolgy data were analyzed using Clampfit 8.0 software from Axon

Instruments, compiled in Excel and plotted using Origin 7.

Reagents

Standard Extracellular Solution:

Compound Formula weight [mM] 10X In S500mL
NaCl 58.44 140 40.908
KCl 74.55 5 1.864
HEPES 238.3 10 11.192
MES 195.2 10 9.76
CaCl2 IM stock Variable
MgCl2 1M stock variable
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10X stock was diluted to 1X in deionized water and calcium and magnesium were

then added, generally to ImM CaCl2 for pH tests and 2mM CaCl2 and 1MgCI2 for

bath solutions and ATP solutions. Ph was adjusted to desired pH with 3M N-methyl

glucamine (NMG) to avoid altering sodium concentrations.

Standard Internal Solution: Potassium Methane Sulfonate/ 10mM EGTA:

Compound Formula weight [mM] 1X im 25ml
KOH 1.0N stock 140 3.5mL
KCl1 74.55/ 1M stock 10 2500L 1M stock
NaCl 58.44/ 1M stock 4 1000L 1M stock
MOPS 209.3 10 .0523¢g
EGTA 380.4 10 .0951

Use 1:10 dilution of Methane Sulfonic Acid to bring pH down to pH 7.0. Osmolarity

should be about 305mQOsm.

Calcium Activation Curve:

Standard Extracellular Solution was used with HEDTA or EDTA/ calcium added as
indicated. NMG was then added to adjust pH to pH 8.0 after addition of calcium and

calcium chelator. 100mM stock of HEDTA 3.72g/100mL and EDTA 2.78g/100mL

were diluted 10X into solutions.
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[Ca2+]|free HEDTA EDTA [Ca2+] total | 1M CaCl2 in
25mL
ImM - - ImM 25uL
100uM - - 100uM 2.5uL
10uM 10mM - 9.40mM 235ulL
3uM 10mM - 8.23mM 205uL
1uM 10mM - 6.06mM [51.5ul
100nM 10mM - 1.33mM 33.25ul
10nM - 10mM 6.31mM 157.75uL

Minimal Calcium activation curve solutions:

Standard extracellular solution was modified with 10mM EDTA and 2mM CaCl2 and
pH adjusted to various pH values. The concentration of free calcium was calculated
using the EGTAetc program as described in ( ). The calculated free calcium and pH

are stated below (approximately 10nM free Ca”").

pH [EDTA] mM | [Ca”] totalmM | pCa [CaZ']free
8.0 10 2 8.83
7.8 10 2 8.63
7.5 10 2 8.31
7.3 10 3 8.10
7.0 10 2 7.76
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[ 6.0 10 | ) 6.36

Reagent concentrations used

Fluorescent size exclusion chromatography (FSEC)

CFP tagged ASIC3, P2X4 or P2X5 were expressed in HEK or CHO cells either alone
or in tandem with either P2X4 or P2X5 in the case of ASIC3 CFP or with ASIC3 for
the P2X4 CFP or P2X5 CFP channels. GFP-his ASIC3 (from Eric Gonzales) was co-
expressed with P2X4 or P2XS5. Cells were plated onto 35mm tissue culture dishes and
transfected with lipofectamine 2000 and incubated for two days post transfection.
Cells were suspended by incubation in phosphate buffered saline in the absence of
calcium and magnesium and pelleted by a brief centrifugation. Cell pellet was

resuspended in 150ul solublization buffer.

Solublization Buffer: In 10mL

150mM NaCl 8.76mg

20mM C12M (dodecyl maltoside) | 102.2mg

2mM CaCl2 40uL 500mM stock
20mM TRIS pH to 8.0 22.44mg
Protease inhibitors 1X concentration from stock

Membranes were solublized by rotating at 4 degrees for 1 hour. Non-soluble material
was pelleted by centrifugation for 40 min at 40,000 rpm in a benchtop ultracentrifuge.

Lysate was then carefully removed and put into the SEC autosampler. One hundred
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UL samples were automatically injected into the column and run in a Running buffer
identical to the solublizaiton buffer with only 1mM C12M.

Lysate was separated with fast protein liquid chromatography (FPLC) carried out
using the following equipment from Shimadzu:

DGU-20AS5 Degasser

LC-20AD liquid chromatograph

CBM-20A communications module

RF-10Axl1 fluorescence detector

SPD-20A Uv-Vis detector

SIL-20AC autosampler

The column was a Superose 6 10/300 GL size exclusion column from GE
Biosciences run at 0.5mL/minute. GFP Fluorescence of the eluate was monitored by

excitation at 450 nm and emission measured at 500 nm in-line with the column.

Analysis:

Electrophysiological analysis was done using Clampfit 9.2 software from Axon
Instruments. Data were filtered if necessary, and baselines were zeroed. To measure
current amplitude the peak current was determined by the Clampfit program as the
average of 20 data points around the peak to eliminate noise contributions to peak
amplitude measurements. All data was organized using Excel (Microsoft Office
2003) where data were averaged. Statistical analysis was performed using Origin 7
SR2 software from Origin Lab Corporation. All data were plotted using Origin 7.

Dose response curve data were fit in Origin using the Hill Equation shown below.
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Proton activation: pH"
Lop/Imax=Imax *

Calcium activation: [c a2+]n

I[Calcium]/ Imax=Imax *

[Cal+]501'1 + [Ca2+]11

The Hill equation provides constants for half-maximal activation, Hill slope which
measures cooperativity, and maximal current amplitude for each data set which are

compared between different conditions.

Time constants of desensitization were determined by fitting the desensitizing phase
of pH evoked current traces with a single exponential using Clampfit. The single

exponential fit yielded a time constant T which describes the rate of desensitization.
o 1 g 1 7 -t/’.c
Single exponential decay: A()=C+ Ape

Time constants were then collected and organized using Excel, and graphing and

statistics was done using Origin.
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FRET was quantified using Metamorph software (Metalmaging). Regions of interest
were selected and the average fluorescence intensity was determined. This was
subtracted from the background fluorescence by subtracting the average intensity of a
nearby area where there were no cells present. The relative fluorescence intensity of
CFP was plotted as a function of relative YFP fluorescence and fit linearly. A linear
fit was extrapolated to the point where no YFP remained and yielded a fractional
increase in CFP fluorescence due to YFP photobleaching. This value was then used to
find the efficiency of F RET.which is a measure of the fraction of CFP fluorescence
that is lost due to resonant energy transfer with YFP such that:

Efficiency= CFP increase/ CFP total
The efficiency of FRET is dependent upon the distance between fluorophores, the
degree of spectral overlap between the two fluorophores and their relative
orientations. No effort was made to estimate the distance between fluorophores since
the stoichiometry was complex and calculations rely on assumptions of random
fluorophore orientation which may not be applicable with membrane proteins which
are spatially constrained. Thus efficiency was used only to quantitatively gauge

whether or not FRET occurred.

For TIRF experiments bleaching of CFP during image acquisition was a problem. To
roughly account for CFP photobleaching, the following protocol was employed. 1)
One image was acquired using 442nm illumination (all images were the average of
5X 50ms exposures) before YFP photobleaching (514nm). 2) One image of YFP

(514nm) was acquired before and after a 30 second bleaching period of YFP which
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destroyed roughly 80% of the YFP. 3) Three images of CFP (442nm) were collected
following photodestruction of YFP. 4) CFP photobleaching was estimated by
measuring the decrease in CFP intensity of the three images acquired after YFP
photobleaching and an average decrease in CFP intensity was estimated per image. 5)
This estimated intensity loss was then added to the CFP intensity measured
immediately following YFP photodestruction and the adjusted intensity of CFP after
photobleaching was compared to the intensity of CFP before YFP photodestruction
and a linear extrapolation to 100% YFP destruction was used to estimate the FRET

efficiency.

Efficient FRET measurements using the acceptor photobleaching method require an
equal or excess amount of YFP relative to CFP. To estimate stoichiometry of YFP:
CFP expression levels, the positive FRET control yellow CaMeleon 3.1 was used.
This contains YFP and CFP fused to opposite ends of calmodulin and a calmodulin
binding domain and exhibits significant basal FRET. Since YFP and CFP are fused to
the same protein, this construct has a 1: 1 ratio of YFP: CFP fluorophores assuming
that both fluorophores are properly folded and fluorescent. The intensity of YFP
before photodestruction and CFP after YFP photodestruction was measured and
averaged and this intensity ratio was used as a standard of a 1:1 YFP: CFP ratio.
Relative expression levels of YFP and CFP under other conditions were then
estimated using this value. For TIRF experiments, this was done with each
experiment to account for any slight intensity differences in laser power or TIRF

illumination field since TIRF field thickness is dependent upon wavelength and the
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two laser lines originated from different lasers and had independent power

adjustments,

Estimates of stoichiometry of P2X2 and ASIC3 required for modulation were
calculated using previously published single channel data. A modified version of
Ohm’s law was used:

[=n*P,*y*V
Rearranged so that:

n=I/(P,*y*V)
n is the total number of functional channels, I is current amplitude, P, is the open
probability 7 is the single channel conductance and V is the potential Vholding=Erev. A
single channel conductance of 25pS—reported conductance 21 — 30 pS (Evans 1996;
Ding and Sachs 1999), -70mV driving force, and open probability of 0.6 for P2X2,
yields an estimate of about 950 P2X2 channels per nA ATP evoked current.
Assuming a maximum open probability of 0.9, 15pS conductance, -120mV driving
force and that IpH 6.9 is about 15% of maximal current yields an estimate of about
5000 ASIC3 channels/nA (pH6.9) (Sutherland, Benson et al. 2001; Immke and
McCleskey 2003). These estimates of channels per nA of current were used to assess
the number of functional P2X2 and ASIC3 channels in each cell for comparison with

the degree of modulation.
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Table 2-1: List of reagents used

Reagent Stock (UM) Final Concentration (UM)
2 methylthio-ATP 50
ADP 50
AMP-PNP 5000 50 external/5000 internal
Arachidonic Acid 20
ATP 50000 50
ATPYS 100
BzATP 100
Ci2M 20000/1000
Caffeine 10mM
CHS 200
CTP-AMP 100
Cyclopiazonic acid 10
Cyclosporin A 20000 in DMSO 40
Cytochalasin A 5000 in DMSO 5

Dil 5% in DMSO
DTSSP 2000
DTT 3000
Forskolin 10
GTP beta S 3000
GTP gamma S 1000 300
Ivermectin Bla 10000 1
Lactate 15000
Lysophosphatidyl choline 2.5
Methyl beta cyclodextrin 5000
NEM 10
Okadaic acid 500 0.5
Phenylarsine oxide 200
PIP2 long chain 10
PMA 1
PPADS 4000 4
SB203580 10
SNAP 100000 DMSO 100/1500
Sodium Nitroprusside 10000 10
Staurosporine

Suramin 50000 100/150
TNP-ATP 0.3/ 50
U73122 10
UTP 50

afy methylene ATP 50
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Chapter 3: Results

ATP modulation of ASIC3 through a channel-channel interaction between ASIC3
and P2X5

Introduction:

The pain of a heart attack and the pain of a 40 second sprint both occur when
oxygen-deprived, working cardiac or skeletal muscle releases a chemical signal that is
detected by nearby nociceptive (pain-sensing) nerve terminals(Lewis 1932). Acid
sensing ion channels (ASIC) (Krishtal 2003; Wemmie, Price et al. 2006), particularly
ASIC3 (Waldmann, Bassilana et al. 1997), are thought to be sensors for the lactic
acidosis created by anaerobic muscle metabolism because of their high density on
ischemia-sensing neurons(Benson, Eckert et al. 1999; Molliver, Immke et al. 2005),
their extreme acid sensitivity(Waldmann, Bassilana et al. 1997; Sutherland, Benson et
al. 2001; Yagi, Wenk et al. 2006), and their ability to detect lactic acid at lower
concentration than other acids(Immke and McCleskey 2001). However, lactic acid is
only one of many possible mediators of ischemic pain(Longhurst, Tjen et al. 2001).
Its role is particularly controversial (Meller and Gebhart 1992; Kaufiman 2003)
because the drop in extracellular pH during muscle ischemia is small (from pH 7.4 to
ca. 6.8(Cobbe and Poole-Wilson 1980; Momomura, Ingwall et al. 1985)) and can
occur systemically with kidney or lung pathologies that do not cause muscle and
cardiac pain. Acid was found to be necessary but not sufficient to excite ischemia
sensitive cardiac afferents in decerebrate cats suggesting other mediators in addition
to acid are involved in ischemia sensing (Pan, Longhurst et al. 1999). This acid

paradox might be resolved if another compound released from ischemic muscle
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works synergistically with acid. Here it is shown that extracellular ATP, which
reaches high levels when muscle works in low oxygen (Forrester 1972; Clemens and
Forrester 1981; Mo and Ballard 2001; Li, King et al. 2003), dramatically increased
ASIC currents that were evoked at physiological pH (7.1-6.8) in rat sensory neurons.
At or above 1 micromolar, ATP acted by increasing ASIC sensitivity to pH; the effect
took tens of seconds to develop and ASIC current remained elevated many minutes
after removal of ATP. Surprisingly, the binding site was an ATP-gated ion channel, a
P2X receptor, although flux through the P2X channel was irrelevant for modulation.
ASIC modulation was reconstituted in mammalian cell lines using P2X2, P2X4 and
P2XS receptors, but not P2X1 or P2X3. Comparison of the responses in native rat
neurons and in cell lines implicated P2X35, an electrically quiet ion channel that has
not previously been ascribed a function in sensory neurons. The mechanism of
modulation does not involve common second messenger pathways, rather it likely
involves a physical interaction between ASIC and P2X. Thus ASIC3 can function as
a coincident detector of ischemia by sensing acid, lactate and ATP through its
interaction with a P2X channel. Furthermore, the long lasting effect of ATP
modulation provides a temporal integration of coincidence outlasting the transient

appearance of ATP which is rapidly degraded by ectonucleotidases.

Results:
ATP modulated ASIC3-like currents in sensory neurons.
Seeking to resolve the paradox of acid being necessary but not sufficient to excite

ischemia sensitive nociceptors and moderate pH changes not being sufficient to cause
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ischemic pain, other metabolites that might be released from muscle to act on nearby
sensory nerve endings were considered. Currents evoked in response to moderate pH
tests (pH 6.8) in sensory neuron cultured from dorsal root ganglion (DRG) of adult
rats were studied using whole cell voltage clamp techniques. ASIC3 is the only rat
ASIC that responds when pH changes to the vicinity of 7.0(Sutherland, Benson et al.
2001; Yagi, Wenk et al. 2006), so such currents are termed “ASIC3-like”. ATP,
applied transiently in the extracellular medium, increased ASIC3-like currents in
most, but not all, sensory neurons that expressed the current (Fig. 3-1a). Sensory
neurons that innervated skeletal muscle (skeletal muscle afferents) were fluorescently
labeled by injecting Dil into the thigh muscle of anesthetized rats. The dye was
allowed to be transported to the cell bodies in the DRG for about two weeks at which
time the DRG were dissected, cultured and fluorescently labeled DRG were examined
(Fig. 3-1a inset). ATP modulated 64% of the muscle afferents that had ASIC3-like
currents (Fig. 3-1b. Mean increase 2.3 fold +/- 0.15 s.e.m.). Though many muscle
afferents are small (<30 pum), the larger cells (=35 um) were more likely to respond
to ATP, suggesting that ATP acted on myelinated afferents. The ATP dependence of
modulation appeared to be an all or none process. No effect was seen with 0.1 pM
ATP, whereas 1 uM gave essentially maximal enhancement (Fig. 3-1c), though lower

concentrations of ATP took longer for modulation to reach a peak.

Modulation was slow, persistent and desensitizing.

ATP acts with a time course (Fig. 3-1d) that had three key features: 1) modulation by

ATP (50 pM) took 30-80 seconds to reach maximum,; 2) currents remained elevated
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above baseline for minutes after removal of ATP; 3) the slow return to baseline was
actually a desensitization that proceeded whether ATP was present (not shown) or
absent. Thus, ATP action was slow, persistent, and desensitizing. We could evoke the
full ATP response only once on each cell in our experimental conditions. ATP failed
to increase ASIC currents if they were evoked at or near the peak of their activation
curve (~ pH 6, Fig. 3-1¢). Thus, ATP altered the acid sensitivity of ASICs, not their
density or conductance. The pH where modulation was evident (7.1 to 6.8) coincides
with the range reached in extracellular spaces during heart attack and severe muscle

exercise (Cobbe and Poole-Wilson 1980; Momomura, Ingwall et al. 1985).

The binding site for ATP is a P2X channel

The identity of the binding site for ATP was investigated. Some cells that expressed
ASIC3-like current were not modulated by ATP, so the binding site could not be the
ASIC channel itself. The slow and persistent time course suggested P2Y receptors,
which are ATP-activated, G-protein coupled receptors. This was ruled out because
modulation failed to occur with either ADP or UTP (Fig. 3-2), compounds that
activate the various P2Y receptors as well as or better than ATP(Abbracchio,
Burnstock et al. 2006). Considering P2X receptors—ATP-activated ion channels-—
offmethylene-ATP, which activates the two channels (P2X3 homomers and P2X3/2
heteromers) that carry ATP-evoked currents in rat sensory neurons(Lewis, Neidhart et
al. 1995; Khakh and North 2006) failed to modulate ASIC current. Thus, neither
ASICs, nor P2Y receptors, nor the dominant P2X receptors on sensory neurons were

the binding sites for the ATP that modulates ASIC3-like current.
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Two traditional (and somewhat non-selective) P2 antagonists, suramin and PPADS,
both blocked the action of ATP, as did high concentrations of trinitrophenol-ATP but
not the low concentrations that selectively affect P2X3-containing channels (Fig. 3-
2). Two agonists, ATPyS and 2methylthio-ATP, successfully modulated ASIC
current whereas benzoyl-ATP did not. This pharmacological profile of agonists and
antagonists fit P2X2 and P2X5, but none of the other five homomeric rat P2X

receptors (Gever, Cockayne et al. 2006).

Various combinations of recombinant ASIC and P2X were expressed in several
mammalian cell lines (Fig. 3-3). ASIC3 transfected alone showed no modulation by
ATP, but there was robust modulation if P2X2, P2X4, or P2X5 were co-transfected
with ASIC3. P2X1 and P2X3, as well as P2X2 when it forms heteromers with P2X3,

failed to modulate. ASIC1 channels could also be modulated through P2X receptors.

Evidently, activation of certain ATP-gated ion channels alters sensitivity of a
different molecule, an acid sensing ion channel. There are several other examples of
P2X receptors directly altering another type of ion channel: nicotinic acetylcholine
receptors (Khakh, Zhou et al. 2000), 5SHT3 channels(Boue-Grabot, Barajas-Lopez et
al. 2003), and GABA channels (Boue-Grabot, Emerit et al. 2004). The effect here is
different in two ways. First, the P2X receptor enhanced ASICs, whereas it inhibited
the other channels. Second, the other channel-channel interactions all occurred

immediately upon application of ATP and reversed immediately upon removal. Here,
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modulation built slowly and remained long after removal of ATP. Most significantly,
enhancement of ASICs by ATP occurred only once in a given cell in our
experimental conditons. In sensory neurons and HEK293 cells, the enhancement
desensitized (eg. Fig. 3-1d) and ATP sensitivity was lost. In COS and CHO cells, the
enhancement persisted without desensitizing for as long as we were able to record

(ca. 1 hour, see figure 4-2) and it could not be increased further by ATP.

ATP hydrolysis was irrelevant to ASIC modulation because modulation occured with
the non-hydrolyzable agonist AMP-PNP (tested on P2X4 channels) and in the
absence of external Mg”* (Fig. 3-4). Flux through the P2X channel appeared
irrelevant because modulation occurred equally well whether membrane voltage
forced the current inward or outward (Fig. 3-4a) through the P2X channel.
Modulation in sensory neurons was Ca2+-independent, occurring even with Ca”*
chelators both outside and inside the cell and with intracellular Ca’" stores depleted
(Fig. 3-4b). This property—Ca*" independence—was reproduced in cell lines

transfected with P2X4 and P2XS receptors, but not P2X2. Modulation by P2X2 failed

if there is no extracellular Ca*", though it occurred without intracellular Ca”".

P2XS5 resembled the endogenous P2X modulator of ASIC3-like currents in
sensory neurons.

P2X currents in sensory neurons exhibited a variety of waveforms, but nothing about
the waveform predicted whether ASIC modulation would occur (Fig. 3c). The large,

transient currents carried by P2X3 channels were irrelevant to ASIC modulation, and
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modulation could occur even when ATP-evoked current was barely discernable
(lower cell, Fig. 3c¢). This contrasts with reconstituted P2X2/ASIC3: no modulation
occurred if P2X2 current was below 1 nA, and modulation increased linearly with
increasing current out to 20 nA (squares, Fig. 3e). Substantial modulation occurred in
sensory neurons even though they had only modest persistent P2X current (triangle,
Fig. 3e). Transfected P2X5 channels mimicked this property (circle, Fig. 3€) because,
even with high expression density, they pass little current(Collo, North et al. 1996)
(Fig. 3d). We conclude that the relevant P2X receptor in rat sensory neurons is
electrically quiet—it generates little or no current. P2X5 meets this criterion. In
another context, P2X5 receptors, acting independently of their ability to pass current,
are proposed to mediate ATP-induced differentiation of skeletal muscle stem cells via

activation of a kinase cascade(Ryten, Dunn et al. 2002).

Table 3-1 lists the nine pharmacological or kinetic properties that were identified on
native neurons and tested on six different P2X channels expressed in cell lines. P2X5
satisfies each property, whereas P2X2 and P2X4 each fail in two respects: they each
generate large currents; modulation by P2X2 requires external Ca’"; P2X4 activation
is not blocked by suramin or PPADS. Thus, P2X35 is the likely mediator of ASIC
modulation in rat sensory neurons. However, P2X5 protein has not been
demonstrated in sensory neurons, although its mRNA has(Collo, North et al. 1996;
Kobayashi, Fukuoka et al. 2005). To address this, P2X5 antisera were raised and
characterized. The distribution of P2X5 among sensory neurons was compared to

ASIC3 and to P2X2. Most neurons that stained brightly for P2X5 also stained
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brightly for ASIC3 (Figure 3-5, left). There was far less overlap between P2X2 and
ASIC3 (Figure 3-5, right). Blind counts of all labeled cells (both bright and dim) in
sections from 3 rats found that 25% of sensory neurons were P2X5-positive and just
over 50% of these also stained for ASIC3. This is twice what would occur by chance,
as 26% of all neurons were ASIC3-positive. Although P2X2 antisera labeled a similar
fraction (27%) of neurons as P2X5, only 10% of them were ASIC3-positive. P2X2-
positive neurons were small (30 micrometer average equivalent diameter), whereas
P2XS5-positive and ASIC3-positive neurons were clearly larger (36 and 42
micrometer average, respectively; double-labeled cells averaged 40 micrometer).
P2XS5 protein was indeed expressed in sensory neurons and, unlike P2X2, was

expressed together with ASIC3 in a substantial fraction of cells.

While P2X5 was likely the endogenous P2X modulator of ASIC3-like currents in
DRG, it 1s possible that other P2X modulate ASIC3 occasionally. One labeled
skeletal muscle DRG that expressed ASIC3-like currents was modulated by ATP and
carried a P2X current that resembled P2X4 (Figure 3-6). The presence of P2X4-like
currents does not exclude the possibility that this neuron also expressed P2X5,
however. Aside from this one observation, data were consistent with P2XS5 being the

primary P2X modulator of ASIC3.

Commeon second messengers do not mediate modulation of ASIC3

The slow and persistent modulation of ASIC3 by P2X suggested a second messenger

may be involved in modulation, so the involvement of any common signaling
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pathways was investigated. P2X5 dependent modulation of ASIC3 was examined,
since it was the P2X receptor likely to modulate ASIC in sensory neurons. The most
common signaling mechanisms generally associated with ion channels involve
calcium influx and activation or kinases or G-proteins through numerous intracellular
pathways. No requirement for calcium influx, or even intracellular calcium dynamics
was found. By lightly buffering intracellular calcium with EGTA (0.1mM) and
incubating cells in caffeine, intracellular calcium levels should increase. This had no
effect on modulation, neither mimicking nor inhibiting it (Figure 3-7c). Conversely,
clamping calcium concentrations at a low level by removing all extracellular calcium,
chelating calcium intracellularly with BAPTA (10mM), and depleting intracellular
stores of calcium with cyclopiazonic acid (CPA, 10uM) (Figure 3-7a, b) resulted in
no change in P2X5’s ability to modulate ASIC3. Thus it appears that calcium influx
played no role in modulation by P2XS5, though, as demonstrated previously there was

a requirement for extracellular calcium in the case of P2X2 modulation of ASIC3.

The role of kinases, phosphatases or G-proteins in modulation was investigated.
Standard intracellular solution was supplemented with a solution containing the non-
hydrolyzable ATP analogues AMP-PNP (5mM) or ATPYS (5SmM) and no influence
on modulation was found, suggesting no role for ATP hydrolysis and therefore
kinases (Figure 3-8). Likewise, phosphatases appeared to play no role as okadaic acid
(500nM) and cyclosporine A (40uM), two general protein phosphatase inhibitors did
not affect modulation. Constitutively activating or inhibiting G-proteins with the non-

hydrolyzable GTP and GDP analogues, GTPYS or GDPJS to constitutively activate
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or inhibit G-proteins respectively, had no effect. Hydrolysis of extracellular ATP was
not necessary since the non-hydrolyzable ATP analogue AMP-PNP and ATP in the

absence of magnesium both activated P2X4 and modulated ASIC3 (Figure 3-9 a, b).

The most common signaling pathways therefore appeared not involved in modulation
of ASIC3 which suggested that perhaps, as with P2X2 and numerous other channels,
there was a direct physical interaction between P2X5 and ASIC3. Tables 3-2 and 3-3
summarize the results of various pharmacological manipulations of signaling
pathways found to not be involved in modulation in cell lines of sensory neurons

respectively.

Nitric Oxide donors were recently reported to modulate ASICs (Cadiou, Studer et al.
2007). The nitric oxide donor S nitroso-acetyl penecillamine (SNAP) was found to
have no effect on ASIC3 when 100uM SNAP was used under standard buffer
conditions with SNAP present only in the bath and not in the pH 6.9 test solution.
Increasing SNAP concentration to 1.5mM resulted in modulation of ASIC3 that was
consistent with a pH artifact (Figure 3-10a). SNAP added only to the bath solution
decreased pH evoked current amplitude. SNAP added to only the pH 6.9 test solution
increased the amplitude of the pH evoked currents and SNAP in both the bath and test
solutions had intermediate effects. In contrast, bath application of SNAP inhibited
ATP (50uM) evoked currents carried by P2X4 which reversed slowly over the course
of several minutes indicative of a real covalent modification. This effect on ASIC3 is

casily explained if SNAP decreased the pH of the bath solution (desensitization), the
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test solution (potentiation) or both bath and test solutions (intermediate). The pH of
the bath solution was measured and found to have decreased from 7.42 to 7.19 (Table
3-3). SNAP solutions were then made in buffer conditions similar to the conditions
used in the report of SNAP induced modulation of ASICs and the effect of 100pM
SNAP on the pH of various test solutions was measured over time (Table 3-4). As
expected SNAP decreased the pH of the solutions over time, presumably as nitric
oxide is evolved. SNAP appears to have no real effect on ASIC3 and thus nitric oxide

is not likely responsible for modulation of ASIC by P2X.

With common signaling pathways ruled out as a mediator of P2X modulation of
ASIC, several approaches were undertaken to examine whether a physical interaction
was involved in mediating the modulation of ASIC3. Firstly, several collaborators
attempted to co-immunoprecipitate ASIC3 and P2X5 or P2X2. Two groups found
that ASICs had a tendency to aggregate and thus P2X2 as well as any negative
control proteins would immunoprecipitate with ASIC3. A third group found no
evidence for an interaction between ASIC3 and P2X5 under conditions that did not
result in non-specific aggregation of ASIC3 and P2X5. Importantly, while P2X2 and
the nicotinic receptor are thought to couple directly through a physical interaction,
they have not been successfully co-immunoprecipitated. Given the conflicting results,
the lack of successful co-ips involving other P2X channel interactions and
information from researchers familiar with immunoprecipitation of P2X receptors, it
was determined that co-immunoprecipitation was unreliable and even a positive result

would have to be approached with caution.
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FRET occured between ASIC3 and P2X5

Fluorescent resonance energy transfer (FRET) is a sensitive assay to look for close
association of proteins in intact cells without the need to solublize and extract the
channels from their normal environment within a lipid bilayer, which could
potentially destabilize weak interactions or cause aggregation of proteins unstable
outside of their native environment. FRET occurs when excitation of one fluorophore
(donor) results in excitation of a second fluorophore (acceptor) that has an excitation
spectrum that overlaps the emission spectrum of the donor fluorophore. This results
in fluorescent emission from the acceptor fluorophore (of longer wavelength) and a
decrease in donor fluorescence. The efficiency of energy transfer between the two
fluorophores is proportional to the degree of spectral overlap between the donor
emission and acceptor excitation, the sixth power of the distance between the
fluorophores, and their relative orientations. The steep distance dependence of FRET
efficiency makes FRET useful for examining interactions that are between 10 and 100
angstroms, a molecular scale. P2X5-CFP and ASIC3-YFP were constructed and

found to interact functionally (figure 3-11).

To determine whether FRET occurred between a P2X5-CFP and ASIC-YFP the
donor dequenching method was used. This involved measuring the fluorescence
intensity of CFP before and after photodestruction of YFP. If FRET is occurring,
some of CFP’s resonant energy will be transferred to YFP. When YFP is

photodestroyed, it is expected that there would be an increase in CFP fluorescence.
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Epifluorescence microscopy was used to measure the fluorescence intensity of the
entire cell. Photobleaching of YFP occurred over several minutes and resulted in an
increase in CFP fluorescence of approximately 20% (Figure 3-12a). CFP and YFP
were imaged before and then following each of 4 30-second photobleaching periods
(using appropriate filters as describe in methods). The increase in CFP fluorescence
was proportional to the decrease in YFP, as would be expected if the CFP increase is
a direct result of loss of YFP fluorescence. The increase in CFP fluorescence was
substantial but less than that of Yellow CaMeleon 3.1 (YC3.1), a CFP and YFP fused
to opposing ends of calmodulin and a calmodulin binding domain peptide which
served as a positive control (Miyawaki, Griesbeck et al. 1999). In contrast with P2X5/
ASIC3 and YC3.1, P2X5-CFP expressed alone or P2X5-CFP co-expressed with the
neuron-glia cell adhesion molecule (NgCAM) fused to YFP showed little to no
increase in CFP fluorescence. NgCAM-YFP, an axonal cell adhesion molecule
involved in neurite outgrowth, cell adhesion and growth cone guidance {Buchstaller,
1996 #5491, is a large membrane spanning glycoprotein with YFP fused to the
intracellular C-terminal end which served as a negative control. Extrapolation of the
linear fit of CFP increase relative to fraction of YFP photodestroyed (Figure 3-12b) to
1.0 (where 100% of YFP is photodestroyed) yielded an estimate of the total increase
in CFP fluorescence possible. Comparing the increase in CFP fluorescence to the
total CFP fluorescence provided a measurement of FRET efficiency (Figure 4-13d,
P2XS5 CFP alone efficiency was calculated as if ASIC3 YFP had been present based
on the rate of photodestruction of ASIC3-YFP). FRET is proportional to the distance

between fluorophores but it is difficult to determine the average distance between
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fluorophores in this case— functional channels contain three subunits each with a
fluorophore with unknown stoichiometry between channels— but it can be said with
confidence that a substantial fraction of P2X5 CFP localized within 10-100 angstroms
of ASIC3 CFP. To put the average distance between fluorophores into perspective,
the widest distance between two subunits in the extracellular domains of the recently
solved crystal structure of ASIC1 is 85 angstroms (Jasti, Furukawa et al. 2007) and
the distance across the beta barrel structure of GFP protein is 40 angstroms (Ormo,
Cubitt et al. 1996). Since FRET efficiency decreases with the sixth power of distance
between the fluorophores, it is reasonable to assume that most CFP fluorophores were
associated on a scale consistent with a direct channel-channel interaction. Thus the

c