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Abstract:

The work presented here examines a role for acid-sensing ion channels (ASICs)
as molecular sensors of ischemia in the heart and brain. I have shown that Sensory
neurons that innervate the heart respond to the pH of muscle ischemia with large, inward
depolarizing currents. These currents are carried by the channel ASIC3, the primary
molecular ischemia sensor in the heart. Another channel, ASICla, is expressed in CNS
neurons and may act as a molecular ischemia sensor in the brain. I have found channel
properties of ASICla that are analogous to both NMDA-type glutamate receptors and to
voltage-gated sodiumn channels.

We developed a surgical method to label cardiac sensory neurons of rat so that
they could be identified in primary dissociated tissue culture. We then determined that
these neurons have an overwhelming response to extracellular protons, and characterized
the acid-evoked currents using whole-cell electrophysiology. These electrophysiology
studies have led me to the conclusion that protons are the primary fast chemical mediator
of ischemic pain in the heart.

I aimed to find the molecular identity of the acid-sensing channel in heart. I
examined the five cloned ASIC channels using whole-cell electrophysiology to determine

which channel carries the current seen in rat cardiac sensory neurons. I concluded that
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ASIC3 is the primary ischemia sensor in the heart. The defining properties of the two
currents lie in their activation, gating, and permeability.

Next I examined the ASIC1a channel, which could act like an ischemia sensor in
brain. I observed a negative slope region in the I-V curve of ASIC1a that is due to
 voltage-dependent intra-pore block by Mg** ions. The block by Mg™* ions may allow
ASICla to act as a coincidence detector of acidity and depolarization, much in the way
that the NMDA receptor is a coincidence detector of glutamate and depolarization.

A study of permeation revealed that ASIC1a is analogous to voltage-dependent
sodium channels (VDNCs). Like VDNCs, I found that ASICla is permeable to the
organic cation guanidinium but not the smaller methyl-ammonium ion. Guanidine and
some other permeant ions can form hydrogen bonds with atoms that line the channel pore
and compress in size in order to slide through the channel pore’s permeation pathway.
This seems to indicate that, like the VDNCs, ASIC1a has a pore that is only around 3 A
wide and is lined with oxygen atoms that form hydrogen bonds with some permeant ions.
Finally, I found that the guanidine toxins amiloride and tetrodotoxin block the ASIC1a
channel with low affinity. An interaction between guanidine and the ASIC1a pore may

form the basis for block by guanidine-containing drugs or toxins.
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Chapter 1: Introduction

The work described in this thesis is a study of Acid-Sensing Ion Channels, or
ASICs. These channels pass inward, depolarizing currents in response to a drop in
extracellular pH. Some ASICs, expressed in sensory neurons and central neurons, are
extraordinarily sensitive to protons and provide a large excitatory signal. ASIC channels
are prime candidates for molecules that act as neuronal sensors of ischemia in both the
heart and the brain. This chapter will include an introduction to the following: the
physiology of cardiac ischemic sensation, the ASIC family of ion channels that may act

as molecular ischemia sensors, and the ion channel physiology of ischemia in the CNS.

Part One—Physiology of Myocardial Ischemic Sensation

Ischemia, from the Greek “suppression of blood,” is defined as a “deficiency of
blood in a part, due to functional constriction or actual obstruction of a blood vessel”!
The condition includes hypoxia, an insufficiency in the oxygen supply relative to
demand, and also includes a reduction in the nutrients carried by the plasma. When
ischemia occurs chronically in the heart, it can produce pain called angina pectoris; acute
ischemic pain is experienced during myocardial infarction (heart attack). While many of
the earliest experiments aimed at understanding ischemia were performed in skeletal

muscle, the following overview will focus on myocardial ischemia. Ischemic pain in



skeletal muscle and in myocardium are thought to be mediated by the same process, as
Lewis suggested?. The experiments presented here shape our current understanding of the
processes involved in the generation of ischemic pain.

Keele and Armstrong’s review? provides a good overview of the following early
investigations aimed at understanding the nature of ischemic pain. Occlusion of a blood
vessel at rest does not produce pain; therefore, pain is dependent not only on hypoxia or
arrested circulation but also on continued muscle contraction, which results in an increase
in oxygen demand. MacWilliam and Webster were the first to recognize this* and
attributed such pain to "want of oxygen and its consequences, with excessive
accumulation of metabolic products, acids-and other bodies.” They suggested that the
pain was "protective in character, tending to linitation of effort and shielding the muscle
from being spurred on to further and injurious activity." Pickering and Wayne3 showed in
anemic patients that ischemic pain depends on the oxygenation state of the blood and not
the flow itself; thus they postulated that the algogenic substance that accumulates in
tissue spaces can be removed by reoxygenation. Thus, while ischemia consists of more
than simply hypoxia, the lack of oxygen plays the major part in producing pain rather
than depletion of some other substance in blood. Finally, Lewis concluded? that the
algogenic substance arises from muscle contraction and acts directly at nerve endings in

the muscle tissue.



The search has since ensued for a metabolite that (1) is produced in contracting
muscle (perhaps only in hypoxic conditions), (2) is stable enough to accumulate during
ischemia, and (3) the effects of which would be alleviated by reoxygenation. Lewis
termed the substance 'factor P, and stressed that factor P may be present before and after
the sensation of pain, but that only during the ischemic condition does it accumulate to a
level sufficient to produce pain?. While potassium ions were considered a possible
mediator early on, the evidence does not point to a major specific role of K* in mediating
1schemic pain. Three more likely candidates considered in this section are adenosine,
lactic acid, and bradykinin. Since this discussion will focus on myocardial ischemia, it

will be helpful at this time to review the senscry innervation of the heart.

Sensory anatomy of heart attack and angina

Since the time of these early studies, it has been recognized that a potential
mediator of ischemic pain must stimulate the afferent pathway from the muscle to the
CNS. The anatomy of cardiac innervation was largely determined through clinical
experience®. Three populations of afferent neurons innervate the heart, as illustrated in
Figure 17. Two populations of sensory neurons innervate the cardiac muscle
(myocardium) itself; they are called vagal afferents and sympathetic afferents. The name

of these neurons is descriptive solely of their anatomical location, and does not imply that



they are sympathetic neurons. Both populations are afferent sensory neurons. Vagal
afferent axons follow the vagus nerve to their cell bodies located in the nodose ganglia.
Sympathetic afferent axons follow the sympathetic nerve to their cell bodies in the upper
thoracic dorsal root ganglia (C,-T,). Sympathetic afferents may be the primary mediators
of myocardial pain because sympathectomy relieves pain in most patients suffering from
chronic angina8. Moreover, Brown et al.9 found that coronary occlusion in cats causes
pain that is accompanied by afferent nerve activity in the sympathetic nerve tract.
However, the vagal afferents should not be discounted as a source of ischemic sensation
from the heart. In 2 comprehensive review of experimental literature, Meller and
Gebhartl0 present an overview of cardiac afferent innervation. Sympathectomy is
ineffective in relieving angina in some patients, and transection of vagal fibers has been
found to relieve cardiac pain in some cases. Meller and Gebhart propose spatial
differences in cardiac innervation by sympathetic and vagal afferents. Perhaps patients
suffering from angina in an area innervated by vagal afferents would be relieved of pain
by a vagotomy but not with a sympathectomy. There certainly is evidence that vagal
afferents transduce some form of cardiac pain, but the vast majority of literature on
cardiac pain has studied the sympathetic afferents. Therefore the following discussion
will only address pain mediated by cardiac sympathetic afferents. Neurons that innervate

the pericardial membrane, which encapsulates the heart, have axons that follow the



phrenic nerve to their cell bodies in the upper cervical dorsal root ganglia (C,-C;). There
is no evidence that these pericardial nerve endings sense cardiac ischemia.

It is generally accepted that pain is the only conscious sensation arising from the
heart, and that myocardial ischemia is the source of cardiac pain. Cervero!! has compiled
an extensive review of literature examining the modalities of cardiac afferents and their
possible functions. Cardiac sympathetic afferents consist of myelinated and unmyelinated
fibers. The myelinated fibers display both mechanosensitive and chemosensitive
behavior, and the unmyelinated fibers are predominantly chemosensitive but may display
various degrees of mechanosensitivity. Uchida et al.12 found that all A-delta and C fibers
responded to coronary occlusion and displayed chemosensitivity regardless of
mechanosensitivity. The mechanosensitive sympathetic afferent neurons fire
thythmically—but only once per cardiac cycle under normal conditions, so they are not
well suited to provide information about the cycle. However, these neurons respond
robustly to coronary occlusion and to application of lactic acid or bradykinin!3 with a
firing pattern that is dictated by the cardiac cycle. This suggests that these
mechanosensitive sympathetic afferent neurons may provide information about the cycle
under ischemic conditions by integrating chemical and mechanical signals. In contrast,
the unmyelinated, exclusively-chemosensitive neurons fired with an irregular burst

pattern. Despite the fact that a significant portion of sympathetic afferents is



mechanosensitive, the entire population appears able to sense ischemic conditions, and
might all transmit pain sensation.

Both the mechanically and chemically sensitive neurons may be important to
elicit the sympathetic reflex response that arises with coronary occlusion or myocardial
ischemia. Malliani et al.14 found that the sympathetic, rather than the vagal, afferents are
instrumental in exciting the sympathetic efferent neurons, resulting in a cardio-cardiac
sympathetic reflex arc. This curious reflex causes the heart to contract more forcefully at
a time when it is already oxygen-deficient. Clearly counterproductive, this reflex can
cause an increase in myocardial injury during heart attack or chronic ischemial!3. Thus it
appears that the cardiac sympathetic afferents respond to myocardial ischemia with two
consequences: the sensation of pain, and the sympathetic reflex response. Both of these
functions are probably mediated by some of the following chemicals produced during

1schemia.

Chemical Mediators of Myocardial Ischemic Pain

Adenosine: Adenosine has been considered a candidate for a chemical mediator of
ischemic pain for many years, but the evidence for and against a major role of adenosine
are in conflict. Intra-coronary administration of adenosine to patients with angina caused

chest discomfort that was similar to their typical anginal painThemes et al. found that



cardiac sympathetic afferent firing in response to a coronary occlusion was inhibited by
intra venous administration of the adenosine receptor antagonist aminophylline, and the
firing was augmented by dipyradimole, an adenosine uptake inhibitor. Gnecchi-Ruscone
et al.16 found that adenosine caused sympathetic afferent firing in a dose-dependent
manner that was blocked by administration of aminophylline; however, afferent firing in
response to coronary occlusion was not reduced by aminophylline, indicating that
adenosine is not the sole mediator of cardiac pain. These studies support a role for
adenosine in cardiac sensation.

Other studies, however, do not. In a recent study by Pan et al.17, intracardial
injection or epicardial application of adenosine failed to cause cardiac afferents to fire.
Application of the Al receptor agonist N6-cycloadenopentasine did not cause firing, and
dipyradimole did not potentiate the response of ischemically sensitive afferents to 5 min
of myocardial ischemia. Further, aminophylline did not attenuate firing during ischemia.
Therefore, the authors concluded that adenosine does not play a substantial role in
activation of cardiac sympathetic afferents during myocardial ischemia. Abe et al.18
found that cnly one of 12 fibers tested was sensitive to epicardial application of
adenosine, and this fiber did not fire in response to coronary occlusion. Others have

shown that adenosine failed to cause a sympathetic reflex response when applied



epicardially!® and failed to activate afferents in skeletal muscle20. The part played by

adenosine in cardiac sensation remains unclear due to these conflicting results.

Bradykinin: Bradykinin (BK) has also been shown to play a role in activating
afferent neurons in the heart. Baker et al.13 found with single unit recordings of cardiac
afferent neurons that both mechanically and chemically sensitive neurons responded to

‘intra-pericardial application of BK. They examined many mechanosensitive neurons
(140) and found that BK either directly stimulated the nerve endings or sensitized them to
the mechanical stimulus of the beating heart. The small number (18) of purely
chemosensitive neurons they tested all showed a robast response to BK. Abe et al.!8
found that 13 of 16 mechanosensitive sympathetic afferents responded to epicardial
application of BK. Stebbins and Longhurst?! examined the role of BK in eliciting the
reflex cardiovascular response to contracting skeletal muscle. They showed with
pharmacological manipulation of bradykinin metabolism that BK contributes to
stimulation of this reflex response. Likewise, Veelken!® found that epicardial application
of BK induced a sympatho-excitatory response through B2 receptors, which probably
reside on cardiac afferent neurons. Thus it is clear that BK activates cardiac sympathetic
afferents, plays a role in eliciting a sympathetic response to contracting muscle, and may

evoke the sensation of pain.



Lactic acid: Lindahl?Z suggested that protons are the sole mediator of
nociception. This was an overestimate of the role of acid, but it was an early indicator of
its importance in the nociceptive system. Ischemic tissue acidification results from
generation of lactic acid. Lactate and ATP are both products of anaerobic glycolysis, and
breakdown of ATP produces protons?3. Lactate and protons produced during myocardial
ischemia rise first in tissue and later in blood24. This suggests that the acid metabolites
accumulated during ischemia are washed into the bloodstream by reperfusion. Lactic acid
solutions stimulate sympathetic cardiac afferents, and prior application of H* buffer
blocks afferent firing in réspense to coroitary occlusion?5:12. Uchida found that while the
chemosensitive afferent firing was markedly inhibited by buffer during occlusion, the
mechanosensitive afferents were only slightly (0-25%) inhibited. This suggests that lactic
acid may not be the critical stimulus for all types of cardiac afferents during ischemia.
Benson et al.” found that 93% of labeled, dissociated cardiac sympathetic afferents
responded to a drop in pH with very large depolarizing currents, while BK and adenosine
evoked very small currents in a much smaller fraction of the cells (see Chapter 3:
Results).

Interestingly, the effects of pH seen in cardiac afferents are somehow modulated

by lactate. Pan?> showed that cardiac afferents were stimulated better by lactic acid than



by an acidic phosphate buffer solution at the same pH. Furthermore hypercapnia, which
decreased epicardial pH to the same level as lactic acid, had no effect on afferent firing.
Thimm?® found that perfusion of the rat hindleg with lactic acid caused changes in heart
rate that increased with lactate concentration. Hong?7 also found that while injection of
lactic acid to the right atrium caused a decrease in arterial blood pH and caused
pulmonary C fibers to fire, injection of HCI at the same pH had no effect on blood pH or
afferent firing. Formic acid (with an identical pKa to lactic acid) caused a similar fall in
blood pH but the afferent response was not as robust. Although the lactate ion does not
directly cause firing of sensory afferents, it may potentiate the response to protons.
These experiments are consistent with the hypothesis that a decrease in pH due to
production of lactic acid during anaerobic metabolism is the primary mechanism for
activation of cardiac sympathetic afferents. Lactic acid is produced during ischemia, but
is the level of acidosis reached in ischemic tissue sufficient to stimulate Sensory nerve
endings? While early measurements of pH in ischemic tissue were attempted, they were
not accurate prior to 197828, Technological advances since then allow much faster and
more accurate measurements of tissue pH. Cobbe2? used a pH-sensitive needle electrode
in the epicardium to measure changes in pH during myocardial ischemia. The
accumulation of protons caused pH to fall by 0.15 units after 5 min of ischemia, and by

0.66 units after 15 minutes. Recently Pan et al.25 measured epicardial pH using the
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needle electrode during myocardial ischemia and found that tissue pH fell from 7.35 to
6.98 within five minutes, and this decrease was prevented by neutral phosphate buffer in
the pericardial space. Further, they made single unit recordings from cardiac sympathetic
C-fiber afferents and found that the afferent firing matched the fall in tissue pH and was

also diminished by buffering.

Proton-Sensitive Currents of Sensory Neurons

Krishtal and Pidoplichko30 were the first to propose a molecular sensor of pH at
sensory neuron terminals. They found that isolated cultured sensory neurons of the rat
responded to a rapid decrease in pH from 7.4 t0 6.9 and lower with an inward,
depolarizing current carried by sodium. They showed that 74% of neurons smaller than
26 microns were proton-sensitive, while 75% of neurcns larger than 26 microns were
proton-insensitive3!, suggesting that this small-diameter, nociceptor-enriched population
of sensory neurons is specialized to sense protons. They described three currents that
desensitized at different rates.

The slowly activating, non-inactivating type of current has been the cause of
much debate over sensory neuron proton-gated currents. Bevan32 has contended that the
slowly or non-inactivating current is present only in cells that display a current in

response to capsaicin, and that this slow acid current is carried by the same ion channels
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that are opened by capsaicin. In contrast, Zeilhofer et al.33 found that while the slow,
non-inactivating acid current and the capsaicin-sensitive current were both carried
somewhat by Ca* ions, the proportional contribution of Ca** to each current was
significantly different, indicating two populations of channels. However, they did find
that a drop in extracellular protons augmented the responses to capsaicin. Others have
found currents in sensory neurons that could be activated by either capsaicin or protons
without complete overlap in cell distribution34.35, These reports indicate that sensory
neurons express a diverse population of channels, some of which respond to either
capsaicin or to protons, and some that can respond to either ligand.

The recently cloned vanilloid receptor VR-1, also referred to as the capsaicin
receptor, can integrate multiple stimuli36. VR-1 is opened by noxious heat and is
augmented by protons. The channel can be opened in the absence of capsaicin by an
external pH of 5.9 or lower at room temperature3’. These channels may exist in sub-
populations of nociceptors specialized to detect noxious heat.

The investigations of dissociated neurons discussed thus far have been undertaken
in sensory neurons, many in a nociceptive-enriched population. However the specific
sensory modality or site of innervation of these neurons was not known. To examine
cardiac sensory neurons and their responses to chemical mediators of ischemia, Benson et

al.” devised a method to label the sensory neurons innervating the myocardium in vivo for



later identification in vitro. Surprisingly, these cardiac afferent neurons are remarkably
insensitive to capsaicin as a population, and those that did respond to capsaicin had very
small currents (<200 pA). Conversely, 93% responded to pH 5.0 with large currents
(average 8.6 nA, see Chapter 3: Results). This suggests that VR-1 is not the major proton
sensor in cardiac afferent neurons. The acid-sensitive current in sympathetic afferents
resembles the fastest of the three kinetic currents described by Krishtal, is activated by
pH 7.0 (pH,; =6.7), and is blocked by amiloride, an ASIC antagonist’.

Cardiac afferents display a biphasic current. In addition to the large, transient
current evoked at pH 7 and below, there is a smaller sustained current evoked at very low
pH levels (<5.0). This current is the same as that described by Bevan and Yeats38. Its
sustained nature seems important beczause cardiac pain is sustained. However, the
extreme pH required for activation of this current is not achieved even after 60 minutes of
total myocardial ischemia?®, which would be a fatal insult. Thus, there are two parts of
the ischemia-sensing current, neither of which is obviously suited to signal persistent
pain. One possibility is that the sustained component is activated by less extreme pH
levels in vivo than seen with electrophysiology. The discrepancy may be due to
experimental conditions that differ during measurements of cardiac physiology and
cellular electrophysiology: cellular experiments are performed at room temperature and

in the absence of cardiac metabolites (other than low pH). Alternatively, the transient

13



current might generate persistent firing because it does not fully desensitize at the pH

achieved during myocardial ischemia’.

Part Two—Cloned Acid-Sensing Ion Channels (ASICs)

In recent years, a group of channels has been cloned called ASICs, or acid-
sensing ionic channels39. These channels belong to a diverse family that includes
epithelial sodium channels (ENaCs) and the degenerin channels (DEG). Members of this
family share a membrane topology consisting of two transmembrane domains, short
intracellular N- and C-termini, and a large extracellular loop. They all preferentially pass
Na" ions, are blocked by amiloride, and are insensitive to voltage. The family displays
great diversity as well: some channels are constituitively open (ENaC), others are gated
by ligands including protons (ASIC) or peptides (FMRF-amide gated channel, FaN aC),
and still others become active after a mutation and may be mechanically sensitive (DEG).
These channels are found in a variety of species; they include mammals as well as
Drosophila, the snail H. aspersa, and the nematode C. elegans®0. Members of this family
may form channels made of four subunits (tetramers)41-43, although other evidence
argues for different numbers of subunits*4. Incidentally, while the capsaicin-sensitive

channel VR-1 is sensitive to protons36, ASICs are insensitive to capsaicin. ASICs and
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vanilloid receptors are members of entirely different families with distinct properties and
membrane topologies.

The chronology of the cloning of the proton-gated channels has resulted in some
discrepancy in the nomenclature. Most of the proton-gated channels have been
discovered by Lazdunski’s group, the first of which is now referred to as ASIC1a%5. This
channel is activated by a rapid decrease in pH to 6.9 or lower. The current displays single
exponential activation and desensitization kinetics. A splice variant, called ASIC1b, has
been cloned that displays similar kinetics to ASIC1a, but is much less sensitive to
protons. Further, the channels differ in permeability to Ca** and inhibition by
extracellular Ca®™ ions#6. While ASIC!a is expressed throughout the central nervous
system and the dorsal root ganglia, ASTC1b is absent from CNS neurons and is expressed
in a subset of DRG neurons.

Before ASICI, the mammalian homologue to the degenerin channels was cloned
and named MDEG#’. Shortly after ASIC1a was cloned, MDEG1 was found to be gated
by protons, and a splice variant, MDEG2, was cloned48. These MDEG channels are now
referred to in the ASIC family as ASIC2a and ASIC2b. ASIC2a differs from ASIC1 in
that it has slower kinetics and opens at a much lower pH, with a half-maximal activation
at pH=4.35. ASIC2b does not form a functional channel when expressed as a homomer,

but it can associate with other ASIC subunits to change their permeation properties.
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ASIC2a and ASIC2b are expressed in the same areas of CNS, but, of the two, only

ASIC2b is present in sensory neurons*8.

ASIC3 May Be the Cardiac Ischemia Sensor

ASIC3 may be the most important cloned proton-gated channel in terms of
sensory physiology. ASIC3 mRNA is abundant in DRG, so this channel was initially
called DRASIC#. ASIC3 is absent from brain and all other areas examined, suggesting
that this channel is specialized to detect sensory signals. Like the acid currents reported in
some sensory neurons’-38, this current displays biphasic kinetics: a fast transient
component that is very sensitive to protons (pH,,=6.5), followed by a smaller sustained
component that is far less sensitive (pH,,,=3.5)49. Unlike the sensory neuron currents, in
which the sustained component is a non-selective cation conductance, both the transient
and sustained components of ASIC3 are Na*-selective.

How could the ASIC3 channel achieve the differential selectivity that is seen in
neurons but not in the heterologous system? One possibility is that the channel undergoes
some post-translational modification in neurons, such as phosphorylation. Another way
that ASIC3 could account for the properties seen in native neurons is by heteromerization
with another ASIC channel subunit. Although ASIC2b does not form a functional

channel as a homomer, it can alter the properties of other ASIC channels when co-
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expressed as heteromers. In fact, ASIC3 and ASIC2b heteromers display the kinetic and
selectivity characteristics seen in sensory neurons48.

Characterization of the various members of the ASIC family in native neurons has
been made difficult by the absence of a good pharmacological tool that differentiates
between the channels. Like the ENaCs, ASICs are sensitive to the diuretic drug
amiloride, but it does not distinguish between the ASIC channels well.

It is evident that members of the new ASIC family play an important part in
sensory physiology. The diversity of currents seen in sensory neurons’-38.31 are almost
certainly carried by ASIC channels, a family that will perhaps continue to grow. Cardiac
afferent neurons are particularly well suited 10 use an ASIC channel, an exquisitely
sensitive proton sensor, as a way to detect myocardial ischemia and elicit cardiac pain.
This study of ASICs will use functional characteristics to create a “fingerprint” for each
of the ASIC channels, which is then compared to the characteristics of the acid-evoked

currents in cardiac sensory neurons.

Part Three—Physiology of Ischemia in the Central Nervous System
In muscle, as we saw in the previous sections, ischemia results in oxygen

deprivation and often pain, and under extreme conditions can result in cell death. In the

17



CNS, the damage caused by ischemia is more severe and fast-acting, often resultin gin
massive neuronal death. Glutamate-induced excitotoxicity was once hailed as the primary
mediator of neuronal death, but recently the focus has shifted to examine other additional
neurotoxic components of ischemia%->1, A prominent feature of anaerobic cellular
metabolism is extracellular acidification, which contributes to the neuronal damage that
occurs during stroke32-34. Despite recent studies that have begun to elucidate the roles of
acid, the specific molecules that elicit the neurotoxic effects of acidosis are unknown. A
good candidate for such a molecule is an acid-sensing ion channel (ASIC); this is a
family of ion channels that pass inward current in response to extracellular
acidification®0. Several ASICs are expressed in the CNS, and ASICla is active in the pH
range relevant to ischemia and may display distinct properties that would enable it to
convey the neurotoxic effects of ischemia®>.

Ischemia is a complex event, resulting in a cascade of events that ultimately
causes massive neuronal death. Hypoxia, hypoglycemia and acidosis are prominent
features that occur due to loss of perfusion30-35. Energy depletion leads to failure of
ATPase pumps and breakdown of ionic gradients. As a result, cells become depolarized
and release excitatory amino acids, which then activate the glutamate receptor-coupled
ion channels>!. During anaerobic metabolism, extracellular pH falls to around pH6.5; in

some conditions, the pH can fall even lower>0. Rapid acidification is thought to be
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simultaneous with release of excitatory amino acids37. Cell death during ischemia is
selective for neurons, while glia for the most part survive. Thus, neurons must express
some molecule that renders them vulnerable to ischemic conditions. Experiments aimed
at examining these molecules have mainly been performed in vitro, and mimic ischemia.
Such paradigms include exposure of cultured neurons to various ischemic conditions,
such as oxygen and glucose deprivation (OGD), acidosis, glutamate, or ligands that
activate specific glutamate receptors such as NMDA or AMPA.

Of the conditions that accompany ischemia, glutamate release has been the focus
of most in vitro research. Glutamate release causes activation of NMDA, AMPA, and
kainate-type glutamate receptors. Neuronal Ca® loading through the Ca**-permeant
NMDA receptor channel has been the most widely studied cause of excitotoxic cell
death>1,38:39 In culture, a short exposure to NMDA or glutamate can cause almost total
neuronal death®0.61. NMDA antagonists protect neurons from glutamate exposure and
from oxygen and glucose deprivation (OGD)%2. Despite this evidence and success in
animal studies, clinical trials of NMDA-type glutamate receptor antagonists have been
disappointing®!. While NMDA-mediated toxicity is certainly important, it is no longer
considered the sole mediator of ischemic cell death.

AMPA channels are also known to mediate ischemic neuronal death63. Unlike the

rapid Ca*"-mediated excitotoxic death that results from NMDA exposure, AMPA-
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mediated death requires a much longer excitotoxic exposure. AMPA channels are
thought to mediate the acute cell swelling that occurs with OGD or glutamate
exposure60-64.61. AMPA channels are far less permeant to Ca’* than are NMDA channels,
and cause neuronal death primarily by increasing Na* influx63-63, Excessive Na* influx
can cause osmotic stress and indirect Ca** entry through activation of voltage-dependent

channels and reversal of the Na*-dependent pumps.

Acidosis and Cerebral Ischemia

What could explain the failure of glutamate receptor antagonists to protect against
neurotoxicity in vivo? The failure of neuroprotective drugs can be partially blamed on
poor clinical trial design, but this question has led to the examination of other possible
mechanisms of ischemic neurotoxicity including acidosis. The studies that pointed to the
NMDA receptor as the lethal molecule shared an important experimental detail: they
were done at pH 7.4. Later studies—done at lower pH—revealed a surprising and
paradoxical neuroprotection by acid>7-62:66, Dual roles have now been indicated for acid:
protons can be both neuroprotective and neurotoxic. When ischemic conditions
(glutamate or OGD) are accompanied by low pH, early NMDA-mediated death is
decreased while the later, non-NMDA mediated death is potentiated®2.67. The protective

effect of acid arises from block of the NMDA channel by extracellular protons68.69. Cell
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death in vivo can actually increase during reperfusion; the removal of extracellular
protons may allow NMDA channels to exert their neurotoxic effects32. Perhaps acidosis
protects neurons from massive NMDA-receptor-mediated excitotoxicity early on, but
contributes to other mechanisms of cell death over time. While the neuroprotective
effects of acid are now understood, the mechanism of acid-mediated neurotoxicity is less
clear.

A large body of work has shown that acid contributes to ischemic
neurotoxicity70-37:96, Dissociated neurons, however, can survive long exposures to pH
6.552,3, Rather than directly mediating toxicity, acid may play a potentiating role.
McDonald et al. found that lowered pH speeds and increases non-NMDA-mediated death
in culture’!. The authors concluded that protons specifically potentiate AMPA-mediated
neurotoxicity. But how this could occur is unclear, especially in light of the fact that the
AMPA channel, like the NMDA channel, is inhibited by protons (although to a lesser
extent)’2. Another interpretation of their data might be that depolarization concurrent
with low pH is key to the toxic effects of acidosis. Low pH (6.6) alone is sufficient to
cause widespread neuronal death in hippocampal slices’3. Perhaps in this setting of intact
cellular architecture, input from other neurons provides depolarization or some other

signal that allows acid to mediate its neurotoxic effects.



Two types of neuronal death occur during ischemia: necrosis, associated with ion
influx, swelling, and rupture of the plasma membrane; and apoptosis, a programmed cell
death that requires new gene transcﬁption70574y50’. While acidosis has been found to cause
both types of cell death in hippocampal slices, the topic of this introduction is necrotic
death. Na” influx during ischemia is a major contributing factor to cell death due to
simple osmosis’>. When Na* ions enter the cell, they are followed by CI ions and water,
which leads to swelling and can eventually cause the membrane to rupture. Another lethal
effect of Na" influx during acidosis is more complex: when the cell is presented with an
acid load, the Na'/H" exchanger becomes more active, extruding protons and bringing in
more Na" ions. This increased intracellular concentration of Na* depletes the drivin g
force and reverses the Na*/ Ca*™ exchanger, preventing Ca®* extrusion. These pumps
contribute to the massive derangement of ion homeostasis that can lead to cell death over
Hme76:77.54

What sort of molecule could mediate the neurotoxic effects of acid? One
possibility is an ion channel gated by extracellular protons. ASICs (acid-sensing ion
channels) are a prime candidate. ASICs belong to a diverse superfamily of channels that
includes the epithelial sodium channels (ENaCs)#0. ASICs are cation channels that pass
predominantly sodium and are gated by extracellular protons. The ASIC family now

consists of five cloned subunits. One of these, ASICla, displays a negative slope region
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in its I-V curve®>. This suggests that it could act as a coincidence detector. One
possibility is that the simultaneous presentation of acid with depolarization—as during
1schemia—allows for increased activation of ASIC, contributing to vulnerability.
Several ASIC subunits (1a, 2a and 2b) are expressed in the CNS, notably at high
levels in hippocampus and cortex, where ischemic neuronal damage is extensive. ASIC2b
does not form a functional channel as a homomer, but can assemble with other subunits
to form novel channels. The possible combinations of ASIC subunits in CNS are 1a, 2a,
la+2a, and 2a+2b. With a K saround pH 6.4, ASIC1a is opened in the pH range relevant
to ischemia. ASICla seems to be primed to act as a coincidence detector, primarily
because of its negative slope region and its high sensitivity to protons. The other ASIC
channels formed in the CNS, however, are less sensitive to protons, and are not in fact
activated until pH goes much lower. Nevertheless, they too may express the ability to act
as a coincidence detector in certain conditions. In sifu data suggests that the three
subunits are expressed in the same brain regions. Electrophysiological data has revealed
some heterogeneity in acid current in central neurons. Expression of an ASIC with a
negative slope region in the physiologically relevant pH range may render a neuron more
vulnerable to ischemic neurotoxicity. Other ASICs may have the capability to act as
coincidence detectors, however they are not activated in the pH range relevant to

ischemia’848. Perhaps they play a role in circumstances of extremely low pH, such as



incomplete ischemia or hyperglycemic stroke, during which more glucose is available as

a proton source.

Coincidence Detection by lon Channels

The term coincidence detector describes a property of an ion channel whereby it
passes more current when two conditions that affect the channel are coincident, or occur
at the same time. The NMDA -type glutamate receptor is an example of a coincidence
detector: it can only pass current when it senses both extracellular glutamate and
depolarization. This “coincidence detection” occurs because the NMDA channel is
blocked by external Mg”" ions at the rest potential, and this block is relieved by
depolarization’%-80. Thus, when cells are depolarized in the presence of glutamate, the
NMDA channel is opened and unblocked, allowing the channel to pass Ca** current and
thereby exert its toxic effects during CNS ischemia.

The current-voltage (I-V) curve of a coincidence detector channel displays a
biophysical property called a “negative slope region”. This I-V plot results from the
channel passing more inward current at depolarized potentials than at rest. If the blocking
ion, such as Mg in the case of NMDA receptors, can permeate the channel, they might

be forced through the pore when the voltage becomes extremely low. This results in an

N-shaped I-V curve, as in the NMDA receptor’9.80.
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ASICla might also act as a coincidence detector much like the NMDA
receptor—ironically, in the same CNS condition. The two signals that ASIC1a would
detect would be coincident depolarization and extracellular protons—conditions that
occur simultaneously during CNS ischemia. ASIC1la displays a negative slope region in
its I-V curve®?, perhaps suggestive of voltage-dependent block by a divalent cation such
as Mg™.

A negative slope region is often evidence of voltage-dependent block by some ion
(other than the principal permeant ion)81-82. The blocking ion may gain voltage
dependence by binding at a site within the pore of the channel, which lies some distance
into the electrical field acioss the membrane, the membrane potential then influences the
binding affinity of the site for-the blocking ion. When the blocking ion occupies the
channel, the normal conductive ion cannot pass through; therefore, any current must pass
through unblocked channels. At positive potentials, the blocking ion (if positively
charged) is repelled from the channel site and the block is relieved, allowing more
channels to pass current. This work will examine the possibility of voltage-dependent

block of ASIC1a by Mg*".



Part Four—Significance

A family of acid-sensing ion channels (ASICs) has been identified, cloned and
characterized in recent years. The work presented here examines a role for ASICs as
molecular sensors of ischemia in the heart and brain. The physiology of cardiac sensation
calls for a chemical mediator of pain with requirements that are fulfilled by protons, in
the form of lactic acid. Sensory neurons that innervate the heart respond to the pH of
muscle ischemia with large, inward depolarizing currents. I will show that these currents
are primarily carried by the channel ASIC3, a molecular ischemia sensor in the heart.

In the CNS, ischemia can have disastrous consequences resulting in massive
neuronal death. Monumental research efforts have led to a detailed, but incomplete,
understanding of the ion channel physiology of CNS ischemia. ASICla is expressed in
CNS neurons and may act as a molecular ischemia sensor in the brain as well as in heart.
I'have found channel properties of ASICla that are analogous to both NMDA-type
glutamate receptors (voltage-dependent block by Mg*"), and to voltage-gated sodium

channels (selectivity properties of the pore).
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Chapter 2: Methods

Part One—Cell Culture
Labeling and Culture of Cardiac Sensory Neurons From the DRG

Surgical Preparation for Labeling: Sprague-Dawley rats (200-300g) were
anesthetized by intramuscular injection of 1 ml/kg rat cocktail (55 mg/ml ketamine; 5.5
mg/ml xylazine; 1.1 mg/ml acepromazine). The animal was intubated and respiration
maintained with a rodent ventilator (Harvard model 683). The heart and thymus were
exposed through a left lateral thoracotomy at the fifth intercostal space. The thymus, with
the anterior superior portion of the pericardium adherent to its under-surface, was gently
retracted cephalad to better delineate the pericardium and pericardial space. Twenty-five
pl of a suspension of 17 mg/ml of Dil (1,1'-di-octtadecyl-3,3",3’-tetramethyl
indocarbocyanine perchlorate; Molecular Probes, Eugene, OR) in saline solution was
injected into the pericardial space. The rat pericardial membrane is thin and contains
microscopic pores;83 thus, a suspension rather than solution of the lipophilic Dil was
used to decrease the potential of leakage of dye from the pericardial space. After
injection, the ribs were approximated, the thoracic cavity evacuated, and the incision

closed in layers. The animals were cared for in accordance to the current Guide for the
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Care and Use of Laboratory Animals (DHHS/USPHS); and the Institutional Animal Care

and Use Committee of Oregon Health Sciences University.

Tissue Culture and Identification of Labeled Cardiac Sensory Neurons: During
the two to four week post-operative period, Dil was carried through retrograde transport
back to the cell bodies of the cardiac sensory neurons. The rats were then sacrificed and
the right and left dorsal root (Cg8-T3) and nodose ganglia were collected. The ganglia
were dissociated and cultured as previously described, except that the Percoll spin was
omitted84. In brief, the ganglia underwent enzymatic dissociation successively in papain,
and collagenase/dispase solutions; this was followed by trituration in Hanks solution. The
cells were then plated on polylysine- and laminin-coated plastic in F12 media plus nerve
growth factor (NGF, 50 ng/ml) at 37°C in 5% CO3. After several hours, the media was
changed to L15 plus NGF, and the cells were maintained at 22°C in air. cardiac sensory
neurons were identified by fluorescence microscopy (see Fig 2C,D). From the animals
that underwent the pericardial space injection preparation. three populations of sensory
neurons were obtained for study: 1) labeled neurons from the DRG (cardiac DRG
neurons); 2) unlabeled neurons from the DRG (unlabeled DRG neurons); and 3) labeled

neurons from the nodose ganglia (cardiac nodose neurons).



Labeling Control Experiments: To check for dye leakage from the pericardium
and to explore the effects of labeling at different injection sites, we performed several
controls. First, after a pericardial space injection, the heart and lungs were sectioned at
the time of sacrifice and viewed under a fluorescence microscope. While the heart
consistently displayed confluent fluorescence over the epicardium, the surface of the
lungs contained only an occasional isolated crystal of dye. Next, to test if dye leakage
from the pericardial space would cause significant contamination, we intentionally
injected dye in the following sites in separate animals: the left pleural space, the left
ventricular chamber, or the right ventricular chamber. As expected, sectioning of the
lungs after injecting into the right ventricular chamber revealed confluent pulmonary
vascular embolization of the dye. Next, in an effort to label sensory nerve terminals
deeper within the myocardium, we stabilized the heart with sutures and made several
intramural injections into the left ventricular myocardium.

The pericardial space injection resulted in a significantly greater number of
labeled neurons in the DRG than the various control injection site experiments. Thus,
despite the potential for dye leakage from the pericardial space, it would cause little
contamination because relatively few cells were labeled with intentional injection into the
pleural space. Because of the low number of neurons labeled by the intramural injections,

we abandoned this experimental preparation. The number of nodose ganglia neurons
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labeled by the pericardial space injection was not quantified; however there appeared to
be a higher fraction of labeled cells in the nodose ganglia (~10%) than in the DRG (~1%)

cultures.

Culture of Mechanosensory Neurons from the Mesencephalic Nucleus

Mechanosensor neurons were prepared from the mesencephalic nucleus of the
trigeminal nerve (MeN5) as previously described®4. Below is a description of the
methods for isolating and culturing these neurons. Most recordings from MeN5 neurons
were made the day after dissociation and none were made after 3 days; we saw no evident
change in currents in this time.

Solutions: The following solutions are used in the preparation of dissociated glial
cells, which serve as a substrate for the cultured sensory neurons. Complete Glial Media:
Minimum Essential Media (MEM) without L-glutamine, with Earle's Salts (Gibco); 0.1%
Mito-plus serum extender (Collaborative Research); 10% heat inactivated fetal calf serum
(Gibeo); 1.5% high glucose MEM (made up of 25 g glucose per 100 ml MEM). Store at

5% CO2. Inhibitor solution: Complete glial media with 0.25% trypsin inhibitor (Sigma)

and 0.25% bovine serum albumin (Sigma). Trypsin solution: 0.05% trypsin (Gibco) in
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phosphate-buffered solution (PBS). Papain solution: 20 U/m! papain (Worthington) in

CMF Hank's solution. Filter sterilize all solutions.

Glial preparation: We found that MeN5 cells survive far better on glia than on
any other surface. Both hippocampal and cortical tissue have worked for generation of
glia; others are likely to work as well. Sacrifice 3-10 day old Sprague-Dawley rat pups by
decapitation. Unroof the skull, remove meninges, and dissect 5x6 mm blocks of
hippocampal or cortical tissue with a scalpel; chop into small pieces. Transfer pieces to 3
ml papain solution in a 15 ml polystyrene conical tube and incubate at 37°C for one hour.
Allow the chunks to settleout of solution, then aspirate fluid and add inhibitor solution.
Let the pieces settle again, and aspirate.

Add 2 ml complete glial media and triturate once with a polished glass Pasteur
pipette. Remove turbulent media to a second conical tube, then add another 2 ml media to
the tissue chunks. Triturate and let pieces settle, again removing the cell-containing
media to the second tube. Repeat once more with 4 ml media. In a final volume of 10 ml
media, place cells into a 250 ml Primaria tissue culture flask (Falcon). Make a complete

media change within 24 hours, then feed every 2-3 days.
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Glial Passage: Remove all media from flask, then rinse the flask twice with 5 ml
37° C Versene (Gibco). Add 2 ml trypsin solution and swirl around flask. Close tightly
and incubate at 37° C for about 5 min., until cells have lifted from the surface of the flask
and are floating freely in the media. Add 2-3 ml Versene and triturate cells using a 5 ml
plastic pipette, approximately 20 times. Remove all media to a 15 ml polystyrene conical
tube. Rinse flask with another 1 ml of Versene and add to the tube. Centrifuge at 1200
RPM for 3 min.

Aspirate fluid and resuspend cells in 2 ml complete glial media. Triturate gently
with media-coated glass pipette. Check cell density on a 35 mm Primaria TC plate
(Falcon) to determine seeding volume. Célls should cover 40-60% of the plate's surface,
including cells still suspended in the liquid. Seed the cells onto the desired number of
plates each containing 2 ml glial media, then return the remaining cells to the flask
containing 8-10 ml glial media. Glia will grow confluent again and may be passaged
repeatedly. Make a complete media change within 24 hours of splitting, then feed every
2-3 days. Allow 2-3 days after splitting for glia to form a totally confluent monolayer

before seeding neurons.

Culture of Mesencephalic Sensory Neurons: The sensory neurons of the MeN5

have not been grown in culture before; regardliess, the preparation follows standard tissue



culture procedure, making use of a glial monolayer for adhesion and micro-dissection of
brainstem slices for cell isolation. Microdissection is necessary to separate MeN35 neurons
from the motor nucleus of the Sth nerve because motorneurons can be as large as the
sensory neurons and can be mistaken for sensory neurons. The challenge of the
preparation is to successfully harvest and maintain the small number of sensory neurons

in the MeNS5; a typical yield is 40-100 cells.

Solutions: For dissociation: use Ca2+/Mg2+-free Hanks (CMF Hanks) balanced
salts solution (Gibco #14180-020) buffered with SmM Na+—Hepes. For storing cells in
incubator: Ham’s F12 media (Gibco #11415-023) with 5mM Na+—Hepes buffer; 5 mM
glucose; 10% heat inactivated fetal calf serum (Gibco); 1% Pen/Strep (10,000 U/ml
Penicillin and 10,000 pg/ml Streptomycin, Gibco). Kreb's: 126 mM NaCl, 2.5 mM KClI,
1.2 mM MgCl2-6H20, 2.4 mM CaCl2.2H20, 1.2 mM NaH2PO4, 21.4 mM NaHCO3,

11.1 mM glucose; filter sterilize.

Blocking and slicing: Unlike acute slice procedures, equipment and solutions
must be sterile. Sacrifice the rat without causing damage to the hindbrain. Remove the
brain and complete brainstem and place in ice cold Kreb's solution equilibrated with 95%

02/ 5% CO2. For blocking, place the brain on a piece of filter paper with the ventral side



up. Using a fresh razor blade, cut off the spinal cord just caudal to the cerebellum.
Remove the forebrain with a cut 2-3 mm rostral to the pons. Then flip the brain 90° onto

its caudal surface, and trim away the 2 mm of cortex on either side, and the dorsal cortex,

leaving approximately a 5 mm3 cube of tissue. Using a razor blade to aid you, gently
slide the end of a spatula under the cube and appropriately orient the cube onto the
vibratome stage for coronal slices (i.e. with the dorsal surface against the block and the
rostral surface facing up). Make the first slice at the rostral end of the pons, and progress
at 300 um slices. Keep the 3-5 slices in which the aqueduct opens into the fourth

ventricle. Place these slices in Kreb's at 35°C and bubble with 95% 02/5% CO2 for 30-

60 min.

Micro-dissection: Examine slices in a glass petri dish under a dissecting scope to
determine which contain MeNS. The MeNS5 is grayish and round, lateral to the locus
coeruleus, just central to the white fiber tracts of the brachium conjunctivum, above the
ventricle and lateral to the central gray. Immobilize the slice with a short piece of wire;
score and cut out the MeN5 with a 26 gauge hypodermic needle. Avoid the motor nucleus

of the trigeminal nerve, which is 1-2 mm ventral of the MeNS5 in the most caudal slices.
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Dissociation and culture: Place chunks of MeNS5 tissue in 3 ml papain solution at
37°C for 5 min. Aspirate fluid, add 2-4 ml F12 media and swirl the tissue chunks to
wash. Aspirate again and add 1 ml complete F12. Using a media-coated glass pipette,
triturate tissue extremely gently, until chunks are diminished. The sensory neurons are far
more hardy than other neurons present, but extensive mechanical dissociation causes cell
death. Divide the cells among four plates of glia and incubate at 37°C, 5%CO2, in F12
medium supplemented with the growth factors NT3 and GDNF at a concentration of 50
nM. The large size of MeN5 sensory neurons easily distinguishes them from other
neurons in the preparation. Moreover, the sensory neurons are more hardy than others, s‘o

they are often the only neurons present atter dissociation.

Culture and Heterologous Transfection of COS7 Cells

Tused a line of COS-7 cells to study ASIC channels in the heterologous system.
All ASIC clones were kindly provided by Drs. R. Waldmann and M. Lazdunski. The
COS7 cell line I used had less than 100 pA of acid-evoked current at pH 5, and no
transient acid-evoked current. Our sequence analysis of the ASIC1b clone used in this
study differs from the GenBank ASIC-3 sequence (accession no. AJ006519) at one

residue: a threonine instead of a serine at position 82. The COS-7 cells were cultured in



DMEM media with 10% heat-inactivated fetal calf serum (Gibco) and 1% Pen/Strep
(Gibco). Cells were transfected using Lipofectin reagent (GibcoBRL #18292) or the
electroporation method with DNA for various ASICs and for the CD4 receptor in the
pcDNA3 vector (Invitrogen). All recordings were made 24-72 hours later; transfected

cells were identified with CD4-coated microbeads (Dynal #111.05).

Cell culture: COS 7 cells (ATCC) were maintained for use in a heterologous
expression system. Cells were grown on 10 cm tissue culture plates (Falcon) in Dulbeco’s
Modified Eagle Medium (DMEM, Gibco) with 10% heat-inactivated Fetal Bovine Serum
(FBS, Sigma) and 1% Pen/Strep, kept at 37° C. Cel!s are split, or passaged, when they
reach a level of 40-80% confluence, according to the following method:

Rinse plate with 2 mL Versene (Gibco) to remove divalent ions. Remove, and
then add 2-3 mL Trypsin (Gibco) to the plate. Place in 37° C incubator for 10-15 min.
When cells have detached from the plate, add 2-3 mL DMEM to the plate. Triturate using
a 5 mL pipette against the bottom of the plate. Add 100-500 pl of this cell mixture to a

new tissue culture plate containing 10 mL media.

Lipid-based transfection: After splitting cells from tissue culture plate, add 20-

100 pl cells to five 35-mm tissue culture plates, each containing 2 ml media. Allow cells
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to settle for 5-24 hrs. For transfection, mix in a 10-ml snap-top tube: 4 ml Optimem
transfection buffer (Gibco); 30 ul Lipofectin transfection agent (Calbiochem); 1 ug CD4
cDNA; 30 pg channel cDNA. Shake up the tube several times over 10 min. Meanwhile,
rinse the 5 plates of cells for transfection with Optimem buffer. Then drop 800 ul of
transfection mix over each plate. Allow to sit in incubator for four hours, with a gentle
shaking about half way through. Suck off all liquid from plates, and replace with warm

DMEM media. Cells may be used for electrophysiology 24-72 hours later.

Electroporation transfection: Place 6-7 1-cm glass coverslips in a 35 mm t.c.
dish. They may be coated with an adherence protein, but this is only necessary for pulling
excised patches. Split cells as above through incubation step. Meanwhile, place the
following on ice in a bucket: HBS solution (see recipe below); 1 15-ml polystyrene
centrifuge tube; 1 electroporation cuvette (Invitrogen #65-0032).

When cells have lifted from the surface of the tissue culture dish, add 3 ml cold
HBS. Triturate slightly to break up clumps of cells. Remove entire volume (5 ml) to the
chilled centrifuge tube. Spin cells down at speed level 1.5 (approx. 1500 rev./ min.) for 3
min. Carefully suck off supernatant, leaving the cell pellet in the tube. Then add 1 ml
cold HBS and triturate thoroughly. Using a hemocytometer (10 ul cells under glass),

check the cell density; there should be approx. 7-12 cells per square. Cells are more likely
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to be usable for two days of recording if a slightly lower density is used. If density is too
high, add a small volume of HBS to the cells. If density is really too low, spin down cells
again and add a smaller volume of HBS. If cell density on the culture plate was low, you
may want to only add 0.8 ml cells initially. If density is appropriate, continue with
transfection.

Add 200 pl cells to the electroporation cuvette, and then add 0.5 ug CD-4 cDNA
and 5-20 ug channel cDNA (according to the channel density you want to achieve). Make
sure cDNA is added by watching for the bubble at the end of the micropipette. Flick the
cuvette lightly to mix, and place on ice. Set the electroporator to 380 V and 0.075 uF
capacitance. Wipe off the sides of the cuvette to remove any condensation, then place it
in the electroporator with the notch facing toward the back, so that it clicks into place.
Hold down both buttons at once until you hear the tone indicating that electroporation is
complete (several seconds). Remove the cuvette and place back on ice. Let the cuvette
rest on ice for five to ten minutes.

It you wish to maintain the line of cells in culture, place 10 ml media in each of
two 10 cm culture dishes. Drop 100-200 pl untransfected cells from centrifuge tube into
each t.c. dish. Gently shake back and forth (don’t swirl) to disperse. (This can be done
earlier.) Place 2 ml media on the 35 mm t.c. dish with the glass coverslips in it. Using a

P200, drop the transfected cells from the cuvette onto the glass coverslips and gently
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shake to disperse. Place all dishes in incubator. Cells can be used for electrophysiology
the next morning, for one or two days.
To make HBS, combine the following: NaCl, 8.18 g; HEPES buffer (Sigma), 5.95

g; Na,CO,, 0.2 g; pH to 7.4 with NaOH. Bring to volume of one liter.

Part Two—Electrophysiology and Data Analysis

Experiments presented in Results Chapter 3: Whole cell currents were recorded
with an EPC-9 amplifier (HEKA Elektronik, Lambrecht, Germany). For most
experiments, pipettes of 2-4 M&2 resistance were filled with KCI internal solution
(mmol/L): KCI 100, EGTA 10, HEPES 40, MgCl, 5, Na,ATP 2, Na,GTP 0.3, adjusted to
pH 7.4 with KOH, unless otherwise stated. For the monovalent permeability experiments,
NaCl replaced KCl in the internal solution and pH was adjusted with NaOH; high internal
Na* eliminated contamination by large, outward K* currents. For the Ca* permeability
experiments, mternal solution was N-methyl glucamine (NMG) 90 (titrated with HCI),
NaCl 10, EGTA 10, HEPES 40, MgCl, 5, Na,ATP 2, Na,GTP 0.3, pH adjusted with
TMA-OH. Our strategy was to measure relative Na* and Ca** permeability by using
similar Na* and Ca®" activities inside and outside the cell, respectively. Standard

extracellular solutions contained (mmol/L): NaCl 130, KCI 5, CaCl, 2, MgCl, 1, HEPES
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10, MES 10; pH adjusted with TMA-OH. TMA-CI was added to the various pH solutions
to equalize the concentration of TMA. For the monovalent permeability experiments, the

extracellular solutions were (mmol/L): NaCl (or KC1 or NaMeSO , or CsCl) 130, CaCl, 2,

MgCl, 1, HEPES 10, MES 10; pH was adjusted with NaOH or KOH or CsOH. For the
Ca* permeability experiments, external solutions were (mmol/L): NMG 120 (titrated
with HCl), HEPES 10, MES 10, and CaCl, 10 or 30. For experiments <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>