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ABSTRACT

Anoxia/ischemia impairs the ability of CNS myelinated axons to maintain
resting membrane potential, resulting in membrane depolarization. Subsequent
irreversible damage occurs from a rise in [Ca2*]; with Ca2* entering via reverse
operation of the Na*/Ca2* exchanger (Stys et al., 1992¢). Exchanger mediated
Ca2* entry is strongly modulated by membrane potential and therefore the degree
of depolarization will influence the extent of deleterious Ca2* influx.

Compound resting membrane potential was studied in the rat optic nerve, a
representative model of myelinated CNS axons, using the grease gap recording
technique which measures a reliable fraction of the true intra-axonal potential.
Studies were performed during 1) normoxic conditions, 2) glycolytic inhibition, or
3) chemical anoxia at 37 °C, in order to characterize ions and channels promoting
membrane depolarization.

Ouabain, an antagonist of Nat K+-ATPase, caused strong depolarization,
showing that membrane potential is critically dependent on Na*.K*-ATPase. In
addition, inhibiting energy metabolism during ouabain exposure produced further
depolarization, suggesting additional ATP-dependent, ouabain-insensitive ion
transport systems.

Glycolysis was blocked with iodoacetate or deoxyglucose, evoking a
response consisting of four distinct phases. An initial transient hyperpolarization
(phase 1) preceded a rapid depolarizing response (phase 2). Phase 2 was
interrupted by a second brief hyperpolarization (phase 3) which was followed by
a gradual depolarization (phase 4). Chemical anoxia (cyanide) immediately
depolarized the nerve, with only a small inflection introducing a final slow
depolarizing response. Addition of ouabain to cyanide-treated nerves caused an
additional depolarization indicating a minor glycolytic contribution to Na*.K*-



ATPase, which seems preferentially fueled by mitochondrial ATP in optic nerve.
Hyperpolarizing phases 1 and 3 induced by iodoacetate exposure and the
inflection during cyanide treatment were abolished by zero-Ca2*/EGTA
treatment. Activation of a Ca2*-dependent K* conductance during the
hyperpolarizing phases is postulated.

Block of Nat channels with tetrodotoxin, the local anesthetics, procaine or
QX-314, or replacement of Na* with the impermeant cation choline significantly
reduced depolarization during iodoacetate or cyanide application, indicating that
axonal membrane depolarization requires Na* influx which secondarily allows
electroneutral K* efflux and depolarization.

The Ca2*-dependent hyperpolarizing phases leading to abrupt reductions in
depolarization rates may reflect intrinsic mechanisms designed to limit axonal

injury during energy deprivation.
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CHAPTER1

INTRODUCTION

The central nervous system (CNS) is a complex network of well organized
neuronal connections functioning to elicit physiological responses. A diverse
group of structures present in the CNS, including the neuronal cell somata, axons,
synaptic terminals, and glial cells, allows for efficient signal processing and
transmission. Neurons (collectively the gray matter (GM)) communicate via
synaptic connections using neurotransmitters, while signal propagation across
distances is effected by axons (collectively the white matter (WM)).

Axonal dysfunction occurring from neurological disorders will have a
dramatic impact on signal transmission because axons are a key component
underlying information transfer between neurons. Stroke is one of the leading
causes of death in the population. Moreover. approximately 20% of strokes
affect WM only (Fisher, 1982; Bamford et al., 1987). Other prevalent diseases
affecting mainly WM are spinal cord injury, ischemic optic neuropathy and
radiation-induced WM necrosis (Stys et al., 1995a). It is for these reasons that the
study of CNS axon physiology and pathophysiology is of prime importance. The
goal of the present study was to examine CNS axons subjected to various
experimental conditions designed to investigate the mechanisms causing damage

induced by an anoxic/ischemic insult.
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1.1 Gray Matter

1.1.1 Neuronal Signaling in Gray Matter

In mammalian GM, neuronal signaling generally consists of a stereotyped
sequence of events. Initially, the cell soma receives stimuli via synaptic input from
other neurons and processes the input by integrating the various signals to
generate an action potential (Kandel and Schwartz, 1991). The action potential
then propagates along the axon and arrives at the synaptic terminal, where it
opens voltage gated Ca2* channels. Ca?* entry through these channels and into
the presynaptic nerve terminal causes the release of a neurotransmitter.

The excitatory amino acid glutamate has been shown to act at several
different receptors, including the N-methyl-D-aspartate (NMDA), alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainate receptors.
These receptors are permeable to Na* and K*. and the NMDA and some types of
AMPA/kainate receptors are also permeable to Ca?* (Kandel and Schwartz, 1991;
Brorson et al., 1994), which is why they, particularly the NMDA receptor. have
been implicated in the pathogenesis of ischemic neuronal injury (Rothman and
Olney. 1987; Choi, 1988).

The NMDA receptor channel is gated by glutamate and by the membrane
potential. Both glutamate binding and depolarization, which removes the Mg2*
block normally present in the NMDA channel (Kandel and Schwartz, 1991). are
necessary for channel opening. Following receptor activation, glutamate must be
removed from the synaptic cleft to terminate its physiological effect. Removal of
olutamate from the extracellular space (ECS) is performed by a Na*. K*. and
potential dependent glutamate transporter present in neurons (Nicholls and

Attwell, 1990) and glia, specifically astrocytes (Chiu and Kriegler. 1994).



Since Ca2* is instrumental in neurotransmitter release and acts as a second
messenger to activate various enzyme systems, a number of regulatory pathways
exist in the neuron to re-establish and maintain Ca2* homeostasis. Theoretically,
a low [Ca2*]; can be maintained by 1) extrusion via the plasmalemmal proteins,
Ca2*-ATPase and Na*/Ca2* exchanger, 2) uptake by intracellular storage
organelles such as the endoplasmic reticulum (sarco(endo)plasmic reticulum
calcium (SERCA) pump) and mitochondria, and 3) adsorption by cytosolic
buffers such as calmodulin, calsequestrin and calbindin (Kostyuk and
Verkhratsky, 1994). Ca2* stores, such as the endoplasmic reticulum, are
controlled either by Ca2* itself or by inositol-1,4,5-trisphosphate (InsP3) (Kostyuk
and Verkhratsky, 1994). Since most of these systems are either directly or
indirectly dependent on cellular energy production, anoxia/ischemia can rapidly

and seriously disrupt the homeostasis of this key regulatory cation.

1.1.2 Energy Metabolism

The return to the resting levels of various ions following nerve excitation is
an energy dependent process. Energy is generated by glycolytic and
mitochondrial production of ATP. One molecule of glucose yields 2 molecules of
ATP via glycolysis and 34 or 36 molecules of ATP from oxidative
phosphorylation (Erecinska and Silver, 1989). Glycolysis functions in an O2
independent manner, metabolically converting glucose to pyruvate in the cytosol
(Stryer. 1988). Although glycolysis generates some energy. it more importantly
synthesizes the substrate, pyruvate, that is obligatory for the subsequent
production of mitochondrial ATP via the tricarboxylic acid (TCA) cycle and
electron transport chain. Pyruvate is converted to acetyl coenzyme A. the
compound that enters the TCA cycle located within the matrix of the

mitochondria to yield NADH (nicotinamide adenine dinucleotide (reduced form)).
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Of note, other substrates including various amino acids will produce NADH, but
pyruvate is the primary substrate utilized by the TCA cycle (Stryer, 1988). NADH
provides the essential electrons that are transferred to Oz. As the flow of
electrons occurs via enzyme complexes (NADH-Q reductase, cytochrome
reductase and cytochrome oxidase) located on the cristac of the inner
mitochondrial membrane, H* ions are moved across this membrane with energy
released by electron flow, thus creating a membrane potential. Consequently, H*
returns to the inner matrix because of the electrochemical driving force. It is the
re-entry of H* that drives the formation of ATP (Stryer, 1988). It is apparent that
the mitochondria plays a critical role in maintaining ion homeostasis in the neuron
since it synthesizes a substantial portion of the ATP. Neural tissue is not
equipped with abundant stores of ATP (Siesjo, 1984). essentially depending on
the continuous activity of glycolysis and oxidative phosphorylation to generate
energy. Lack of glucose or Oz will lead to rapid depletion of cellular energy

stores (Siesjo, 1984), eventually resulting in cell damage.

1.1.3 Anoxic/Ischemic Injury of Gray Matter Tissue

Unlike many other tissues, GM is exquisitely dependent on a continuous
supply of energy. Oxygen and glucose deprivation ultimately leads to GM injury.
but the manner in which GM is damaged differs from WM. The difference in the
anatomical structure of the cell soma and myelinated axon, specifically the lack of
synapses in a myelinated tract, becomes of significant importance with respect to
the mechanism of anoxic/ischemic injury. During GM ischemia, [glutamate], rises
to damaging levels in the rat hippocampus (Benveniste et al., 1984) and rat
striatum (Obrenovitch et al., 1993). Glutamate may be released via exocytosis
which would occur in response to Ca2* entry through pre-synaptic voltage gated

Ca2* channels activated by [K*], mediated depolarization. The rise in
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[glutamate], could also occur by reverse operation of the glutamate transporter
following membrane depolarization and/or increases in [Na*]; or [K*], (Taylor et
al., 1992). Under these conditions, glutamate becomes a toxic substance by
producing overstimulation of the NMDA receptor, permitting excessive ion flux
(discussed in next section). Evidence for a link between synaptic activity,
specifically the NMDA receptor, and neurotoxicity during metabolic stress has
been previously demonstrated in cultured hippocampal neurons that survived
exposure to cyanide (CN-) or anoxia if the [Mg2+], was elevated (Rothman,
1983). indicating that Mg2* exerts a protective effect by blocking the NMDA
receptor pore. The protective effect of Mg2* has more recently been reported in

studies using cortical cell cultures (Choi, 1987; Goldberg and Choi, 1993).

NMDA Receptor Mediated Damage

Evidence that neurotoxicity is mediated, at least in part, by glutamate was
demonstrated by preventing anoxic damage of cultured hippocampal cells with
the antagonist, y-D-glutamylglycine (Rothman, 1984). Additional evidence for
glutamate and NMDA receptor mediated cell death was obtained from results
showing a reduction in ischemic damage by using the NMDA antagonists, 2-
amino-7-phosphonoheptanoic acid (APH) in hippocampal cells in vivo (Simon et
al.. 1984). and MK-801, D-(-)-2-amino-5-phosphonopentanoate (APV), or
dextrorphan in cortical cell cultures (Goldberg and Choi, 1993). These findings
demonstrated that glutamate acted on postsynaptic NMDA receptors to mediate
injurious ion influx (Goldberg and Choi, 1993). One component glutamate
neurotoxic action at the NMDA receptor is through osmotic swelling which is a
Ca2+-independent effect. Removal of Cl- from a glutamate containing perfusate
in hippocampal cells prevented swelling, thus it was suggested that a passive flux

of Na*, ClI- and H>O was responsible for swelling (Rothman. 1985). In addition to



the damaging effects of Ca2*-independent neuronal swelling, there is also a Ca?*-
dependent component. Ischemic damage in cortical cell cultures was prevented
by blocking [Ca2*]; accumulation with NMDA antagonists (Goldberg and Choi,
1993).

In addition to glutamate, depolarization is necessary to open the NMDA
receptor channel because it removes the voltage sensitive Mg2* plug in the
channel pore. It was suggested that Na* influx was responsible for initiating
membrane depolarization (Rothman, 1985). Increased permeability of the
membrane to Nat and K* by glutamate activating both NMDA and non-NMDA

receptors may intensify membrane depolarization.

Injury Mediated by Non-NMDA Receptors

NMDA receptor activation and subsequent Ca2* influx have been the
focus of elucidating the mechanism of GM injury induced by anoxia/ischemia.
However. complete protection of the neuron is not afforded by simply blocking
the NMDA receptor during prolonged exposure to ischemia (Lynch et al.. 1995).
indicating that other mechanisms are partially responsible for injury. The non-
NMDA glutamate agonists, kainate or AMPA, induced damage in cortex
(Frandsen et al., 1989) and in cortical cell cultures (Koh et al., 1990). Application
of the AMPA antagonist, 6-cyano-7-nitro-quinoxaline-2.3-dione (CNQX),
blocked the deleterious effect of these agonists (Frandsen et al., 1989).
Moreover. survival of cortical cells challenged with glutamate was greatest when
CNQX and APV were applied together (Frandsen et al., 1989). The effect of non-
NMDA antagonists were examined during energy depletion. During ischemia,
CNQX failed to provide a beneficial effect to cortical cells (Goldberg and Choi.
1993). The possibility that the damaging effects of NMDA concealed injury by
AMPA or kainate receptors was suggested, citing the rapidity of the NMDA



response as a factor (Goldberg and Choi, 1993). In support of this notion,
hippocampal cells exposed to ischemia were protected, although not completely,
using the AMPA antagonist, 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo
quinoxaline (NBQX) (Buchan, 1992; Pulsinelli, 1996). This suggests that in
addition to activation of the NMDA receptor, AMPA receptor activation

produces significant deleterious effects during an ischemic insult.

Ca2* Flow Through Voltage Gated Ca’* Channels

In addition to Ca2* flux occurring through activated NMDA receptors and
certain AMPA/kainate receptors, the rise in cytosolic Ca2* that occurs during
anoxia/ischemia may be derived from other transmembrane pathways. The extent
to which Ca2* entry through L-type voltage gated Ca2* channels on the
postsynaptic membrane contributes to cell injury was explored. The L-type Ca2t
channel blocker, nifedipine, attenuated injury in cortical neurons challenged with
kainate or AMPA and, also, partially, but significantly reduced injury following
exposure to NMDA (Weiss et al.. 1990), indicating that this channel contributes
to the toxic rise in [Ca2*];.

Another transmembrane Ca2* influx component that may exacerbate
glutamate neurotoxicity may occur via N-, P-, or Q-type voltage gated CaZ*
channels. Protection was reported in hippocampal neurons exposed
concomitantly to chemical ischemia and the N-, P-. and Q-type channel

antagonist. o-conotoxin MVIIC (Small et al., 1997), presumably due to indirect

reduction of synaptic glutamate release.



Intracellular Ca’* Stores

Although the increase in [Ca2*]; is primarily supplied by the ECS,
intracellular Ca2* stores were also examined as a potential contributor to the
cytosolic Ca2* overload. Elevated [Ca?*]; evoked by glutamate in cortical
neurons was reduced to 30% when dantrolene, a blocker of Ca2* release from
intracellular storage organelles, was applied concomitantly with glutamate
(Frandsen and Schousboe, 1991). Further support for release from intracellular
stores was shown when dantrolene abolished the glutamate induced increase in
[Ca2+); without extracellular Ca2* present. Although dantrolene significantly
improved recovery from glutamate treatment, neuronal loss was still high
probably because dantrolene is specific for only one type of receptor. However,
the results demonstrate its use as a possible neuroprotective agent. Moreover, the
hyperpolarizing response produced by anoxia in hippocampal cells. which is
thought to be via a Ca2* activated K* channel (Kca) (Leblond and Kmjevic.
1989). was abolished with dantrolene (Belousov et al., 1995). Together, the
findings show that the release of Ca2* from intracellular stores may be induced by
the influx of Ca2* from the ECS which subsequently may amplify the increase in

the [Ca2*]; to cause more damage (Mody and MacDonald, 1995).

Na*-Dependent Mechanisms of Injury in Gray Matter

Neuronal loss during anoxia/ischemia is also Na* dependent which led to
the hypothesis that blockade of Na* influx through any of several pathways may
be neuroprotective. Hippocampal slices subjected to anoxia in the presence of
TTX showed significantly enhanced recovery compared to anoxia alone. showing
that Na* influx through TTX-sensitive Na* channels is deleterious (Boening et al..
1989). Rothman (1983) also found protection by treating a hippocampal culture

exposed to CN- with TTX. Lynch et al. (1995) reported similar results in cortical



cell cultures challenged with in vitro ischemia. In addition, TTX or QX-314
(another compound that blocks Nat conductance), enhanced the
neuroprotective effect of the NMDA antagonist, MK-801 (Lynch et al., 1995).
Na* influx mediated through TTX-sensitive, voltage gated Na* channels is not
responsible for cell swelling (Choi, 1987). Kiedrowski et al. (1994) confirmed
these findings by reporting that Na* enters mainly through NMDA channels
since MK-801 blocked the rise in [Na*];. However, the depolarizing response
evoked in isolated perfused rat brain during ischemia was delayed by treatment
with TTX. The delay may exert a protective effect by preventing excess

neurotransmitter release and Ca2* influx (Xie et al., 1994).

Ca>t-Dependent Targets in Gray Matter Injury

Maintenance of Ca2* homeostasis becomes impaired during ischemia
because the regulatory systems are energy dependent. Evidence showed that
delayed neuronal death possessed a Ca2* component where sustained elevation
of cytosolic [Ca2*] was a primary causal event. Ca2* subsequently activates
pathways that are deleterious to the cell.

One injurious pathway is the production of free radicals or reactive
oxygen species (ROS). In cultured hippocampal neurons, exposure to glutamate
caused an increase in ROS which depended on the presence of extracellular Ca>*
(Mattson et al.. 1995). This rise was prevented by the antioxidant, vitamin E, as
well as by APV. Ca2* may cause ROS production by generating nitric oxide or
by activating xanthine oxidase or by promoting arachidonic acid metabolism via
activation of phospholipase Az (Dugan and Choi, 1994). A ROS exerts damaging
effects by causing membrane disruption, by affecting glutamate transport in glia,
and by altering the functional ability of Ca* regulating membrane proteins

including ion channels and transporters (Dugan and Choi, 1994).
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Another damaging effect produced by the neurotoxicity of excitatory
amino acids and the subsequent rise in [Ca2*]; is stimulation of the Ca2*
dependent protease, calpain I which degrades structural and functional proteins
such as the cytoskeleton (Siman et al., 1989), Ca2t-ATPase (Salamino et al., 1994),
and myelin proteins (Banik et al., 1987).

Beneficial Effect of Na*/Ca?* Exchanger During Anoxia/lschemia

The Na*/Ca2* exchanger may be utilized by the neuron to extrude Ca?*
from the cytosol to reduce Ca2* mediated damage during metabolic stress. A
study by Andreeva et al. (1991) found that a Na* free solution or blockade of the
exchanger with 3',4'-dichlorobenzamil in cerebellar granule cells exacerbated the
toxic effect of glutamate. The results were in agreement with findings in
hippocampal neurons (Mattson et al., 1989). Cortical neurons challenged with
glutamate in Nat free conditions were less able in their ability to restore
intracellular Ca2* homeostasis (White and Reynolds, 1995). The findings showed
that the Na* dependent Ca2* extrusion mechanism of the neuron is an important
protective component during Ca2* overload. Compromise of this system. such as
during reduction of the Na* gradient, will reduce its ability to remove CaZ* from
the cytosol and will ultimately exacerbate cell injury. This is in direct contrast to

the role of the Na+/Ca2+ exchanger in axons (see section 1.3.2), underscoring the

unique pathophysiological mechanisms in GM versus WM.

Role of Glia During an Anoxic/Ischemic Insult

There is evidence that glia offer neuroprotection during an anoxic/ischemic
insult. Under ischemic conditions or treatment with glutamate, cortical neurons
with glia present were less sensitive to the insults than neurons without glia

(Vibulsreth et al., 1987; Dugan et al., 1995). Interestingly, glia do not succumb to
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the toxic effect of an ischemic insult for hours (Goldberg and Choi, 1993). Why
are glia, specifically astrocytes, resistant to anoxia/ischemia? Does this resistance
play a role in determining survival of the neuron? Perhaps, glia are resistant for an
extended time in comparison to the neuron because they derive energy from their
glycogen stores which are much more limited in neurons (Cataldo and Broadwell,
1986). By' virtue of their greater resistance, it is possible that astrocytes are able
to minimize damage or prolong neuronal survival by performing such functions as
removing K* (Walz et al., 1993) and glutamate (V' ibulsreth et al., 1987; Kraig et al.,
1995) from the ECS during the insult.

Apoptosis

In contrast. support exists for Ca2* in a neuroprotective role (Choi, 1995:
Sweeney et al., 1995). Removal of Ca2* was actually more detrimental to cortical
cell cultures exposed to an ischemic insult (Goldberg and Choi, 1993). The
deleterious effect of zero Ca2* was intensified with the addition of the Ca>*
chelator ethylene glycol-bis(b-amino ethyl ether)-N,N.N',N'-tetraacetic acid
(EGTA) in the perfusate. Other neurotoxic effects including cell swelling were
potentiated by the removal of Ca2* (Goldberg and Choi. 1993). Incubating
cerebral cortical cultures with either zero Ca2* perfusate or antagonists of voltage
gated Ca2* channels induced neuronal injury which was prevented by applying
the protein synthesis inhibitor, cycloheximide (Koh and Cotman, 1992). This
suggested that low levels of Ca2* may signal apoptosis, implicating that reducing
Ca2* below a certain level may be paradoxically injurious (Koh and Cotman,
1992).

Apoptosis, or programmed cell death, has been observed to occur in
cortical cells exposed to ischemia (Gwag et al., 1995). Cells treated with MK-801

and CNQX were examined 24 and 48 hours after an ischemic insult. Minimal loss
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occurred at 24 hours, but at 48 hours cell lysis was prevalent. By applying
cycloheximide simultaneously with the glutamate receptor antagonists, damage to
the neuron was significantly reduced (Gwag et al., 1995). The findings indicate
that neurons may degenerate regardless of the protective therapies applied

immediately following an anoxic or ischemic insult.

1.2 Axon Structure and Function

1.2.1 Structure of the Central Myelinated Axon

The axon is a cylindrical structure, maintained by cytoskeletal proteins
including neurofilaments and microtubules (Waxman, 1995). The structure is
covered by myelin which is an extension of the oligodendroglial plasmalemma.
One oligodendrocyte will ensheath several different axons by wrapping its
processes repeatedly around the fiber (Hirano, 1968). The astrocyte is a second
glial cell present in the CNS. It extends processes which contain large amounts of
glycogen (Cataldo and Broadwell, 1986). adjacent to the node of Ranvier

(Waxman and Black, 1984).

Ion Channels in the Axon

Axonal ion channels are strikingly segregated in myelinated axons. in
order to efficiently support action potential conduction. The voltage dependent.
rapidly inactivating Na* channel is located primarily at the node of Ranvier, an
interruption of the myelin along the length of the axon and the only component
of the axon cylinder directly exposed to the ECS. Immunostaining with an
antibody against Na* channels in rat optic nerve (RON) axons, revealed high
densities at the node while the paranodal and internodal areas did not display any

immunoreactivity (Black et al., 1989). Further support for clustering of the Nat
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channel at the node was shown in peripheral axons in a binding study using the
labeled Na* channel antagonist, [3H]saxitoxin (Ritchie and Rogart, 1977). It has
been proposed that the Na* channel is anchored to the node of Ranvier by the
cytoskeletal proteins ankyrin and spectrin (Srinivasan et al., 1988; Hirano and
Llena, 1995). In addition to the voltage dependent Na* channel at the nodal
axolemma, there is evidence for the presence of the slow K* channel (Kgjow) in rat
central axons (Baker et al., 1987). Baker et al. (1987) suggested that the Ksjow
channel is localized at the node since tetracthylammonium chloride (TEA), an
antagonist of the Ksiow channel affected a component of an electrotonic
response. In rat sciatic nerve, voltage clamp experiments of myelinated and
demyelinated axons also determined that the density of Ksiow channel is
concentrated at the node and decreases to a small fraction at the internode
(Roper and Schwarz, 1989).

In the paranodal and internodal region of myelinated axons, another
distinct type of K* channel, the fast K+ channel (Kfgt), exists in greater
abundance than the Kjow channel. Roper and Schwarz (1989) showed that
demyelination of the axon produced an outward K* current sensitive to the K
channel antagonist, 4-aminopyridine (4-AP). indicating the presence of K*
channels underneath the myelin. The distribution of the Kfas was estimated to be
maximal in the paranode, while diminishing to 1/6 of the paranodal density at the
node and internode (Roper and Schwarz, 1989).

Other channels present in mammalian axons include the inward rectifier
channel (Kir) (Eng et al., 1990); the persistent, TTX sensitive Na* channel (Stys et
al.. 1993); the ATP sensitive K* channel (KaTp) (Safronov et al., 1993): the Kca
channel (Safronov et al., 1993; Scholz et al., 1993); and a relatively TEA-

insensitive K* channel, with novel gating kinetics (Brismar and Schwarz. 1985).
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A Nat activated K* channel (Kna) has been identified in Xenopus peripheral
myelinated axons (Koh et al., 1994; Poulter et al., 1995).

A voltage dependent Ca2* channel has also been suggested to exist in the
RON. This was based on the findings that a rise in the [Ca2*];, detected by the
Ca2+ indicator, Fura-2, occurred concomitantly with the compound action
potential (CAP) (Lev-Ram and Grinvald, 1987). A zero-Ca2* solution abolished
the response. Further support that the channel is present in RON was suggested
by a study that demonstrated a beneficial effect using voltage dependent Ca2*
channel blockers during anoxia (Fern et al., 1995a), but the presence of these

channels in RON axons still remains controversial.

Axonal and Glial lon Transporters

In addition to the various channels present on the axolemma, the axonal
membrane is resident to the Nat/Ca2* exchanger. The exchanger has been
suggested to be located at both the node, paranode and myelin sheath in RON
(Steffensen and Stys, 1995). Another membrane transport protein, the
Na*/K+/2Cl- co-transporter, has been characterized in squid axon (Russell and
Boron. 1990), in RON axons (Stys et al., in press), and in rat (Tas et al., 1987) and
mouse (Walz, 1995) astrocytes. The ATP dependent pumps. Ca2*-ATPase and
Na+.K*-ATPase. are distributed in the nodal area in rat spinal cord (Mata and
Fink. 1989) and at the internode in RON (Mata et al., 1991), respectively.

The types and distribution of various ion channels and transporters on
axons are important as they will collectively shape the fiber's response to

physiological and pathological stimuli.



1.2.2 Determinants of Vpy in the Axon

This section has reported data focusing essentially on the RON since this
preparation has been studied most extensively of all CNS axons. As such, the
RON is used here as a representative model of CNS axons.

Under resting conditions, Vi is determined by the following equation:

_ RT In r[K], +b[Na]
mTF e[l + b[Na)

where b is the Na*:K* permeability ratio and r is the stoichiometry of Na*,K*-

\"

ATPase (typically 1.5) (Nicolls et al.. 1992). This equation, a modification of the
Goldman-Hodgkin-Katz equation, determines the potential at which there is no
net current flow across the axonal membrane. Cl- has been omitted from the
equation for simplicity because its influence on Vpy is insignificant since the
axonal membrane permeability to Cl- is thought to be small (Connors and
Ransom. 1984). It is apparent that Vi, depends on several parameters including

the concentration of ions and the permeability of the membrane to these ions.

K* Channels Open at Rest
Vm. estimated to be = -80 mV in RON axons (Stys. 1996: Stys et al.. in

press). is primarily determined by K* permeability, thus Vi is near the K*
equilibrium potential (EK), -105 mV. In most cases, the channels responsible for
maintaining Vm have not been well characterized. One channel in peripheral
axons expected to contribute to Vm is the nodal Ksjow channel, since the
activation curve determined for this channel revealed that 35% of the channel
population is open at the resting membrane potential (RMP) (Roper and Schwarz.
1989). Brismar and Schwarz (1985) reported that a Cst sensitive, TEA insensitive

voltage dependent nodal K* channel in rat peripheral axons also displayed
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activity at rest. In Xenopus peripheral axons, a non voltage-gated K* channel

was also TEA insensitive and Cs* sensitive (Koh et al., 1992).

Na* Channels Open at Rest

The deviation from Ek indicates permeability to other ions, specifically
Na*. In the RON, a TTX sensitive Na* conductance was observed ar rest and an
estimate of the permeability ratio of Na*:K* in RON was calculated at 1:35 (Stys
et al., 1993). The source of this persistent Na* conductance, which was recorded
even at depolarized potentials, is unknown, but a possibility includes the classic
TTX-sensitive, rapidly inactivating, voltage dependent Na* channel responsible
for the upstroke of the action potential. This channel could generate a persistent
Na*t current, referred to as a "window current”, from the overlap of the steady-
state activation and inactivation curves (French et al., 1990; Hille, 1992; Taylor.
1993). Other possibilities include a population of Nat channels that is capable of
switching between different gating modes (Alzheimer et al., 1993) or that a
distinct subpopulation of non-inactivating Na* channels exists (French et al..

1990) as was demonstrated in rat cortical and hippocampal neurons, respectively.

Na* K*,-ATPase

At the RMP, neither Na* nor K+ is at electrochemical equilibrium. (+61 mV
and -105 mV, respectively, in RON axons (Stys et al., in press)), thus there is a
constant flux of Na* and K* across the membrane as each ion attempts to reach
steady state. The Na*,K*-ATPase handles this ionic leakage, thus maintaining
Vm. However, activity of Na* . K*-ATPase is electrogenic since it transfers | net
charge per ATP by transporting 3 Na* in exchange for 2 K* across the
membrane. The contribution of this hyperpolarizing electrogenic factor to Vi has

been estimated to be 1-2 mV in squid giant axon (De Weer and Geduldig, 1973).
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1.2.3 Function of the Axon During Signal Transmission

Ion Channels Mediating Nerve Excitation

The cell soma and axon coordinate their individual functions to achieve
signal conduction. The cell soma processes excitatory and inhibitory synaptic
stimuli it receives from other neurons to generate an action potential. The axon
functions to propagate the signal generated by the cell soma (Koester, 1991).
Membrane excitability begins with depolarization at the axon hillock by opening
voltage sensitive Na* channels. This knowledge, originating from the classic
studies by Hodgkin and Huxley (1952), determined that an inward Na* current is
responsible for the upstroke of the action potential. The localization of voltage
gated Nat channels at the axon hillock ensures that a sufficient amount of
current will enter the cytoplasm to depolarize the next node of the axonal
membrane. Propagation of the action potential along the fiber by each node
occurs because 1) the Nat driving force maintained by the pump provides the
abundant source of current required and 2) the insulating property of myelin at
the internode prevents stray leakage of current across the internodal axolemma.
Moreover. myelin also affects the velocity of an action potential. The velocity
increases linearly with myelin thickness (Waxman, 1983) because it provides high
resistance and lowers the capacitance of the internodal membrane. For these
reasons. myelin reduces the energy required to propagate signals since less ions
are needed to depolarize the membrane, and therefore fewer ions have to be
transported by the pump (Ritchie, 1995).

The Kps channel located below the myelin assists in membrane
repolarization in some myelinated fibers. The channel is voltage sensitive.
activating at depolarized potentials with a T = 0.5 ms in peripheral axons (Baker

et al., 1987). In RON, application of 4-AP prolonged the duration of the action
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potential (Gordon et al., 1988). The channel also functions to prevent re-
excitation that can occur by activating additional Na‘* channels located at the
paranode which, in turn, may cause re-opening of nodal Na* channels (Ritchie,
1995). In this regard, 4-AP exposure evoked repetitive firing in RON following a
single short stimulus (Gordon et al., 1988; Eng et al., 1990). In addition to the
Kt channel, the rapid inactivation kinetics of voltage gated Nat channels
terminate the depolarizing effect, thus helping to repolarize the membrane.
Voltage clamp experiments of rat myelinated axons at the node showed that the
Na+ channel activation and inactivation time constants were less than 0.5 ms at
20 °C (Neumcke et al., 1987). Although repolarization is assisted by the K5t and
Nat channels, it is evident that another mechanism is involved, attributed to a
nodal leakage current through as yet unidentified channels (Hille, 1992).

The K,jow channel does not participate in action potential repolarization in
CNS myelinated axons (Gordon et al., 1988) since it possesses slow activation
kinetics (t = 15 ms) (Baker et al., 1987), thereby requiring sustained membrane
depolarization to open. A study using TEA reported that blockade of the
channel induces bursts of firing, which, at times, occurred continually. in rat
peripheral axons, determining that the channel regulates repetitive firing (Baker et
al.. 1987). Similar findings were also reported in RON with 4-AP. Baker et al.
(1987) suggested that the axon responds to the type of stimulus where a single
stimulus will open 4-AP sensitive channels and bursts of firing will activate TEA
sensitive channels. The axon is also endowed with another safety device. the K(r
channel. In RON, it is permeable to Na* and K* and voltage dependent.
activating by prolonged (>80 ms) hyperpolarizing potentials (Eng et al., 1990). In
a circumstance where a prolonged hyperpolarizing response occurs. such as
excessive Nat K*-ATPase activity after a high frequency train (Gordon et al..

1990). the channel clamps the membrane potential, preventing excessive pump-
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induced hyperpolarization, maintaining Vm close to rest, and thus preserving

signaling (Eng et al., 1990).

Axonal-Gliql Interaction: Role of Glia During Signal Transmission

Nat,K*-ATPase causes membrane hyperpolarization following nerve
excitation as it re-establishes Nat and K¥ gradients. In addition to the axonal
pump, the glia also remove K+ from the ECS via the astrocytic Na*,K*-ATPase,
Na*/K*+/2Cl- co-transporter, and Donnan forces (Ransom and Sontheimer, 1992;
Walz, 1995; Ransom and Orkand, 1996). Moreover, glia cause shrinkage of the
ECS subsequent to neuronal activity. A study using RON showed that shrinkage
of the ECS was correlated with a rise in [K*], following stimulation (Ransom et
al., 1985). Glia were implicated as mediators of the fluid shift since a significant
reduction of the ECS occurred due to glial swelling in adult optic nerve compared
to the neonatal nerve (Ransom et al., 1985) which lacks a mature complement of
glial cells (Foster et al., 1982), and therefore unable to induce shrinkage of the
ECS. A glial anion transport system was suggested because a low CI- solution
and an inhibitor of the Nat/K*+/2Cl- co-transporter, furosemide. reduced the
activity-dependent shrinkage (Ransom et al., 1985).

Axonal-glial interaction was also demonstrated in RON by Kriegler and
Chiu (1993). Using Ca2* sensitive dyes, their findings showed that electrical
stimulation of the axon evoked a [Ca2*]; response in glial cells (Krielger and Chiu.
1993). The source of Ca2* came from the ECS as well as from internal stores
since the response remained without Ca2* in the perfusate (Krielger and Chiu.
1993). However, these results may not necessarily be generalized to adults since
experiments were performed on neonatal optic nerves. Future studies on adult
nerves will need to examine whether this Ca>* response still occurs in axons with

mature properties.



1.2.4 Ca2* Dynamics in Myelinated Axons

Ca2*+ homeostasis is maintained by several mechanisms in the axon. Ca?*
increases in the axoplasm by entering through Na* channels which have been
shown to have a finite permeability to Ca2* in squid axons (DiPolo et al., 1982)
and RON (Stys and LoPachin, Submitted). Similar to GM, the axon utilizes the
following systems to regulate [Ca2*];: Ca2*-ATPase (DiPolo and Beauge, 1988),
Na+/Ca2* exchanger (DiPolo and Beaugé, 1988), intracellular storage organelles.
and cytosolic buffers (Kostyuk and Verkhratsky, 1994).

In comparative terms with the other homeostatic mechanisms. Ca2*-
ATPase plays a major role under normal physiological conditions. It is a high
affinity protein (= 200 nM) (DiPolo and Beaugé, 1988) that keeps the resting
[Ca2*]; low (free cytosolic Ca2* is in the range of 100 nM) by extruding Ca2*
using ATP (Kostyuk and Verkhratsky, 1994). The Na*/Ca2* exchanger also
helps to regulate [Ca2*];. The exchanger depends on an intact Na* gradient to
export Ca2* from the intracellular space. It imports 3 Na* in exchange for 1 Ca2t
by deriving energy from the transport of Nat across the membrane (Rasgado-
Flores and Blaustein, 1987). By its stoichiometry, the exchanger is electrogenic
and. therefore, it is modulated by membrane potential. Consequently, membrane
depolarization as well as reduction of the axonal transmembrane Na* gradient
will cause it to operate in reverse mode where Na* efflux is coupled to Ca’t
influx. This membrane protein has a low affinity for Ca2* in comparison to Ca>*-

ATPase. transporting Ca2t when local Ca2* levels reach micromolar

concentrations (DiPolo and Beaugé, 1988).



1.3 Anoxic/Ischemic Injury in CNS White Matter

1.3.1 Structural and Functional Damage Induced by Anoxia in Central
Myelinated Axons

Electron microscope studies of RON subjected to anoxia revealed
morphological damage including swollen mitochondria with loss of normal
cristae; development of large empty vacuoles located within the myelin sheath
adjacent to irregular shaped axons; and destruction of cytoskeleton proteins in
large axons. particularly microtubules and neurofilaments (Waxman et al.. 1992a).
Astrocytes appeared dense with shrunken processes. Conversely, the myelin
remained relatively unaffected by one hour of anoxia, showing retraction at only
some paranodes. Similar results were found in another white matter tract. rat
corpus callosum, that had been treated with CN- which induces chemical anoxia
(Hirano et al.. 1967).

In addition to structural damage, function of the axon is also severely
compromised. The propagated CAP, recorded with suction electrodes in RON.
was abolished within 6-8 min following induction of anoxia in vitro. Upon
subsequent reoxygenation, the magnitude of the CAP showed only 30%
recovery. indicating irreversible loss in the ability of the axon bundle to
propagate a signal (Stys et al., 1990; Stys, 1996). Similar findings were reported in
another WM preparation, rat dorsal column (Utzschneider et al., 1991: Lee et al..
1993). In the same WM tissue, anoxia also produced significant membrane

depolarization (Utzschneider et al., 1991).

1.3.2 Ca2*: Primary Factor Causing Axonal Damage During Anoxia
As in GM anoxic/ischemic injury, Ca2* plays a key role in causing

structural and functional damage in WM during energy loss. Evidence for
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deleterious effects of Ca2t overload in WM was obtained ultrastructurally,
showing that excess Ca2* entry caused dissolution of neurofilaments in RON
(Schlaepfer and Zimmerman, 1981; Waxman et al., 1993) and spinal cord
(Schlaepfer and Zimmerman, 1981). In contrast, those tissues perfused with EGTA
and zero Ca2* solutions were spared (Schlaepfer and Zimmerman, 1981; Waxman
et al., 1993).

Using the CAP as a measure of functional integrity in RONs subjected to
anoxia, Stys et al. (1990) reported that lowering the [Ca2*], in a graded manner
increased axonal protection which was nearly complete in Ca2* free conditions.
The results also showed that the accumulation of cytosolic Ca?* loading and its
ensuing toxic effects occurred in a time-dependent manner. CAP recovery
progressively diminished as the time at which the zero Ca?* solution was
introduced began later during the anoxic insult (Stys et al., 1990). Zero Ca2*
conditions also prevented degradation of the cytoskeletal proteins as well as the
appearance of empty regions between the axon and myelin, but morphological
changes in the mitochondria were still observed (Waxman et al., 1993). Electron
probe x-ray microanalysis later supported the Ca2* hypothesis by showing that a
gradual rise in intraaxonal Ca?* content occurred in RON axoplasm exposed to
anoxia for 60 min (LoPachin and Stys, 1995).

Thus. it was evident that, similar to GM, Ca2* exerted damaging effects in
WM. However. without glutamate activated receptors present in the axon. the
mode of Ca2* entry into the axoplasm required further investigation. Ca* influx
via Na* channels was considered to be a minor route since perfusing the RON
with a zero Nat solution containing Ca2* during anoxia resulted in axonal
protection (Stys et al., 1992¢). Injury should have still occurred if Ca2* had been
entering through the channel. Moreover, increasing Na* permeability with

veratridine significantly exacerbated the toxicity of anoxia. Na* free conditions
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also provided a similar beneficial result to rat spinal cord subjected to compression
injury (Agrawal and Fehlings, 1996). In addition, in the presence of TTX, less
injury was induced by anoxia in RON axons (Stys et al., 1992c) or compression
injury in rat spinal cord (Agrawal and Fehlings, 1996; Douglas et al., 1996). The
cytoskeleton also remained intact by blocking Na* influx with TTX during

anoxia in the RON (Waxman et al., 1994).

Na*/Ca2* Exchanger: Major Determinant of Ca?* Influx During Anoxia

The above findings strongly suggested that anoxia elicited its detrimental
effects in WM by a concomitant requirement of Na* and Ca2* flux. A plausible
common link was the Nat/Ca2* exchanger. The altered Na* gradient which
occurred from the increased level of [Na*]; in RON during anoxia (LoPachin and
Stys, 1995). would cause the exchanger to operate in reverse, importing Ca2*.
Preventing a rise in [Na*]; by TTX or zero Na* was protective, therefore
supporting the Na*/Ca2* exchanger hypothesis. Moreover, antagonists of the
exchanger. benzamil. dichlorobenzamil, and bepridil. significantly improved
recovery of function in RONs challenged with anoxia (Stys et al.. 1992¢c). Very
recent studies have directly confirmed the role of reverse Na*/Ca2* exchange as

the main Ca2* import mechanism in anoxic CNS axons (Stys and LoPachin.

Submitted).

Ca>* Flux Via Voltage Gated Ca’* Channels

In addition to the Na*/Ca2* exchanger, Ca2* may permeate the axolemma
into the cytoplasm via voltage gated Ca2* channels to cause injury. Early
findings suggested that transmembrane Ca?* flux via these channels was not a
factor in WM injury (Stys et al., 1990). The study determined that Ca>* channel

antagonists which included nifedipine (5 uM, 10 pM) and nimodipine failed to
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provide protection to the RON challenged with anoxia. In the same preparation
and similar conditions, Fern et al. (1995a) confirmed the results of nifedipine.
However, nifedipine at 2.5 puM as well as other Ca2* channel antagonists,
verapamil and diltiazem, were modestly protective (Fern et al., 1995a). Moreover,
applying L-type (diltiazem) and N-type (SNX-124) Ca’?* channel antagonists

together, further enhanced neuroprotection compared to diltiazem alone.

pH Regulation

The primary pH regulating system of mammalian axons has not been
clearly identified, but candidates include the Na*/H* exchanger, Na*-HCO3- co-
transporter, and HCO3--Cl- exchanger (Khodorov et al.. 1994; Stys et al., 1995b).

Inhibitors of the Na*/H* exchanger, amiloride and harmaline, improved
CAP recovery following mechanical trauma (compression) in rat spinal cord
(Agrawal and Fehlings, 1996). This trauma induces several types of secondary
injury including ischemia in vivo. The study suggested that through
accumulation of axoplasmic Na*, the Na*/H* exchanger would induce
intracellular acidosis by reverse operation of the exchanger. However,
experiments were performed at 25 °C and some at 33 °C. but a protective effect
of hypothermia has been demonstrated in WM at 33 °C (Stys et al.. 1992b). In
addition, although the findings indicate a possible role of Na*/ H* exchanger in
the mechanism of WM injury, the potential effect of Ca2t was not considered.
Further complicating the interpretation of these results is the fact that the
blockers are not specific, and both have Na* channel blocking properties. Thus.

it remains unknown if the neuroprotective effect is caused by blocking Na*

influx directly.
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1.3.3 Endogenous Neuroprotective Mechanisms in CNS WM

Neurotransmitters: Beneficial Agents?

Although disruption of Ca2* and Na' homeostasis cause axonal
dysfunction, WM tissue may possess compensatory defense mechanisms. The
role of the neurotransmitters, GABA and adenosine, were examined to determine
possible endogenous protective properties of these compounds (Femn et al., 1994;
Fern et al., 1995b). The observation that GABA and adenosine levels
significantly increased extracellularly during ischemia in a WM tract (internal
capsule of the cat) (Shimada et al., 1993) raised the possibility that they are
involved in the anoxic response. In fact, the presence of adenosine or GABA
prevented the usual extent of CAP loss in the RON preparation exposed to
anoxic conditions. In addition, GABA actually reduced the concentration of
adenosine required to elicit its beneficial effect, indicating that a synergistic
mechanism may be operational (Fern et al.. 1994). The neurotransmitters probably
evoked their effect by activating a G-protein/protein kinase C pathway via
GABA-B and adenosine receptors. since staurosporine. an inhibitor of the
enzyme. abolished the improvement conferred by either compound (Fern et al..

1994: Fern et al., 1995b).

lon Channels Attempt to Maintain Membrane Polarization

The axon possesses various channels including the KaTp, Kca, and Kna
channels which open in response to reduced concentrations of ATP or to
elevated Ca2* or Na* levels, respectively. These events are similar to the ion
gradient changes that occur during anoxia. For the Katp channel. the ATP
concentration required to induce half maximal inhibition of the channel is 35 uM

in Xenopus peripheral axons (Jonas et al., 1991), a level reached during anoxia in
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rat brain (Erecinska and Silver, 1994). Although various types of the K¢, channel
have been identified based on different Ca2* sensitivities, the activating [Ca2*]; is
generally in the micromolar range for Xenopus (Jonas et al., 1991) and human
(Scholz’et al., 1993) peripheral axons. In addition to Ca?*, the maxi or large
conductance type of K¢, channel also requires membrane depolarization to open
(Blatz and Magleby, 1987; Jonas et al., 1991; Scholz et al., 1993). Measurements
of the [Ca2*]; under pathophysiological conditions have been reported to reach
the micromolar level in rat brain (Silver and Erecinska, 1990), sufficient to activate
the Kca channel. Finally, the Kna channel activates at Na* concentrations well
above the level normally present in the cytosol (Ki/2 = 32.5 mM (Koh et al,,
1994)). It is evident that in the event of metabolic stress, the axon increases K+
conductance to prevent or delay depolarization and, therefore, minimize damage

by prolonging the inevitable depolarizing response and Ca2* influx.

1.3.4 Glia: Friend or Foe?

Interestingly, one hour of O2 deprivation did not produce abnormal
ultrastructure in RON myelin, which remained compact (Waxman et al., 1992a).
The mechanism of this tolerance to anoxia has not been elucidated.
Paradoxically. the process of myelination or the myelin itself may act to
exacerbate injury by causing increased sensitivity to an anoxic insult. RON of
myelin deficient rats were compared to normal RON to investigate this possibility.
The findings showed that the CAP was never completely abolished even after 60
min of anoxia. Recovery of 71% upon reoxygenation was recorded in myelin
deficient nerves treated with anoxia while only 33% recovery occurred for
myelinated axons (Waxman et al., 1990). Ischemic exposure also failed to injure
neonatal RONs (Fern and Ransom. 1996). Further evidence demonstrating that

myelin induces harmful effects was observed in another CNS fiber tract, rat dorsal
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column, when compared to peripheral axons which are myelinated with Schwann
cells and devoid of astrocytes (Utzschneider et al., 1991). During anoxia, the
typical reduction in CAP was observed in dorsal column while no change in the
CAP was recorded in peripheral nerves.

Conversely, it is possible that the glycogen containing astrocytes
potentiate axonal survival during an anoxic challenge (Ransom and Orkand,
1996). RON subjected to ischemia (anoxia and aglycemia.) was less resistant to
injury than those nerves exposed to zero glucose only (Fern and Ransom, 1996),
suggesting that the axon may utilize energy generated from glycogen metabolism
to prevent damage (Fern and Ransom, 1996). Support for a beneficial effect of
astrocytic glycogen on neurons was demonstrated when survival was improved
by elevating glycogen stores with insulin prior to exposing the culture to a zero

glucose medium (Swanson and Chot, 1993).

1.3.5 Na* Conductance

The continued Na* influx induced by anoxia eventually caused the
Nat/Ca>* exchanger tb operate in reverse in RON, mediating cytosolic Ca2t
overload (Stys et al., 1992¢c; Waxman et al., 1992b). While TTX was effective at
reducing anoxic damage in RON, the concentration required blocked nerve
excitation. Therefore, for therapeutic reasons, minimizing the accumulation of
Nat intracellularly with other Na* channel antagonists that could spare
electrogenesis would be ideal. The tertiary (lidocaine, procaine) and quaternary
(QX-314, QX-222) local anesthetics applied during anoxia provided significantly
beneficial effects to RON. The quaternary compounds were particularly effective
since they caused minimal reduction in the pre-anoxic CAP in contrast to
lidocaine and procaine that reduce excitability (Stys et al., 1992a). These drugs

are referred to as use-dependent Na* channel blockers. with quaternary drugs
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exerting their effect by binding preferentially to open channels (Khodorov, 1991).
Other compounds including certain antiarrhythmics (ajmaline, prajmaline,
tocainide) (Stys, 1995) and anticonvulsants (phenytoin, carbamazepine,
diazepam) (Fern et al., 1993) are Na* channel antagonists that are also

neuroprotective in the anoxic RON.

1.4 Comparisons Between GM and WM Anoxic/Ischemic Injury

Glucose and O, deprivation for extended periods of time results in
irreversible injury to the neuron. The toxic events begin with energy depletion
and the subsequent failure of Na* K*-ATPase (Fig. 1.1). Dissipation of the ion
gradients leads to accumulation of K* in the ECS in both GM (Hansen, 1985) and
WM (Ransom et al., 1992), causing the neuronal tissue to undergo membrane
depolarization. Although Ca2* is ultimately the main pathogenic factor
responsible for cell death, it is at this stage that the mechanisms causing damage
to GM and WM diverge (Fig. 1.1).

In GM. neurotoxicity is caused in large part by synaptic mechanisms.
particularly via activation of glutamate receptors by the excitatory amino acids
(Choi, 1992) (see Section 1.1.3). A large number of studies has determined that
there is not a primary causal agent producing GM injury. but a series of distinct
mechanisms participating in the demise of the neuron. It is clear that without
Ca2*+, a Na* dependent mechanism can still produce cell death or possibly initiate
apbptosis (Gwag et al., 1995).

The mechanism of Ca2* mediated injury in WM is different from that in
GM (Fig. 1.1). Ransom et al. (1990) reported that exposure of the RON to
glutamate did not have a deleterious effect on axonal function which is not
unexpected since synaptic connections are absent in WM. Instead. WM becomes

damaged primarily by reverse mode of the Nat/Ca2* exchanger which is caused
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by accumulation of Na* intracellularly and membrane depolarization. The
subsequent rise in [Ca2*]; mediates irreversible injury in WM. Damage in WM
likely occurs through overactivation of Ca2* activated systems, such as

endonucleases, proteases, lipases, and others (Orrenius et al., 1989).

1.5 Research Objectives
An anoxic/ischemic insult in WM eventually leads to impaired function

and loss of signal transmission which results from a rise in the axoplasmic [Ca2t].
Energy depletion and the failure of axolemmal ion transport systems disrupts ion
homeostasis. In particular, dissipation of the K* gradient results in K¥ mediated
membrane depolarization. Membrane depolarization is an essential determinant
mediating axonal injury because it stimulates the Na*/Ca?* exchanger to operate
in the Ca2* import mode, thus elevating toxic cytosolic Ca2t levels. Therefore, it
is important to elucidate the mechanisms involved in causing the loss of Vim
during anoxia/ischemia.

The objective of this research project was to study the factors governing
the changes in Vin during physiological and pathophysiological conditions in
mammalian central myelinated axons, with particular emphasis on determining the
role of 1) Nat,K*-ATPase, 2) Na*, 3) Ca2*, 4) Na* and K* permeability. and 5)
differences between chemical anoxia and glycolytic block. The grease gap

recording technique was used to record the membrane potential during normoxic

conditions and metabolic inhibition in RON.



Figure 1.1: Comparisons between WM and GM anoxic/ischemic injury. The
pathways leading to neuronal and axonal damage begin in a similar manner. The
loss of energy, ATP, and reduced activity of Na*,K*-ATPase, result in disruption
of ion homeostasis and subsequent membrane depolarization. At this stage, the
mechanisms leading to WM and GM injury diverge. GM damage is primarily
mediated by activation of the NMDA receptors by the excitatory amino acid,
glutamate, permitting excessive Ca2* influx. In contrast, elevated toxic levels of
cytosolic Ca2* in WM is caused by reverse operation of the membrane transport
system, the Nat/Ca2* exchanger. Thereafter, the WM and GM mechanism of
injury converge where various Ca2* activated enzymes, proteases, lipases, and

endonucleases. are responsible for producing cell death.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Preparation and Dissection

The RON is a representative model of central myelinated axons. Itis a
nerve bundle comprised of approximately 100,000 myelinated axons of 3
different sizes (De Juan et al., 1992), ranging from 0.3 pm to 2.2 um with an
average inner diameter of 0.77 um (Foster et al., 1982). Long-Evans male rats
(50-70 days old) were anesthetized with 80% CO2 / 20% O», decapitated, and the
optic nerves rapidly dissected out. At this age, the nerve had fully developed
mature properties including complete myelination of the axons (Foster et al..
1982) and ion channel distribution at the node and internode (see section 1.2.1)

(Waxman and Ritchie, 1993).

2.2 Grease Gap Recording Technique
The axonal compound RMP, Vg, was recorded in vitro with the grease gap

technique (Fig. 2.1 A) (Stys et al., 1993). This technique provides a more stable
recording in central mammalian axons at physiological temperatures than the
conventional sucrose gap method (Stimpfli, 1954; Eng et al., 1990). The small
diameter of optic nerve axons (mean < | um (Foster et al., 1982)). and the long
recording times required (up to 4 hrs), precluded the use of intracellular
microelectrodes. The middle segment of one nerve was inserted into a silastic
tube (= 2mm long, 0.64 mm in diameter) slit longitudinally, and filled with
petroleum jelly for electrical isolation and to minimize intermixing of solutions
from the two wells (Fig. 2.1 A). One end was perfused at 2 ml/min with

oxygenated artificial cerebrospinal fluid (aCSF) or test solutions at 37 °C. The
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opposite end was depolarized using an isotonic K* solution (NaCl replaced by
KCI) containing 0.5 mM CaCl; (to reduge potential Ca2*-mediated injury in
strongly depolarized axon segments) flowing at 2 ml/min at room temperature. All
solutions were gassed with 95% O / 5% CO,. To improve recording stability, the
central nerve segment embedded in petroleum jelly was cooled by circulating a
cold (= 0° C) solution of 1:1 glycerol/water through tubing in contact with the
silastic tube. Vg was recorded with 3 M KCl/agar bridge electrodes. Junction
potentials were determined at the beginning and end of each experiment by
shorting the two wells with a strand of filter paper. These potentials, which were
typically 1-3 mV, drifted linearly over time (data not shown). Vg recorded during
the course of an experiment was therefore corrected by subtracting estimated
values of junction potentials obtained by linear interpolation between the
readings obtained at the start and end of the experiment. The trans-gap
resistance. Rg, was measured in some experiments by applying current steps (98
nA) across the two wells (ig, Fig. 2.1 A), small enough to prevent activation of
voltage-sensitive conductances. Following dissection. one nerve was recorded
immediately (‘nerve A"), while the second (‘nerve B') was placed in an oxygenated
chamber (95% 0> / 5% CO,) containing aCSF at room temperature for later study.

The experimental data was recorded by using customized software (Stys.
1994) on a Macintosh microcomputer. Errors were expressed as standard

deviations and statistical differences were calculated using ANOVA with

Dunnett's test.
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2.3 Grease Gap Electrical Model
The potential recorded by the grease gap technique, Vg, is governed by the
electrical circuit illustrated in a model axon in Fig. 2.1 B. If Viy and V' are

unequal, a current ig will flow, and the recorded potential will be:
Vg=igRe (eq.1)

The magnitude of the current will be:

ig = (Vm-Vm) / (Re*Ri) (eq.2)

As V' approaches zero in isotonic KCl solution. and eliminating ig from

equations 1 and 2, the expression reduces to (Stampfli, 1954):
Vg= VmRe/(Re +Rj) (eq.3)

where: Vg is the recorded gap potential; Vp, is the absolute transmembrane
potential; R; is the combined internal axoplasmic resistance and serial membrane
resistance; Re is the external resistance, comprised of ECS, nerve sheath, residual
solution and other parallel leakage pathways.

The term Re / (Re + Rj), defined as the "short circuit factor” (Stampfli. 1954;
Jirounek and Straub, 1971), will tend to reduce Vg to a constant fraction of the
true transmembrane potential, Vin. When Re is assumed to be much greater than
R; (as might occur in sucrose gap recordings of single fibers (Julian et al.. 1962)).
Vg will approach Vm. In our preparation this assumption may not be valid.
Independent estimates of Vi in optic axons (= -80 mV (Stys, 1996; Stys et al.. in

press)) differ from our typical grease gap potentials (= -50 mV) by a factor of =
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0.6, which represents an estimate of our short circuit factor (eq.3). Importantly.
although absolute transmembrane potentials could not be recorded from optic
axons using this technique, as long as the short circuit factor remains constant, Vg
will represent a reliable fraction of Vi and will vary linearly with V. For this
reason, Rg measurements were a standard part of the experimental procedure.
While Re or Rj could not be recorded separately, Rg, which is the parallel
combination of Re and Rj (Rg = Re R/ Re +Rj) provided an estimate of stability
of the two resistances, and therefore of the short circuit factor. A stable Rg
reading is a reasonable indicator of true relative potential changes rather than
artifactual drift. Our data showed that the potential recorded by the grease gap
represented a reliable fraction of the true axonal compound RMP in a CNS
myelinated axon bundle. Although the magnitude of Vg was less than Vi due to
a short circuit factor less than unity, this disadvantage was offset by the long term
stability of our recordings (refer to Chapter 3 and see Fig 3.1) essential for the
questions to be addressed in this project.

The measured potential, Vg, originates from a voltage drop across Re
produced by a current ig (Fig. 2.1 B). Current flow through each constituent
fiber is inversely proportional to its axial resistance. and therefore directly
proportional to the square of axon diameter. Because the RON is composed of a
parallel bundle of fibres with different diameters ranging from 0.3 to 3 um
(Hildebrand and Waxman, 1984), it follows that the current contribution to the

total current ig, and therefore to recorded potential Vg, will be biased in favor of

larger fibers.
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2.4 Composition of Solutions
Composition of aCSF, solutions of 2-deoxyglucose (DG; Sigma, St. Louis,

MO), KCN (Fisher Scientific, Ottawa, ON), TEA (Sigma, St. Louis, MO), zero-
glucose, and zero-Na* solutions (cholineCl (BDH, Toronto, ON), LiCl (Sigma, St.
Louis, MO), N-methyl-D-glucamine (NMDG:; Sigma, St. Louis, MO)) are listed in
Table 2.1. TTX (Sigma, St. Louis, MO) was diluted from stock solution in distilled
water. Ouabain (Sigma, St. Louis, MO; RBI, Natick, MA), NaCN (BDH, Toronto,
ON) and iodoacetate-Na* salt (IAA; Sigma, St. Louis, MO), pyruvate (Sigma, St.
Louis, MO), EGTA (Sigma, St. Louis, MO), procaine (Sigma, St. Louis, MO), and
QX-314 (a generous gift from Astra Pharma Inc., Westboro, MA) were dissolved
in aCSF.



Figure 2.1: (A) Diagram of the grease gap recording chamber. A nerve is inserted
into the slit silastic tube containing petroleum jelly, cooled for stability, with one
end perfused with aCSF or test solutions and the other end is depolarized with
isotonic K* solution. The potential, Vg, was recorded with 3 M KCl/agar bridge
electrodes. Constant current steps (ig) were applied across the wells to measure
Rg. (B) Electrical model of the grease gap technique. Vg is the recorded
potential. Vi and V' are the absolute transmembrane potentials at each end ofa
model axon. Re is the external resistance, comprised of extracellular space, nerve
sheath. residual solution and other parallel leakage pathways. Rj is the combined
internal axoplasmic resistance and membrane resistance. A current ig will flow
when Vm and V' are unequal, and the resultant voltage drop (Vg) is recorded

across Re. representing a stable, constant fraction of the absolute transmembrane

potential. Vm.
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Table 2.1: Composition of solutions (mM).

Zero-Nat/  Zero-Nat/  Zero-Nat/ Zero

aCSF Choline Lit NMDG Glucose DG KCN TEA
NaCl 126 126 126 126 106
KCl 3 1.75 1.75 1.75 3 3 | 3
MgSO4 2 2 2 2 2 2 2 2
CaCl, 2 2 2 2 2 2 2 2
NaHCO; 26 26 26 26 26
Choline 26 26 26
Bicarbonate
NaH,PO4 1.25 .25 1.25 1.25 1.25
KH;,PO4 1.25 1.25 1.25
Dextrose 10 10 10 10 10 10
CholineCl 127
LiCl 127
NMDG 127
Sucrose 10
DG 10
KCN 2
TEA-CI 20
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CHAPTER 3

ION TRANSPORT AND MEMBRANE POTENTIAL
IN CNS MYELINATED AXONS
I: NORMOXIC CONDITIONS

3.1 Introduction
Axons play the critical role of conducting electrical signals within the

nervous system with high fidelity and efficiency. In order to sustain
electrogenesis, transmembrane K* and Na*t gradients maintain axons in a
polarized state, and provide energy for signaling, respectively. These
electrochemical gradients are established by energy-dependent ion transport
systems, the most important of which is Na*,K*-ATPase (Rossier et al., 1987
Horisberger et al., 1991; Sweadner, 1995). Because membrane conductances
responsible for initiation and termination of the action potential are voltage
dependent, resting properties of an axon such as membrane potential, ionic
permeabilities and the various transporters that move ions against their gradients
will influence its electrical behavior. Moreover, these same properties may affect
the response of an axon to pathophysiological conditions, such as
anoxia/ischemia, and may in tum modulate the degree of injury sustained by the
fiber. For these reasons, it is important to define these properties as they will
fundamentally influence the response of the axon to physiological and
pathophysiological stimuli. We investigated the ionic determinants underlying
the RMP in central myelinated axons of the RON, and explored some of the
membrane transport systems involved. Preliminary results have been presented in

abstract form (Leppanen and Stys, 1996).
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3.2 Results

3.2.1 Resting Membrane Potential Recorded During Control Conditions

Vg recorded from an optic nerve by the grease gap technique during
control conditions is illustrated in Fig. 3.1. Following nerve insertion, Vg usually
stabilized within 90 min with potentials ranging from -40 to -55 mV (mean -47 * 3
mV). No differences were noted between nerves A and B [see Methods] (-47.3 =
3.5 vs. -46.6 + 4.2 mV, p = 0.18). Rg was typically about 60 k€. Both Vg and Rg
remained relatively constant for several hours under control conditions (Fig. 3.1,
Table 3.1). Probable variation in the short circuit factor (Stampfli. 1954) from
nerve to nerve resulted in different absolute values of Vg. For this reason, we
routinely compared ratios of potentials over time, normalized to the baseline
reading obtained at time zero (defined as 90 min after nerve insertion and
stabilization). Using -80 mV as an estimate of true optic axon membrane potential
(Stys. 1996; Stys et al., in press), these ratios were used to estimate Vi over time in
this (Table 3.1) and subsequent experiments. Normalizing the recorded potential.

Vg. to -80 mV provided a measure of the effect of experimental conditions in

relation to the true axonal membrane potential.

3.2.2 Effect of Inhibiting Na*,K*-ATPase on Vi

Na*,K*+-ATPase plays a key role in maintaining transmembrane Na* and
K+ gradients. Ouabain (I mM), an antagonist of the pump, caused a rapid
depolarization which ended in a stable plateau at 39 + 3% of control potential
after 60 min or more of exposure (Fig. 3.2 A, Table 3.2). The initial rapid
depolarization proceeded at a rate of 10 + 3 mV/min. Higher ouabain
concentrations (2 and 10 mM) did not produce statistically greater depolarization

(Table 3.2). Lower concentrations of ouabain (10 and 100 pM) produced
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proportionally less depolarization (Fig. 3.2 A, Table 3.2). The substantial
membrane potential remaining after presumably compiete pump inhibition with 1 -
10 mM ouabain was surprising. It was hypothesized that additional energy-
dependent mechanisms, independent of Na*,K*-ATPase, may be in part
responsible for maintenance of Vp. Nerves were depolarized by a 60 min
exposure to ouabain (1 mM) as above. Mitochondrial and glycolytic ATP
production were then blocked by adding CN- (2 mM) and [AA (1 mM),
respectively, to the ouabain-containing perfusate. This treatment resulted in a
further depolarization to 22 + 4% of control (Fig. 3.2 B, Table 3.2) exceeding that
seen with ouabain alone (p<0.0001). Similar results were obtained with 10 mM

ouabain (Table 3.2).

3.2.3 Study of Na* Permeability in Central Myelinated Axons

The influence of membrane Na* permeability on Vg was studied by
substitution of bath Na* with other monovalent cations or pharmacological block
of Na* channels. Replacing Na* with the impermeant cation choline elicited a
transient hyperpolarizing response. The maximal hyperpolarization reached 109
+ 3% of control (Fig. 3.3 A, arrow, Table 3.3) for nerve A (the nerve recorded
immediately after dissection), and was greater for nerve B (113 + 3%. p<0.002).
The hyperpolarization was followed by a slow depolarization to a stable potential
(96 + 8% of control, Table 3.3) within 60 min, with no difference between nerves
A and B. The junction potential remained unaffected by the choline solution.
indicating that this solution did not produce an artifactual change in Vg. NMDG-
substituted zero-Na* solution produced similar results (Table 3.3). To test
whether Nat ,K*-ATPase was still operating after perfusion with zero-Na*

solution. ouabain was added after 60 min, resulting in a prompt albeit limited
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depolarization (Fig. 3.3 B) to 79 £ 5% of control potential in aCSF alone (Table
3.3).

Substituting bath Na* with Li*, a cation permeable at the Na* channel
(Richelson, 1977; Hille, 1992), resulted in a different voltage trajectory. In
contrast to results with impermeant cations, zero-Na*/Li* solution caused only a
small, brief hyperpolarization (Fig. 3.3 C, arrow) which persisted in zero external
Ca2* bath. This was followed by a steep, rapid depolarization (rate: 7 + 2
mV/min) to a plateau of 65 + 5% of control after 60 min (Table 3.3), significantly
less depolarized than with | mM ouabain (39 + 3%, p<0.0001, Table 3.2). In
several nerves, a small hyperpolarizing 'sag’ was also noted (Fig. 3.3 C. double
arrow). To examine whether the Na* K*-ATPase was operating during Li*-
substituted conditions, ouabain (1 mM) was added after 60 min of zero-Na*/Li*
exposure, resulting in a substantial additional depolarization to 32 + 3% of
control (Fig. 3.3 D, Table 3.3).

The Na* substitution data provided evidence that ouabain-induced
depolarization was dependent to a large extent on extracellular Na* or Lit. The
role of voltage-gated Na* channels in isolation was studied by applying TTX (1
uM), which evoked a small hyperpolarizing response (Fig. 3.4 A) to 104 £ 1% of
control membrane potential after 20 min (Table 3.3). The TTX-induced
hyperpolarization was significantly smaller than that produced by zero-
Nat/choline perfusion (p<0.001), suggesting the presence of Na* influx
pathway(s) other than TTX-sensitive Nat channels. Blocking TTX-sensitive Na*
conductance during zero-Na*/Li* perfusion resulted in depolarization to 75 *
10% of control, which proceeded at a significantly slower rate of | £ | mV/min
compared to Li* alone (p<0.0001) (Fig. 3.4 B, Table 3.3). TTX blunted. but did
not abolish, the depolarizing response, providing additional support for a TTX-

insensitive route(s) of Nat and Li* entry. The hypothesis was supported by
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applying ouabain to nerves pretreated for 20 min with TTX (Fig. 3.4 C). This still
resulted in a marked depolarization to 58 + 5% of control, less than with ouabain
alone (39 + 3% after 60 min, p<0.001, Table 3.2) and, also occurring at a

considerably slower rate (2 0.1 vs. 10+ 3 mV/min, p<0.005).
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Figure 3.1: Recorded (Vg) and calculated absolute (Vm) compound resting
membrane potential in rat optic nerve measured by the grease gap technique
during control conditions. Representative trace of membrane potential under
control conditions. Vg typically stabilized within 90 min following insertion.
ranging from -40 to -55 mV, and remained constant for 2-3 hrs. These and
subsequent tracings were normalized to the estimated absolute resting membrane
potential (Vpy, -80 mV; see text). Rg (dotted line) typically fluctuated to a minimal
degree without concomitant change in Vi (see 4.3.2 for explanation).
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Figure 3.2: Vg recorded during Na*,K*-ATPase inhibition with ouabain. (A)
Ouabain (10 pM - 1 mM) evoked nerve depolarization in a dose-dependent
manner. indicating a significant (although not exclusive, see B) dependence of
RON axonal resting potential on continued pump operation. (B) Metabolic
inhibition with NaCN (2 mM) and IAA (1 mM) caused further depolarization
following ouabain application (1 mM), suggesting additional ATP-dependent ion
transport mechanisms (see text).
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Figure 3.3: Effect of Nat substitution experiments on resting membrane
potential. (A) Replacement of Na* with the impermeant cation, choline, caused a
hyperpolarizing response (arrow), followed by modest depolarization to a
constant potential, which typically stabilized within 60 min. (B) Ouabain added
to the zero-Nat/choline perfusate evoked a small, but limited depolarization
indicating continued pump operation under zero-Na* conditions. (C)
Application of the permeant cation, Li*, in the absence of Nat, eligited a small,
brief hyperpolarization (arrow). The nerve then depolarized rapidly, followed by
a hyperpolarizing sag (double arrow). (D) Zero-Na*/Li* application for 60 min
produced a similar response described in trace C. Addition of ouabain to zero-
Na+/Li* conditions elicited a substantial additional depolarization indicating

continued pump operation under these Na*-substituted conditions.
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Figure 3.4: Effects of the Na* channel blocker TTX. (A) TTX alone had a
hyperpolarizing effect on Vi, reaching a stable potential within 20 min, indicating
a finite. TTX-sensitive Na* conductance in resting RON axons. (B) Applying
zero-Nat/Li+ perfusate caused a depolarization that was more gradual and limited
compared to the same exposure without TTX (Fig. 3.3 C). (C) TTX also reduced
the rate of nerve depolarization during ouabain treatment. Together these results

suggest additional, TTX-insensitive Na* influx pathways in resting RON axons.
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Table 3.1: Resting membrane potential recorded during control conditions
in aCSF by the grease gap technique.

Time(min)  Ratio &) VoV Vimlevy
0* 100 -47 +3 -80 284
60 102 13 -49 13 -81 £2 20
90 101 13 -49 13 -81 13 20
120 101 +4 -48 +3 -81 +3 20
150 100 +4 -48 13 -80 13 18

All times corrected for dead space.

Ratios, Vg and Vyy, are corrected for junction potentials.

Ratio was calculated by dividing the potential at 60, 90, 120, 150 min by the time 0 potential.
*Time zero was determined after 90 min of stabilization after insertion into recording chamber.
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Table 3.2: Effect of Na*,K*-ATPase inhibition with ouabain on membrane potential,

Wu.abm Initial
Condition Time (min) Ratio (%)  Vg(mV)  Vp(mV) Rapid Phase
+S.D. S.D. +S.D. (mV/min)
1S.D.

Ouabain 10 pM 60 93 +2 41 5 -74 2 5
Ouabain 100 uM 60 67 5 -32 13 -53 +4 6
Ouabain | mM 60 39 43 -18 2 231 42 10 £3 10

120 34 13 -16 2 =27 +2 6
Ouabain 2 mM 60 34 16 -15 43 =27 5 6
QOuabain {0 mM 60 34 | -16 t1 27 1 3
QOuabain | mM,
add NaCN 2 mM + 1AA | mM* 30 22 +4 -10 £2 -18 13 4
Ouabain 10 mM,
add NaCN 2 mM + [AA | mM* 30 23 13 -10 i -18 3 3
TTX, add Ouabain | mM?* 60 58 15 28 +3 -46 +4 2 +0.1 2

All times are corrected for dead space. . .
*NaCN and 1AA were applied together for 30 min following 60 min of ouabain.

tTTX applied 20 min prior to 60 min of ouabain.
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Table 3.3: Effect of Na* substitution on Vy, during various conditions.

_G.o.&. Initial
Condition Time (min)  Ratio (%)  Vg(mV)  Vjp(mV) Rapid Phase
1S.D. +S.D. IS.D. +S.D. (mV/min)
+S.D.
Zero-Nat/choline 60 96 +8 -46 +4 277 +7 30
Zero-Nat/choline @ Trough* Af: 542 A: 10943 A:-5243  A:-87 42 18
Bt: 742 B: 11343 B:-52+4 B:-904+3 16
Zero-Na*/choline, add Ouabain 1 mM1 60 79 5 37 43 -63 +4 8
Zero-Nat/NMDG, add Ouabain | mM# 60 80 +3 -36 1 -64 13 3
Zero-Nat/Lit 60 65 15 -31 12 -52 4 7 12 8
Zero-Nat/Li*, add Ouabain | mM? 40 32 13 -15 +1 225 +2 2
TTX 1 uM, add zero-Na*/Li*¥ 60 75 £10 -34 5 -60 8 1 £l 4
TTX | uM 20 104 +1 -49 43 -83 +2 23

All times corrected for dead space.

*Trough is maximal hyperpolarization induced by zero-Na*/choline perfusion.

¥A = nerve A; B = nerve B.

tOuabain application following 60 min of zero-Na*/cholinc or zero-Nat/NMDG or zero-Nat/Lit.
$TTX applied 20 min prior to 60 min of zero-Na*/Li*.
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3.3 Discussion

3.3.1 Effect of Na*,K*-ATPase Inhibition in CNS Myelinated Axons

The importance of Na*,K*-ATPase in maintaining Vm was illustrated by
the effect of the inhibitor, ouabain. The loss of ion gradients resulted in rapid
nerve depolarization in a dose-dependent manner, which was exacerbated by
CN- and [AA suggesting a ouabain insensitive, ATP dependent transport
mechanism for partial maintenance of V. Similar observations were made using
rat hypoglossal neurons (Jiang and Haddad, 1991). Given that the Na* K+-
ATPase may also be located at the internodal axolemma (Mata et al., 1991), it is
bossible that some pump molecules were shielded from bath-applied ouabain by
the myelin sheath, and continued to operate: these then failed when nerves were
poisoned with CN- and [AA. Alternatively, activation of Py, and/or reduction of
Pk by metabolic inhibition. which would cause additional depolarization, cannot
be excluded. A finite potential remained following combined ouabain and
metabolic block, which may be parily due to a passive Donnan equilibrium
(Junge, 1981), diffusion of K* from the isotonic K* well to the test well
contributing to a higher [K*]; in the latter compartment, and/or a poorly explained
hyperpolarizing shift caused by low-conductance media such as sucrose.

observed in sucrose gap recordings (Julian et al., 1962; Jirounek et al.. 1981).

3.3.2 Na* Permeability in CNS White Matter

TTX reduced resting Na* permeability producing a hyperpolarizing
response which was shown previously (Stys et al., 1993). Replacing Na* with an
impermeant cation caused a greater hyperpolarization, indicating additional. TTX-
insensitive resting Na*t permeability in RON axons. The estimated absolute

hyperpolarization of 7 mV in zero-Na*/choline (-87 mV (Table 3.3) versus -80 mV
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(Table 3.1)) was identical to that observed by Morita et al. (1993) in peripheral
lizard axons recorded intra-axonally under the same conditions. Using Na*-
replacement data (from nerve A only), the resting Px:Pn, ratio was estimated at

20:1 using (Stys et al., 1993):

Pk Ex—ENa Ry
Pva ExkRv—Ex

where:
Ry = Vzero-Na* / Vi, i.¢. the ratio of membrane potentials after and before
Na* permeability blockade with zero-Na* solutions.
Ek and ENa are ionic reversal potentials, calculated from measurements of
axoplasmic concentrations (LoPachin and Stys, 1995: Stys et al.. in

press).

This ratio was lower than a previous estimate of 35 which reflected only
TTX-sensitive permeability (Stys et al., 1993). Interestingly. the Pk :Pna ratio
calculated using nerves B (subject to several additional hours of incubation in
aCSF at room temperature) was significantly lower at 15:1 (p<0.01). In contrast,
TTX-induced hyperpolarizations were not different between nerves A and B.
indicating that the different Px:Pn, ratios were either due to a higher TTX-
insensitive Na* permeability or a reduced K* permeability in nerves B. Because
P, is less than Pk at rest, Na* permeability will be rate limiting for electroneutral
K+ and Na*+ exchange across the membrane during pump inhibition. Therefore,
one would expect a more rapid depolarization during ouabain exposure or
metabolic inhibition (see chapter 4) in nerves B if their lower Pk:Py, ratio was due
to an absolute increase in Pn,. Instead we found that neither the rate nor the

extent of depolarization were different during ouabain or CN- treatment between
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the two sets of nerves (p>0.2), suggesting that the lower Pk:Pn, ratio in nerves B
was due to a reduction of Pk rather than increase in Pn,. The reasons for the
difference are not known, but may be related to transient exposure to lower
temperature or washout of a soluble modulator (see below and chapter 4).

Curiously, despite the observed difference in Pk:Pn, ratios between nerves
A and B, resting membrane potentials were virtually identical. It is likely that
hyperpolarizing influences increased with incubation time negating the
depolarizing effect of a smaller Pi:Pn, ratio; for example axonal [K*]; has been
shown to rise with in vitro incubation (LoPachin and Stys, 1995) or washout of
an endogenous ouabain-like substance (Blaustein, 1993) might increase Na*t,K*-
ATPase activity. Using a Pg:Pn, ratio of 20:1, the contribution of the pump to Vim
at rest was calculated to be -7 mV (Martin and Levinson, 1985).

All nerves depolarized to a variable extent after the zero-Na*/choline-
induced hyperpolarization, which we interpret as partial pump inhibition due to
depletion of axoplasmic Na* (Stys et al., in press). A new steady state was
reached with reduced pump activity and parallel reduction of membrane Na*
conductance. The small depolarization that occurred following the addition of
ouabain (Fig. 3.3 B) indicates that Na*,K*-ATPase was not totally inhibited by
60 min of zero-Na* perfusion, consistent with reports that extensive depletion of
intracellular Na* is difficult to attain (Dunham and Senyk, 1977; Stys et al.. in
press). It is likely that a small proportion of extracellular Nat ions were
continuously recycled back into the axon to supply the pump at this new steady
state, rather than negotiating the sinuous ECS of the nerve to be removed by the
perfusate.

In contrast to zero-Na*/choline, the nerve depolarized markedly during
zero-Na*/Li* because Li* permeates the Na* channel, partially inhibiting Na*.K*-

ATPase and allowing electroneutral K* efflux. Li* is not equally permeable to
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Na+ at the Na* channel (Pna:Py; is 0.9 (Hille, 1992)), therefore, a decrease in
[Na+], may have evoked the brief hyperpolarizing response typically seen (Fig.
3.3 C, arrow). The hyperpolarizing sag noted after depolarization may have
resulted from a reduction of [K*],, caused by a slow washout of the ion. The
extent of depolarization with zero-Na*/Li* was less than expected, given that Li*
inhibits Nat,K*-ATPase (Halm and Dawson, 1983). The additional depolarization
caused by ouabain after zero-Na*/Li* application suggested the pump was
maintaining Vi by utilizing residual Na*. Electron microprobe data showed that
[Na*]; remained at = 6 mM after 60 min of zero-Nat/Li* perfusion (Stys et al.. in
press) and. at this concentration, the pump is still able to operate at approximately
20% capacity (Shyjan et al., 1990). It is also possible that the pump substituted
Li+ for Na* (Thomas et al., 1975; Dunham and Senyk, 1977; Ritchie and Straub.
1980). The application of TTX during zero-Nat/Li* did not prevent nerve
depolarization which suggested the presence of a TTX-insensitive Li*/Na* influx
pathway in RON axons. Na* channel blockade with TTX during ouabain
exposure supported this notion since this blocker did not eliminate ouabain-
induced depolarization. the extent of which exceeded the maximal steady-state
hyperpolarizing contribution of pump current (= -10 mV for a coupling ratio of
INa+ : 2K* (Thomas, 1972; Martin and Levinson. 1985)), indicating
transmembrane ion flux rather than mere elimination by ouabain of pump
contribution to V. However, for both zero-Na*/Li* or ouabain exposure. TTX
reduced the rate of depolarization, due to partial reduction of resting TTX-
sensitive Na* permeability, with gradients dissipating more gradually because of
the slowed exchange of Na* and K*.

Taken together, Na* influx into RON axons is a key step mediating
membrane depolarization during Na*,K+-ATPase inhibition. Although the

primary Na* influx path is the TTX-sensitive Nat channel. our data support the
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existence of additional, TTX-insensitive Na* influx pathways that may have

important implications for axonal responses to physiological and pathological

stimuli.



CHAPTER 4

ION TRANSPORT AND MEMBRANE POTENTIAL
IN CNS MYELINATED AXONS
II: EFFECTS OF METABOLIC INHIBITION

4.1 Introduction
Mammalian CNS axons are susceptible to anoxic injury, and sustain

irreversible damage from an increase in [Ca2*]; (Stys et al., 1990; Waxman et al.,
1991: Ransom et al., 1994; LoPachin and Stys, 1995). Ca?* homeostasis becomes
disrupted as a result of energy depletion and the subsequent loss of ion gradients.
Under normal physiological conditions, the low [Ca**]; is maintained by two
membrane proteins, the Na*/Ca2* exchanger and Ca2*-ATPase (Blaustein, 1988),
as well as buffering by intracellular stores and Ca2* binding proteins (Kostyuk
and Verkhratsky. 1994). The Na*/Ca2* exchanger normally extrudes 1 Ca2t*in
exchange for 3 Na* by utilizing the free energy available through the Na*t
gradient (Steffensen and Stys, 1996). As described in section 1.2.4. factors
influencing the rate and direction of exchanger operation include the
transmembrane Na* gradient and membrane potential. The exchanger will
mediate Ca2* influx when 1) the transmembrane Na* gradient is reduced and/or
2) the membrane depolarizes. The exchanger is sensitive to membrane potential
because its ion transport is electrogenic, transferring one net charge per cycle
(Rasgado-Flores and Blaustein, 1987). For these reasons. given that the
exchanger is the main pathway for anoxic Ca2* overload in optic nerve axons
(Stys et al., 1992c: Waxman et al., 1992b). the rate and extent of depolarization
during metabolic stress will influence the degree of exchanger-mediated Ca>*

entry. and thus ultimate cellular injury. Therefore, the ions and channels involved
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in mediating membrane depolarization were examined during glycolytic inhibition
and chemical anoxia in optic nerve. Preliminary results have been published in

abstract form (Leppanen and Stys, 1996).
4.2 Results

4.2.1 Effect of Glycolytic Inhibition in CNS Myelinated Axons

Several methods of inducing glycolytic inhibition were examined in the
RON. In Fig. 4.1 A, the effect of zero-glucose (sucrose substitution) on RMP is
shown. A delay of 28 + 6 min preceded the onset of a monotonic, gradual
depolarization proceeding at 2 + 1 mV/min (Table 4.3), to 55 10% of control
after 60 min (Table 4.1). In contrast to simple omission of glucose, substitution of
glucose with deoxyglucose (DG) (a competitive antagonist of the glycolytic
enzyme, hexokinase (Devlin, 1992)), induced an initial hyperpolarizing response
in 5 of 7 nerves (Fig. 4.1 B). This hyperpolarization, termed phase I. together
with the delay prior to hyperpolarizing lasted for 38 + 8 min after application of
DG before nerves began to gradually depolarize (phase 2) at 3 + | mV/min (Table
4.3). Again? in contrast to zero-glucose alone, the gradual depolarization was
interrupted by a hyperpolarizing response in 4 of 7 nerves studied (phase 3).
finally terminating in a slow depolarization (phase 4) to 75 + 9% of control after
60 min of application (Table 4.1). Because energy production could still occur
from residual glucose in the ECS or from glycogen stores in astrocytes (Cataldo
and Broadwell, 1986), IAA (I mM), a relatively specific irreversible inhibitor of
glyceraldehyde 3-phosphate dehydrogenase (Sabri and Ochs, 1971). was used to
directly inhibit glycolytic metabolism. As with DG, four phases were observed
(Fig. 4.1 C): an initial distinct hyperpolarizing response (phase 1, in 14/24 nerves)

was followed by a rapid depolarization (phase 2) at arate of 7 £ 3 mV/min (Table
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4.3). Phase 2 began 20 + 3 min after IAA application (Table 4.3), which was
significantly faster than in zero-glucose/sucrose, 28 + 6 min (p<0.001), or in
DG/zero-glucose, 38 = 8 min (p<0.01). As with DG, a second hyperpolarizing
response, phase 3, interrupted phase 2. Finally, a gradual depolarization
following phase 3 (at a reduced rate in comparison to phase 2) reached 55 + 6%
of control potential after 60 min (Table 4.1). Rg remained relatively constant
throughout the application of IAA. Addition of pyruvate (10 mM) completely
prevented the [AA-induced changes (Fig. 4.1 D, Table 4.1).

4.2.2 Chemical Anoxia in CNS White Matter

Differences were observed between glycolytic block and chemical anoxia
induced with 2 mM CN-, an inhibitor of mitochondrial cytochrome oxidase
(Albaum et al., 1946; Kauppinen and Nicholls, 1986a; Tadic, 1992). CN- resulted
in a rapid depolarization (phase 2) at 7 + 4 mV/min (Table 4.3) with minimal delay
after application: in contrast to [AA and DG, the transient initial hyperpolarization
(phase 1) was never seen (i’ig. 42 A). A small inflection (Fig. 4.2 A, arrow). which
was far less pronounced than with [AA, followed the rapid depolarizing response,
leading to an abrupt slowing of the rate of depolarization. Nerves depolarized to
34 + 4% of control after 60 min (Table 4.1). Rg measurements increased by
approximately 20 kQ, but the change followed the phase 2 response. To test the
hypothesis that Na*,K*-ATPase was still partially active during CN- poisoning.
ouabain (1 mM) was added to the perfusate after 90 min of CN-. An additional
depolarization confirmed that residual pump activity was present during chemical
anoxia (Fig. 4.2 B, Table 4.1). In contrast, no change in voltage trajectory was

observed by adding ouabain to I[AA-poisoned nerves (Fig. 4.2 C. Table 2).



4.2.3 Role of Ca?* During Glycolytic Inhibition and Chemical Anoxia

The hyperpolarizing inflections observed with IAA and to a far lesser
extent, CN-, were unexpected and may reflect interesting underlying mechanisms
of axonal response to energy failure. Ca2*-activated K* conductances have
been implicated in other tissues (Leblond and Krnjevic, 1989), therefore we
investigated the role of Ca2* on potential trajectories during IAA and CN-
treatment. In Fig. 4.3 A, simultaneous application of IAA and nominally zero
Ca2+ caused an accelerated onset of depolarization, beginning within 5 + 2 min,
compared with 20 + 3 min in [AA alone (Table 4.3). The depolarizing response, at
a rate of 4 + 1| mV/min (Table 4.3), was interrupted by a less prominent phase 3
(Fig. 4.3 A, arrow). Resting potential depolarized to 65 + 2% and 44 £ 2% of
control at 30 and 60 min (Table 4.2), respectively, significantly more than with
IAA alone at these times (79 + 7% and 55 * 6%, p<0.0l1 and p<0.05,
respectively). Pretreating the nerves with nominally zero Ca2* for 60 min prior to
IAA application caused phase 3 to become a brief response without a distinct
hyperpolarization (Fig. 4.3 B, arrow, Table 4.2) after the addition of [AA. A 60
min application of zero-Ca2*/EGTA (5 mM) elicited a small but rapid
depolarization to 96 * 1% of control (Fig. 4.3 C, Table 4.5). As with nominally
sero Ca2* and IAA, the nerve depolarized quickly, beginning within 3 + 1 min
(Table 4.3). but distinct phases were not observed in the voltage trajectory.
Exposure to zero-Ca2*/EGTA plus IAA resulted in a slower rate of depolarization
(2 £ 0.2 mV/min) compared to [AA alone (7 £+ 3 mV/min, p<0.05, Table 4.3).
Although zero-Ca2*/EGTA slowed the rate of depolarization, because of a more
rapid onset in Ca2*-depleted conditions, nerves depolarized to a greater degree at
30 and 60 min, 61 + 3% and 43 + 4%, respectively, versus [AA alone, 79 + 7%
and 55 + 6%, (p<0.0001 and p<0.001, respectively) (Table 4.2). Similarly, the

abrupt alteration in the depolarization rate following phase 3 was progressively
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reduced as the Ca2*+ removal became more severe (compare Figs. 4.1 C, 4.3 A-C),
until the trajectory became monotonic under zero-Ca2*/EGTA conditions.

TEA (20 mM), a non-specific K* channel antagonist (including the K¢,
channel) (Hille, 1992), depolarized nerves modestly when applied alone (Fig. 4.3
D, Table 4.5). TEA exposure during [AA application reduced phase 1 and
eliminated phase 3, with depolarization beginning within 17 £ 2 min (similar to
IAA alone, 20 + 3 min) (Table 4.3) to 61 £ 4% of control after 60 min (similar to
IAA alone, 55 + 6%) (Table 4.2). Although phase 3 was abolished, a distinct
change in the rate of depolarization from phase 2 to phase 4 was still present.

During chemical anoxia and a nominally zero Ca2* perfusate which was
applied 60 min prior to CN~, nerves depolarized at a rate of 14 + 3 mV/min (Table
4.3) to 30 £ 7% of control at 60 min (Table 4.2) with an inflection apparent (Fig.
4.4 A). Similar to the voltage trajectory observed with IAA and zero-Ca2¥/EGTA.
addition of CN- after 60 min of zero-Ca2*/EGTA treatment evoked a
depolarization at a rate of 15 + 4 mV/min. without an inflection, to 27 + 4% at 60
min (Fig. 4.4 B, Table 4.2). For both nominally zero Ca2* and zero-CaZ*/EGTA
treatments. nerves depolarized at a significantly faster rate than with CN- alone (7

+ 4 mV/min, p<0.05).

4.2.4 Role of Na* During Glycolytic Inhibition and Chemical Anoxia

The role of transmembrane Na* flux during metabolic inhibition was
studied using a specific Na* channel blocker and ion substitution experiments. In
Fig. 4.5 A, TTX (1 uM) alone elicited a hyperpolarizing response and with [AA
addition, the extent of depolarization (to 95 + 6% of control after 60 min. Table
4.4), was greatly reduced in comparison to IAA alone. This gradual
depolarization continued for at least two hours after IAA addition and did not

attain a steady state level during the times examined. Notably. no
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hyperpolarizing inflections were ever seen (i.e. phases 1 or 3) in IAA-poisoned
nerves pre-treated with TTX. Further support for Na* mediated depolarization
was provided by experiments where Na* was replaced with the impermeant
cation choline. Zero-Nat*/choline alone caused a prompt hyperpolarization
followed by depolarization to a stable plateau (Fig. 4.5 B; see also Fig. 3.3 A).
Addition of IAA produced a small but prompt hyperpolarization (Fig. 4.5 B,
arrow) with little depolarization during 60 min of application (Table 4.4).

For IAA and TTX, the trajectory of Vg was similar for nerves A (studied
immediately following dissection) and nerves B (maintained in oxygenated aCSF
at room temperature for several additional hours), which was not the case for CN~.
For TTX-treated nerves A. addition of CN- resulted in a fast, albeit limited
(compared to CN- without TTX, p<0.0001) depolarization to 76 £ 13% of control
after 60 min of treatment (Table 4.4). In contrast, nerves B failed to depolarize
after CN- was added to the TTX perfusate (Vg = 99 + 7% of control after 60 min
of CN-) which was significantly different than nerve A (p<0.05) (Fig. 4.5 C. Table
4.4). The nerve A and B difference was also observed for CN- and zero-
Na*/choline (p<0.001). Similar to the CN- and TTX nerves A, CN- exposure after
60 min of zero-Na*/choline produced an immediate, but slow depolarization (Fig.
4.5 D) to 81 £ 5% of control after 60 min of CN- (Table 4.4). In contrast to
nerves A. nerves B responded by hyperpolarizing (Fig. 4.5 D, arrow) in CN~. then
modestly depolarized to 98 + 4% of control (Table 4.4). Results were similar
regardless of whether CN- was applied as the Na* or K* salt, indicating that the
small amounts of Nat from NaCN had little effect on the nominally zero-
Na*/choline responses (data not shown).

Vg was studied during chemical anoxia with the use-dependent Na*
channel blockers, procaine and QX-314. In Fig. 4.6 A, procaine (1 mM) applied
for 60 min had a hyperpolarizing effect on Vg to 106 + 2% of control (Table 4.5).
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Procaine greatly reduced the CN- -induced depolarization (Vg = 84 £ 11% of
control after 60 min, Table 4.5). QX-314 (300 uM, a concentration that does not

block action potential generation (Stys et al., 1992a)), a quaternary analog of
lidocaine, hyperpolarized Vg to 105 + 2%; this effect developed much more

slowly than that of procaine (Fig. 4.6 B, Table 4.5). The nerve A and B difference
observed during CN-/ TTX and CN- / zero-Na*/choline treatment also occurred

for CN- and QX-314. Nerves A depolarized to 80 + 9% of control whereas Vg for
nerves B remained unchanged at 101 + 6% (p<0.0S, Table 4.4).



Figure 4.1: Effect of glycolytic inhibition on recorded (Vg) and calculated
absolute (Vm) compound resting membrane potential in RON. Vpy was
normalized to -80 mV for this and all subsequent figures. (A) Zero
glucose/sucrose application evoked a gradual depolarization after a delay of = 30
min. DG substituted zero-glucose (B) or IAA (C) both elicited a characteristic
response consisting of four distinct phases: an initial hyperpolarizing phase, P-1,
which was followed by a more rapid depolarization (P-2). P-2 was interrupted by
a second hyperpolarization (P-3) and the voltage trajectory then entered a final,
more gradual depolarization at a lower rate (P-4). The final levels of
depolarization were similar at the end of two hours for IAA and zero-glucose.
The extent of depolarization was less for deoxyglucose than for IAA or zero-
glucose. (D) Pyruvate (10 mM) completely prevented IAA-induced

depolarization.
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Figure 4.2: Effect of chemical anoxia and ouabain on resting membrane potential
in RON. (A) NaCN (2 mM) caused an immediate depolarizing response
commonly interrupted by an inflection in the voltage trajectory (arrow), followed
by a slower depolarization. The rise in Rg (dotted line) occurred following the
initial. rapid depolarization. (B) Addition of ouabain (I mM) produced an
additional, although minor depolarization, in chemically anoxic nerves. (C)
Glycolytically-inhibited RON's were unaffected by ouabain. Rg (dotted line)
remained relatively stable (see Figure 3.1 for comparison to control conditions).
The data suggest that glycolysis is able to fuel the Na* , K*-ATPase to a minor

extent during chemical anoxia.

68



vg Vm

cyanide 2 mM

0 30

-

60

Time (min)

Vg Vm

-60

-20

-80
70

& >
60 5 E
-s0
~-40

ouabain 1 mM
IAA 1 mM

Vg Vm

OT

404 -

_601

o

30

60 [0
Time (min)

69

120

- -80

ouabain 1 mM
cyanide 2 mM

-70

0

{tsW) 6y

T

30

-

60
Time (min)

2

90

120



Figure 4.3: Effect of Ca2*- depleted perfusate on membrane potential during
glycolytic inhibition with [AA (1 mM). (A) Exposure of nerves to IAA and
nominally zero Ca2* simultaneously, accelerated the onset of depolarization and
also eliminated phase 1 (see Fig. 4.1 C), and reduced the size of phase 3 compared
to IAA alone. (B) Pretreatment with zero Ca?* for 60 min caused phase 3 to
become even less pronounced (arrow). (C) Addition of a Ca2* chelator
eliminated all hyperpolarizing phases. Zero-Ca2*/EGTA solution alone elicited a
small depolarization (arrow). (D) TEA (20 mM) alone depolarized nerves
modestly due to its broad spectrum K* channel blocking properties [Hille, 1992
#231]. In addition, TEA reduced the first hyperpolarizing response, P-1. and
abolished the second hyperpolarizing response, P-3, without affecting the delay
prior to depolarization characteristic of glycolytic blockers. Together. these data
point to a possible contribution of a Ca2*-dependent K* conductance(s) as a

mechanism for the hyperpolarizing phases induced by glycolytic block in RON.
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Figure 4.4: Effect of zero Ca2* and zero-Ca?*/EGTA on membrane potential
during chemical anoxia. (A) Nominally zero Ca* significantly accelerated the
rate of CN- - induced depolarization (Table 4), but inflections. characteristic of
induction of chemical anoxia alone, were preserved. (B) In contrast, addition of
EGTA also caused accelerated depolarization with CN-, and also abolished

inflections in the voltage trajectory, suggesting the possible modulation of Ca2t-
dependent conductances during anoxia, which were less pronounced than with
glycolytic inhibition (compare with Figs. 4.1 C and 4.3 A-D).
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Figure 4.5: Role of Na* during glycolytic inhibition and chemical anoxia. (A)
Block of TTX-senstive Nat channels elicited a small hyperpolarizing effect.
Under these conditions, glycolytic inhibition with iodoacetate (1 mM) resulted in
a greatly reduced depolarization. (B) Replacement of Na* with the impermeant
cation choline caused a transient hyperpolarizing response. Addition of [AA
caused a prompt hyperpolarization (arrow) with complete preservation of
membrane potential for at least 60 min. (C) In contrast, TTX and NaCN
application elicited significantly different responses between nerves A (recorded
immediately) and nerves B (recorded after several additional hours of in vitro
incubation, see text). For nerves A, NaCN application evoked a prompt
depolarization which was much less extensive that without TTX. In contrast.
nerves B failed to depolarize. These results suggest an additional Na* influx
pathway into RON axons, distinct from TTX-sensitive Nat channels. This
pathway appears to be downregulated after several hours of in vitro incubation
(see text). (D) Similarly, NaCN and zero-Nat/choline solution caused a blunted
but consistent depolarization for nerves A. Nerves B (Vm not normalized to -80
mV baseline) instead hyperpolarized slightly (arrow) after addition of CN- with

little further depolarization.
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Figure 4.6: Local anesthetics reduce anoxic RON depolarization. (A) Procaine
(1 mM) alone had a rapid hyperpolarizing effect on membrane potential. and
blunted the depolarizing effect of chemical anoxia. (B) QX-314 (300 uM) alone
also elicited a small hyperpolarization, which developed much more slowly that
with procaine, likely reflecting the limited rate at which this permanently charged
compound could cross the axolemma to gain access to the cytosolic side of the
Nat channel. Differences were observed for nerves A and B (see Fig. 4.5 legend

and text for details) after CN- was applied, causing limited depolarization in
nerves A which was further reduced for nerves B.
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Table 4.1: The effect of glycolytic block or chemical anoxia on optic nerve membrane

potential.
Condition Time (min) Ratio (%) VgmV)  VpmV) n
+S.D. 1S.D. 1S.D.

Zero Glucose 60 55 10 -25 15 -44 18 6

Deoxyglucose 10 mM 60 75 49 -35 44 -60 +7 7

[AA1mM 30 79 £7 -38 +4 -63 5 24
60 55 16 -26 13 -44 +5 24
120 37 £3 -18 2 -29 +3 19

Pyruvate 10 mM, add IAA | mM* 60 104 £2 -49 5 -83 +2 2

IAA 1 mM, add Ouabain | mM? 20 35 15 -16 1 -28 +4 2

NaCN 2 mM 30 51 16 -24 13 41 5 15
60 34 +4 -16 12 -27 13 15

NaCN 2 mM, add Ouabain | mMt 20 26 16 11+l -20 5 3

All times corrected for dead space.
*Pyruvate applied 60 min prior to IAA.

tOuabain applied after 90 min of IAA or NaCN,
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Table 4.2: Role of Ca2* during glycolytic inhibition and chemical anoxia.

Condition Time (min) Ratio (%) VemV)  Vip(mV) n
+S.D. S.D. +S.D.
Zero .O»N+.. add IAA | mM 30 65 12 31 402 -52 2 3
(applied simultaneously) 60 44 +2 21 42 35 42 3
Zero Ca2t, add 1AA | mM* 30 60 +2 -29 +| 4842 4
60 42 +1 =20 +1 -34 +1 4
Zero Ca2t + EGTA 5 mM, add IAA | mM* 30 61 +3 230 £2 -49 12 4
60 43 14 21 1 -34 13 4
TEA 20 mM, add IAA | mM* 60 61 4 -30 2 -49 +3 4
Zero Ca2t, add NaCN 2 mM* 30 38 +7 -17 ¢1 31 45 3
60 30 7 -13 £2 -24 16 3
Zero Ca2t + EGTA 5 mM, add NaCN 2 mMmt 30 34 +7 -16 3 =27 15 3
60 27 4 -13 t1 21 13 3

All times corrected for dead space.

*Zero Ca2*, zero Ca2*/EGTA or TEA were applied 60 min prior to IAA.

tZero CaZ* or zero Ca2*/EGTA were applied 60 min prior to NaCN.

77




Table 4.3: Time to onset and rate of rapid depolarization induced by glycolytic
inhibition and chemical anoxia.

Rate of Initial

Condition Time to Onset Rapid Phase n
(min) +S.D. (mV/min) £S.D.
Zero Glucose 2816 2 £ 6
Deoxyglucose 10 mM 38 8 3+l 7
IAA 1T mM 20 3 743 24
“va_m_m.%wm_.h:_n.w_wmmhm_wo > 44 ’
Zero Ca?t, add IAA | mM* 3 +1 2+l 4
Zero Ca2t + EGTA 5 mM, add 1AA | mM* 3 +1 2 10.2 4
TEA 20 mM, add IAA | mM* 17 £2 —_— 4
NaCN 2 mM — 744 15
Zero CaZt, add NaCN 2 mMt — 14 +3 3
Zero Ca2t + EGTA 5mM, add NaCN 2 mM? — 15 +4 3

All times corrected for dead space.
*Zero CaZt, zero CaZt/EGTA and TEA were applied 60 min prior to 1AA.
tZero CaZ* and zero Ca2*/EGTA were applicd 60 min prior to NaCN.
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Table 4.4: Role of Na* during glycolytic inhibition and chemical anoxia.

Condition Time (min) Ratio (%) Ve(mV)  ViumV)  p
+S.D. S.D. +S.D.
TTX | uM, add IAA | mM* 60 95 +6 -46 5 -76 4 6
Zero-Nat/choline, add IAA | mMt 60 97 +7 -47 3 =77 +6 4
TTX | uM, add NaCN 2 mM* 60 Al: 76 £13 A:-38+7 A:-61%10 3
B{:99+7 B:-4914 B:-8015 3
Zero-Nat/choline, add NaCN 2 mM* 60 A:8115 A:-3942 A:-6534 6
B:984+44 B:-47+1 B:-79+3 4
Procaine | mM, add NaCN 2 mM$ 60 84 +11 -38 15 -67 19 4
QX-314 300 uM, add NaCN 2 mM$§ 60 A:80149 A:-37+7 A:-64 17 3
B:101+6 B:-481+2 B:-814+5 3

All times corrected for dead space.

*TTX applied 20 min prior to 60 min of IAA or NaCN.

T1AA or NaCN were applied following 60 min of zero-Nat/choline.

1A = nerve A; B = nerve B.

$Procaine or QX-314 were applied 60 min prior to NaCN.
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Table 4.5: Effect of various experimental conditions on V.

Condition Time(min) Ratio (%) VamV)  VipmV) n
+S.D. S.D 1S.D,
Pyruvate 10 mM 60 102 +£2 -48 +5 -81 £2 2
TEA 20 mM 60 98 +2 -48 +1 -78 £1 4
Zero Ca2* + EGTA 5 mM 60 96 1 -45 14 =77 £ 8
Procaine | mM 60 106 £2 -47 t1 -85 +2 4
QX-314 300 uyM 60 105 +2 -49 12 -84 +2 6

All times corrected for dead space.
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4.3 Discussion

4.3.1 Effect of Glycolytic Inhibition or Chemical Anoxia on Vi

Glucose and O, are instrumental in sustaining adequate cellular energy
metabolism since ATP is derived almost exclusively from a continuous supply of
glucose in the brain (Erecinska and Silver, 1989). A large proportion of the ATP
synthesized from glycolysis and oxidative phosphorylation is utilized by Na* K*-
ATPase to maintain Vy in neural cells (Ritchie, 1967; Erecinska and Silver, 1989).
The effect of inhibiting glycolysis or oxidative phosphorylation on Vy was
investigated in CNS myelinated axons.

Unexpectedly, differences existed between various methods of blocking
glycolysis, that, in theory, possessed similar modes of action. [AA likely blocked
glycolysis profoundly, causing a more synchronous disruption of energy-
dependent mechanisms, eliciting a response consisting of four distinct phases.
Conversely. the energy depletion from zero glucose exposure occurred more
gradually (probably due to slow removal of glucose from the ECS), resulting in a
less severe insult and consequently a more gradual collapse of ion gradients and
Vm. Axons may have also derived energy from the degradation of astrocytic
glycogen (Cataldo and Broadwell, 1986; Dringen and Hamprecht, 1992; Swanson
and Choi, 1993). possibly via lactate transfer (Tsacopoulos and Magistretti. 1996).
Adding DG. an inhibitor of hexokinase, may have produced a somewhat harsher
disruption of glycolysis, with emergence of the four characteristic phases typical
of [AA (Fig. 4.1 A). Interference with glial glycogen breakdown by DG (Dringen
and Hamprecht, 1993) may have also contributed to the observed differences.
DG also induced cell death at a slower rate in cultured rat astrocytes in
comparison to sodium fluoride, an inhibitor of the glycolytic enzyme. enolase

(Pappas and Ransom, 1995). Interestingly. pyruvate completely prevented nerve
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depolarization induced by IAA, making it unlikely that non-specific effects of this
inhibitor were responsible for Vy changes, in agreement with previous reports
(Ochs and Smith, 1971; Sabri and Ochs, 1971). The results also indicated that
RON axons are fueled preferentially by aerobic metabolism which generates the
majority of required ATP at rest, as in other parts of the CNS (Erecinska and
Dagani, 1990); glycolysis contributed insufficient and only minor amounts of ATP
for the maintenance of Vq (Fig. 4.2 C).

A feature common to all three methods of glycolytic inhibition was a
significant delay (20-30 min) before any effect on Vi was noticeable. While it
could be argued that slow washout of glucose was responsible for zero-glucose
(x DG) treatments, a delayed penetration of IAA into the cells is unlikely as this
inhibitor produced almost immediate effects under zero-Ca2*/EGTA conditions
(Fig. 4.3 C). Instead, it is thought that operation of the TCA cycle/oxidative
phosphorylation continued temporarily, using alternate substrates such as amino
acids (Stryer, 1988). Evidence for persistent oxidative phosphorylation activity
during glycolytic ‘inhibition was shown in cultured rat astrocytes and neurons
(Pauwels et al., 1985) and guinea pig synaptosomes (Kauppinen and Nicholls,
1986b). These studies suggested that the cells generated energy using substrates
other than glycolytically-derived pyruvate. Further support for maintenance of
Vm mainly by aerobic metabolism (with minimal glycolytic contribution) was
provided by the observation that nerves depolarized at a similar rate (phase 2)

with IAA and CN-. despite a delayed onset with the former.

4.3.2 Rg During Cyanide Exposure
Unlike the stable Rg measurements recorded during control conditions (see
Fig. 3.1) or IAA (see Fig. 4.2 C) application, the trans-gap resistance, Rg. increased

during CN- exposure. Since the Rg shift largely occurred following the rapid
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depolarizing response (phase 2), it was concluded that the Vi change (phase 2)
was not artifactual. The voltage trajectory occurring after phase 2 must be
examined with the knowledge that the response may be inaccurate because Rg
may artifactually influence Vg (see section 2.3: Grease Gap Electrical Model). Rg
is determined by a change in R or Re. Rj will increase by shrinkage of the axons,
and RON axons have been shown to shrink by exposure to an anoxic challenge
(Waxman et al., 1992a). Glial swelling will cause R or Re to rise by either
compressing the axon or by reducing the area of the ECS, respectively. Swelling
may result from concomitant uptake of K*, ClI-, and H,O (Walz et al., 1993).
However, evidence that the depolarizing response following phase 2
induced by CN- is not artifactual was provided by the similar voltage trajectory
observed with IAA and CN-. Both CN- and [AA characteristically displayed an
abrupt change in the rate of membrane depolarization with an inflection or
hyperpolarization, respectively. Moreover, the slow depolarization following the
inflection is also similar to that of IAA. Considering these ooservations, it is
reasonable to conclude that the V, response recorded during CN- application is
real. but the extent to which the nerve depolarized must be interpreted with
caution. From these findings, it is evident that Rg measurements are important for

quantitative recording with this type of electrophysiological technique.

4.3.3 Role of Ca2* During Metabolic Insult

The distinct hyperpolarizing response (phase 1) observed in the majority of
nerves during glycolytic inhibition with IAA and DG raised the possibility of an
activated K* conductance. These results are similar to guinea pig (Hansen et al..
1982) and rat (Fujiwara et al., 1987; Leblond and Krnjevic. 1989: Belousov et al..
1995) hippocampal neurons in which hyperpolarization occurred during anoxia

secondary to K* conductance increase. It was suggested that a rise in [Ca2t];
ry €g
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was responsible for the hyperpolarizing response stimulating the Kca channel
(Leblond and Krnjevic, 1989). Our data are also consistent with such a
mechanism since phase 1 was Ca2* dependent. Phase 3, which interrupted the
rapid nerve depolarization with a hyperpblarizing inflection during glycolytic
inhibition, was also dependent on Ca2*. Moreover, reduction or elimination of
these responses by TEA further supports the notion of 2 mechanism involving
activation of a Kca channel. These hyperpolarizing responses were progressively
reduced with more severe Ca2*-depleting treatments (Fig. 4.3 A-C), suggesting
that a relatively inaccessible source of Ca2* may have been the trigger, perhaps
originating from internal Ca2* stores (Belousov et al., 1995) known to be present
in myelinated axons (Takei et al., 1992). The absence of hyperpolarizing
responses during CN- treatment, despite rapid and massive depolarization, may
indicate preferential maintenance of internal Ca2* stores by glycolytically derived
ATP (Xu et al., 1995).

Ca2*-depleted conditions accelerated the rate of depolarization during
chemical anoxia. consistent with a more rapid loss of RON excitability (Stys.
unpublished). This may be due to removal of charge screening by the divalent
cation, resulting in a leakier membrane (Woodhull, 1973: Hille et al., 1975).
However. zero Ca2* conditions markedly slowed the depolarization rates in
glvcolvtically inhibited nerves, suggesting that Ca2* depletion has more
complex effects than simple charge screening removal at the membrane. It was
concluded that the hyperpolarizing responses were probably not due to
activation of the Katp channel (Jonas et al., 1991) because phases 1 and 3 were
abolished during zero Ca2* conditions and, in addition, the Katp channel
antagonist, glibenclamide, failed to blunt the hyperpolarizing phases (data not

shown).
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Phase 1 occurred without delay during zero-Na*/choline and [AA
exposure as well as during zero-Na*/choline and CN- (nerve B) application.
Moreover, it was absent during the concomitant application of IAA and the Nat
channel antagonist, TTX. The findings suggest a mechanism dependent on Na*
channels, but, not on Na* influx (the response was still present with zero-
Na*/choline application). It is possible that during IAA alone, the Na*/Ca2*
exchanger removed Ca2* entering through Na* channels (DiPolo et al., 1982;
Stys and LoPachin, Submitted) or Ca2* channels (Fern et al., 1995a) delaying the
rise in [Ca2*];. During zero-Na* perfusion, the exchanger was unable to buffer
Ca2*. thereby permitting a faster increase in [Ca2*]; and activation of the K¢,
channel. We propose a dual role for the Nat/Ca2* exchanger: at the beginning of
metabolic stress. it operates to extrude Ca2*, but in the later stages of
anoxia/ischemia, when the Na* gradient has collapsed, it imports damaging
quantities of Ca2* (Stys et al., 1990; Stys et al., 1992c). The inflection recorded
during CN- exposure alone may be analogous to the hyperpolarization in CN-
and zero-Nat/choline (Fig. 4.5 D, nerve B). truncated by the massive and rapid
depolarization.

The abrupt reduction in depolarization rate coinciding with phase 3 (Fig.
4.1 C). persisted in TEA despite the abolition of distinct hyperpolarizations by this
blocker. This suggests that the mechanisms underlying the rate change are
distinct from those mediating the hyvperpolarizing phenomena, although both
appear to be relatively Ca2*-dependent. While the hyperpolarizing shifts were
likely due to K* conductance activation, given the rate limiting effect on
depolarization of Na* conductance (see below), it is likely that shifts in rate of
decay of Vin were due to reductions in Na* conductance, rather than increases in
K+ conductance. Other studies have shown that anoxia decreased Na*

permeability and shifted the steady state inactivation curve to increasingly
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negative potentials (Brismar, 1981; Brismar, 1983; Cummins et al., 1991; Haddad
and Jiang, 1993; O'Reilly and Haddad, 1996). The mechanism for this presumed
conductance change is unknown, but may involve Ca2*-dependent
phosphorylation of Nat channels by protein kinase (Li et al., 1993). The
reduction of Na* permeability may represent a stereotyped response to metabolic
stress, which would at the same time reduce the drain on already strained energy
reserves and diminish the degree of depolarization and deleterious Na*/Ca2*

exchange-mediated Ca2* influx.

4.3.4 Role of Na* During Metabolic Inhibition

The immediate depolarizing response elicited by CN- demonstrated a major
dependence of axonal polarization on aerobic metabolism, consistent with the
rapid loss of excitability previously observed within minutes of anoxia (Stys et al.,
1990; Stys, 1996). Nerve depolarization by glycolytic inhibition or chemical
anoxia was reduced by blocking TTX-sensitive Na* channels. One explanation
may be that Na* influx is rate limiting, and will in turn affect the rate of K* loss.
for reasons of electroneutrality: reducing Na* influx will therefore reduce loss of
internal K* and accumulation of extracellular K* (Ransom et al., 1992). thereby
maintaining membrane polarization; Relative preservation of membrane potential
during metabolic inhibition where Na* was replaced with the impermeant cation
choline further supports this possibility. An intriguing alternative explanation, for
which we have preliminary evidence (Stys and LoPachin, Submitted). may
involve the induction of K* and Cl- co-efflux when Nat entry is prevented:
osmotically obligated water loss would concentrate remaining internal K* and in
turn blunt the membrane depolarization.

Nerves A (studied immediately following dissection) and nerves B (stored

in oxygenated aCSF at room temperature for several additional hours) exposed to
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Na+ channel blockers (TTX, QX-314) or Na*-depleted perfusate responded very
differently to the addition of CN-: nerves A depolarized (although not nearly to
the same extent as with CN- alone), whereas nerves B did not (Fig. 4.5 C-D).
Curiously, glycolytic inhibition did not distinguish between the two nerve
populations. The persistent, albeit blunted, depolarization observed during
anoxia in nerves studied promptly, despite Na* channel block with TTX, may
suggest an additional Na* influx path, which appeared to be downregulated with
prolonged in vitro incubation. Together with indications that axonal K*
permeability is also reduced with time (see section 3.3.2), these findings suggest
that a2 common mechanism may be downregulation of the mixed Na*- and K*-
permeable Kir channel (Eng et al., 1990; Karst et al.. 1993; Solomon and
Nerbonne, 1993), perhaps due to washout of modulatory factors (Zhang and
Kmjevic, 1993).

The local anesthetics, procaine and QX-314, had similar effects to TTX.
Both agents caused a small but reproducible hyperpolarization indicating block
of a persistent Na* conductance at rest (Stys et al., 1993). These compounds act
at the cytoplasmic side of the Na* channel; the onset of the procaine effect was
rapid likely due to its ability to permeate the membrane in its uncharged form. In
contrast, the time of onset of the permanently charged QX-314 was much longer
reflecting the much slower movement across the axolemma by this molecule. As
with TTX, both compounds greatly reduced nerve depolarization during chemical
anoxia. Unlike TTX however, QX-314 does not abolish electrogenesis at the
concentration used (Stys et al., 1992a), and its membrane potential sparing effect
is likely due to this drug's preferential action at open. non-inactivating Nat
channels (Wang et al., 1987; Khodorov, 1991). QX-314 appeared to reduce the
extent of depolarization for nerves A even more effectively than TTX alone

(compare Figs. 4.5 C and 4.6 B), similar to complete Na* replacement with
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impermeant choline (Fig. 4.5 D). Given the evidence suggesting additional Nat
influx pathways in RON axons (see above), perhaps QX-314 has activity at these
as yet unidentified influx routes. One possibility is the Kir channel, known to be
present on RON axons (Eng et al., 1990) and to possess finite Na* permeability
(Karst et al., 1993; Solomon and Nerbonne, 1993). This idea is further supported
by observations that blocking this channel with Cs* was highly protective
against RON anoxia (Stys and Hubatsch, 1996), likely due to a reduction of
depolarization and Na* influx.

In conclusion, it was determined that the resting potential of the RON
depends on energy generated primarily from aerobic metabolism with a minor
contribution from glycolytic ATP. The effects of glycolytic inhibition alone were
delayed, suggesting a limited ability of axons to generate aerobic ATP from
alternate substrates. The inevitable massive depolarization was largely, although
not exclusively, dependent on Na* influx through TTX-sensitive Na* channels
(likely the noninactivating Na* conductance previously demonstrated in the
RON (Stys et al., 1993)), with evidence for additional TTX-insensitive Na%t influx
pathways. The membrane potential-sparing effect of local anesthetics likely
contributes to their neuroprotective actions. Finally, CNS axons may possess
autoprotective mechanisms (Fern et al., 1996), including probable activation of a
Ca2*-dependent K+ conductance(s) to delay depolarization onset. and a
controlled reduction of Na* permeability to slow the decay of Vi, also Ca>*-
dependent. We therefore suggest that during the initial stages of metabolic insult.
the presumed rise in free [Ca2*]; may be transiently beneficial. reflecting the

axon's intrinsic mechanism designed to limit injury during anoxia/ischemia.
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CHAPTERSS

GENERAL DISCUSSION

5.1 Significan f the Findin

5.1.1 Research Summary

The axon is an essential structure in the CNS, permitting neurons to
communicate. [rreversible damage to axons results in impairment of a vital CNS
function i.e. signal transmission. Thus, the mechanisms leading to axonal injury
by diseases such as stroke and spinal cord injury are important to elucidate. The
main pathogenic agent, Ca2*, is ultimately responsible for axonal dysfunction
induced by anoxia/ischemia. The anoxic/ischemic insult begins with extensive
depolarization of Vi, resulting from energy deprivation and the ensuing reduced
activity of Nat,K*-ATPase. Importantly, CaZ* influx in optic nerve axons occurs
mainly via the Nat/Ca2* exchanger (Stys et al., 1992c: Waxman et al.. 1992b), a
structure that is functionally influenced by the Na* gradient and membrane
potential (Rasgado-Flores and Blaustein, 1987; Steffensen and Stys, 1996). The
ions and channels involved in mediating this depolarizing response are not
known. A rse in [K*], has been determined (Ransom et al.. 1992), but the
counterion and channel(s) allowing K* efflux have not been identified. The
research project was designed to identify this ion and its influx pathway(s) during

pathophysiological conditions.

We first explored the effect on Vi, of pharmacological blockers and ion
substitution under normoxic conditions. The grease gap technique recorded a
fraction (= -50 mV) of the true compound RMP (= -80 mV (Stys, 1996: Stys et al..

in press)) at 37 °C for several hours. The stability of the recording enabled the
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reliable study of Vi for prolonged time periods, while Rg measurements ensured
that observed changes in Vi were not artifactual. The depolarizing response
observed with ouabain application determined that Vi, critically depended on the
continuous function of Nat,K*+-ATPase due to the constant and, obviously, rapid
leak of Na* and K* across the axonal membrane. Moreover, further
depolarization produced by metabolic inhibition following ouabain exposure
suggested that Vi is also maintained by an ATP-dependent, ouabain-insensitive
ion transport system.

Na*t substitution studies identified the ion and channels involved in
mediating this membrane depolarization. Perfusion with zero-Na*/choline, an
impermeant cation, caused a transient hyperpolarization, that was greater than
with TTX alone, indicating the presence of both TTX sensitive and insensitive
Na* influx pathways in resting RON axons. Using the Na* substitution data. the
resting Px:Pna ratio was estimated at 20:1 and with this ratio, the contribution of
the electrogenic pump to the resting axonal potential was estimated at -7 mV. In
contrast to zero-Na*/choline solution, Li* substituted zero-Na* perfusate caused
a rapid depolarization due to failure of Na*,K*-ATPase and the ability of Litto
permeate the Nat channel. TTX reduced, but did not prevent, ouabain- or zero-
Na*/Li*- induced depolarization. It was concluded that the primary Na* influx
path in resting RON axons is the TTX-sensitive Na* channel. with evidence for
additional TTX-insensitive routes permeable to Na* and Li*.

Vm was subsequently examined during energy depletion. Glycolytic
inhibition with IAA and DG evoked a voltage response consisting of four phases.
A distinct hyperpolarizing response (phase 1) was followed by a rapid
depolarization (phase 2). Phase 2 was interrupted by a second hyperpolarizing
response (phase 3) which led to an abrupt reduction in the rate of potential

change, with Vi, then gradually depolarizing (phase 4). The delay preceding
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depolarization was probably due to continued, temporary oxidative
phosphorylation using alternate substrates through the TCA cycle.

Conversely, chemical anoxia induced with CN- immediately caused a rapid
depolarizing response, and phase 1 was never observed. Similar to that of [AA,
this rapid depolarization was terminated by an inflection (not as pronounced as
the phase 3 response of IAA) which was followed by a slow depolarizing
response. Application of ouabain to CN- treated nerves caused additional
depolarization, indicating a minor glycolytic contribution to the Na*t,K*-ATPase,
which is preferentially fueled by ATP generated by oxidative phosphorylation.

Phases | and 3 during IAA exposure and the inflection during CN-
treatment were abolished by perfusing the RON with zero-Ca2*/EGTA. TEA also
reduced phase 1 and eliminated phase 3. Thus, a Ca2* activated K+ conductance
is thought to be responsible for these hyperpolarizing inflections.

The Na* channel antagonists, TTX, procaine and QX-3 14, and replacement
of Nat with choline significantly reduced depolarization during glycolytic
inhibition with [AA as well as during chemical anoxia. The potential-sparing
effects of TTX were less than those of choline-substituted perfusate. suggesting
additioﬁal. TTX-insensitive Na* influx pathways in metabolically compromised
axons. Taken together, depolarization of metabolically stressed axons is heavily

dependent on external Na*.
5.1.2 Significance of the Findings
Conductance at the Resting Membrane Potential

This research study characterized a part of Na* permeability ar rest in optic

nerve axons. Previously, a TTX-sensitive Na* channel was shown in RON (Stys
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et al., 1993) which was also found with the present data. There is also support for

a novel TTX-insensitive Na* influx path in RON axons.

Na* K*-ATPase

The findings demonstrated that Na* ,K+-ATPase is the primary ion
transport system maintaining 1) ion homeostasis and 2) membrane potential in
optic nerve axons, similar to that found in other mammalian neuronal preparations
(Rossier et al., 1987; Erecinska and Dagani, 1990). In turn, this enzyme functions
only in the presence of ATP and. thus it was not unexpected that subjecting the
RON to energy deprivation by either glycolytic inhibition or chemical anoxia led
to a rapid change in Vi due to collapse of ion gradients. The results signified the
extreme sensitivity of axons exposed to metabolic stress. The data also showed
that a continuous supply of energy substrates is essential, indicating that minimal
energy reserves are present. These results are in agreement with data in other

tissues (Hansen. 1985; Erecinska and Silver, 1994; Martin et al., 1994: Ransom et

al.. 1994).

Na* Mediated Membrane Depolarization

We concluded that membrane depolarization caused by block of Na*.K*-
ATPase or metabolic inhibition is mediated by electroneutral exchange of K*
efflux and Na* influx with Na* entering via TTX-sensitive and TTX-insensitive
Na* pathways. Continuous Na* influx has been found to cause injury in the
RON by inducing a rise in [Ca2*]; through reverse operation of the Na*/Ca>*
exchanger (Waxman et al., 1991; Stys et al., 1992c; Ransom et al., 1994).
Therefore, Nat flux elicits two deleterious effects which are 1) causing reverse

mode of the exchanger from the reduced Na*t gradient and 2) permitting K*
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efflux, which, in turn, produces membrane depolarization, further stimulating

intracellular Na* dependent Ca2* import.

Na* Channel Antagonists

By preventing Na* entry with Na* channel antagonists, axonal damage
can be reduced (Stys et al., 1992a; Stys et al., 1992c). This corresponds with the
data reported here, where membrane depolarization was drastically blunted by
using the same compounds. Decreasing the Na* load intracellularly will also
diminish Na* K*-ATPase activity, thus preserving ATP levels. The ATP could be
utilized for other cellular energy dependent systems, such as maintaining Ca>*

homeostasis by Ca2*-ATPase.

Autoprotective Mechanisms

The axon has demonstrated a limited ability to protect itself from
anoxic/ischemic damage. In other preparations (Hansen et al.. 1982; Fujiwara et
al.. 1987: Leblond and Krnjevic, 1989; Belousov et al.. 1995) and likely in this
preparation, a Ca2+ dependent K* conductance is activated in response to anoxic
exposure which delays membrane depolarization and, thus reduces damage.

An altered Nat permeability may represent an attempt to exert a similar
beneficial effect. The voltage trajectory of CN- and IAA showed a distinct
decrease in the rate of depolarization, suggesting a reduction in membrane
permeability. A lower permeability to Na* has been shown to occur (Brismar.
1981: Brismar, 1983; Cummins et al., 1991; Haddad and Jiang, 1993). The results
demonstrate that the axon is extremely sensitive to its metabolic state. allowing it

to adapt in a rapid fashion in an effort to protect itself from injury.
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5.2 Criticism of Methodology

5.2.1 Grease Gap Technique

The grease gap recording technique is an excellent methodological tool.
providing stable long-term recordings of Vm. Therefore, subjecting the
preparation to various conditions allowed observation of the trajectory of the
potential and examination of the mechanisms of the response.

Several sources of error are inherent in this method. Junction potentials
were constantly present, but remained small by performing routine procedures
including chlorinating electrodes and preparing new agar. More importantly, the
junction potentials were measured and subtracted from the recorded potential for
each experiment, thus reducing the error. Although the grease gap is a
modification of the sucrose gap, an unexplained hyperpolarizing shift present in
sucrose gap recordings (Jirounek et al., 1981) may influence the grease gap as
well. thus causing some inaccuracies in the recordings.

Another potential problem with the grease gap technique is the effect of
pharmacological agents on the short circuit factor which could artifactually
change V. For this reason, Rg measurements were recorded concomitantly with
the membrane potential, providing a means of assessing this potential inaccuracy.
CN- application was the only experimental situation that showed a change in Rg
and. therefore, the data involving CN- was interpreted accordingly (see section
5.2.3). For example, in qualitative terms, it is reasonable to conclude that the large
reduction of membrane depolarization caused by CN- in the presence of TTX was
not artifactual. However, more quantitative analysis may not be justified.

The grease gap technique records the compound RMP where the recorded
potential is biased in favor of large diameter fibers (see section 2.3) The effect of

metabolic inhibition (see section 4.3) was discussed assuming that the RON is a
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homogeneous bundle of fibers, but the preparation is composed of axons with
varying diameters (Foster et al., 1982). It is possible that individual axons possess
different electrophysiological properties which would cause an axon to respond
differently to experimental conditions. Previous study of the RON has reported
that exposure to anoxia and reoxygenation alters the shape of the three-peak
CAP where smaller fibers recovered from an anoxic insult while loss of function
was observed in larger axons (Stys et al., 1992c). However, structural analysis of
the RON has revealed that single axons share similar properties including
complete myelination (Foster et al.. 1982) and localization of the Nat channel at
the node (Black et al., 1989). Although there is high structural homogeneity in
the RON, it was not possible to discern the potential differences between

individual axons during metabolic inhibition.

5.2.2 Effect of Axotomy

In addition to the few drawbacks of the grease gap technique, the effect of
severing the RON upon dissection must be considered since it may have
influenced the response of the nerve to experimental manipulations. Axotomy
likely did not elicit substantial deleterious effects based on the evidence that ion
levels in the axons and glia of RON recovered to in situ levels following in vitro
incubation (120 min) (LoPachin and Stys, 1995), similar to the standard 90 min
equilibration period performed in these experiments. In squid giant axon. the cut
end constricted within 60 min, retaining it's axoplasm, and remained constricted
for hours (Gallant, 1988). Perhaps, the RON has a similar autoprotective
mechanism, preventing further injury. However, disruption of the myelin causing
exposure of paranodal K* channels in RON has been suggested to occur as a
result of nerve transection (Gordon et al., 1988). Yet. crushing the nerve end had

little effect on Vg until the nerve segment was injured in the area approaching the
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gap (within 1.5 mm). The results showed that transection had no immediate effect
on the properties determining the RMP including membrane resistance and ion

transport systems because Vg remained virtually unchanged.

5.2.3 Methods Utilized to Induce Glycolytic Inhibition and Chemical Anoxia

For technical reasons (aCSF/test well was. exposed to O present in the
surrounding environment), the experimental design precluded the use of nitrogen
to induce anoxia. As such, energy generated by glycolysis and oxidative
phosphorylation was inhibited with chemical agents including the glycolytic
enzyme inhibitors, [AA and DG, and CN- which disrupts mitochondrial ATP
production. The issue concerns the validity of these agents to simulate an actual
anoxic or ischemic insult.

Anoxia (reduction in pO>) and CN- are reported to produce similar effects
(Kauppinen and Nicholls, 1986a; Cummins et al., 1991). Rg measurements were
only affected by CN- treatment, remaining relatively constant during glycolytic
inhibition. indicating that further investigation is required to elucidate the
differences in the mechanisms of glycolytic block and chemical anoxia. It is also
unlikely that IAA elicited significant non-specific effects because pyruvate
prevented the typical depolarizing response produced by IAA, consistent with

previous findings (Ochs and Smith, 1971: Sabri and Ochs. 1971).

5.3 Direction of Future Studies Examining CNS Axons
This research project explained certain mechanisms as well as raising other

questions that deserve further study. The following experiments could examine

these new questions.
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5.3.1 Ion Channels and Membrane Transport Systems

There are several channels postulated to be present in the RON including a
TTX-insensitive Nat channel and a Kc, channel, that must be localized and
characterized with respect to gating mechanisms, kinetics, and ion specificity.
The channel(s) sensitive to local anesthetics should also be studied since this
could be another distinct population of Na* channels.

The possibility of an ATP dependent ion transport system that partially

assists Na*,K+t-ATPase in maintaining Vi, during normoxic conditions must be

investigated.

5.3.2 Pathophysiological Conditions

Localization studies identifying the source of TCA cycle substrates.
possibly amino acid pools, that are supplied to synthesize the mitochondrial ATP
that is utilized to maintain Vp, (phase 1) during [AA application.

To estimate the contribution of internal Ca2* stores as a stimulus for K¢,
channel activation. pharmacological manipulation causing or preventing release
from stores may be performed prior to IAA exposure to observe if the response is
enhanced or eliminated, respectively.

The potential protective role of the Na*/Ca2* exchanger at the initial stage
of metabolic stress could be examined with an experiment that blocks exchanger
operation during the insult and then measure the level of Ca2* by electron probe
at various times after the insult has been initiated.

[nhibiting phosphorylation of the Na* channel during metabolic stress may
be used to investigate the hypothesis that Na* permeability is reduced. possibly

by phosphorylation, in order to delay or prevent injury.
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To explore the potential beneficial contribution of glial glycogen stores
during anoxia or ischemia, the nerve could be exposed to insulin prior to an

anoxic challenge with assessment of function to follow.

5.4 Conclusions

Central myelinated axons can function only with a continuous supply of
energy. Disruption of ion homeostasis by a compromised metabolic state in the
axon will cause impaired CNS signal transmission resulting in significant clinical
morbidity.

One of the key promoters of anoxic/ischemic axonal injury is membrane
depolarization. The findings of this research project have shown that during
energy depletion, depolarization due to K* efflux is indirectly but tightly linked
to electroneutral Na* influx. Transmembrane Na* flux occurs not only via TTX-
sensitive Na* channels as previously thought, but also through additional TTX-
insensitive pathway(s). The results have also demonstrated the potential use of
Nat channel antagonists, such as procaine and QX-314, which were highly
effective at reducing anoxic depolarization; such agents may be clinically
applicable. The axon may also attempt to delay depolarization by activating K*
conductance(s) during metabolic stress, as evidenced by the hyperpolarizing
response (phase 1) during glycolytic inhibition. Finally, glycolytic inhibition and
chemical anoxia produced strikingly different responses, thus indicating that
distinct mechanisms are invoked depending on which energy synthesizing
pathways are compromised. This is the first demonstration of unique effects of
glycolytic versus mitochondrial failure in CNS axons. These observations may
have important implications for our understanding of the relationship between

energy production and ion homeostasis in normal and injured CNS myelinated

axons.
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