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Summary. The primary factor detrimental to neurons in neurological disor-
ders associated with deficient oxygen supply or mitochondrial dysfunction is
insufficient ATP production relative to their requirement. As a large part of
the energy consumed by brain cells is used for maintenance of the Na*
gradient across the cellular membrane, reduction of energy demand by down-
modulation of voltage-gated Na*-channels is a rational strategy for neuropro-
tection. In addition, preservation of the inward Na* gradient may be beneficial
because it is an essential driving force for vital ion exchanges and transport
mechanisms such as Ca>* homeostasis and neurotransmitter uptake.
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Introduction

Voltage-gated Na*-channels are responsible for initiation and conduction of
the neuronal action potential and, therefore, play a fundamental role in the
normally functioning nervous system. More precisely, Nat-channels in cell
bodies and axon initial segments determine the threshold for action potential
generation and affect the duration and frequency of repetitive neuronal firing.
This article illustrates that selective down-modulation of voltage-gated Na*-
channels is, in itself, a rational and effective approach to protect brain tissue in
conditions associated with defective energy supply (e.g. ischaemia) or metab-
olism (i.e. mitochondrial abnormalities). For more details on this topic, see
Urenjak and Obrenovitch (1996), and Ames III (1997).

Brain cellular ion homeostasis and energy requirement

With anoxia, ischaecmia and mitochondrial dysfunction, the primary factor
detrimental to neurons is insufficient energy supply relative to their require-
ment. Accordingly, reduction of energy demand is a rational neuroprotective
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strategy, which probably underlies beneficial effects of hypothermia (Gins-
berg et al., 1992) and barbiturates (Spetzler and Hadley, 1989). Down-modu-
lation of voltage-gated Na*-channels is another effective way to reduce ATP
demand because a large part of the energy consumed by nerve cells is used for
the maintenance and replenishment of ionic gradients (especially Na* gradi-
ent) across the cellular membrane (Erecinska and Silver, 1989; Urenjak et al.,
1991; Silver et al., 1997). Even under barbiturate anaesthesia, which markedly
reduces the functional state of the brain and hence its metabolic rate, 50% of
the residual energy is still required to compensate for fluxes of Na* and K*
across the cellular membrane (Astrup, 1982). In vitro studies are consistent
with this notion. For example, simultaneous measurement of oxygen con-
sumption and lactate production of a retina preparation in darkness indicated
that Na* transport by Na*/K+-ATPase accounted for about half of all energy
expenditure (Ames et al., 1992). Therefore, a direct positive effect of the
modulation of voltage-gated Na*-channels in neurological disorders associat-
ed with ATP depletion is reduction of brain cells energy demand.

Intracellular Na* loading: acute and indirect neurotoxicity

Excessive Na* entry into neurons, subsequent to either energy depletion or
Na*-channel activators (e.g. veratridine), is clearly hazardous to their survival.
Cultured hippocampal neurons from 18-day old rats were all destroyed within
30 min when trcated with 50 uM veratridine, even when the incubating
medium was Ca?*-deficient (Rothman, 1985). Microdialysis application of
veratridine to the rat striatum produced recurrent spreading depression super-
imposed on persistent negative shifts of the extracellular direct current poten-
tial (Obrenovitch and Urenjak, unpublished observation) and a tetrodotoxin
(TTX)-sensitive efflux of amino acid neurotransmitters in the rat striatum
(Young et al., 1990) and spinal cord (Skilling et al., 1988). Severe anoxia
caused a rapid increase of intracellular concentrations of Ca?* and Na* in adult
CAT1 hippocampal neurons, followed by swelling and bleb formation. Only
replacement of extracellular Na* with the impermeant N-methyl-D-glucamine
prevented anoxia-induced neuronal injury (Friedman and Haddad, 1994).

In addition, as the inwardly directed gradient of Na* across the cellular
membrane is the driving force behind a number of exchange/transport mech-
anisms, sustaining this gradient implies preservation of several vital processes.
These include intracellular Ca2*-homeostasis (Siesjo and Bengtsson, 1989),
intracellular acid-base regulation (Hakim and Shoubridge, 1989; Obrenovitch
et al., 1990b), control of cellular volume (Hansen, 1985; Kempski et al., 1988),
and neurotransmitter uptake (Nicholls and Attwell, 1990).

Potential neuroprotection by inhibition of persistent Na* currents

Na*-channel blockers may also be protective by reducing Na* currents which
do not conform to the characteristics of the classic TTX-sensitive, fast Na*
current responsible for action potential generation. For example, a small
fraction of Na* currents fails to inactivate even with prolonged depolarization
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(Taylor, 1993). These sustained or persistent Na* currents have been charac-
terized in a variety of neurons, and in glial cells where they may provide a
substrate for Na*-K* exchange (Taylor, 1993). As these persistent currents are
TTX-sensitive however, the finding that TTX did not alter the kinetic of Na*-
influx associated with anoxic depolarization (Xie et al., 1994) conflicts with
this hypothesis. Another site of action for Na*-channel modulators in ischae-
mia may be the TTX-insensitive, slow Na* current evidenced in striatal and
hippocampal neurons (Hoehn et al., 1993).

Down-modulation of Na*-channels — an inherent strategy against energy
deprivation

Reduced density of Na*-channels, and their inherent down-regulation during
oxygen deprivation, decrease membrane excitability and cut down energy
expenditure. These changes were demonstrated to contribute to the increased
tolerance of the immature brain to hypoxia (Xia and Haddad, 1994) and to the
remarkable ability of some water turtles to survive anoxia (Xia and Haddad,
1993). Voltage-sensitive Na* currents are much smaller in newborn than in
adult cortical neurons (Cummins et al., 1994) and excitatory postsynaptic
potentials (EPSPs) were depressed by 90% within two min of anoxia in the
adult, but only by 44% in the newborn animals, and post-anoxic recovery was
much more rapid in the latter (Cherubini et al., 1989). In turtle synaptosomes,
the Na*-channel density is about 1/3 of that in rat synaptosomes (Edwards et al.,
1989), and a further decline in number and conductance of Na*-channels occur
in anoxia or whenever Na*-influx was increased by Na*-channel activators such
as veratridine (Pérez-Pinzon et al., 1992; Dargent and Couraud, 1990). Reduc-
tion in the number and conductance of Na‘-channels during anoxia may be
mediated by second-messenger systems, via an increasc in cAMP-dependent
protein kinase or protein kinase C activity or an involvement of adenosine.

Although empbhasis is here placed on Na*-channels, it is important to note
that other changes in neuronal membrane ion conductance contribute to
decreasing neuronal excitability during anoxia and metabolic inhibition (e.g.
Ca?* and ATP-dependent-K*conductance, Ca** dependent-CI current, L-type
Ca?* current) (Obrenovitch et al., 1990a; Obrenovitch, 1997).

Effective neuroprotection by pharmacological down-modulation
of Na*-channels

Selective blockade of voltage-gated Na*-channels by TTX increases the anox-
ic tolerance of a number of preparations. TTX reduced the fall in ATP
concentration in rat hippocampal slices exposed to anoxia, and improved the
recovery of evoked population spike from dentate granule neurones and CA1
pyramidal neurones (Boening et al., 1989). It also protected hippocampal
cultured neurons against hypoglycaemia- and potassium cyanide-induced inju-
ry, even when applied after the insult (Vornov et al., 1994). In the rat optic
nerve, TTX substantially improved post-anoxic functional recovery, at con-
centrations that had little effect on the amplitude of the control compound
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action potential (Stys et al., 1992) and protected the axonal cytoskeleton
(Waxman et al., 1994). Increased tolerance to ischaemia with TTX was also
observed in vivo. For example, TTX slowed down extracellular acidosis
produced by complete ischaemia in the isolated perfused rat brain and mark-
edly delayed anoxic depolarization (Prenen et al., 1988; Xie et al., 1994). These
effects agree with the notion that Nat*-channel blockade reduces energy
demand. Direct application of TTX to the rat hippocampus also reduced,
dose-dependently, neuronal death subsequent to transient global ischaemia in
rats and gerbils (Yamasaki et al., 1991; Lysko et al., 1993). Finally, TTX
(1 uM) also markedly improved posttraumatic evoked responses in a model
where slices from adult rat spinal cord were subjected to fluid percussion
injury (Douglas et al., 1996).

Anticonvulsants (e.g. phenytoin and carbamazepine) and local anaesthet-
ics (e.g. lidocaine and procaine) (Catterall, 1987) also block neuronal Na*-
channels and have been shown to be cerebroprotective in various models of
cerebral ischaemia. They provide significant protection from oxygen depriva-
tion in the rat optic nerve and hippocampal slices at concentrations that
caused little suppression of the normal compound action potential (Lucas et
al., 1989; Fern et al., 1993). Administration of phenytoin (at effective anticon-
vulsive doses) pre- and postischaemia markedly reduced brain damage in-
duced by occlusion of the middle cerebral artery in rodents (Rataud et al.,
1994). In a cat model of acute cerebral ischaemia produced by air embolism,
pretreatment with lidocaine attenuated the decrement in cortical somatosen-
sory evoked responses during ischaemia, and improved their recovery after
insult (Evans et al., 1984). Lidocaine also accelerated neuroelectrical recovery
after incomplete global ischaemia in rabbits (Rasool et al., 1990) and contin-
uous perfusion of high doses of lidocaine was proposed for protection against
high intracranial pressure and against cerebral ischaemia in man (Artru et al.,
1991).

“Novel” neuroprotective drugs, acting on voltage-gated Na*-channels

A variety of compounds such as lamotrigine derivatives and riluzole demon-
strate that it is possible to interact with specific Na*-channel states, or possibly
with specific Na*-channel types, to provide neuroprotection without unaccept-
able deficits of neuronal function, or cardiotoxic effects (Urenjak and Obren-
ovitch, 1996). Here we focus on lamotrigine and its derivatives. For a detailed
review of the actions of riluzole in animal models of CNS ischaemia and
trauma, see Obrenovitch and Urenjak (1997).

Lamotrigine has modest neuroprotective actions against ischaemia (Ra-
taud et al., 1994; Smith and Meldrum, 1995; Wiard et al., 1995), trauma
(Douglas et al., 1996) and mitochondrial poisoning (Schulz et al., 1996),
relative to its effectiveness against seizures (Messenheimer, 1994).
BW1003C87 [5-(2,3,5-trichlorophenyl)-2,4-diaminopyrimidine ethane sulpho-
nate] and BW619C89 [4-amino-2-(4-methyl-1-piperazinyl)-5-(2,3,5-trichlo-
rophenyl pyrimidine)], structurally related to lamotrigine, potently reduced
tissue injury subsequent to global and focal ischaemia (Meldrum et al., 1992;
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Leach et al., 1993; Lekieffre and Meldrum, 1993; Smith et al., 1993; Graham et
al., 1993, 1994; Gilland et al., 1994) and both analogues appear more potent
neuroprotectors than lamotrigine. Besides their “anti-ischaemic” effects,
BW1003C87 and BW619C89 protected against brain injury induced in rats by
lateral fluid percussion, reducing regional edema, astrocytic activation, neuro-
nal loss and neurological deficit (Sun and Faden, 1995; Okiyama et al., 1995).

Although these compounds are often referred to as (presynaptic) gluta-
mate release inhibitors (Leach et al., 1986; 1993; Meldrum et al., 1992; Graham
et al., 1993; Schulz et al., 1996), ligand-binding experiments with rat brain
synaptosomes (Cheung et al., 1992) and voltage-clamp recordings with cul-
tured neurons and recombinant rat brain type Ila Na*- channels expressed in
CHO cells (Cheung et al., 1992; Lang et al., 1993; Lees and Leach, 1993; Xie
et al., 1995; Xie and Garthwaite, 1996) show that their actions actually
originates from use-dependent inhibition of Na* conductance, presumably by
stabilization of the Na*-channel in its inactivation state.

It is important to stress that Na*-channel “blockers” are also cerebropro-
tective when their administration is delayed (e.g. after transient ischaemia).
This suggests that they help damaged or vulnerable brain regions to cope with
secondary pathological processes (e.g. recurrent spreading depression, inflam-
mation, delayed impairment of microvascular perfusion) or persistent abnor-
malities (e.g. upregulation of voltage-gated Na*-channels, enhanced synaptic
efficacy). In these situations, the basis for protection may still be linked, at
least partly, to reduced energy demand and preservation of ionic gradients
(Kozlowski et al., 1996).

Conclusion

Down-regulation of voltage-gated Na*-channels is an inherent mechanism to
reduce the energy expenditure of neurons and favour their survival during
periods of anoxia or energy metabolism deficiency. The fact that a number of
neuroprotective drugs, which are structurally unrelated, share the property of
down-modulating Na*-channels, indicates that selective modulation of these
channels is a valid strategy for the protection of the CNS against ischaemic
damage. In addition, a number of findings suggest that neuroprotection can be
achieved without conspicuous adverse effects on the normal function of the
brain and heart.
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