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Short report

A note on the mechanism of resistance to anoxia and
ischaemia in pathophysiological mammalian
myelinated nerve
JM RITCHIE

From the Department ofPharmacology, Yale University School ofMedicine, New Haven, Connecticut USA

SUMMARY Computer simulation of the action potential in myelinated nerve fibres show that the
metabolic cost of conduction of an impulse is less than normal in a slightly depolarised fibre. This
would account, at least in part, for the greater resistance to ischaemia and anoxia of nerves from
diabetics and other pathophysiological conditions.

Myelinated nerve fibres in patients with diabetes,
chronic liver disease, uraemia, and motor neuron
disease' show an abnormal tolerance to ischaemia,
sensory nerve action potentials being retained much
longer than in the normal individual. A similar
phenomenon also occurs in sensory nerves of the
elderly.2 This resistance of human peripheral nerve
to ischaemia is paralleled by an abnormal resistance
to hypoxia in isolated peripheral nerves of alloxan-
diabetic rats34 and to ischaemia in peripheral nerves
of galactose-poisoned rats.5 No generally acceptable
explanation of this puzzling phenonenon has been
adduced.' 25 The aim of the present note is to sug-
gest that a resistance to hypoxia and anoxia is simply
a consequence of the fact that in slightly depolarised
axons there is a reduced energy requirement for
maintaining the ionic gradients necessary for
conduction, both at rest and after an impulse.

Analysis and discussion

The most commonly studied examples of resistance
to ischaemia and anoxia occurs in nerves of diabetic
patientsW9 and in nerves from animals with experi-
mental diabetes.34 Such studies consistently show
that during a period of ischaemia (or anoxia) the

Address for reprint requests: Prof J Murdoch Ritchie, Dept of
Pharmacology, Yale University School of Medicine, PO Box 3333,
New Haven, Connecticut 06510-8066, USA.

Received 19 June 1984
Accepted 29 July 1984

time taken until impulse transmission fails is much
shorter in normal control nerves than in the several
pathophysiological conditions. Various other
studies'0-'2 have shown that there is a diminished
ouabain-sensitive, sodium-potassium ATPase activ-
ity in rat sciatic nerves in experimental (strepto-
zotocin-induced) diabetes; and there is a similar
defect in erythrocytes from uraemic patients.'3 Such
a defect in the sodium pump would slow the extru-
sion of sodium that has entered the nerve, and the
reuptake of potassium that has left it, both at rest
and during activity. Although (in the pre-ischaemic
period) this is unlikely to cause a rise in extracellular
potassium concentration in the nodal region, which
is reasonably well irrigated by the extracellular
fluid,'4 potassium would certainly be expected to
accumulate in the more restricted periaxonal space
between the innermost layer of myelin and the
internodal axolemma. Furthermore, sodium would
accumulate and potassium would be depleted
intra-axonally. Both the increased intracellular
sodium concentration and the increased extracellu-
lar potassium concentration in the internodal region
would be expected to enhance pumping by the
defective ATPase; and a new steady state would be
achieved with a lower resting potential across the
internodal axolemma. This depolarisation would, in
turn, necessarily be reflected in a small depolarisa-
tion of the nodal membrane to which the internodal
membrane is connected electrotonically."5 This
depolarisation, which would be particularly marked
in smaller diameter fibres,'5 would enhance any
depolarisation of the nodal membrane due to the
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(a) shows the results of calculatiom
potential in a peripheral nerve fibrc
simulation as described elsewhe
increasing extent of depolarisation th
tial sodium channel inactivation at
with the result that there is a progres
conduction velocity (fig (a), interrup
less obvious consequence of the inc
inactivation is that the sodium curn
during the action potential are also
This means that the amount of sodiur
ing the spike, which can readily be c(
simulation, decreases with decreasi

potential. To restore the fibre to its intial state dur-
ing the recovery process, the amount of sodium that
has to be extruded (and the corresponding amount
of potassium to be recaptured) is lower in the partly
depolarised fibre. The free energy change involved
is therefore necessarily less not only because of this
reduction in the amount of sodium that has to be
pumped out (and potassium recaptured) but also
because the membrane potential against which this
pumping takes place is reduced. The solid line in fig

cton velocity (a) shows how the minimum free energy that is
required to restore the original ionic conditions after
each impulse depends on initial membrane poten-
tial. As can be seen, a depolarisation of 10 mV
decreases the metabolic cost of conduction by over
20%.

-100 -120 A similar argument applies to the metabolic cost
of maintaining at rest a reduced membrane poten-
tial. In the rabbit vagus nerve, for example, 30-40%
of this resting metabolism is known to be ouabain-

iolic cost sensitive and presumably is due to the requirements
of the sodium pump in maintaining the intracellular
ionic environment.2' This resting metabolism is in-

' 1 ' creased, but only moderately, by prolonged electri-
-100 -120 cal stimulation in both non-myelinated and myeli-

cil ( mV) nated nerve as well as in sympathetic ganglia, which
onduction produces a 40-70% increase above this resting
ofthe impulse, value.2123 To maintain a reduced membrane poten-
action potential. tial, and lower transmembranal concentration dif-

V those of ferences of sodium and potassium, in the face of a
in nerve at 200C steady (or reduced) leakage of these ions will re-
reduced to zero quire less energy.

ocity and Thus in both resting and active nerve, the extent
ifthe resting of sodium pumping is reduced. As a result, if there is
ement during the

no defect in the energy stores in the nerve, as indeed
oting potentiaof has been shown at least for acute experimental dia-
)st when the betes,24 a greater number of impulses can pass
is expressed as a before these energy stores are so depleted that the
potential. sodium pump is no longer able to maintain the ionic

conditions necessary for conduction. A resistance to
oncentration. ischaemic conduction block in pathophysiological
tion has impor- nerve is thus expected as a simple consequence of a
ces. The figure slight depolarisation produced by the underlying
s of the action pathology.
: computed by A metabolic difference between normal and
-re."6-20 With diabetic nerves of the kind postulated here theoreti-
e degree of ini- cally is in fact found experimentally. Thus in
rest increases, experimental diabetes in the rabbit'2 the resting
;sive slowing of oxygen uptake of the sciatic nerve is about 26%
3ted line). One lower, and the intra-axonal glucose concentration
reased sodium considerably higher, than in normal nerve. These
rents that flow findings are consistent with a diminished degree of
much reduced. sodium pumping that would follow depolarisation.
n entering dur- In some cases it seems that the depolarisation results
Dmputed in the from an impairment of the pump itself. Thus both in
ing membrane diabetes'0" and in chronic uraemia'3 the sodium-
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potassium ATPase activity in the tissues is reduced,
although the ATP levels and the phosphocreatine/
creatine ratios are maintained at more-or-less nor-
mal values.24 This defective pumping is presumably
why the intracellular sodium concentration is
increased in nerves from spontaneously diabetic
rats.2526 The cause of the defect in the sodium-
potassium ATPase remains unclear. It is interesting,
however, that insulin has been shown to stimulate
the active coupled transport of sodium and potas-
sium in rat muscle, lowering the intracellular sodium
and correspondingly increasing the intracellular
potassium concentrations.27

In diabetic nerve another factor may partially off-
set this lowering of the metabolic cost of conduction
of the impulse produced by depolarisation. Wide-
spread segmental demyelination seems to be a fea-
ture in diabetic neuropathy.' Such demyelination
has been shown in acute demyelination experiments
in rabbit nerve fibres to uncover potassium channels
in the paranodal region.28 29 As a result potassium
currents, which are normally not involved in conduc-
tion in mammalian myelinated nerve303 now do
contribute to the nodal action current. A similar
phenomenon is seen in experimentally produced
diabetes.32 The presence of this voltage-sensitive
potassium conductance leads to a faster repolarisa-
tion so that during the later stages of the action
potential the inward sodium currents that flow
through the still incompletely inactivated sodium
channels must be larger. The result is an increase in
the metabolic cost of conduction of the single
impulse, which varies with membrane potential. In
this connection it should be noted that the value of
the maximum voltage-dependent sodium conduc-
tance is about the same in normal mammalian
myelinated nerve as it is in amphibian myelinated
nerve.3032 The former, however, has no voltage-
sensitive potassium conductance. Thus, for the
reason given above, the metabolic cost of conduc-
tion is less in the normal mammalian nerve than in
the corresponding amphibian nerve. An improved
economy of conduction is thus an advantage gained
by the absence of potassium channels from the
mammalian node of Ranvier in addition to that
described previously, namely the ability to carry
impulses at a higher rate.2829
The present argument thus is that a slight depolar-

isation of the nerve fibre may substantially reduce
the metabolic cost of impulse conduction. This de-
polarisation may be the result of a defective sodium
pump, as in the cases discussed above, but not
necessarily so. For example, it could be caused by a
block of the potassium channels in the intemodal
region, which would depolarise the nodal axolemma
especially in smaller diameter fibres.'5 It would be

Ritchie

ingenuous to suppose that a single factor is the sole
explanation for the resistance to anoxia of nerves in
so many different pathophysiological conditions.
But whatever other factors are involved, the
improved metabolic economy of conduction that fol-
lows a slight depolarisation must result in, or at least
contribute to, a resistance to ischaemia and anoxia
in these conditions.
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