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Effects of hyperkalaemia on the excitability
of peripheral nerve
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SUMMARY An experimental animal model has been developed for the study of excitability change
in peripheral nerve during limb ischaemia. This model has been used to investigate the effects of
hyperkalaemia on the sequence of excitability change that occurs during cuff-induced limb ischaemia
and in the post-ischaemic recovery period. The results lend support to the hypothesis that the
dynamics of K ion concentration in the periaxonal space play a critical role in determining these
excitability changes and that the polyanionic mucopolysaccharide gap substance of the node of
Ranvier is likely to constitute the diffusion barrier that defines the periaxonal space.

The effects of ischaemia and of the subsequent
re-establishment of the circulation on sensory
nerves in the healthy human limb have been
studied by Lewis, Pickering, and Rothschild
(1931), Zotterman (1933), Kugelberg (1944,
1946), Weddell and Sinclair (1947), Merrington
and Nathan (1949), Poole (1956a, b), and
Seneviratne and Peiris (1968a). A consistent
observation has been the occurrence of par-
aesthesiae during early ischaemia and in the
initial stages of post-ischaemic recovery.

Seneviratne and Peiris (1968a) measured
excitability changes in the sensory fibres of the
human median nerve during and after a half hour
period of limb ischaemia, and demonstrated a
temporal coincidence of the paraesthesiae with
the transient phases of hyperexcitability of the
sensory nerves during the early ischaemic and
post-ischaemic periods.

Steiness (1959) has drawn attention to the
relative resistance of the peripheral nerve of
diabetic subjects to inactivation by ischaemia
and these observations have since been con-
firmed by Castaigne, Cathala, Dry, and Mastro-
paolo (1966), Gregersen (1968), and Seneviratne
and Peiris (1968b). Similar changes have also
been reported in uraemia (Christensen and
Orskov, 1969) and chronic liver disease
(Seneviratne and Peiris, 1970), these findings
necessitating a clearer understanding of the
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mechanisms responsible for the changes in
healthy nerve.

Seneviratne and Peiris (1969) have shown that
the characteristic sequence of changes of
excitability of human sensory nerves during
cuff-induced limb ischaemia were essentially
similar to the excitability changes observed in
isolated rat sciatic nerves exposed to hypoxic gas
mixtures. They have also demonstrated that the
resistance of the isolated sciatic nerve of the
alloxan diabetic rat to hypoxia in vitro was very
similar to the resistance of the peripheral nerve
of the diabetic subject to inactivation by
ischaemia (Seneviratne and Peiris, 1969).
The effects of insulin on the isolated rat sciatic

nerve have shown that pretreatment of rats with
insulin increases significantly the rate of change
of excitability of the isolated nerves in hypoxic
gas mixtures, and these studies have led
Seneviratne and Peiris (1970a) to postulate that
these excitability changes were due to the pro-
gressive depolarization of the axons produced by
an accumulation of K' in a periaxonal space.
Hypoxia leads to an efflux of K' from the intra-
cellular compartment, a process accelerated by
treatment with insulin. It is envisaged that this
K' is held up against the axonal surface by a
diffusion barrier, which in the healthy state
serves to limit the rate at which the K' ion is
allowed to diffuse away from the axonal surface
into the endoneurial spaces of the nerve trunk.
Since this hypothesis relates the rate of change of
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nerve excitability during ischaemic and hypoxic
conditions to the dynamics of K' equilibrium
within a periaxonal space, it predicts that an
increased input of K' into the space from the
circulating blood should produce an initial in-
crease of excitability of the nerve fibre, and that
limb ischaemia during hyperkalaemic con-
ditions should produce a more rapid inactivation
of the nerve, and a more delayed recovery during
vascular restitution.
Simpson (1962) drew attention to the impor-

tance of the micro-environment of the axons
within the nerve sheath. He recognized that the
relative constancy of this environment was
essential for the normal functioning of nerve, and
that this was maintained despite wide fluctua-
tions in plasma constitution by the slow rate of
equilibration across the sheath. His results
showed that 'depression of conduction velocity
was more closely related to disorders of the
myelin than to neuronal electrolyte disturbances'
and suggested that 'one or other of the axone
coverings may have a direct effect on the
excitable membrane of the nerve fibre by
affecting the rate of transmembranal exchange
of electrolytes'.
Although hypoxia of the isolated nerve in

vitro reproduces the effects of limb ischaemia in
vivo, the value of this experimental preparation
is limited by the fact that it cannot be used to
study the excitability changes associated with
recovery. Observations on human subjects, how-
ever, have obvious limitations in that the extent
of experimental variation of the ionic environ-
ment is restricted. The experiments described
below were designed to develop a suitable
experimental model for the study of the effects
of changes of the ionic environment on peri-
pheral nerve excitability during and after limb
ischaemia. This model has also been used to test
the validity of the hypothesis that changes of
peripheral nerve excitability are determined by
the dynamics of K' equilibrium in the periaxonal
space.

METHODS

Twenty four cats weighing 2 to 3 kg each were used
in these experiments. They were anaesthetized with
sodium pentobarbitone (Nembutal) given intra-
muscularly in a dose of 50 mg/kg body weight. The
animal was placed in the supine position on a board
and its limbs were firmly fixed to the board by rubber
bands. Due to the high electrical impedance of the
skin, subcutaneous electrodes were used for stimula-

ting and recording. The stimulating electrodes were
a pair of silver clips, 0 4 cm broad at the point of
contact, which gripped the subcutaneous tissue. The
anode was placed just proximal to the hallux, the
cathode being 1 cm proximal to the anode. The
nerve was excited by means of cathodal stimulation.
Square wave stimuli from a Grass S4 stimulator were
delivered through a Grass SIU4 RF coupled
isolating transformer. The recording electrodes were
a pair of silver alloy needles 2-5 cm long and 1 mm
broad attached to a flexible plastic mount. The
needles were inserted subcutaneously 1 cm apart,
between the tendo calcaneus and the tibialis nerve
away from the muscle bellies of the neighbouring
muscles. The earthed plastic mount carrying the
recording needles was fixed firmly by an elastic strap
round the leg. A silver clip connected to earth was
placed subcutaneously between the stimulating and
recording electrodes. The evoked potentials were
amplified by a Grass P51IR RC coupled pre-
amplifier with its low frequency filter set at 15 Hz
and the high frequency filter set at 10 kHz. The
amplified responses were monitored through a loud-
speaker and displayed on one beam of a Tektronix
502 oscilloscope. The sweep of the oscilloscope and
the stimulator were synchronized with the shutter of
the Nihon-Koden camera mounted on the oscillo-
scope. The lower beam of the oscilloscope monitored
the stimulus through a 10 MQ probe. All experiments
were done in a room maintained at 270C. Great care
was taken to prevent changes in the relative positions
of the electrodes during inflation and deflation of
the cuff producing vascular occlusion.

EXPERIMENT I In five cats the responses to a supra-
maximal stimulus were observed on the oscilloscope
screen and the stimulus strength reduced until the
evoked response was 5000 of its maximum size. The
stimulus intensity was maintained at this strength
and the responses to it were recorded at five minute
intervals for a period of 60 minutes.

EXPERIMENT II In 15 cats the stimulus strength was
adjusted to give a response approximately 5000 of
that obtained with a supramaximal stimulus. Vascu-
lar occlusion of the limb was obtained by a sphygmo-
manometer cuff (bag size 7-5 cm by 4 cm wide)
applied to the upper part of the thigh. The cuff was
inflated to a pressure of 200 mm Hg. Records of the
response to the submaximal stimulus were made at
two minute intervals until the response was abol-
ished, at which time the cuff was released and the
recordings of evoked responses continued for a
period of 30 minutes after vascular restitution.

EXPERIMENT III In 10 cats a 10% solution of KCl
(2-0 mM/kg body weight) was injected intra-
peritoneally and the response to a submaximal
stimulus of constant strength recorded at five
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minute intervals for 60 minutes. In this, and all
subsequent experiments where intraperitoneal KCl
was used, blood serum K levels were estimated
before the injection of the KCI solution and at 10
minute intervals thereafter. During this period a bi-
polar limb lead ECG was monitored continuously.

EXPERIMENT IV In five cats experiment III was
repeated using NaCl instead of KCI. A 10% solution
of NaCl was injected intraperitoneally at a dosage of
2-0 mM/kg body weight.

EXPERIMENT V In five cats the changes in response
amplitude produced by stimuli of increasing voltage
were recorded. The cats were then made hyper-
kalaemic as described in experiment III. Sixty min-
utes after the injection of KCI the responses to
stimuli of increasing voltage were recorded.

EXPERIMENT VI In 10 cats 60 minutes after the
standard dose of KCI had been injected intra-
peritoneally, one of the hind limbs was subjected to
ischaemia and recovery. The ECG was monitored
continuously to indicate the effect of hyperkalaemia
on the cardiac rhythm. The experiments in which a
gross cardiac arhythmia occurred were discontinued.
The submaximal stimulus employed produced a
response which was approximately 5000 of the
maximum evoked response. The sphygmomano-
meter cuff was applied and records of the evoked
response were taken at regular intervals until the
response was abolished at which time the cuff was
released and the responses recorded for another 30
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minutes. These experiments were done on 10 of the
cats used in the control experiment (experiment II).
All experiments were done at least 10 days after
experiment II and ischaemia was induced in the
limbs that were not subjected to ischaemia in experi-
ment II.

RESULTS

EXPERIMENT I In all five experiments, the
response amplitude tended to decrease slowly
with time, the maximum decrease observed
during the 60 minute period being 900 of the
resting value.

EXPERIMENT II The results of one such experi-
ment are represented in Fig. 1, and graphically
in Fig. 2. The response grows in size during the
first 10 minutes of ischaemia and then decreases
rapidly, being abolished in 20 to 30 minutes.
With release of cuff the response grows rapidly
in size during the first five minutes of vascular
restitution. An analysis of the results obtained
in these 15 experiments is presented in the
Table.

EXPERIMENT III In all the experiments of this
series in which the effects of hyperkalaemia on
the resting excitability of nerve was studied, the
evoked response amplitudes tended to increase
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FIG. 1. Effects of limb ischaemia on the compound action potential evoked by a sub-
maximal stimulus ofconstant size in a control cat. Upper row: during ischaemia. Lower
row: post-ischaemic recovery. Numerals denote time in minutes. Calibration 1 msec
and 25 , V.
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TABLE
RESULTS FROM 15 CONTROL AND 10 HYPERKALAEMIC CATS

Control Hyper- Significance
cats kalaemic (Student

cats 't' test)

1. Mean maximum ampli- 115%. 103-2% P<0002
tude during ischaemia, (103-135) (101-112)
and range of variation

2. Mean time taken to reach 7-1 min 3-4 min P <0-01
maximum amplitude (5-12) (1-6)
during ischaemia and
range of variation

3. Mean ischaemic inactiva- 30-6 min 25 9 min P < 0-05
tion time and range of (27-37) (21-31)
variation

4. Mean amplitude 1 minute 56-0% 32-9% P < 0-001
after cuff release and range (34-79) (23-40)
of variation

5. Mean amplitude 2 minutes 745%o 43-4% P < 0-001
after cuff release and (57-113) (36-53)
range of variation

6. Mean serum K level at 4-4 6-6 P <0-001
commencement of (4 24-7) (5 8-8 2)
ischaemia (m-equiv/l.)
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FIG. 2. Percentage changes of response amplitude
evoked by a submaximal stimulus of constant size,
during and after a 30 minute period of ischaemia.
* Control cat. 0 Same cat 60 minutes after intra-
peritoneal injection ofKC1.

with time during the 60 minute period. The
results obtained from this series are illustrated in
Fig. 3.

EXPERIMENT IV When NaCl was used instead of
KCl the response amplitudes tended to decrease
in size, the maximum decrease being 8% of the
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FIG. 3. Percentage changes of response amplitude
evoked by a submaximal stimulus of constant size.
0 Control cat, mean offive experiments. O Mean of
five experiments in cats injected with NaCl. * Mean
with standard deviations from 10 experiments, cats
injected with KCI.

resting value. The results of these experiments
are similar to those obtained from the control
animals in experiment I and do not show a

significant variation from them.

EXPERIMENT V In the five experiments of this
series the strength response curves plotted in the
hyperkalaemic state were shifted to the left of
the curves obtained during the control period.
The results from one such experiment are

illustrated in Fig. 4.
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FIG. 4. Stimulus intensity-response amplitude
curvesfrom a single cat, Control, 0 Sixty minutes
after injection of KC1.
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EXPERIMENT VI The changes in excitability
during the period of ischaemia and the period of
recovery are qualitatively similar to those
obtained from control animals in experiment II,
but show significant differences in the rate of
change of excitability in the ischaemic and post-
ischaemic phases. The results obtained from an
experimental animal where ischaemia was pro-
duced in the control and hyperkalaemic state
are illustrated in Fig. 2. The results obtained
from 10 cats in this series are represented in the
Table and show that the hyperkalaemic cats have
a significant reduction of ischaemic inactivation
time and an increased duration of post-ischaemic
recovery time.

DISCUSSION

The results of experiment II show that cuff
induced limb ischaemia in the control cat pro-
duces a transient increase in the excitability of a
group of low threshold nerve fibres before they
are inactivated by ischaemia. In the post-
ischaemic phase these fibres show once again a
short period of hyperexcitability before the full
recovery of function. The time course and the
magnitude of excitability change seen in the cat
are very similar to those observed in the median
nerve of healthy human adults (Seneviratne and
Peiris, 1968a). Seneviratne and Peiris (1970a)
have argued that these excitability changes
could be accounted for in terms of the K ion
concentration available at the periaxonal surface
of the nerve. Thus, nerve hypoxia leads to a K
efflux from the axon, and an increasing accumula-
tion of surface K produces a progressive de-
polarization of the axon. At first this leads to an
increase in the excitability of the fibre as the
resting membrane potential approaches critical
value. Continued increase in the periaxonal K
concentration causes further depolarization and
conduction block. In the post-ischaemic phase
restoration of the blood supply leads to a re-
activation of the membrane Na-K pump and an
influx of K from the periaxonal space into the
axon, the consequent reduction of the surface K
concentration resulting in repolarization of the
fibre. Before the resting membrane potential is
reached, the transit through the critical mem-
brane voltage leads to the phase of hyper-
excitability which is observed in the early post-
ischaemic period.
The results obtained in this study lend sup-

port to the concept of a diffusion barrier and the

critical role of the K ion. In the experiments
reported earlier (Seneviratne and Peiris, 1968a;
1970a,b) limb ischaemia or nerve hypoxia was
employed to produce the K efflux into the peri-
axonal space which led to the initial increase in
the excitability of the axon. The results of
experiments III and V show that a comparable
increase in the excitability of the nerve occurs in
the hyperkalaemic cat, presumably because the
increased blood level of K serves to maintain an
increased input of K from the blood and endo-
neurial space into the periaxonal space. The
hyperexcitability of nerve induced by hyper-
kalaemia is similar to the phase of hyper-
excitability which occurs early in the ischaemic
process. Since this is caused by the increasing
concentration of periaxonal K, it follows that a
further rise of serum K should lead to the
characteristic pattern of inactivation that is seen
late in the ischaemic process. This degree of
hyperkalaemia, however, could not be reached in
the experimental animals because of the gross
irregularities of cardiac function that develop at
high serum K levels. The results of experiment
IV, in which NaCl was used in place of KCI,
show that the excitability change occurs only
with the K and that this is not a non-specific
electrolyte effect. In experiment VI limb ischae-
mia has been used in the hyperkalaemic cat to
accelerate the build up of periaxonal K con-
centration by providing an additional input ofK
from axon into the space. In these conditions,
it is to be expected that the rate of depolarization
would be increased, leading in turn to a more
rapid sequence of excitability change. The
results of experiment VI depicted in Fig. 2 and
the Table show a significant reduction of these
parameters in the hyperkalaemic cat. These
results also show a very significant increase in
the post-ischaemic recovery time in the hyper-
kalaemic cat.

In the control cat, restoration ofthe circulation
to the ischaemic nerve leads to the reactivation
of the membrane Na-K pump and an uptake of
K from the periaxonal space into the axon. The
periaxonal K concentration would be reduced
further by a diffusion ofK along a concentration
gradient from the periaxonal space to the endo-
neurial space and blood. It is likely that the
delayed recovery of the hyperkalaemic nerve is
due to the raised blood K level effectively
reducing the rate of transfer of K from peri-
axonal space to blood.

If surface K concentrations are to play a
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critical role in the depolarization process, it is
necessary to postulate the existence of a diffusion
barrier which could restrict the free diffusion of
ions from the axonal surface into the endo-
neurial spaces. Such a barrier would have to be
located in very close proximity to the node of
Ranvier which, in the myelinated axon, is the
functional site concerned with active membrane
ion exchange. This is also made necessary by the
short time constant of the excitability changes
associated with ischaemia and recovery. These
rapid membrane potential changes require such
changes of surface K concentration that can be
achieved only in very small volumes. Franken-
haeuser and Hodgkin (1956) have postulated the
existence of a similar diffusion barrier situated
about 200 A away from the squid axon to
account for changes in the after potential that
result from repetitive stimulation of the axon.

In their study of the node of Ranvier, Hess
and Young (1952) observed the presence of a
'cementing disc' which surrounded the exposed
portion of the axon at the node. Staining of the
disc with silver nitrate and methylene blue made
them recognize that the 'colouration is due to
active ionic interchange perhaps with a high
concentration of chloride and potassium ions',
that the composition of the disc must have some
effect on the passage of ions from the axon sur-
face to the perinodal space, and that 'free
diffusion between nodal axon and external
environment could not be assumed until the
permeability properties of the cementing disc
and perinodal space were known'. Recent
studies have drawn attention to the affinity of
the cementing disc for a wide variety of metallic
cations, and Abood and Abul-Haj (1956) have
demonstrated that the ion binding capacity of
the nodal gap was due to a local concentration of
non-sulphated mucopolysaccharides. Langley
(1969) and Landon and Langley (1969, 1971)
using histochemical techniques demonstrated
the presence of a fixed anionic charged matrix
surrounding the axon at the node. This nodal
gap substance is shown to be capable of binding
the ferric, barium, cupric, lanthanum, sodium,
and potassium ions. These authors suggest that
the cation-matrix polyanion bond is a reversible
electrostatic one, and that the greater part of the
cation binding property is due to the presence of
carboxylated polyanions in the nodal matrix.
Landon and Langley (1971) state that 'monova-
lent cations such as the sodium ion, with a large
hydrated ionic radius whilst being bound in the

sense of satisfying the condition of electro-
neutrality can probably move with relative free-
dom within the polyanion atmosphere and be
readily exchangeable for other ions added to the
matrix', and that 'the presence of such a matrix
might limit the diffusion of the potassium ion
and hold it available for redistribution across
the nodal axolemma'.

These studies on the nodal gap substance of
myelinated nerve fibres provide very strong evi-
dence in favour of the existence of a diffusion
barrier. The physico-chemical properties of this
barrier fit the requirements which an effective
functional barrier must possess if it is to account
for the excitability changes which have been
observed in healthy human and rat nerve
(Seneviratne and Peiris, 1968a, 1969, 1970a).
The results also draw attention to the ionic

environment of the axon within the nerve trunk.
There is good evidence that the perineurium
serves to isolate the axons from the general
extracellular fluid pool of the body (Krnjevic,
1954; Waggener, Bunn, and Beggs, 1965;
Shantha and Bourne, 1968; Olsson and Reese,
1971), maintaining the axons within a special
endoneurial micro-environment the integrity of
which is further defended by the restricted
permeability ofthe endoneurial capillary (Olsson,
1966). The periaxonal diffusion barrier described
above would maintain an even more circum-
scribed ionic environment around the indi-
vidual node, separate even from the micro-
environment of the endoneurial space.
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