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Refractory period, conduction of trains of impulses,
and effect of temperature on conduction in chronic
hypertrophic neuropathy

Electrophysiological studies on the Trembler mouse

P. A.LOW AND J. G. McLEOD

From the Department of Medicine, University of Sydney, Sydney, Australia

suMMARY The refractory period, the ability to transmit trains of impulses, and the effect of
temperature on conduction, have been studied in the sciatic-tibial nerve trunks of Trembler mice,
which suffer from a dominantly inherited hypertrophic neuropathy. Both the refractory period
of transmission and the relative refractory period were increased in Trembler mice when
compared with controls. The nerve trunks of Trembler mice were unable to conduct rapid trains
of impulses, and conduction block occurred at rates of stimulation as low as 25 Hz. Cold block
occurred at temperatures significantly higher in Trembler nerves than in controls. The
conduction velocity increased in an approximately linear fashion in both Trembler and control
nerves when the temperature was raised from 20°C to 40°C, and the slopes were not
significantly different. The Q,, (27°C-37°C) was 1.5 and 1.6 for control and Trembler nerves
respectively. Conduction block was regularly observed in Trembler nerves when the temperature
was raised within the physiological range. The abnormalities are related to the pathological

changes of chronic demyelination.

It is now well established that in experimental
demyelination of the peripheral and central ner-
vous system, there is a prolongation of the refrac-
tory period and impairment of conduction of trains
of impulses (Cragg and Thomas, 1964; McDonald
and Sears, 1970; L.ehmann and Tackmann, 1970;
Lehmann, Lehmann, and Tackmann, 1971; Davis,
1972; Rasminsky and Sears, 1972), and also an
abnormal response to temperature change (Davis
and Jacobson, 1971; Rasminsky, 1973). However,
the investigations have been performed after
acute demyelinating lesions, and similar electro-
physiological studies have not previously been
undertaken in animals with chronic demyelinating
disorders. In the present study, the refractory
period, the ability to conduct trains of impulses,
and the effect of temperature have been examined
in the Trembler mouse, which suffers from a
dominantly inherited chronic hypertrophic neuro-
pathy (Ayers and Anderson, 1973), and in which
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motor conduction velocity in the peripheral
nerves does not exceed 6 m/s (Low and McLeod,
1975).

Materials and methods

ANIMALS

The refractory period of the sciatic-tibial nerve
was studied in eight control mice and 11 Trembler
mice. The age of control animals ranged from 2
to 6 months (mean 3.1; SD, 1.5), and that of
Trembler mice ranged from 3 to 6 months (mean,
3.9: SD, 1.5).

The conduction of impulses evoked by stimulus
trains was studied in 13 control and 17 Trembler
mice. The ages of control mice ranged from 3 to
6 months (mean, 4.0; SD, 0.4), and the ages of
Trembler mice ranged from 3 to 12 months (mean,
4.5; SD, 2.3).

The effect of temperature on conduction was
examined in the sciatic and tibial nerves of nine
control and 10 Trembler mice. The ages of con-
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trol mice ranged from 3 to 6 months (mean, 4.1;
SD, 1.2), and those of Trembler mice also ranged
from 3 to 6 months (mean, 4.1; SD, 1.5).

ELECTROPHYSIOLOGICAL TECHNIQUES

Anaesthesia was induced with intraperitoneal
pentobarbitone (50 mg/kg), and maintained with
halothane inhalation when necessary. The lower
limbs and lower half of the trunk were shaved,
after which the sciatic and posterior tibial nerves
were exposed in the thigh and tibial regions
respectively, under a dissecting microscope. The
sciatic nerve was cut at the proximal end of the
thigh wound and its branches were also sectioned,
care being taken to preserve the blood supply of
the nerve. The animal was stretched out on a
cork and perspex board and its lower half im-
mersed, hind feet first, into a perspex box contain-
ing liquid paraffin (Fig. 1). The temperature of
the bath was monitored by a thermistor probe
which was suspended between the stimulating
and recording electrodes, and, at a more distant
site, by a mercury thermometer. For studies of

Fig. 1

Experimental arrangement for nerve trunk
recordings. Nerve trunk is immersed in liquid
paraffin contained in perspex box. Temperature is
thermostatically controlled. T1 and T2 represent
thermistor probe and mercury thermometer
respectively. S and R represent stimulating and
recording electrodes.
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refractory period and conduction of trains of
impulses, the temperature of the bath was main-
tained at 37°C by a thermostatically controlled
heating device, and the paraffin was circulated by
means of a magnetic stirrer. The proximal part
of the sciatic nerve was stimulated through paired
silver electrodes. Recording electrodes were
paired silver wire electrodes with an interelectrode
distance of 1 cm which were placed under the
posterior tibial nerve. The distance between
stimulating and recording electrodes was measured
by means of a divider to the nearest mm and
ranged from 15 to 22 mm. The action potential
recorded in this way was usually diphasic or
triphasic. Recordings of monophasic action
potentials were also made after the posterior
tibial nerve had been crushed distal to the proxi-
mal recording electrode. The stimulus was derived
from a Devices stimulator and was a square wave
of duration 0.1 ms for most experiments, but
occasionally 0.2 ms was required to obtain supra-
maximal stimulation of some Trembler sciatic
nerves. The stimulus intensity was set at twice that
required to evoke a maximal response. The record-
ing electrodes were connected to a Tektronix
FM 122 preamplifier, and the evoked compound
nerve action potentials were displayed on the upper
beam of a Tektronix 502A oscilloscope. A time
scale derived from the time mark generator of a
Digitimer (Devices Ltd.) was displayed on the
lower beam. Measurements were made on photo-
graphic records taken on 35 mm film.

MEASUREMENT OF THE REFRACTORY PERIOD

The response to a test shock was obtained at dif-
ferent intervals from 0 to 20 ms after a condition-
ing shock. The conditioning and test stimuli were
of equal intensity.

For both conditioning and test responses, the
latency was measured from the stimulus artefact
to the first negative deflection of the action
potential, and the amplitude of the nerve action
potential was measured peak-to-peak on diphasic
recordings, and from baseline to peak with mono-
phasic potentials. The measurements were made
after photographic enlargement (X6-10) of
35 mm film.

The compound nerve action potential recorded
from Trembler nerve was dispersed, and consider-
able difficulty was encountered in the measure-
ments of latencies and amplitudes of the test
and conditioning responses. Particular difficulties
occurred in identifying the components of the
waveform after the test stimulus at short inter-
stimulus intervals. In order to identify such com-
ponents, the waveform after a single conditioning
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shock was subtracted from that following the test

shock when preceded by the conditioning shock.

Several seconds were allowed to elapse between
stimulus pairs when they were delivered to
Trembler nerve trunks in order to avoid conduc-
tion block which occurred at higher repetition
rates.

The refractory period of transmission (RPT)
was defined as that interval at which the test
response was just discernible. The relative refrac-
tory period (RRP) was determined using two
methods:

1. Amplitude method, RRP (A): The RRP was
defined as the minimum interval at which
the amplitude of the test response was equal
to that of the conditioning response.

2. Latency method, RRP (L): The latency from
the stimulus artefact to the onset of the con-
ditioning and test response was measured at
increasing interstimulus intervals. The RRP
(L) was the time taken for the test latency
to return to normal.

TRAINS OF IMPULSES

Brief trains of 10 to 20 stimuli of twice-maximal
intensity were delivered at the following stimulus
frequencies to nerves of control and Trembler
mice: 10 Hz, 25 Hz, 50 Hz, 100 Hz, 200 Hz,
400 Hz, 500 Hz.

The number of pulses and stimulus frequencies
was determined by the setting of a gated pulse
generator (Devices Ltd.). The temperature was
maintained at 37°C. The effects of long lasting
subnormality were avoided by using short stimulus
trains and by allowing two minutes to elapse be-
tween successive trains. Peak-to-peak amplitudes
of the first 10 action potentials in the train were
measured after enlargement, X6-10.

EFFECT OF TEMPERATURE

Experiments were begun with the initial tempera-
ture of the bath at 0°C, after which it was raised
in small steps. Each temperature recording was
made only after the thermistor reading had re-
mained steady for 30 to 60 seconds. The tem-
perature of the bath was raised until conduction
block occurred or until a temperature of at least
45°C was reached. In order to ensure a uniform
temperature, the temperature was raised in small
steps, and the paraffin bath was continuously
stirred. The adequacy of the stirring action was
checked by comparing the thermistor reading with
that of the distant thermometer. With adequate
stirring the temperature did not differ by more
than 0.5°C. The thermistor tip was maintained at
approximately 1.0 mm from the nerve.

P. A. LowandJ. G. McLeod

The following measurements were made on the
recorded action potentials after they had been
magnified X6-10.

(a) The latency, measured from stimulus artefact
to onset of the first negative deflection.

(b) Peak-to-peak amplitude of the compound
nerve action potential when diphasic record-
ings were made.

(c¢) The area of the monophasic compound nerve
action potential above the isoelectric line. The
outline was traced on graph paper, and the
area under the curve was measured with a
planimeter. The accuracy of the reading was
checked by counting the number of squares
on the graph paper within the waveform.

Results

THE REFRACTORY PERIOD OF TRANSMISSION (RPT)
(F1Gs. 2, 3)

The RPT of control animals ranged from 0.6 to
0.9 ms (mean, 0.7; SD, 0.1). By contrast, the
RPT for Trembler nerves ranged from 1.5 to
5.0 ms (mean, 2.3; SD, 1.0), and in every instance
fell outside the control range.

RELATIVE REFRACTORY PERIOD (FIGS. 2-5)

The RRP (A) ranged from 2.5 to 6.0 ms (mean,
3.0; SD, 1.3) for control mice (Fig. 3) while that
of Trembler mice was significantly longer
(r<0.001) ranging from 4.5 to 20 ms (mean, 9.7;
SD, 4.3).

The RRP (L) ranged from 2.0 to 4.5 ms (mean,
3.1; SD, 0.8) for control mice (Fig. 3), and
ranged from 5 to 16 ms (mean, 9.2; SD, 3.2) for
Trembler mice. The results obtained using ampli-
tude and latency methods of measuring RRP were
not significantly different (p>0.05).

In control nerves the amplitude of the test
response exceeded that of the conditioning re-
sponses after 6 ms. No supernormal period was
found in Trembler nerves.

THE EFFECT OF TRAINS OF IMPULSES ON CONDUCTION
The ratio of the amplitude of the tenth response
to that of the first was expressed as a percentage.
The ratio in Trembler mice was less than that of
control mice at all stimulus frequencies (Figs.
6, 7; Table 1).

At a stimulation rate of 100 Hz the mean
amplitude of the tenth response for Tremblers
was reduced to 56.9%, of the first response (SD,
18.9). By contrast the mean ratio for control
mice was 93.6%, (SD, 12.0). The difference is
highly significant (p<0.001).

At a stimulus frequency of 200 Hz, the mean
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Fig. 2 Conditioning and test responses following paired stimuli (arrows) of control
(left column) and Trembler (right column) nerves.
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Fig. 3 Refractory period of transmission and relative refractory period of control
(C) and Trembler (T) nerves. Results in A have been obtained using amplitude
measurements and in B, latency measurements.
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Fig. 4 Amplitude of test response expressed as a
percentage of conditioning response for control
(closed circles) and Trembler (open circles) nerves.
Result of individual experiments are shown in upper
two graphs, and means and SD of pooled data in
bottom graph.

ratio for Trembler mice was only 28.7% (SD,
12.0), which is markedly more reduced than that
of control mice (83.3%, SD, 16.6). The difference
is highly significant (p<0.001) (Table 1).

In order to study in greater detail this decre-
mental response, the ratio of the amplitudes of
the second through to the tenth response, taken as
a percentage of the first, was measured in seven
control and eight Trembler mice. It may be seen
from Fig. 8 that there is a progressive decrease in
amplitude of the second through to the tenth
response in Trembler mice at stimulus frequencies
exceeding 10 Hz and in control mice at fre-
quencies above 25 Hz.
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Fig. 5 Latency of test response expressed as a
percentage of conditioning response for control
(closed circles) and Trembler (open circles) nerves.
Results of individual experiments are shown in upper
two graphs, and means and SD of pooled data in
bottom graph.

COLD BLOCK (FIG. 9; TABLE 2)

The blocking temperature was examined in six
control and 10 Trembler nerves. The blocking
temperature in control mice ranged from 5° to
8°C (mean, 6.5; SD, 1.0) while that in Trembler
mice ranged from 5° to 16°C (mean, 9.2; SD, 3.4).
The difference is significant (p<0.05). Blocking
occurred in six of the 10 Trembler nerves at tem-
peratures which fell outside the control range.

THE EFFECT OF CHANGE OF TEMPERATURE ON
CONDUCTION VELOCITY

Conduction in six of nine control and six of 10
Trembler nerve preparations was studied over an
extensive temperature range from 0°C to at least
45°C or until warm block occurred. In the
remaining animals, studies were conducted over
a more limited temperature range.

With an increase in temperature the threshold
latency, and action potential duration progres-
sively decreased. The threshold of Trembler nerves
was higher than control nerves at all temperatures.
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Fig. 6 Effect of trains of impulses on amplitude of compound nerve action potential of sciatic-tibial nerves

of control and Trembler mice.
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Fig. 7 Mean amplitude (%) of compound nerve
action potential of the tenth response relative to the
first in control (closed circle) and Trembler (open
circle) sciatic-tibial nerve. Bars represent 2 SD.

The amplitude of the action potential of control
and Trembler nerves progressively increased as
the temperature was gradually raised to 30°C
(Fig. 10). Above 30°C the amplitude of control
action potentials underwent only minor variations
up to 40°C and above this a gradual decline
occurred (Figs. 10, 11; Table 3). By contrast, a
progressive reduction in action potential amplitude
was seen in Trembler mice above 30°C (Fig. 11;
Table 3). The conduction velocity

conduction distance
latency

Table 1 Comparison of the effect of trains of
impulses on the sciatic-tibial nerves of control and
Trembler mice

Amplitude of tenth|amplitude of first resp (%)
Stimulus Control Trembler Degrees of  Significance
frequency % % freedom of difference
(Hz)

10 101.8+ 5.7 935+ 9.0 29 P<0.01

25 101.3+ 8.8 83.6+146 29 P<0.001

50 964+ 8.1 71.5+13.3 28 P <0.001
100 93.6+12.0 56.9+18.9 24 P <0.001
200 833+16.6 28.7+120 17 P <0.001
300 70.6+134 2571144 15 P <0.001
400 61.5+ 79 207+150 12 P<0.001
500 56.1+13.2 8.1+11.4 10 P <0.001

Means are expressed with standard deviation.

at each temperature was expressed as a per-
centage of that recorded at 37°C. There was a
progressive increase in conduction velocity in both
control and Trembler preparations as the tem-
perature was raised (Fig. 12). When the conduc-
tion velocity was plotted against temperature the
relationship was approximately linear from 20°
to 40°C. The curves of both control and Trembler
nerves tended to flatten out at the extremes of
temperature, and in particular at the lower
temperature range.

The relationship of conduction velocity to
changes in temperature between 20°C and 40°C
was examined further. The grouped data of con-
trol and Trembler mice fitted a linear regression
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Table 2 Effect of temperature change on conduction
velocity in the sciatic-tibial nerves of control and
Trembler mice

Linear regression analysis on grouped data

Control Trembler
Number of animals 9 10
Number of t 88 96
Regression equation Y=3.685x Y=3.247x
—44.495 —22.124

slope 3.685 3.247

correlation coefficient 0.837 0.878

significance of slope P<0.001 P<0.001
Difference between slopes NS
Gradient (%/°C) 3.7 3.2
Q10 (37°C-27°C) 1.6 1.5
Cold block

Number of animals 6 10

range (°C) 5-8 5-16

mean 6.5 9.2

SD 1.0 34
Significance of difference P<0.05
Minimum velocity (%)

Number of animals 6 10

range 11.5-32 17.2-34.4

mean 17.7 27.8

SD 7.6 6.7
Significance of difference r<0.05

line with a high degree of significance (control
p<0.001, R=0.837; Trembler p<0.001, rR=0.878;
Table 2). The difference of the two slopes was not
significant which indicates that the velocities of
Trembler and control nerves tended to be affected
to a similar degree by temperature alterations.
The velocity of control nerves changed by 3.7%
per °C alteration in temperature, and that of
Trembler mice by 3.2% per °C. Expressed as
temperature coefficients, the Q,, (27-37°C) are
1.6 and 1.5 for control and Trembler mice
respectively.

The minimum conduction velocity (Table 2)—
that is, the velocity before conduction block—
in control mice ranged from 11.5% to 32%, of
that at 37°C (mean, 17.7; SD, 7.6) which may be
compared with that of Trembler nerves which
ranged from 17.2%, to 34.4%, (mean, 27.8; SD,
6.7). The difference is significant (p<<0.05).

WARM BLOCK

When the temperature was raised from 30°C to
45°C, the amplitude of the compound nerve action
potential in control nerves underwent only minor
changes (Fig. 11). By contrast, the amplitude in
most Trembler nerves became markedly reduced
when the temperature of the bath was raised be-
yond 35°C, which indicates that conduction block
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Fig. 10 Diphasic compound nerve action potential of control (left column) and
Trembler (right column) sciatic-tibial nerve in response to temperature change.

had occurred in many fibres. Conduction block
sometimes occurred with minor alterations in
temperature. It may be seen from Fig. 10 that
when the temperature was raised from 36°C to
37°C, a marked decrease in amplitude occurred,
which was reversed when the temperature was
lowered to 35°C; when the temperature was raised
again, the marked decrease recurred, this time at
36°C.

In order to examine the occurrence of warm
block in the faster conducting fibres when the
temperature of the nerve preparation was raised,
the amplitude of the biphasic compound nerve
action potential was measured at each of the
temperatures, 30°C, 35°C, 37°C, 40°C, and 45°C,
and expressed as a percentage of that recorded
at 37°C. These measurements were made on the
sciatic-tibial nerves of seven control and seven
Trembler mice (Fig. 11; Table 3). The mean
amplitude at 40°C was only 40.7%, (SD, 29.5) in
Tremblers, which is significantly lower (2<0.01)

than that in controls (mean, 98%,, SD, 3.2). At
45°C, the mean amplitude in controls was 85.7%,
(SD, 8.6), while all Tremblers had unrecordable
action potentials. These findings indicate that
marked conduction block occurs in Trembler
mice when the temperature is raised above 37°C.
At 30°C the mean amplitude in control nerves
was 83.29, (SD, 25.0), while that of Tremblers
was markedly (p<0.001) greater (294.4%,; SD,
107.9). The finding indicates that at 37°C there is
already a considerable degree of conduction
block in Trembler nerves.

In addition to the amplitude measurements
made on diphasic recordings, studies were also
performed on monophasic recordings obtained
after crushing the nerve trunk beneath the distal
recording electrodes. The area of the monophasic
compound nerve action potential was measured
in two control and three Trembler nerves (Figs. 13,
14). The area in Trembler nerves became pro-
gressively smaller as the temperature was raised
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Fig. 11 Mean amplitude (%) of compound nerve
action potential relative to that at 37°C for control
(closed circle) and Trembler (open circle)
sciatic-tibial nerves. Bars represent 2 SD.

Table 3 Comparison of the effect of temperature
change on conduction in the sciatic-tibial nerves of
control and Trembler mice

Temperature Amplitude (%;)* Degrees of  Significance

°C -freedom of difference
Control Trembler

30 83.24+25.0 294.441079 12 P <0.001

35 97.6+13.8 221441623 11 NS

40 98 + 3.2 407+ 295 13 P<0.001

45 85.7+ 8.6 0 13 P <0.001

*Amplitude at each temperature is represented as % of amplitude at
37°C (mean +SD).

above 30°C, and was markedly reduced or absent
by 40°C, while the action potential areas of
control nerves underwent little change. These find-
ings confirm the presence of the conduction
block which had been demonstrated in the
amplitude studies.

Discussion

The term ‘refractory period of transmission’
(RPT), used by McDonald and Sears (1970), was
preferred to absolute refractory period when re-
ferring to the least interval at which a response
to a second stimulus could be recorded.

P. A. Lowand J. G. McLeod
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Fig. 12 Effect of temperature change on mean
conduction velocity relative to that at 37°C in control
(closed circle) and Trembler (open circle)
sciatic-tibial nerves. Bars represent 2 SD, and star,
37°C.

Paintal (1965b) has shown that the RPT is
inversely proportional to the conduction velocity
of nerve fibres. In the present investigation, the
mean value for RPT of 0.7 ms with a range of
0.6-0.9 ms in control mice is in general agreement
with that of other studies on mammalian nerve
trunks in which the RPT of the fastest conducting
fibres has been measured (Gasser and Grundfest,
1936; Hursh, 1939; Birren and Wall, 1956; Kiraly
and Krnjevi¢, 1959).

In the present study on a chronic demyelinating
neuropathy, the RPT fell outside the control range
in all the Trembler mice, and the RRP was also
prolonged. The RPT and RRP are also con-
sistently abnormal in acute experimental demye-
linating neuropathies (Lehmann and Pretschner,
1966; Lehmann, Tackmann and Lehmann, 1971;
Lehmann, Lehmann and Tackmann, 1971). In
their studies on single fibres, Rasminsky and
Sears (1972) confirmed that RPT was increased
in acute demyelination.

The findings of the present study also show that
in the chronic demyelinating neuropathy of the
Trembler mouse there is an inability to transmit
rapid trains of impulses. Cragg and Thomas (1964)
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Fig. 13 Monophasic compound nerve action potentials of control (left column)
and Trembler (right column) sciatic-tibial nerve in response to temperature change.

found that in the severely affected nerves of
guinea pigs with experimental allergic neuritis
there was impairment of the transmission of rapid
trains of impulses. Davis (1972) noted decrement
in the amplitude of the action potential with re-
petitive stimuli in guinea pigs with experimental
allergic neuritis at stimulation rates as low as 10
to 25 Hz, and noted similar findings in pressure-
injured frog sciatic nerves. This inability of demye-
linated fibres to transmit rapid trains of impulses
was also demonstrated on single fibres by
Rasminsky and Sears (1972), who, in a study of
diphtheria-induced demyelination in rat ventral
root, showed that with continued repetitive
stimulation internodal conduction time increased
progressively until conduction block ensued.
There has been considerable discussion about
the relationship between refractory period and
the maximum rate at which trains of impulses are

conducted. Paintal (1965b, 1966, 1973) demon-
strated in single nerve fibres that the least interval
between the first two impulses depends on the
absolute refractory period and the conduction
velocity of a myelinated fibre. The effect of im-
pulses falling in the relative refractory period
would explain the abrupt amplitude change in
Trembler mice between the first and second
response at stimulation rates of 100 to 200 Hz
and the smaller decrease at 50 Hz. An abnormal
fibre with an RRP of 20 ms (RRP of Trembler
mice is 4.5 to 20 ms) would be unable to conduct
impulses above 50 Hz without decrement in its
amplitude. However, from the studies of Paintal
(1973) further decrement in the amplitude of the
third and subsequent responses would not be
expected.

The progressive and gradual amplitude decre-
ment which affects Trembler nerves at stimulation
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rates above 10 Hz and control nerves at rates of
stimulation of 50 Hz may be attributed to sub-
normality following a tetanus (Gasser, 1935;
Gasser and Grundfest, 1936; Bergmans, 1973).

The inability of nerve fibres in the Trembler
mouse to conduct rapid trains of impulses is of
physiological importance since high frequency dis-
charges occur in normal sensory nerves in animals
(Hunt and Mclntyre, 1960a,b) and man (Hensel
and Boman, 1960). In human chronic demy-
elinating neuropathies, such as hypertrophic
Charcot-Marie-Tooth disease and chronic relaps-
ing neuropathy, the impairment of conduction of
high frequency discharges may contribute to the
motor and sensory symptoms. Similar abnor-
malities in demyelinated central nerve fibres in
patients with multiple sclerosis may cause some
visual and sensory disturbances and the rapid
increase of muscle weakness during exercise
(McDonald, 1974).

In the studies of the effect of temperature on
conduction, the whole nerve trunk was immersed
in a paraffin bath of a uniform temperature so
that no temperature interface or kinking occurred
(Paintal, 1965b; Franz and Iggo, 1968). The tem-
perature of the nerve was monitored by a ther-
mistor which was situated midway between stimu-
lating and recording electrodes.

The findings confirm the results of previous
workers who noted a linear relationship between
temperature and conduction velocity (Gasser,
1931; Birren and Wall, 1956; Kiraly and Krnjevi¢
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1959; Paintal, 1965a,b; Franz and Iggo, 1968;
Hopkins and Gilliatt, 1971; Rasminsky, 1973).

In the present study, the curve relating velocity
to temperature was flatter at lower temperatures
than those published by other workers. This differ-
ence is probably the result of the technique of
cooling the nerves to 0°C and then slowly re-
warming the preparation. The slight flattening at
the lower temperature is probably due to hystere-
sis (Paintal, 1965a,b; Franz and Iggo, 1968), since
when an axon is warmed after cold block, con-
duction resumes at a higher temperature and vel-
ocity than those measured just before cold block,
and the curve relating velocity to temperature
may be initially flatter (Franz and Iggo, 1968). It
is possible that hysteresis is more pronounced in
demyelinated nerves, and may be one reason why
the minimal temperature and cold blocking tem-
peratures are higher, and the curve flatter in
Trembler preparations.

The mean blocking temperature in control
nerves of 6.5°C agrees well with that of Franz
and Iggo (1968) who recorded a mean blocking
temperature of 7.3°C in myelinated fibres of cat
saphenous nerve. Paintal (1965a) found a slightly
higher blocking temperature of 7.6°C in my-
elinated fibres of cat vagus and 9.1°C in those of
cat saphenous nerve. The present values are in
close agreement with those of Byck et al. (1972)
and Basbaum (1973) who reported values of 5.3°C
and 5.0°C respectively in their studies on cat
saphenous and sciatic nerves.

The mechanism of cold block was considered by
Tasaki and Fugita (1948), Tasaki (1949), Paintal
(1965a), and Franz and Iggo (1968). Conduction at
low temperature is presumed to fail because re-
duced action currents are insufficient to overcome
the greatly raised threshold at the adjacent node.
The threshold is increased when normal nerve is
cooled (Tasaki and Fugita, 1948; Tasaki, 1949;
Davis and Jacobson, 1971), and was much in-
creased in Trembler nerves when compared to
control nerves which were cooled to a similar de-
gree. Demyelinated nerves have an increased
internodal capacitance and internodal transverse
conductance (Rasminsky and Sears, 1972); this
results in shunting of current and delayed excita-
tion of the adjacent node. When the already re-
duced action current is further reduced by cooling
the nerve, conduction block may ensue at a higher
temperature in demyelinated than in control
nerves.

The conduction velocity between 20° and 40°C
changed by 3.7%, and 3.2%, per °C in controls and
Trembler nerves, which correspond to Q,, values
of 1.6 and 1.5 respectively. These values fall well
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within the range obtained by previous reports
based on studies in man and other animals (Birren
and Wall, 1956; Henriksen, 1956; Paintal, 1965a,b;
Franz and Iggo, 1968; Hopkins and Gilliatt, 1971).

The findings of warm block at physiological
temperatures in the Trembler mouse confirm, in
a chronic and naturally occurring neuropathy, the
relationship between demyelination and tempera-
ture-dependent block of conduction which has
been demonstrated in acute demyelination (Davis
and Jacobson, 1971; Rasminsky, 1973). Rasminsky
(1973), working with rat ventral root fibres that
had been demyelinated by the microinjection of
diphtheria toxin, showed that conduction block
may occur when the temperature is raised by as
little as 0.5°C within the physiological range. A
similar abrupt block occurred in the present study.

Demyelinated central fibres behave similarly to
demyelinated peripheral fibres (McDonald, 1974).
It is likely that warm block occurs in demyelinated
central fibres and that it explains the symptoms
and signs that may occur in multiple sclerosis
when the temperature is raised (Nelson and Mc-
Dowell, 1959), and the clinical improvement when
the temperature is lowered (Watson, 1959). How-
cver, it is paradoxical that the clinical evidence of
warm block and cold unblock has not been des-
cribed in human demyelinating neuropathies when
the peripheral nerve trunks undergo greater tem-
perature changes than those of the central my-
clinated fibre tracts. Rasminsky and Sears (1972)
showed that the abnormalities of conduction were
due mainly to the increased myelin capacitance
and conductance, and warm block was predicted
by their computer model which has been based
on these findings (Koles and Rasminsky, 1972). Al-
though the precise mechanism for warm block is
not clear, it seems likely that warming further re-
duces the safety factor which has already been im-
paired by acute demyelination (Davis and Jacob-
son, 1971; Rasminsky, 1973).

It is not known whether the mode of conduction
in Trembler nerves is saltatory or continuous.
Rasminsky and Sears (1972) showed that single
ventral root fibres of the rat which had been de-
myelinated by the focal application of diphtheria
toxin continued to conduct in a saltatory fashion
up to the point of block. The computer models of
Smith and Koles (1970) predicted that saltatory
conduction would ccase when myelin was reduced
to 5-6%, and that of Koles and Rasminsky (1972)
when it was reduced to 3.5% of normal. These
figures are equivalent to 10-12 and five lamellae
respectively, assuming that one internode is
affected. In the Trembler nerves all fibres were
seen to be severely affected on teased fibre exam-
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ination, and on electron microscopy severe hypo-
myelination was present with a mean thickness of
five turns of myelin, and on longitudinal sections
no normal nodes of Ranvier were seen; there were
numerous areas of uncompact myelin which would
have greatly increased internodal transverse con-
ductance (Low, 1976). There does not appear,
therefore, to be the necessary morphological pre-
requisite for saltatory conduction to occur.

Smith and Koles (1970) predicted that saltatory
conduction ceased when the velocity was reduced
to 20%, of normal. The motor conduction velocity
in Trembler mice (less than 6 m/s) was less than
109, of control values (Low and McLeod, 1975).
Slowing of this degree has also been recorded
through the amyelinated roots of dystrophic mice
(Huizar et al., 1975), and in Dejerine-Sottas neuro-
pathy in man (Dyck, 1966).

The relationship between conduction velocity
and fibre diameter in unmyelinated fibres has been
found to be linear by Gasser (1950) and Hodes
(1953), and to vary approximately with the square
root of the diameter by Pumphrey and Young
(1938). The velocities found in Trembler nerves
fall within the range expected if the fibres were
assumed to be unmyelinated.

Unmyelinated fibres have refractory periods of
about 2 ms (Gasser, 1950), are unable to conduct
rapid trains of impulses (Iggo, 1960; Torebjérk
and Hallin, 1974), undergo abrupt conduction
block on warming (Gasser, 1950; Davis, 1970), and
have a higher threshold of excitation (Gasser,
1950). All these features resemble those in the
peripheral nerves of the Trembler mouse in which
single fibre studies, similar to those of Huxley and
Stampfli (1949) and Rasminsky and Sears (1972),
will be necessary to determine finally whether con-
duction is saltatory or continuous.

Dr. Low was a Roche Research Fellow of the
Royal Australasian College of Physicians. This
work was supported by grants from the National
Health and Medical Research Council of
Australia, and from the Postgraduate Medical
Foundation, University of Sydney.
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