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Non-invasive nerve excitability techniques have provided valuable insight into the understand-

ing of neurological disorders. The widespread use of mice in translational research on peripheral

nerve disorders and by pharmaceutical companies during drug development requires valid and

reliable models that can be compared to humans. This study established a novel experimental

protocol that enables comparative assessment of the excitability properties of motor and sen-

sory axons at the same site in mouse caudal nerve, compared the mouse data to data for motor

and sensory axons in human median nerve at the wrist, and constructed a mathematical model

of the excitability of mouse axons. In a separate study, ischaemia was employed as an experi-

mental manoeuvre to test the translational utility of this preparation. The patterns of mouse

sensory and motor excitability were qualitatively similar to human studies under normal and

ischaemic conditions. The most conspicuous differences between mouse and human studies

were observed in the recovery cycle and the response to hyperpolarization. Modelling showed

that an increase in temperature in mouse axons could account for most of the differences in the

recovery cycle. The modelling also suggested a larger hyperpolarization-activated conductance

in mouse axons. The kinetics of this conductance appeared to be much slower raising the possi-

bility that an additional or different hyperpolarization-activated cyclic-nucleotide gated (HCN)

channel isoform underlies the accommodation to hyperpolarization in mouse axons. Given a

possible difference in HCN isoforms, caution should be exercised in extrapolating from studies

of mouse motor and sensory axons to human nerve disorders.
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1 | INTRODUCTION

Threshold-tracking techniques involving human motor and sensory

nerves have become a valuable tool for understanding peripheral

nerve function and underlying axonal membrane properties, sup-

plementing conventional electrophysiological methods.1,2 The avail-

ability of an automated sequence of multiple excitability tests3,4

has greatly facilitated the clinical applicability of nerve excitability

tests and has been successfully utilised to study the pathophysiol-

ogy of multiple neurological disease5–13 and the effects of

therapy.14,15

Nerve excitability techniques have been adapted to in vivo and

in vitro recordings in animal models.16–24 The further development of

a complete mouse model of motor and sensory excitability is war-

ranted because the underlying molecular mechanisms and ion-channel

regulation might be distinct in motor and sensory axons. Indeed, nerve

excitability properties of human sensory nerve are distinct from those

of human motor nerves. For example, compared to motor axons

Abbreviations: CMAP, compound muscle action potential; HCN, hyperpolariza-

tion-activated cyclic-nucleotide gated channels; Ih, hyperpolarization-activated

current; IV, current-threshold relationship, the threshold-tracking analogue of

current-voltage plots; RRP, relative refractory period; SDTC, strength-duration

time constant; SNAP, sensory nerve action potential; TE, threshold electroto-

nus; TEd (10-20 milliseconds) (%), TEd (90-100 milliseconds) (%), threshold elec-

trotonus measured 10-20 milliseconds and 90-100 milliseconds after the onset

of a 40% depolarizing current, respectively; TEh (10-20 milliseconds) (%), TEh

(90-100 milliseconds) (%), threshold electrotonus measured 10-20 milliseconds

and 90-100 milliseconds after the onset of a 40% hyperpolarizing current,

respectively
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sensory axons have a lower stimulus-response slope, longer strength-

duration time constant (SDTC), lower rheobase, less superexcitability

and refractoriness during recovery cycle, different membrane poten-

tial, and different accommodative responses to polarisation.25–27 In

addition, the pathophysiological mechanisms that underlie axonal

membrane changes in human peripheral nerve disorders are imper-

fectly understood, and widely used mouse models can contribute

greatly to advancing the study of human conditions.

The excitability of motor axons has been explored in the caudal,

sciatic and tibial nerves in healthy and diseased mice,17,23,28,29 but

there are limited data on sensory nerve excitability in mice. Orthodro-

mic sensory nerve action potentials (SNAPs) in the mouse tail have

been recorded in vivo28,30,31 to stimulation at the distal segment of

the tail, recording proximally. However, orthodromic motor and sen-

sory recordings measure axonal properties at different sites and use

different orientations of the stimulating electrodes (which affects

measures such as the SDTC). Because nerve excitability studies assess

the properties at the site of stimulation, the precise site of stimulation

(ie, proximal/distal) could be important in dying-back neuropathies

affecting peripheral nerves.

Accordingly, the present study describes a novel experimental

protocol to enable study of SNAPs and compound muscle action

potentials (CMAPs) from the same stimulation site at the base of

the tail, thereby allowing the comparative assessment of the excit-

ability of motor and sensory axons. Using this technique in mature

C57BL/6J mice, we were able to discriminate between SNAPs, mea-

sured directly from the caudal nerve and CMAPs, recorded from tail

muscle. These recordings were used to create a mathematical model

of the excitability of mouse caudal nerve. In addition, to determine

whether this model can be used as a tool to study human condi-

tions, we compared the properties of mouse and human motor and

sensory axons. As such, we present the first comprehensive mathe-

matical model of the properties of sensory and motor axons

recorded from the same site in mice, and use these models to clarify

the differences between the peripheral nerve axons of mice and

humans.

2 | METHODS

2.1 | Animals

Mature C57BL/6J mice (14 male and 19 female; Animal Resource

Centre, Canning Vale, WA, Australia) aged 17 to 20 weeks were used

for nerve excitability recordings apart from ischaemia studies. Animals

were group-housed in sterile, individually ventilated cages and given

ad libitum access to chow and water. A 12:12 hour light/dark cycle

was maintained and housing was kept at a constant room temperature

and humidity level. Mice were anaesthetised using 2% isoflurane and

placed on a heat mat, which was adjusted to maintain a core body

temperature close to 37�C, as measured by a rectal thermistor probe.

All experiments were approved by the Animal Care and Ethics Com-

mittee of the University of New South Wales.

2.2 | Recordings of compound muscle and sensory
nerve action potential in the mouse

The technique used to record orthodromic CMAPs in the mouse tail

has been previously described.17 Disposable non-polarizable Ag/AgCl

ring electrodes (The Electrode Store; Buckley, Washington) were used

for stimulation and grounding. The cathode was wrapped around the

base of the tail and the anode around the ankle. Platinum needle elec-

trodes (Natus; San Carlos, California) were used to record CMAPs,

with the active electrode inserted into the tail muscle 20 to 30 mm

distal to the cathode. To record antidromic SNAPs, the active elec-

trode was inserted in the tail skin 65 to 70 mm distal to the cathode

to record from the caudal nerves. In both cases the reference elec-

trode was inserted 8 mm distal to the recording electrode and a

ground electrode was placed between the stimulating and recording

electrodes. The setup for recording CMAPs and SNAPs is illustrated in

Figure 1A,C, respectively, and representative waveforms of CMAP

and SNAP are depicted in Figure 1B,D, respectively. CMAP and SNAP

waveforms were amplified (×100 for motor; ×10 k for sensory) and

bandpass-filtered (3 Hz-3 kHz) using an isolated amplifier (D440-2

Digitimer Ltd; Welwyn Garden City, UK). The amplified signals had

electrical interference from the power supply removed using a

50/60 Hz noise eliminator (HumBug; Quest Scientific; North Vancou-

ver, BC, Canada) and were then digitised with a 16-bit data acquisition

system (USB-6251; National instruments; Austin, Texas). Stimulation

was delivered by an isolated stimulator (Model 2200 Analog Stimulus

Isolator; A-M systems; Carlsborg, Washington).

2.3 | Ischaemia protocol in the mouse tail

Ischaemia was used as an experimental manoeuvre to test the compa-

rability of mouse tail excitability to previously reported human studies.

In separate recordings ischaemia was performed on additional cohorts

of male mice (motor, n = 9, 32 � 1.3 weeks; sensory, n = 8,

28.9 � 2.3 weeks). Following anaesthesia, focal ischaemia was tran-

siently induced at the base of the tail by mild constriction using elastic

bands around the tail proximal to the site of stimulation. Nerve excit-

ability testing was then performed on the tail, using the protocols

described below. To track the post-ischaemic recovery phase, the

constriction was removed, and nerve excitability testing was under-

taken immediately afterwards using the same electrode setup as that

used during the ischaemic phase. Each animal was subjected to either

sensory or motor excitability testing in the ischaemic and post-

ischaemic phases in order to reduce anaesthetic exposure and to mini-

mise trauma that might be caused by the constriction.

2.4 | Human subjects

Recordings of the excitability of human motor and sensory axons

were obtained from healthy control volunteers who provided con-

sent prior to commencement of the study and were not taking

medications with known neurological effects (motor, 9M/13F, age

38.4 � 2.5 years; sensory, 10M/5F, age 47 � 3.9 years). The study

conformed to the requirements of the Declaration of Helsinki and

was approved by the Human Research Ethics Committee of the Uni-

versity of Sydney.
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2.5 | Human compound muscle and sensory nerve
action potential recordings

Axonal excitability recordings were obtained from the median nerve

at the wrist in human subjects using disposable ECG-type Ag/AgCl

electrodes. For motor studies a recording electrode was placed over

the muscle belly of abductor pollicis brevis (APB) with the reference

electrode fixed to the proximal phalanx of digit one and the ground

electrode on the palm. For sensory studies disposable Ag/AgCl ring

electrodes were used with one electrode placed as proximally as pos-

sible on the proximal phalanx of digit two and the reference 4 cm dis-

tally.32 For the sensory studies the ground electrode was placed

on the dorsal aspect of the hand. Recordings were amplified using a

low-noise purpose built amplifier33 (×250 for motor; ×10 k for sen-

sory), and mains frequency contamination of the signal was again

removed using a Humbug 50/60 Hz noise eliminator. Stimulation was

delivered through surface electrodes over the median nerve at the

wrist and 10 cm proximally, lateral and away from the course of the

median nerve, using an isolated constant-current stimulator (DS5;

Digitimer Ltd, Welwyn Garden City, UK). Temperature was monitored

and kept constant to avoid temperature-induced changes in

excitability.34,35

2.6 | Nerve excitability protocols

The QtracS threshold tracking software (©Institute of Neurology,

UCL, London, UK) was used to control stimulation and data acquisi-

tion for both animal and human studies. Multiple excitability measure-

ments were made with the TRONDNF protocol. Initially, the stimulus

was manually set to a supramaximal level, following which the com-

puter generated a stimulus-response relationship by progressively

decreasing stimulus strength in 2% steps. For both motor and sensory

recordings, the amplitude of the target response was set to be 40% of

the amplitude of the maximal response, corresponding to the steepest

phase of the stimulus-response curve. The current required to pro-

duce the target potential is termed the “threshold,” and was tracked
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FIGURE 1 Schematic diagram of method for recording of compound muscle and sensory nerve action potentials (SNAPs) for the caudal nerve of

the mouse tail. Recording arrangement, showing positions of nonpolarizable stimulation electrodes and needle electrodes for compound muscle
(A) and sensory (C) action potentials. Compound muscle action potentials (CMAPs) (B) and SNAPs (D) recorded from the same site of stimulation
at different levels of stimulus current. Grey arrows indicate the measurements (baseline to peak for CMAP; peak to peak for SNAP). The asterisk
in (D) indicates a low-level CMAP that appeared when the SNAP was close to maximal
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using a 1-millisecond wide test stimulus for motor axons and

0.5-millisecond wide test stimulus for sensory axons.3,4 For mouse

sensory recordings, the “small sensory option” in the software was

used for additional averaging.

2.7 | Strength-duration properties

The SDTC and rheobase were estimated by plotting the threshold

stimulus charge in microcoulombs against stimulus duration in milli-

seconds for test stimuli of five different durations (0.2, 0.4, 0.6, 0.8,

and 1 millisecond for motor recordings; 0.1, 0.2, 0.3, 0.4, and 0.5 milli-

second for sensory), and determining the X-intercept and slope of the

curve, respectively.27,36

2.8 | Threshold electrotonus

Threshold electrotonus (TE) measures the change in threshold before,

during and after long-lasting sub-threshold polarisation. In this study,

the response to polarisation was studied using the conventional TE

protocol with depolarizing currents (20% and 40% of the control

threshold) and hyperpolarizing currents (−20% and −40%). The

response to hyperpolarization was clarified further using an extended

protocol with longer and stronger hyperpolarizing currents: −70% of

the control threshold for 200 milliseconds and −100% for 300 milli-

seconds.25,37 Derived parameters associated with TE are referred to

as follows: TEd, TEh refer to depolarizing and hyperpolarizing thresh-

old electrotonus; the measurement interval was then appended, for

example, TEd (10-20 milliseconds) refers to the average threshold

reduction recorded between 10 and 20 milliseconds following the

onset of a sub-threshold depolarizing current (+40% of the control

threshold). Similarly, in the −40% threshold electrotonus curves the

measurement TEh (90-100 milliseconds) corresponds to the threshold

reduction at the end of a 100-millisecond long hyperpolarizing cur-

rent. For −70% and −100% hyperpolarizing threshold electrotonus,

TEh peak refers to the maximum increase in threshold and S3 is a

measure of accommodation.

2.9 | Current-threshold relationship

The current-threshold (IV) relationship was recorded by measuring the

threshold for the target potential at the end of a 200-millisecond

polarising current. The strength of the polarising current was adjusted

in 10% steps from +50% of the control threshold (depolarizing) to

−100% of control threshold (hyperpolarizing).

2.10 | Recovery cycle

The recovery cycles of motor and sensory axons were recorded by

measuring the threshold for the target potential following a supramax-

imal conditioning stimulus at 18 different conditioning-test intervals

from 2 to 200 milliseconds. To define better the recovery cycle in

mouse axons additional conditioning-test intervals were recorded

namely: 1.5 and 1.3 milliseconds for motor axons; and 1.6 and 1.3 mil-

liseconds for sensory axons.

At short conditioning-test intervals (<30 milliseconds for motor

and <15 milliseconds for sensory axons), measurements of the

conditioned response were made after subtraction of the response

generated by the conditioning stimulus alone. In some sensory record-

ings, the CMAP occurred a few milliseconds after the sensory poten-

tial resulting in contamination of the SNAP for conditioning-test

intervals less than about 5 milliseconds. In such cases, the condition-

ing stimulus was reduced from 170% to 150% at short intervals to

minimise contamination of the recording by the CMAP.

2.11 | Mathematical modelling

A mathematical model of the excitability of mouse motor and sensory

axons was developed based on the “Bostock” model of a human motor

axon, as extended by Howells et al.25 Briefly, the “Bostock” model is

based on the excitability of a single node of Ranvier coupled to a single

internode via axo-glial pathways, through and under the myelin

sheath.38 Voltage-gated ion channels and leak currents are modelled at

the node and internode as follows: at the node, fast and persistent Na+

currents, fast and slow K+ currents, “leak” and Na+/K+ pump currents;

on the internode, fast and slow K+ currents, “leak” and Na+/K+ pump

currents and the hyperpolarization-activated current Ih. A complete

description of the mathematical model is included in the Appendix.

The model parameters were optimised using the fitting algorithm

MEMFIT incorporated in the QtracP software (© Institute of Neurol-

ogy, UCL, London, UK).39 The MEMFIT algorithm reduces the discrep-

ancy between the model and group data by varying selected model

parameters (eg, channel expression, channel gating) until no further

reduction in discrepancy is possible.

2.12 | Statistical analyses

Statistical analyses were performed using unpaired Student's t tests.

P-values were corrected for multiple comparisons using the Holm-

Bonferroni sequential correction.40 The level of significance was set at

P < 0.05 in all cases. All data are expressed as means � SEM, except

where the data were log-normally distributed in which case they are

shown as geometric mean ×/� geometric SEM (as a factor).

3 | RESULTS

The properties of caudal sensory and motor axons were determined

for the tails of both male and female mice. The core temperature of

the mice was maintained at a mean of 37.2�C � 0.01�C using a heat

pad. A typical recording took less than 15 minutes for preparation,

12 minutes for motor recordings, and 23 minutes for sensory record-

ings. A combined recording was generally complete in 45 minutes,

and all animals recovered normally from anaesthesia with no adverse

events.

Axonal excitability recordings were similar in male and female

mice: the only difference was in the response to long-lasting hyperpo-

larization (Figure 2). Male mice appeared to have faster activation of

inwardly rectifying accommodative conductances than females. The

difference in accommodation grew with stronger hyperpolarization

and was significant in sensory axons (Table 1). A similar trend was

apparent in motor axons, although not significant.
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Because the excitability data were homogeneous in all other

respects, the male and female data were combined for further analy-

sis. Differences between male and female mice in accommodation to

hyperpolarization will be addressed later in sections 3 and 4.

3.1 | Differences between mouse motor and sensory
axons

Much as is the case with human recordings, the threshold for half-

maximal activation and rheobase were lower in mouse sensory than

mouse motor axons (P < 0.009 and 1.9 × 10−4, respectively), and

SDTC was significantly longer (P = 3.4 × 10−8; Table 2).

The relative refractory period was shorter and sub-excitability less

in mouse sensory axons than motor (P = 4.5 × 10−7, P < 0.04, respec-

tively; Table 2; Figure 3E,F). Superexcitability was not significantly dif-

ferent between mouse sensory and motor axons (Table 2; Figure 3E,F).

In human studies, the hyperpolarization-activated current Ih has

been identified as a key difference underlying the excitability of motor

and sensory axons.25 In addition to the standard protocol for measur-

ing the response to hyperpolarization (Figure 3A-D; Table 2), an

extended protocol with longer and stronger hyperpolarizing currents

was employed to gain a better understanding of the voltage depen-

dence and kinetics of the underlying hyperpolarization-activated

cyclic-nucleotide gated (HCN) channels in mouse axons (Figure 4).

Meaningful comparisons of TE and the current-threshold relationship

cannot be made directly between motor and sensory axons because

the strength of conditioning currents are based on test pulses of dif-

ferent widths. However, the biophysical properties underlying these

measures can be explored reliably using mathematical modelling,

allowing differences between sensory and motor axons to be identi-

fied (see Reference 25).

3.2 | Comparison with human recordings

The nerve excitability waveforms recorded from the sensory axons of

mouse caudal nerve were qualitatively similar to those recorded from
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FIGURE 2 Excitability differences in male and female mouse motor and sensory axons. Recordings from male and female axons shown in red and

green, respectively. Superimposed excitability waveforms for threshold electrotonus presented for motor (A) and sensory axons (B). Mean
excitability waveforms for motor (C) and sensory axons (D). Solid and dotted lines signify mean � SEM

TABLE 1 Differences between sensory axons in male and female

mice in response to long-lasting hyperpolarization

Parameter Male Female P-value

TEh (10-20 ms) −85.1 � 1.5 −93.0 � 1.0 0.0019

TEh (90-100%) −128.9 � 6.9 −153.6 � 3.2 0.016

TEh (overshoot) 8.2 � 0.7 9.3 � 0.5 1

TEh (peak, −70%) −253.1 � 9.3 −291 � 4.2 0.0043

S3 (−70%) 86.7 � 4.8 120.2 � 3.1 3.7 × 10−5

TEh (peak, −100%) −339.7 � 7.4 −392.9 � 7.7 0.0054

S3 (−100%) 118.2 � 3.7 163.4 � 6.9 0.0018

Hyperpol. IV slope 0.55 � 0.02 0.52 � 0.02 1

Data are expressed as mean � SEM. P-values corrected for multiple com-
parisons using the Holm-Bonferroni method.
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human sensory axons in the median nerve. Despite these similarities,

differences in the excitability of mouse and human axons are evident

in all aspects of axonal excitability (Figure 5, Table 2). In part, such dif-

ferences are due to different recording conditions, and therefore cau-

tion is warranted when making direct comparisons between the

excitability of human and mouse axons. Nevertheless the mechanisms

underlying the excitability of human and mouse recordings are com-

mon, and comparisons can be made with the assistance of a mathe-

matical model, which is discussed later.

During TE, there was a smaller threshold change in response to

depolarizing currents and reduced undershoot when the current

ended in recordings from mouse sensory nerve (Figure 5B). Hyperpo-

larization for 100 milliseconds was insufficient to reveal differences in

inward rectification (lower half of Figure 5B), but greater inward recti-

fication was apparent in mouse axons with the longer currents used

for the IV and IV slope plots (Figure 5F,H).

Mouse and human motor excitability waveforms were also quali-

tatively similar and the findings in the present study are consistent

with the mouse data of Boërio et al.17,41 As was the case with sensory

axons, there was a lesser threshold change during depolarizing TE in

mouse motor axons and, on termination of the current, the threshold

undershoot was smaller (Figure 5A). The response to hyperpolariza-

tion was different in motor axons, with less accommodation to

moderate hyperpolarization in the mouse (bottom of Figure 5A). How-

ever, with stronger and longer hyperpolarization, mouse motor axons

showed greater accommodation in the current-threshold relationship

(Figure 5E,G), much as was the case with sensory axons.

The recovery cycle was flatter and earlier in mouse than in human

axons (Figure 5C,D; Table 2). For both motor and sensory axons, the

relative refractory period was shorter (motor, P = 1.9 × 10−10; sen-

sory, P = 6.1 × 10−10). The amplitudes of superexcitability and sub-

excitability were smaller in mouse axons (superexcitability: motor

[P = 9.8 × 10−8], sensory [P = 0.06]; subexcitability: motor

[P = 3.9 × 10−13], sensory [P = 3.5 × 10−10]).

3.3 | Response to ischaemia

Qualitatively, the effect of ischaemia on the excitability of mouse

axons in the present study was remarkably similar to that in published

studies for human motor axons.42 Motor and sensory axons were

depolarized during ischaemia with reversion towards resting values

after release of ischaemia (Figure 6). The “fanned-in” appearance of

TE, the steeper resting I/V slope and recovery cycle shifted up and to

the right are expected with axonal depolarization during ischaemia,

much as has been observed in human axons.42

TABLE 2 Comparison of excitability of motor and sensory axons in mouse and humans

Parameter

Mouse Human

Motor Sensory Motor Sensory

Stimulus-response

Threshold for 50% response (mA) 0.28 ×/� 1.07 0.21 ×/� 1.06 4.3 ×/� 1.09 3.5 ×/� 1.09

SDTC (μs) 0.16 � 0.01 0.27 � 0.01 0.45 � 0.02 0.60 � 0.03

Rheobase (mA) 0.22 ×/� 1.07 0.14 ×/� 1.07 2.8 ×/� 1.09 1.5 ×/� 1.10

Current-threshold

Resting IV slope 0.57 � 0.02 0.53 � 0.02 0.56 � 0.01 0.55 � 0.02

Hyperpolarizing IV slope 0.46 � 0.02 0.53 � 0.01 0.36 � 0.01 0.35 � 0.02

Minimum IV slope 0.26 � 0.01 0.33 � 0.01 0.25 � 0.01 0.24 � 0.01

Threshold electrotonus (�40%)

TEd (10-20 ms) (%) 55.3 � 0.8 56.5 � 0.8 68.1 � 0.9 63.1 � 0.5

TEd (90-100 ms) (%) 46.3 � 0.8 45.7 � 0.6 46.2 � 0.7 49.2 � 1.2

TEd undershoot (%) −8.0 � 0.7 −9.2 � 0.7 −17.8 � 0.9 −20.2 � 1.0

TEh (10-20 ms) (%) −84.3 � 2.1 −89.9 � 1.1 −77.0 � 1.4 −83.8 � 1.8

TEh (90-100 ms) (%) −165.8 � 4.0 −144.1 � 3.9 −125.1 � 5.7 −133.6 � 3.7

TEh overshoot (%) 8.7 � 0.7 8.8 � 0.4 13.9 � 1 15.4 � 1.1

Threshold electrotonus (−70% and −100%)

TEh peak (−70%) −306.8 � 5.7 −276.4 � 5.5 — —

S3 (−70%) 76.5 � 5.0 107.2 � 4.0 — —

TEh peak (−100%) −430.4 � 8.3 −366.3 � 9.0 — —

S3 (−100%) 141.8 � 4.9 140.8 � 7.3 — —

Recovery cycle

RRP (ms) 2.28 ×/� 1.02 1.74 ×/� 1.04 3.0 ×/� 1.02 3.2 ×/� 1.05

Superexcitability (%) −13.2 � 0.60 −15.0 � 0.9 −22.6 � 1.5 −18.9 � 1.9

Subexcitability (%) 3.7 � 0.4 2.6 � 0.3 14.8 � 1.1 9.6 � 0.5

Abbreviations: SDTC, strength-duration time constant; TEd and TEh, depolarizing and hyperpolarizing threshold electrotonus; RRP, relative refractory
period. The data are expressed as mean � SEM, except where the data are log-normally distributed in which case they are shown as geometric mean ×/�
geometric SEM (expressed as a factor).
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3.4 | Modelling

As mentioned previously, direct comparisons are difficult to make

between the excitability of human and mouse axons, particularly

under different recording conditions. To tackle this problem, we used

a mathematical model of axonal excitability to compare the active and

passive properties underlying human and mouse excitability.

The “Bostock” model of excitability of human motor axons, as

modified and extended to sensory axons by Howells et al,25 was used

as the basis for modelling the excitability of myelinated axons of

mouse caudal nerve. No changes in the structure of the model were

required, and the relationship between nodal and internodal compart-

ments and the types of ion channels were the same in both models.25

The strategy was to fit first the modified “Bostock” model of a human

motor axon to the mouse motor data, and then to use that as the

starting point to model the mouse sensory data. The MEMFIT func-

tion within the QtracP software was used to find the optimal model
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parameters applicable to mouse motor axons. The parameters under-

lying the difference in human motor axons and mouse motor and sen-

sory axons are outlined in Table 3, and the modelled excitability

measures are compared to the recorded data in Figure 7.

3.5 | Motor axons

For motor axons, the mouse model of a motor axon differed from the

human model in the nodal capacitance, axonal temperature and expres-

sion of voltage-gated, “leak” and “Barrett-Barrett” conductances. The

changes listed in the mouse motor column of Table 3 produced an excel-

lent fit for the experimental data, accounting for 98.8% of the difference

between the humanmotor model and the mouse motor data.

The modelling suggested a 5.9�C warmer axonal temperature in

motor axons in the proximal caudal nerve of mice than in human

median nerve. This increase in temperature alone could account for

77.7% of the overall difference between the human model and the

mouse motor data (specifically: strength-duration properties, 68.6%;

TE, 29.4%; recovery cycle, 99.4%; current-threshold relationship,

61.2%). In contrast with the findings of,41 the modelling suggested

that an increase in the permeability of Na+ channels at the node

would best describe the mouse excitability data. The modelling also

suggested larger fast K+ and smaller slow K+ conductances in mouse

motor axons. This would contribute to the smaller peak of depolariz-

ing TE and the smaller undershoot when the polarising current ended.

The remaining difference between human and mouse motor

recordings was a stronger but slower accommodative response to

long-lasting hyperpolarization in mouse axons, and this could be

reproduced by doubling the conductance (GH) and halving the activa-

tion rate of HCN channels in the mouse model.

3.6 | Sensory axons

The mouse motor model was then applied to the mouse sensory data,

and each parameter was allowed to vary to minimise the difference

between the model and data. The key differences between the mouse

motor and sensory models are shown in Table 3: a smaller nodal fast

K+ conductance (GKfN) and a larger conductance, activated at a more

hyperpolarized membrane potential, through HCN channels (GH).

These changes reduced the discrepancy between the mouse motor

model and the mouse sensory data by 98.8%.

The changes in both mouse models resulted in a slightly more

hyperpolarized resting membrane potential than in the human model,

much as was reported for motor axons by Boërio et al.41 The optimal

mouse sensory model was more depolarized than the mouse motor

model, but only by 0.5-mV, a difference that is less than previously

reported for human axons (~4 mV).25

3.7 | Modelled differences between male and
female mice

The only differences in the excitability of male and female mice were

the responses to hyperpolarization in TE and the IV curves, findings

that suggest a difference in the activation of the hyperpolarization-

activated current, Ih, which passes through HCN channels. In keeping

with this, the best single parameter reducing the discrepancy between

the combined models and the male or female data was the activation

rate of HCN channels (Aq). For the CMAP recordings, increasing the

activation rate for the male recordings by 25% (more than that optimal

for the whole mouse population) improved the discrepancy between

the combined data and the male recordings by 16%, and decreasing it

for the female recordings improved the discrepancy by 71%.

For the SNAP recordings the findings were similar with an

increase in Aq of 19% in males and decrease of 16% in females,

improving the model fits by 76% and 65%, respectively.

4 | DISCUSSION

This study presents a novel method for recording SNAPs in mouse tail

axons, using the same site of stimulation as for motor axons. Using

this technique, we have obtained normative excitability data for motor

and sensory axons from the tails of mature male and female mice, and

provide the first combined mathematical model of the excitability of
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mouse motor and sensory axons. We also compare the data for the

mouse caudal nerve to those for the human median nerve, a prerequi-

site if mouse models are to be used in translational studies of human

disease. Some of the differences between the way motor and sensory

axons are measured in mouse and human studies preclude direct com-

parison of excitability waveforms (see section 3), such that modelling

represents the only valid way to explore the biophysical basis of dif-

ferences in the behaviour of the two modalities in the two species.
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4.1 | Comparison of mouse sensory and motor
excitability

Our recordings of the excitability of mouse motor axons are compara-

ble to the previously published data from mouse tail.17,41 Our norma-

tive sensory data, however, differs from earlier recordings28,30,31

which used an orthodromic technique, stimulating the distal tail and

recording proximally. Recording SNAPs antidromically using proximal

stimulation has many advantages, which will be discussed later.

The modelling suggested that the main differences between

mouse sensory and motor axons are a reduced fast K+ conductance

and a larger, but slower conductance through HCN channels.

The only difference in excitability between male and female mice

was a slightly faster activation of inwardly rectifying conductances in

the caudal nerve of male mice. Studies in humans have not identified

gender-based differences in nerve excitability.43 However, there are

no studies that have investigated gender-related differences in nerve

excitability in mice. It is not practical to assess mouse nerve excitabil-

ity in vivo without the use of anaesthetic, as used in our studies. Osaki

et al31 reported that isoflurane suppressed HCN channel activity in

mice. It is possible that gender-based differences in excitability are

due to an inherent difference in how male and female mice respond

to the anaesthetic. Either way, the present results suggest that gender

differences in mice may be an important consideration when con-

structing nerve excitability models of disease in mice.

4.2 | Comparison of mouse and human excitability

Qualitatively, the excitability waveforms for mouse caudal axons

resemble those for the human median nerve. The same pattern of
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accommodation to polarisation and change in excitability following

activation occurs in the axons of mouse tail and the human median

nerve. The underlying mechanisms of excitability are likely to be simi-

lar in mouse tail and human median nerve. In accordance with this

view, the differences between these recordings could be explained

without structural alteration of the mathematical model. The species

differences were particularly prominent in the recovery cycle, where

they were reminiscent of those seen with Na+ channel blockade due

to acute tetrodotoxin poisoning in humans.7 The modelling, however,

suggests that recording temperature was more likely to account for

the difference in the recovery cycles of mouse and human subjects.

This is consistent with the well-recognised thermoregulatory role and

steep temperature decline along the mouse tail.44–46

In addition to an increased axonal temperature in the mouse tail,

the present results indicate a greater fast K+ conductance and the

modelling suggested a greater Na+ conductance. This contrasts with

the findings of Boërio et al41 who found that a lower sodium channel

density explained most of the differences between mouse and human

motor axons in their study. There are several differences between the

present study and that of Boërio et al41 that may explain the different

conclusions. First, temperature was not considered in the earlier

study, and this factor can have a profound effect on Na+ currents.

Second, the present study included the extended protocol which

allows for more reliable modelling because it effectively reduces the

number of degrees of freedom when exploring the model parameter

space. Third, both motor and sensory axons were modelled better by

an increase in temperature and Na+ conductance.

The remaining difference was a larger, but slower and hyperpolar-

ized conductance through HCN channels. The slower kinetics of this

conductance in the mouse data raise the possibility that slower iso-

forms are responsible for or contribute to the inward rectification

seen in the mouse tail. The HCN1, HCN2, and HCN3 isoforms have

been detected in mouse dorsal root ganglion cells,47 although the cel-

lular expression of HCN isoforms in mouse peripheral nerve, or human

nerve for that matter, remains unknown. The possibility that different

HCN channels (whether “pure” homomeric or heteromeric combina-

tions) underlie the accommodation to hyperpolarizing currents in

mouse and human axons has important implications for translational

studies of disease processes or ion channel modifiers that involve

HCN channels.

It is unlikely that isoflurane is responsible for the difference in

activation kinetics between mouse and human axons. Isoflurane is

known to hyperpolarize the voltage activation of HCN1 channels, and

to reduce the maximal activation of HCN2 channels.48 Neither of

these mechanisms would affect activation kinetics, and it is likely that

the slower activation of Ih in the present study is underestimated as

the mouse axonal temperature is estimated to be 6� warmer than in

human median nerve studies.

Mouse motor and sensory axons behaved in a remarkably similar

manner to human axons both during and after an ischaemic

TABLE 3 Modelled mouse motor and sensory parameters

Parameter Description

Human Mouse

Sensorya Motor Motor Sensory

PNaN

(cm3 s−1 × 10−9)
Permeability of Na+ channels at the node 4.35 4.35 8.45 8.45

PNap (%) Percentage of Na+ channels that are persistent 1.07 1.07 0.42 0.152

GKsN (nS) Max. conductance of slow K+ channels at the node 29.1 56.7 40.3 40.3

GKsI (nS) Max. conductance of slow K+ channels at the
internode

1.74 0.57 1.16 1.16

GKfN (nS) Max. conductance of fast K+ channels at the node 19.4 18.2 61 29

GKfI (nS) Max. conductance of fast K+ channels at the
internode

205 207 314 314

GH (nS) Max. conductance of Ih through HCN channels 4.1 2.95 6.55 26

Aq (ms−1)b Activation rate of Ih through HCN channels 8.85 × 10−4 8.85 × 10−4 4.0 × 10−4 3.65 × 10−4

[Aq − male]b,c [5.0 × 10−4] [4.35 × 10−4]

[Aq − female]b,c [3.35 × 10−4] [3.05 × 10−4]

Bq (mV) Membrane potential for half-maximal activation of Ih −94.2 −107.3 −100.5 −108.9

GLkN (nS) Leak conductance at the node 1.69 1.97 0.89 0.89

GLk (nS) Leak conductance at the internode 3.65 4 3.35 3.65

GBB (nS) Barrett-Barrett conductance 40.3 35.9 44 44

ENR (mV) Nodal RMP
(nodal pump current; nA)

−80.3
(−0.054)

−84.4
(−0.033)

−85.0
(−0.045)

−84.5
(−0.045)

EIR (mV) Internodal RMP
(internodal pump current; nA)

−81.3
(−0.0043)

−84.6
(−0.00786)

−85.5
(0.0193)

−85.0
(0.008)

Tabs (�K) Temperature 304.8 304.8 310.7 310.7

CN (pF) Nodal capacitance 1.4 1.4 0.5 0.5

a Human sensory parameters included for completeness.
b Activation rates specified at 20�C.
c Activation rates in brackets denote the best fit to the male/female differences in the mouse model.
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manoeuvre, further suggesting the utility of the mouse tail as a trans-

lational platform for understanding human disease and response to

therapeutic intervention.

4.3 | Advantages of studying sensory and motor
axons at the base of the mouse tail

The availability of transgenic mouse models allows for targeted knock-

out studies, making the mouse an ideal choice for experimental

modelling of peripheral neuropathy and neurodegenerative conditions

such as ALS.49–52 The excitability of sensory axons has been

previously studied in mouse tail using an orthodromic recording setup

with distal stimulation.22,28,30

However, studying sensory and motor axons at the same site at

the base of the tail has some advantages.

First, this technique allows for separation of the SNAP and CMAP

on latency grounds, thereby allowing the tracking of a pure sensory

response. Given enough separation between the stimulating and

recording electrodes, the SNAPs appear earlier than the CMAPs

because of slower conduction in the motor nerve terminals and the

synaptic delay at the neuromuscular junction. By careful positioning

of the recording electrodes and measurement window, it is possible to

record a maximal peak-to-peak SNAP without distortion due to
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overlap with the low-level CMAP, a problem that has been documen-

ted in the much larger tail of rats.19 To achieve adequate separation

between SNAP and CMAP, we limited our study to mature animals

with tail lengths greater than 6 cm. A further improvement in the

recording yield was made by reducing the conditioning stimulus inten-

sity from 170% to 150% of the control threshold. This represents a

compromise between CMAP contamination and the maximal record-

able refractoriness.

Second, studying both motor and sensory axons at the same site,

at the base of the tail, will give comparable recording temperatures

that are more stable and better correlated with core temperature

rather than ambient temperature.

Third, our technique of recording SNAPs antidromically using the

same site of stimulation as for orthodromic motor recordings allows a

direct comparison of axonal properties in sensory and motor axons at

the same level. The ability to study both motor and sensory axons at

the same site of stimulation allows better comparisons in neuropa-

thies that affect both sensory and motor axons. For neuropathies that

selectively affect predominantly sensory or motor modalities, the

other modality can be used as an internal control.

Last, mouse sensory studies that use an orthodromic montage for

sensory recordings show a pattern of excitability that looks more

“depolarized” than the recordings in the present study. There are two

key differences in the recording arrangements. First, whereas the ear-

lier studies used stainless steel needle electrodes for

stimulation,28,30,31 we used Ag/AgCl ring electrodes on the surface to

minimise the risk of polarisation at the site of stimulation. This can be

especially problematic when strong polarisation currents are used,

such as for extended hyperpolarizing TE. Second, it is likely that there

are differences in the excitability of sensory axons at proximal and dis-

tal sites. This would be consistent with our unpublished observations

that the excitability of axons measured at the digit in human median

nerve appear “depolarized” when compared to recordings made at the

wrist.

In conclusion, the present study presents a number of novel unex-

pected findings for mouse axons. First, there seem to be differences

between the axonal properties of male and female mice, involving par-

ticularly the activation rate of HCN channels. Second, human and

mouse axons appear to differ in Ih, possibly because they express dif-

ferent HCN isoforms. These differences mean that prudence is

required in using the mouse as a suitable model for human diseases.

Nevertheless, our study shows that minimally invasive threshold

tracking of SNAPs and CMAPs is possible in the mouse tail, allowing

multiple excitability parameters of motor and sensory axons to be eas-

ily studied and compared in vivo. The development of a comprehen-

sive the mathematical model of sensory and motor axons in the

mouse provides a much-needed tool for comparison with human

excitability. This in vivo technique can be applied to transgenic mice

and, provided that the above caveats are kept in mind (and in particu-

lar avoidance of direct comparisons of human and mouse excitability),

the described technique is suitable for longitudinal studies using the

same animals, thus enabling modelling of disease progression. The

technique provides a translational platform for the development of

new treatment interventions.
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APPENDIX A: “BOSTOCK” MODEL OF A MYELINATED AXON. (ADAPTED FROM HOWELLS ET
AL. , 2012)25

Membrane potential:

dE
dt

= −
INa + IKf + IKs + ILk + Ipump + Iexternal + IBBð Þ

Cn +Cmyelin

dE*

dt
= −

IKf* + IKs* + Ih + Ipump* + ILk* − IBB−Cmyelin
dE
dt

Cax

Capacitance: Cn = 1.4, Cmyelin = 1.55, Cax = 327 pF

Ion concentrations: [Na]i = 9, [Na]o = 144.2, [K]i = 155, [K]o = 4.5 mM

Sodium current:

INa =PNa m3h
� �

z Nað Þ

INaP =PNa
PNaP
100

m3
p

� �
z Nað Þ

z Nað Þ= EF2

RT

SelNa Na½ �o− Na½ �i exp EF
RT

� �� �
+ 1−SelNað Þ K½ �o− K½ �i exp EF

RT

� �� �
1− exp EF

RT

� �
 !

Fast potassium current:
IKf = GKfn

4(E − EKf)
IKf* =GKf* n*4 E*−EKfð Þ

Slow potassium current:
IKs = GKss(E − EKs)
IKs* =GKs* s

* E*−EKsð Þ
Leak current:
ILk = GLk(E − Er)
ILk* =GLk* E*−E*r

� �
Barrett-Barrett current:
IBB = GBB(E − E*)

Current through HCN channels:
Ih = Ghq(E

* − Eh)

Equilibrium potentials: Ex = RT
F ln K½ �o + Selx Na½ �o −Selx K½ �o

K½ �i + Selx Na½ �i −Selx K½ �i

� 	
for x=Kf ,Ks,h

SelNa =0:9, SelKf ,SelKs =0, Selh =0:097

dm
dt

= αm 1−mð Þ−βmm, and similarly formp,h,n,s,n
*,s*,q

αm,αmp ,αn ,αs =
A E−Bð Þ

1− exp ðB−Eð Þ=CÞ

αh,βm,βmp
,βn,βs =

A B−Eð Þ
1− exp E−B

C

� �

βh =
A

1+ exp B−E
C

� �
αq =A exp E−Bð Þ=Cð Þ

βq =A=exp E−Bð Þ=Cð Þ:
A (ms−1, at 36�C) Q10 B (mV) C (mV)

αm 6.54 2.2 −18.5 10.3

βm 0.302 −22.8 9.16

αmp 3.27 −36.5 10.3

βmp
0.151 −40.8 9.16

αh 0.126 2.9 −115.1 15.6

βh 8.60 −32.9 19.0

αn 0.0221 3.0 −90.8 7.7

βn 0.0393 −73.6 7.35

αs 0.00563 −23.5 12.7

βs 0.00341 −91.1 11.7

αq, βq 0.00522 −107.3 −12.2

*Denote internodal properties

Voltage- and time-dependent parameters for the rate constants, α and β for human motor axons.
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