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Altered postnatal maturation of electrical properties
in spinal motoneurons in a mouse model of amyotrophic
lateral sclerosis
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Non-technical summary Our focus was on whether amyotrophic lateral sclerosis (ALS) might
be precipitated by early developmental changes in large spinal motoneurons, which are vulnerable
to early die-off in ALS. It has been shown that some electrical properties in motoneurons are
profoundly altered soon after birth in mutant superoxide dismutase-1 (SOD1) mice, a standard
animal model of ALS. These same properties undergo rapid developmental changes in normal
mice during this time period. Our goal was to compare the development of motoneuron electrical
properties in normal and SOD1 mice. Properties were measured from birth to 12 days of age, when
the mouse is considered juvenile, but long before symptom onset. Most electrical properties in the
SOD1 motoneurons showed an accelerated pace of maturation during this early developmental
period compared with the normal motoneurons. If this trend persists, it could, along with other
disease factors, hasten the onset of normal motoneuron degeneration due to ageing and result in
the development of ALS.

Abstract Spinal motoneurons are highly vulnerable in amyotrophic lateral sclerosis (ALS).
Previous research using a standard animal model, the mutant superoxide dismutase-1 (SOD1)
mouse, has revealed deficits in many cellular properties throughout its lifespan. The electrical
properties underlying motoneuron excitability are some of the earliest to change; starting at 1 week
postnatal, persistent inward currents (PICs) mediated by Na+ are upregulated and electrical
conductance, a measure of cell size, increases. However, during this period these properties
and many others undergo large developmental changes which have not been fully analysed.
Therefore, we undertook a systematic analysis of electrical properties in more than 100 normal
and mutant SOD1 motoneurons from 0 to 12 days postnatal, the neonatal to juvenile period. We
compared normal mice with the most severe SOD1 model, the G93A high-expressor line. We
found that the Na+ PIC and the conductance increased during development. However, mutant
SOD1 motoneurons showed much greater increases than normal motoneurons; the mean Na+

PIC in SOD1 motoneurons was double that of wild-type motoneurons. Additionally, in mutant
SOD1 motoneurons the PIC mediated by Ca2+ increased, spike width decreased and the time
course of the after-spike after-hyperpolarization shortened. These changes were advances of
the normal effects of maturation. Thus, our results show that the development of normal and
mutant SOD1 motoneurons follows generally similar patterns, but that the rate of development
is accelerated in the mutant SOD1 motoneurons. Statistical analysis of all measured properties
indicates that approximately 55% of changes attributed to the G93A SOD1 mutation can be
attributed to an increased rate of maturation.
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Introduction

Multiple factors have been implicated in the progressive
degeneration of motoneurons in amyotrophic lateral
sclerosis (ALS), suggesting that motoneurons are
particularly vulnerable to homeostatic challenges, both
genetic and environmental (Bacman et al. 2006; Van Den
Bosch et al. 2006; Rothstein, 2009). A factor that has
been given little attention thus far is the role that post-
natal development and maturation processes have in the
development of the disease state. Though ALS is clearly an
adult-onset disease, very early changes in cellular, electrical
and anatomical properties have been reported (Pieri et al.
2003a; Kuo et al. 2004, 2005; Amendola & Durand, 2008;
van Zundert et al. 2008; Pambo-Pambo et al. 2009) in
the standard mouse model of ALS, in which a mutated
form of the human gene for superoxide dismutase-1
(SOD1) is over-expressed (Gurney et al. 1994; Dal Canto &
Gurney, 1995). In these mice, overt symptoms first appear
around postnatal day 90 (P90) as the spinal motoneurons
degenerate (Gurney et al. 1994; Chiu et al. 1995). Large
α-motoneurons, which have low Ca2+-buffering capacity,
are among the most vulnerable (Tandan & Bradley, 1985;
Mohajeri et al. 1998; von Lewinski & Keller, 2005; Pun
et al. 2006; Hegedus et al. 2008), and their intrinsic
electrical excitability is one of the first parameters to
become abnormal.

The persistent inward current (PIC) generated by
Na+ channels is a major factor influencing net neuro-
nal excitability and is elevated months before symptom
onset. This upregulation in the Na+ PIC has been
demonstrated in SOD1 lumbar motoneurons, both
embryonic (cultured) and at a week old in the slice pre-
paration (Kuo et al. 2004, 2005), in 1-week-old SOD1
brainstem motoneurons in the slice (van Zundert et al.
2008), in cultured embryonic cortical motoneurons (Pieri
et al. 2009) and in adult cortical pyramidal neurons
(Carunchio et al. 2010). In the brainstem motoneurons,
Na+ PIC enhancement is also accompanied by increased
background synaptic input, which suggests an increased
rate of maturation (van Zundert et al. 2008). In addition,
there is a marked increase in branching of proximal
dendrites in 1-week-old SOD1 motoneurons, linked to an
increase in electrical conductance (Amendola & Durand,
2008; Elbasiouny et al. 2010).

Many electrical properties of motoneurons are known
to exhibit characteristic changes in motoneurons during
early developmental stages, including an increasing
contribution of Ca2+ (Ca2+ PIC) to the total PIC (Jiang
et al. 1999; Carrascal et al. 2005). As previous studies
on early changes in SOD1 motoneurons have looked
only at a few of these properties at limited time points
and in a variety of preparations, it has been difficult to
assess whether the early changes in SOD1 motoneuron
excitability have any relationship to normal development.

Therefore, in this study a large number of normal and
SOD1 motoneurons were examined during maturation
from neonatal (postnatal day 0; P0) to juvenile (post-
natal day 12; P12) stages to compare the development of
multiple parameters of their electrical properties.

Methods

All mice were used according to Northwestern University’s
Animal Care and Use Committee guidelines. Trans-
genic mice overexpressing the human SOD1G93A gene
or the wild-type (WT) human SOD1WT gene were
provided by the laboratory of T.S. (Davee Department
of Neurology and Clinical Neurosciences). The G93A
and wild-type SOD1 genes were identified using standard
PCR techniques (Rosen et al. 1993). Briefly, 20–25 mg of
tissue was used for the DNA extraction. The primers for
amplification are SOD1P7: CAT CAG CCC TAA TCC ATC
TGA and SOD1P8: CGC GAC TAA CAA TCA AAG TGA.
All PCR work was done by the laboratory of T.S. after the
experiments and analyses had already performed. A total
of 58 mice were used for this study.

Surgery

Mice, postnatal day 0–12, were deeply anaesthetized with
isofluorane, decapitated and eviscerated. The lumbar and
sacral spinal cord was quickly removed and embedded
in 2.5% w/v agar. The agar block was then superglued
to a stainless-steel slicing bath, and 350-μm-thick trans-
verse slices were made using a Leica 1000 vibratome as
described previously (Theiss & Heckman, 2005). During
both spinal cord isolation and slicing, the spinal cord was
immersed in 1–4◦C high-osmolarity dissecting solution
containing (mM): sucrose, 234.0; KCl, 2.5; CaCl2.2H2O,
0.1; MgSO4.7H2O, 4.0; Hepes, 15.0; glucose, 11.0; and
Na2PO4, 1.0; pH 7.35 when bubbled with 95% O2–5%
CO2. After cutting, the slices were incubated for >1 h
at 28–34◦C in incubating solution containing (mM):
NaCl, 126.0; KCl, 2.5; CaCl2.2H2O, 2.0; MgCl2.6H2O, 2.0;
NaHCO3, 26.0; and glucose, 10.0; pH 7.4 when bubbled
with 95% O2–5% CO2.

Electrophysiology

Whole-cell patch clamp was performed on neurons
in slices from the ventral lumbar and sacral spinal
cord segments using 1–4 M� glass electrodes. Electrodes
were positioned using a Sutter Instrument (Novato, CA,
USA) MP-285 motorized micromanipulator. Whole-cell
patch clamp measurements were performed at room
temperature using the Multiclamp 700A amplifier
(Molecular Devices, Burlingame, CA, USA). Recordings
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were performed in current- and voltage-clamp modes
(more details available in Theiss et al. 2007). Briefly,
slices were perfused with a modified Ringer’s solution
containing (mM): NaCl, 111; KCl, 3.09; NaHCO3, 25.0;
KH2PO4, 1.10; MgSO4, 1.26; CaCl2, 2.52; and glucose,
11.1. The solution was oxygenated with 95% O2–5% CO2

and the perfusion rate was 2.5–3.0 ml min−1. Cellular
currents were sometimes blocked using 10 mM TEA-Cl
(K+), 1 μM TTX (Na+) and 10 μM isradipine (ISR;
Ca2+) when indicated. Patch electrodes contained (mM):
potassium gluconate, 138; Hepes, 10; ATP-Mg, 5; and
GTP-Li, 0.3 (all from Sigma, St Louis, MO, USA). In
voltage-clamp mode, fast and slow capacitance trans-
ients as well as whole-cell capacitance was compensated
using the automatic capacitance compensation on the
Multiclamp. Holding potential was set at either −75 or
−80 mV, and neurons were subjected to slow, depolarizing
voltage ramps of 20 mV s−1, bringing the cell to 5 or
0 mV in 4 s, and then back to the holding potential in the
following 4 s. In current clamp, neurons were subjected to
depolarizing steps to test for the after-hyperpolarization
(AHP), activity-dependent hyperpolarization (ADH) and
spike frequency adaptation. Depolarizing current ramps
were also used for testing Ion (the current level at firing
onset), Ioff (the current level at cessation of firing), deltaI
(Ion-Ioff) and the frequency–current (F–I) relationship.
Negative current was occasionally necessary to prevent
continued action potential (AP) firing, but generally this
was temporary and neurons needed no constant holding
current.

Neuron selection

The ventrolateral motoneuron pools could be easily
visualized in the slice preparation using differential inter-
ference contrast optics, and electrodes were positioned
above this area. Individual neurons were targeted based on
large soma diameter (>20 μM long axis), and only neurons
with an input resistance <115 M� were included in this
study, in order to target the large spinal motoneurons,
which are among the most vulnerable to this disease
(Tandan & Bradley, 1985; Mohajeri et al. 1998; Kuo
et al. 2005; von Lewinski & Keller, 2005). Additionally,
only neurons maintaining a resting potential <−50 mV,
an action potential height crossing 0 mV and a series
resistance of <25 M� were used. Neurons were eliminated
from analysis if series resistance or resting potential varied
more than 10 M� or 10 mV, respectively, throughout the
recording period.

Data analysis

Data were collected using Winfluor software (University
of Strathclyde, Glasgow, UK) and analysed using Spike2
software (Cambridge Electronic Design, Cambridge,

UK). Graphs and statistics were performed using IGOR
Pro software (Wavemetrics, Oswego, OR, USA), SPSS
(Chicago, IL, USA) and Microsoft Excel (Redmond,
WA, USA). Successive slow voltage ramp files that were
collected in control and drug-treated conditions were sub-
tracted from each other using Spike2.

Statistics

Factorial ANOVAs with a two (age) by two (transgene)
design were performed on all data. Levene’s test of equality
of error variance was used to determine normality of
the data. The natural logarithm of non-normal data was
taken, followed by a factorial ANOVA. Variables that
were found to be non-normally distributed were total
PIC amplitude, Ion, Ioff , capacitance, conductance and AP
duration. Bonferroni adjustments were made to account
for multiple comparisons. Significant P values were set at
0.05 for ANOVA comparisons. Student’s Unpaired t tests,
with equal variance not assumed, were performed on
comparisons between data categorized as high or low
PIC amplitude for SOD1G93A neurons with significance
at P = 0.05. For the overall analysis for Figs 5 and 7, we
first normalized all parameters to their overall mean (of
all the measured values for that parameter), so that an
increase in a given parameter with age (or with SOD1
mutation) would yield a positive value, such as 0.5 for a
50% increase in that parameter, or a negative value for a
decrease. The simplified formulae for this calculation are
as follows, with Mean ALL referring to the mathematical
mean of all the values for a particular parameter measured
in this study:

Age effect = (Mean ALLold − Mean ALLyoung)

MeanALL

Mutation effect = (Mean ALLSOD − Mean ALLWT)

MeanALL

Results

We analysed a diverse set of electrical properties across
the age range 0–12 days postnatal (P0–12), a period
when many developmental changes are taking place. We
focused on large motoneurons (soma diameter >20 μM).
Standard patch-clamp methods were applied in slices of
the lumbosacral region of the cord. We studied over
100 cells, divided into two samples, a mutant sample
obtained from mice overexpressing the G93A mutation of
human SOD1 (SOD1 motoneurons; Gurney et al. 1994)
and a WT sample obtained from either non-transgenic
littermates or mice overexpressing the normal, wild-type
human SOD1 (no significant differences were observed
between these two control groups). To detect effects
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Table 1. Changes in persistent inward current (PIC) parameters with maturation and superoxide dismutase-1 (SOD1) mutation

WT SOD1 WT SOD1
P0–5 P0–5 P6+ P6+

SD SD SD SD Significance Significance
Mean n Mean n Mean n Mean n of age of SOD1

Total PIC onset voltage (mV) −46 ±5 −46 ±6 −42 ±10 −45 ±8 — —
13 17 20 20

Total PIC peak (mV) −22 ±7 −22 ±5 −18 ±9 −19 ±5 ↑ —
13 17 20 20

Total PIC amplitude (pA) −149 ±96 −294 ±153 −214 ±127 −450 ±349 ↑ ↑↑↑
13 17 20 20

Na+ PIC onset voltage (mV) −44 ±5 −45 ±6 −43 ±6 −44 ±6 — —
14 17 19 16

Na+ PIC peak (mV) −17 ±5 −20 ±4 −18 ±7 −15 ±5 — —
14 17 19 16

Na+ PIC amplitude (pA) −132 ±75 −229 ±126 −179 ±99 −450 ±343 ↑ ↑↑↑
14 17 19 16

Ca2+ PIC onset voltage (mV) −43 ±8 −43 ±7 −40 ±12 −43 ±9 — —
15 19 21 24

Ca2+ PIC peak (mV) −25 ±9 −26 ±9 −22 ±11 −21 ±7 ↑ —
15 19 21 24

Ca2+ PIC amplitude (pA) −47 ±38 −79 ±56 −49 ±49 −109 ±69 — ↑↑↑
15 19 21 24

Total PIC/C (pA pF−1) −0.52 ±0.27 −1.20 ±1.04 −0.70 ±0.40 −1.56 ±1.39 — ↑↑↑
13 17 20 20

Na+ PIC/C (pA pF−1) −0.48 ±0.25 −1.00 ±1.11 −0.61 ±0.34 −1.56 ±1.36 — ↑↑
14 17 19 16

Ca2+ PIC/C (pA pF−1) −0.18 ±0.18 −0.28 ±0.21 −0.16 ±0.14 −0.35 ±0.23 — ↑↑
15 19 20 24

Capacitance (pF) 273 ±81 324 ±156 321 ±83 326 ±93 — —
24 25 31 31

The rows contain the values for the total, Na+ and Ca2+ PIC, and PIC normalized to capacitance (C). The PIC properties include the
voltage of onset, the voltage of its peak and the amplitude of the current at peak. Also shown are the values for whole-cell capacitance.
The mean value ± SD for each group is listed with the number of samples (n). The number of arrows in the rightmost two columns
indicates significance, as follows: ↑ indicates 0.05 > P ≥ 0.01; ↑↑ indicates 0.01 > P ≥ 0.001; and ↑↑↑ indicates P < 0.001.

of maturation, these two groups were subdivided into
younger (P0–5) and older (P6–12) subgroups, giving four
basic groups (WT younger, WT older, SOD1 younger
and SOD1 older). All data samples were checked for
normality using Levene’s test, and statistical analyses were
performed using ANOVAs, with age and mutation as
factors (see Methods) unless otherwise noted. Tables 1
and 2 provide means, standard deviations and sample
sizes for all measured parameters, with arrows indicating
significance.

Effects of mutation compared with maturation on
motoneuron electrical properties

Previous studies have consistently found an elevation in
the Na+ PIC in SOD1 motoneurons, suggesting increased
excitability. However, the postnatal development of the
Na+ PIC has not been studied in either SOD1 or WT
motoneurons. Hence, our first aim was to compare

the development of the Na+ PIC in WT and SOD1
motoneurons. In addition to the Na+ PIC, which is
probably mediated by Nav1.1 and 1.2 in neonates, and
Nav1.1, 1.2 and 1.6 channels in juvenile mice (Boiko et al.
2001, 2003; Rush et al. 2005), motoneurons also have a
Ca2+ PIC, probably mediated by Cav1.3 channels (Perrier
& Hounsgaard, 2003; Li et al. 2007), which remains small
until around P10 in WT motoneurons (Jiang et al. 1999).
The Ca2+ PIC is also very important in determining
motoneuron excitability (Alaburda et al. 2002; Heckman
et al. 2008). Therefore, we measured both PICs from slow
voltage ramps (Schwindt & Crill, 1980) and identified each
component by pharmacological blockade (TTX for the
Na+ PIC and isradipine for the Ca2+ PIC; Fig. 1A and C
for a P1 WT motoneuron, Fig. 1B and D for a P9 SOD1
motoneuron).

Our data revealed that total PIC and Na+ PIC amplitude
significantly increase with maturation from P0–5 to
P6–12, as shown in Fig. 2 and Table 1. The amplitude of
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Table 2. Changes in active and passive properties with maturation and SOD1 mutation

WT SOD1 WT SOD1
P0–5 P0–5 P6+ P6+

SD SD SD SD Significance Significance
Mean n Mean n Mean n Mean n of age of SOD1

V thresh (mV) −29 ±5 −27 ±5 −30 ±7 −30 ±5 — —
14 16 18 26

AP overshoot (mV) 28 ±7 29 ±10 30 ±11 32 ±7 — —
19 19 20 28

AP duration (ms) 1.5 ±0.6 1.1 ±0.3 1.1 ±0.3 0.9 ±0.2 ↓↓↓ ↓↓↓
19 19 20 28

AP rise (mV ms−1) 75 ±26 95 ±33 95 ±31 106 ±20 ↑↑ ↑
19 19 20 28

AP fall (mV ms−1) 39 ±13 56 ±19 54 ±16 72 ±17 ↑↑↑ ↑↑↑
19 19 20 28

ISI 1–3/SS ISI (%) 70 ±34 66 ±22 57 ±32 71 ±25 — —
16 15 17 15

AHP amplitude (mV) 9.4 ±2.3 8.9 ±2.3 9.2 ±3.0 10.8 ±2.9 — —
15 15 11 17

AHP τ (ms) 40 ±18 28 ±15 28 ±10 24 ±10 ↓ ↓
15 14 11 17

ADH amplitude (mV) 5.5 ±2.7 2.9 ±2.5 2.5 ±1.5 1.9 ±1.6 ↓↓ ↓
7 13 13 17

Conductance (nS) 16 ±6 20 ±10 26 ±10 32 ±14 ↑↑↑ ↑
24 25 30 32

Ion (pA) 368 ±175 443 ±281 664 ±374 903 ±519 ↑↑↑ —
16 18 18 27

Ioff (pA) 420 ±201 486 ±293 781 ±425 983 ±583 ↑↑↑ —
16 18 18 27

�I (pA) (ms) 52 ±134 44 ±86 117 ±195 80 ±243 — —
16 18 18 27

F–Iasc (Hz nA−1) 35 ±15 40 ±23 31 ±15 33 ±17 — —
15 18 17 27

F–Idesc (Hz nA−1) 32 ±14 40 ±28 33 ±21 35 ±24 — —
13 18 16 27

RMP (mV) −57 ±4 −56 ±4 −60 ±6 −60 ±5 ↓↓↓ —
16 19 20 27

Shown here are the properties of the action potential (AP), including the voltage at AP threshold (V thresh), AP overshoot and the
interspike intervals (ISIs) of first three APs of a square current pulse normalized to steady state (ISI 1–3/SS ISI). The following rows
include conductance, the ascending and descending slope of the F–I curves (F–Iasc, F–Idesc) and the resting membrane potential (RMP).
The mean value ± SD for each group is listed with the number of samples (n). The number of arrows in the rightmost two columns
indicates significance, as follows: ↑ indicates 0.05 > P ≥ 0.01; ↑↑ indicates 0.01 > P ≥ 0.001; and ↑↑↑ indicates P < 0.001.

the total PIC and Na+ PIC was also significantly enhanced
by mutation, as was expected from previous work (Kuo
et al. 2005; van Zundert et al. 2008; Pieri et al. 2009;
Fig. 2B). Owing to its delayed appearance, the Ca2+ PIC
did not show significant changes with age from P0–5 to
P6–12 (see Table 1 for means and significance). However,
SOD1 motoneurons had significantly larger Ca2+ PICs
than WT motoneurons, an important and novel finding
(Fig. 2C and Table 1). The total PIC was dominated by
the Na+ PIC during this time window in both WT and
SOD1 motoneurons (Fig. 2A). The amplitude of each
component was measured at its peak, and because the

Ca2+ PIC and Na+ PIC peaked at slightly different voltages
(see Table 1), the total PIC is not simply peak Na+ PIC +
peak Ca2+ PIC. Although there was considerable variation
within each group, the increase in total, Na+ and Ca2+

PIC amplitudes in SOD1 motoneurons was substantial,
with the total PIC of young SOD1 motoneurons being
double that of the young WT motoneurons, and the older
SOD1 motoneurons having an average total PIC of three
times that of the young WTs. Maturation had small but
significant effects on the voltages for the peak of the Ca2+

and total PICs, which were not matched by the SOD1
mutation. In 18 motoneurons, TEA was applied before
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measuring the PIC in order to block the K+ currents,
which could contaminate the PIC measurement. These
18 motoneurons did not show significantly different PIC
amplitudes from the other 66 neurons recorded (data not
shown).

In the next analysis, we examined a feature characteristic
of postnatal development in spinal motoneurons, the
change in duration of the AP and the AHP after a single
spike. The AHP is a major determinant of AP firing
frequency. In addition, we also measured ADH, the hyper-
polarizing potential that occurs after a burst of action
potentials (Disterhoft & Oh, 2007). With maturation, the
time constant (τ) of the AHP decay decreases, shortening
the time course of the AHP without any change in its
amplitude. In addition, the rates of the AP rise and fall both
increase, resulting in a shorter duration AP (Fig. 3 and
Table 2). These changes are all consistent with previous
studies of maturation (Carrascal et al. 2005). The ADH
was measured after 1 s depolarizing pulses that elicited
firing rates of 20–30 Hz. The amplitude of the ADH was
found to be significantly smaller in both older and SOD1

motoneurons (Table 2). These results show that mutation
significantly enhanced the effects of maturation on the
ADH, AHP and AP, resulting in even shorter duration APs
with faster decaying AHPs followed by smaller amplitude
ADHs. As was the case for PICs, these changes were sub-
stantial. For example, AP width (measured at half-peak)
narrowed from ∼1.5 to ∼1.1 ms with age (P0–5 compared
with P6–12 in WT) and was further decreased to ∼ 0.9 ms
in the older SOD1 motoneurons (P6–12; Fig. 3).

Normally, motoneuron size increases during
maturation, resulting in increases in total electrical
conductance and capacitance (Carrascal et al. 2005).
In our data, total conductance increased significantly
from younger to older motoneuron groups and in
SOD1 motoneurons, but there was no increase in total
capacitance, perhaps because of the restricted age range
or loss of processes in the slice preparation (see the
Discussion for further comments). Maturation also
induced a small but significant hyperpolarization of
resting potential, which was not matched by effects of
mutation (see Tables 1 and 2).

Figure 1. Measurement of persistent inward currents (PICs)
Whole-cell currents were recorded from motoneurons during a slow, depolarizing voltage ramp. A, current trace
(top) from a P1 wild-type motoneuron in response to a voltage ramp (bottom trace). First trace is in control
conditions (black); next, tetrodotoxin (TTX; 1 μM) was applied to block Na+ (blue), followed by TTX with isradipine
(ISR;10 μM) to block Ca2+ (red). B, a similar recording from a P9 SOD1 motoneuron, which was recorded first
in control conditions (black), then in ISR (red), followed by ISR and TTX (blue). Scale bars: horizontal 2 s, vertical
0.5 nA. C and D, traces from A and B were subtracted to show the total PIC (black), Na+ PIC (blue) and Ca2+ PIC
(red).
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Net excitability of motoneurons is usually measured
from the threshold and slope of the relationship between
firing frequency and injected current (the F–I function;
Powers & Binder, 2001). We used a triangular current
waveform to evaluate the amount of current at firing
onset (Ion), ascending and descending slopes of the F–I
relationship, and current at firing offset (Ioff ; see examples
in Fig. 4). In adult motoneurons, the F–I slope is decreased
and Ion and Ioff are increased compared with young
motoneurons (Manuel et al. 2009; Meehan et al. 2010b). In
the time window of the present study, neither maturation
nor mutation had a significant impact on F–I slope,
as can be seen in Fig. 4. However, Ion and Ioff were
significantly increased with maturation but not mutation,
an exception to the pattern of similar effects of maturation
and mutation. The difference between Ion and Ioff (�I)
is a useful index, which can indirectly confirm the pre-
sence of the Ca2+ PIC; however, it is not as sensitive as
direct measurements performed here, and by itself it does
not prove absence of a PIC (Bennett et al. 2001). Overall,
neither maturation nor mutation increased net excitability
during this time window.

Overall pattern

To obtain an overview of how well the profile of
electrical properties induced by mutation matched that
of maturation, we plotted the change in each electrical
parameter due to the mutation versus the change due
to maturation (changes were normalized by the average
values for each parameter across both age and mutation).
In the plot shown in Fig. 5, exactly equal effects of
maturation and mutation would generate a line with a
slope of 1.0 (continuous line). Despite the few exceptions
where age had a significant effect but mutation did not
(i.e. Ion, Ioff , resting potential, voltages at peak total
and Ca2+ PICs; see Tables 1 and 2), Fig. 5 shows that
an overall positive correlation between maturation and
SOD1 mutation emerged across electrical parameters
(r = 0.74, P < 0.0001, n = 28; and when the exceptions
were eliminated, r = 0.85, P < 0.00001, n = 23). Thus,
the overall similarity between the patterns of mutation
and maturation is highly significant even with the noted
exceptions. Our results show that overall the changes
in SOD1 motoneuron electrical properties are very
similar to the changes taking place during postnatal
development. Based on the value r2 = 0.55 across all
electrical properties, roughly half of the changes observed
in SOD1 motoneurons could be attributed to this pattern
of accelerated development.

A more pronounced phenotype in a subset
of SOD1 motoneurons

The substantial variation in PICs meant that some of
the SOD1 motoneurons had much larger PICs than WT

motoneurons, while PICs of other SOD1 motoneurons
were within the WT range. If these large PICs are indicative
of an especially mature state, then the other electrical
properties in these large PIC cells should likewise be
more advanced in development than the SOD1 cells with
smaller PICs. To evaluate this possibility, we selected
the motoneurons in which the total PIC amplitude was

Figure 2. Changes in PIC with age and mutation
The peak amplitude of the total PIC (A), Na+ PIC (B) and Ca2+ PIC
(C) was plotted for groups based on age [postnatal day 0–5 (P0–5)
and postnatal day 6 and older (P6+)] and mutation: wild type
(including both nontransgenic and SOD1WT transgenic mice, WT)
and SOD1G93A (SOD1). Error bars represent the standard deviation.
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greater than 1 SD above the mean of total PIC for all
motoneurons recorded (total PIC >–523 pA). A subset of
nine SOD1 motoneurons met this criterion (no WT cells
had PICs this large). The high-PIC SOD1 motoneurons
were then compared with the remaining 36 low-PIC SOD1
motoneurons. As expected from this selection criterion
based on total PIC, the high-PIC SOD1 motoneurons also
had significantly elevated Na+ and Ca2+ PIC component
current amplitudes compared with the low-PIC SOD1
motoneurons (Table 3). This subset of neurons did not
only display larger PICs, they also exhibited more mature
APs and AHPs than the other SOD1 motoneurons. They
had the fastest AP parameters of all motoneurons, having
significantly shorter duration APs and faster decaying
AHPs than low-PIC SOD1 and WT motoneurons (Table 3
and Fig. 6). Figure 7 is analogous to Fig. 5, showing a
significant correlation between the change in high-PIC
versus low-PIC SOD1 cells versus change due to ageing
(r = 0.78, P < 0.00001, n = 28). In summary, the cells with
the largest PICs were all from the SOD1 sample and overall
had the most mature profile of electrical properties.

Discussion

Our results provide an exhaustive analysis of over 25 cell
properties in over 100 spinal motoneurons in the most
severe mouse model of ALS, the SOD1G93A mouse. Overall,

the electrical changes fit a profile of an increased rate of
maturation.

Comparison of SOD1 animal models with ALS

The SOD1 mouse takes advantage of the human mutant
SOD1 gene that causes ALS. Familial ALS (fALS) caused
specifically by SOD1 mutations makes up 2% of all cases,
or 20% of all fALS (Rosen et al. 1993), while sporadic
ALS (sALS) accounts for 90% of all ALS cases. Trans-
genic mice overexpressing a mutated human SOD1 gene
undergo progressive neurodegeneration similar to ALS in
humans (Gurney et al. 1994), marked by muscle weakness
and paralysis (Kong & Xu, 1998). Spinal motoneurons
acquire pathological features seen in ALS, including axonal
spheroids and fragmentation of the Golgi apparatus
(Dal Canto & Gurney, 1995; Mourelatos et al. 1996).
Furthermore, evidence for cortical hyperexcitability and
increased Na+ conductance in motoneurons and axons
has been shown in both SOD1 mice and in fALS patients
(Mogyoros et al. 1998; Vucic et al. 2008; Carunchio
et al. 2010; Vucic & Kiernan, 2010). Increased cortical
excitability, similar to that seen in sALS patients, has
been observed to precede the symptom onset in fALS,
suggesting similar pathophysiology for ALS whether the
cause is genetic or environmental (Vucic et al. 2008).
Although the neurodegeneration in SOD1 mice and

WT (P9)
SOD1 (P9)

Neonatal
WT (P0)
Juvenile
WT (P7)

WT (P7)
SOD1 (P8)

A

Neonatal WT (P1)
Juvenile WT (P7)

B

DC

Figure 3. Maturation of the action potential (AP)
and after-hyperpolarization (AHP)
A, during normal postnatal development in WT
neurons, the AP narrows. B, the time constant of the
medium AHP decreases, shortening the duration of the
AHP. With SOD1 mutation, the AP shows advanced
narrowing (C) and the AHP shows an increased rate of
decay (D). Scale bars for A and C: horizontal, 0.1 s;
vertical, 20 mV. Scale bars for B and D: horizontal, 0.1 s;
B vertical, 5 mV; D vertical, 20 mV.
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fALS may be triggered by separate mechanisms, the final
common pathways to neurodegeneration are probably
shared. Hopefully, use of the SOD1 animal model will soon
lead to useful interventions applicable in human ALS.

Comparison with the ageing process

Motoneurons are highly vulnerable to the normal ageing
process, with a progressive die-off occurring in healthy
humans without ALS starting at around 60 years of
age (Campbell et al. 1973; Tomlinson & Irving, 1977).
Thus, while the ability of a young motoneuron to
maintain homeostasis in non-disease states is remarkable
(Marder & Goaillard, 2006), the processes leading to the
degeneration of motoneurons in ALS could involve genetic
or environmental stresses earlier in life that trigger a
pathological acceleration of the normal ageing process.
Results from this study would support this possibility,

although it remains speculative and further investigation
at later time points is needed.

Progression over time

Changes in SOD1 motoneuron electrical and anatomical
properties occur remarkably early, within the first
10 days of life (Kuo et al. 2005; Bories et al. 2007;
Amendola & Durand, 2008; van Zundert et al. 2008). An
important question is, what happens as the motoneuron
progresses past P12 into the adult state? Some of these
parameters have been measured in WT adult mouse spinal
motoneurons and show a continuation of the changes
observed in this study. The AP and AHP, found here to
shorten significantly in duration, are even faster in adult
WT spinal motoneurons, with an average AP duration
of 0.3 ± 0.05 ms and time constant for the medium AHP
of 10 ± 3 ms in adults (Manuel et al. 2009), compared
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Figure 4. Firing frequency–current relationships
Depolarizing ramps of current were injected into motoneurons. Shown are examples from a young (P3) WT (A)
and older (P10) SOD1 motoneuron (B). The current level was measured at the onset (Ion) and cessation of firing
(Ioff); �I = Ion − Ioff. The relationship between firing and current is plotted in C for the motoneuron in A and in
D for the motoneuron in B. Scale bars: horizontal, 1.0 s; vertical: 40 mV for top traces in A and B and 0.5 nA for
bottom traces.
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with 0.9 ± 0.2 ms APs and 24 ± 10 ms AHP time constants
found here in the older SOD1 group (cf. Table 2). Input
conductance and PIC amplitudes, shown here to increase
from P0 to P12, are likewise reported to be even higher
in adult rodent spinal motoneurons, although recorded in
varying conditions (Li & Bennett, 2003; Manuel et al. 2009;
Meehan et al. 2010a,b). Our finding that the threshold
currents for repetitive firing (Ion and Ioff ) increase less
with mutation than with age may indicate that the SOD1
motoneurons will become hyperexcitable with more
time. Consistent with this possibility, SOD1 motoneurons
grown in cell culture have markedly enhanced excitability
(Pieri et al. 2003a; Kuo et al. 2004, 2005). Taken
together, these findings indicate that the trends we found
from P0 to P12 are likely to continue into adulthood.
The high-PIC SOD1 group in the present study may
attain hyperexcitability first, contributing to excitotoxicity,
increasing metabolic demands, and possibly becoming
the first cells to degenerate. An alternative hypothesis to
accelerated maturation is that SOD1 motoneurons are
instead expressing an exaggerated amount of the normal
complement of ion channels. A detailed analysis of channel
subtypes and their order of appearance during maturation
would be needed to investigate this hypothesis fully (Boiko
et al. 2001, 2003); however, if this were the case one might
expect to see an overexpression of the SK channels that
produce the AHP (Lape & Nistri, 2000), for example. This
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Figure 5. Overall patterns of mutation and ageing
The y-axis is the average difference in an electrical property induced
by the SOD1 mutation, normalized by the average of values from all
cells (all ages, both WT and SOD1). The x-axis is the averaged
normalized difference for age, such that if a property were showing
a 40% increase with both age and mutation it would fall precisely
on the slope = 1 line at (0.4, 0.4). For all data, r2 = 0.548, n = 28,
P < 0.0001; and without exceptions, r2 = 0.723, n = 23,
P < 0.00001.

would result in an increased AHP amplitude in SOD1
motoneurons, which was not the case (Fig. 3 and Table 2).

Comparison with brainstem SOD1 motoneurons

Brainstem SOD1G93A motoneurons in the same age range
(P4–10) as our sample and recorded using similar methods
(patch clamp in slices) exhibited increased F–I gain
compared with WT (van Zundert et al. 2008), whereas our
spinal motoneurons did not. However, normal brainstem
motoneurons also differ from spinal motoneurons in this
behaviour, with F–I gain increasing with age (Carrascal
et al. 2005) instead of decreasing as for spinal motoneurons
(Manuel et al. 2009; Meehan et al. 2010b). Thus, an
increased gain is consistent with accelerated maturation
of SOD1 brainstem motoneurons. Significant decreases in
spike duration, AHP time constant or input conductance
did not occur in these brainstem motoneurons, but the
sample size was small (n = 7; van Zundert et al. 2008)
compared with the present study (n = 42 for WT, 51
for SOD1). These brainstem SOD1 motoneurons also
exhibited increased levels of spontaneous input and
dendritic pruning characteristic of a more mature state
(van Zundert et al. 2008).

Comparison with SOD1 models that have a slower
disease progression

Studies have also been performed on SOD1 models with a
slower rate of disease progression than the high-expressor
SOD1G93A model used here. In the work of Pambo-Pambo
et al. (2009) on the low-expressor SOD1G93A and SOD1G85R

models, motoneurons do not appear to be in a more
mature state, with the SOD1G85R motoneurons having
normal spike widths and the low-expressor SOD1G93A

motoneurons having wider, i.e. more immature, spike
widths than WT motoneurons. Just as the asymptomatic
period is roughly twice as long in the low-expressor
SOD1G93A and in the SOD1G85R animals, it may be that
the developmental abnormalities are likewise varied. In
the SOD1 animals, as in the ALS patients, the disease
onset, time course and early indicators are highly variable.
While our SOD1G93A high-expressor motoneurons appear
to have an increased rate of maturation, we do not suggest
that this is the only early developmental abnormality that
could set the motoneurons on a course for premature
degeneration.

In all three models, high-expressor SOD1G93A, which
we used in our studies, low-expressor SOD1G93A and
SOD1G85R, there is a significant increase in input
conductance which, in the case of the SOD1G85R, has
been shown to be due to increased dendritic branching
(Amendola & Durand, 2008) as well as increased specific
membrane conductance (Elbasiouny et al. 2010). It is
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Table 3. Changes in active and passive properties between the high-PIC and low-PIC SOD1 motoneurons

Low-PIC High-PIC
SOD1 SOD1

SD SD
Mean n Mean n Significance

Total onset voltage (mV) −46 ±7 −44 ±6 —
28 9

Total peak (mV) −22 ±4 −16 ±6 ↑
28 9

Total amplitude (pA) −246 ±109 −791 ±265 ↑↑↑
28 9

Na+ PIC onset voltage (mV) −44 ±6 −46 ±6 —
24 9

Na+ PIC peak (mV) −18 ±5 −17 ±4 —
24 9

Na+ PIC amplitude (pA) −200 ±95 −696 ±275 ↑↑↑
24 9

Ca2+ PIC onset voltage (mV) −44 ±8 −39 ±9 —
34 9

Ca2+ PIC peak (mV) −24 ±8 −18 ±7 ↑
34 9

Ca2+ PIC amplitude (pA) −87 ±67 −129 ±39 ↑
34 9

Total PIC/C (pA pF−1) −0.91 ±0.77 −2.90 ±1.22 ↑↑↑
28 9

Na+ PIC/C (pA pF−1) −0.79 ±0.91 −2.55 ±1.18 ↑↑
24 9

Ca2+ PIC/C (pA pF−1) −0.28 ±0.21 −0.48 ±0.20 ↑
34 9

Capacitance (pF) 331 ±130 294 ±86 —
47 9

V thresh (mV) −29 ±5 −29 ±4 —
34 8

RMP (mV) −58 ±5 −61 ±5 —
37 9

AP overshoot (mV) 30 ±9 33 ±4 —
38 9

AP duration (ms) 1.0 ±0.3 0.7 ±0.1 ↓↓↓
38 9

AP rise (mV ms−1) 100 ±28 111 ±13 —
38 9

AP fall (mV ms−1) 62 ±18 81 ±15 ↑↑
38 9

ISI 1–3/SS ISI (%) 66 ±20 81 ±32 —
24 6

AHP amplitude (mV) 10.0 ±2.6 9.3 ±3.8 —
27 5

AHP τ (ms) 28 ±13 17 ±5 ↓
26 5

ADH amplitude (mV) 2.6 ±2.2 1.1 ±0.7 ↓
25 5

Conductance (nS) 25 ±13 33 ±17 —
48 9

Ion (pA) 659 ±475 958 ±512 —
36 9
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Table 3. Continued

Low-PIC High-PIC
SOD1 SOD1

SD SD
Mean n Mean n Significance

Ioff (pA) 737 ±531 974 ±580 —
36 9

�I (pA) (ms) 78 ±203 15 ±159 —
36 9

F–Iasc (Hz nA−1) 36 ±16 37 ±30 —
36 9

F–Idesc (Hz nA−1) 37 ±25 36 ±28 —
36 9

Shown here are the same properties as those in Tables 1 and 2, but comparing those motoneurons
that had the largest total PIC amplitude (more than 1 SD above the mean) with the rest of the SOD1
motoneurons. The mean value ± SD for each group is listed with number of samples (n). The number of
arrows in the rightmost column indicates significance, as follows: ↑ indicates 0.05 > P ≥ 0.01; ↑↑ indicates
0.01 > P ≥ 0.001; and ↑↑↑ indicates P < 0.001.

not yet known whether these excess branches occur
in the SOD1G93A high-expressor line or whether the
branching results in increased synaptic contacts, nor is
it clear whether the mechanism causing these excess distal
branches in spinal motoneurons is related to the more
extensive pruning of distal branches seen in brainstem
SOD1G93A motoneurons (van Zundert et al. 2008). As our
studies were performed in the slice preparation, it was not
ideal to make any anatomical comparisons, owing to a
possible loss of processes. If the SOD1G93A high-expressor
line also has increased distal dentritic branching similar to
the SOD1G85R motoneurons, our measurements of input
conductance, though significantly larger in SOD1 and
older motoneurons, may have been an underestimate of
the true difference due to the lost processes. In addition,
the same could be said of the Ca2+ PIC, which is also
significantly larger in SOD1 motoneurons and most
probably generated by Ca2+ channels on the dendrites.
Therefore, the Ca2+ PIC in SOD1 motoneurons may be
even larger if measured in motoneurons with fully intact
processes.

Comparison with other potential mechanisms
of disease onset

Unlike the channelopathies that lead to disease states
through mutations that alter the function of a specific
ion channel (Kullmann & Waxman, 2010), the pathways
leading to symptom onset and disease progression
in SOD1 animals could arise from non-cell auto-
nomous pathways as well as from mechanisms within
the motoneurons. Excitotoxicity could be a factor in
both of these pathways (Rothstein, 1996). Increased
Ca2+-permeable glutamate receptors on the motoneurons

(Pieri et al. 2003b) could result in excitation-mediated
damage to motoneurons, as could alterations in glutamate
handling by SOD1 astrocytes (Nagai et al. 2007; Van
Damme et al. 2007; Yang et al. 2009, 2010). In fact,
glutamate neurotransmission is probably a significant
factor in symptom onset, because reducing excitatory
sensory input delayed disease onset in SOD1G93A mice
(Ilieva et al. 2008). Likewise, the changes in motoneuron
maturation observed in this study could be a reflection of
early alterations in activity in the spinal networks, which
are a hallmark of normal development (Landmesser &
O’Donovan, 1984; Marder & Rehm, 2005; Gonzalez-Islas
& Wenner, 2006; Blankenship & Feller, 2010). Initial
evidence for altered network activity has been shown
in SOD1G93A hypoglossal neurons (van Zundert et al.
2008). In addition to alterations in the local network
activity, cortical degeneration and spinal motoneuron
degeneration could be also be related. Evidence of cortical
hyperexcitability has been shown at the same early time
points as in spinal motoneurons (Kuo et al. 2005; Pieri
et al. 2009), suggesting that these neurons are developing
abnormally concomitantly. It would be interesting to
investigate whether more global changes in cortical and
spinal networks are present, and whether this would
include altered glutamatergic neurotransmission, and a
more mature phenotype in the interneurons that synapse
onto these neurons, as might be suggested by the increased
activity observed in adult spinal interneurons (Jiang
et al. 2009). Within the motoneurons, it would be inter-
esting to investigate whether other cellular properties are
also shifted to a more mature state, such as those of
mitochondria (Bacman et al. 2006) and axon transport
systems (Saxena et al. 2009). Loss of motor unit force
appears to occur at the neuromuscular junction before the
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motoneuron degenerates (Balice-Gordon et al. 2000; Rich
et al. 2002; Pun et al. 2006), possibly involving deficits
in axonal transport (Saxena et al. 2009). Our results and
previous studies clearly show that electrical properties of
motoneuron cell bodies are altered long before force is
lost at about P50 (Hegedus et al. 2007, 2008; Gordon
et al. 2009). The questions of whether these very early
changes in electrical properties are in response to still
earlier transport or neuromuscular junction deficits or
instead produce problems at the neuromuscular junction
cannot be answered with the present data. A comparative
analysis of maturation in these two parts of the motor unit
may be very helpful in elucidating mechanisms of disease
onset.

Clinical implications

A promising future direction is to use agents that
modify the altered electrical properties of SOD1

WT (P9)
SOD1 (P10)
HighSOD1
(P9)

WT (P7)
SOD1 (P8)
HighSOD1 (P8)

A

B

Figure 6. More pronounced SOD1 phenotype of the AP and
AHP in a subset of SOD1 neurons
A, the APs in the high-PIC SOD1 group were significantly shorter in
duration than the rest of the SOD1 group. B, the time constant of
the medium AHP decreased more drastically in the high-PIC SOD1
group, shortening the duration of the AHP. Scale bars: A horizontal,
0.1 s; A vertical, 20 mV; B horizontal, 0.1 s; B vertical, 20 mV.

motoneurons. Riluzole, the current treatment of ALS,
slightly prolongs life in both mouse models and
in human patients (Bensimon et al. 1994; Gurney
et al. 1996). Although riluzole has many actions at
higher concentrations, previous studies have shown that,
at the low serum concentrations attainable by oral
administration (1–2 μM), riluzole is a specific blocker
of the Na+ PIC, as well as reducing glutamate release
from synaptosomes and increasing glutamate uptake by
astrocytes (Hebert et al. 1994; Lacomblez et al. 1996;
Huang et al. 1997; Zona et al. 1998; Azbill et al. 2000;
Urbani & Belluzzi, 2000; Rao & Weiss, 2004; Kuo et al.
2005; Lamanauskas & Nistri, 2008). The other properties
that are shown here to be altered (Ca2+ PIC, AHP and AP)
could also be worthwhile targets for intervention with
other pharmaceutical agents. Another approach might
be to manipulate neuromodulatory input to the spinal
cord. Serotonin and noradrenaline have potent effects on
motoneurons, including increasing PIC amplitude, hyper-
polarizing spike thresholds, decreasing AHP amplitude
and depolarizing the resting potential (Powers & Binder,
2001; Alaburda et al. 2002; Hultborn et al. 2004; Heckman
et al. 2008). It has been suggested that blocking excessive
Na+ PICs at this early stage in life may slow disease onset
(van Zundert et al. 2008); if so, it will be interesting to see
whether drugs that reduce PICs either by direct channel
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Figure 7. Overall patterns of high-PIC SOD1 characteristics
and ageing
A, the y-axis is the average difference for high-PIC SOD1 cells
compared with low-PIC SOD1 cells (normalized by the average for all
SOD1 cells). The x-axis is the averaged normalized difference for age,
such that if a property were showing a 40% increase in high-PIC
SOD1 motoneurons versus low-PIC SOD1 and a 40% increase with
ageing, it would fall precisely on the slope = 1 line at (0.4, 0.4). For
all data, r2 = 0.608, n = 28, P < 0.0001; and without exceptions,
r2 = 0.723, n = 223, P < 0.00001.
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block or via neuromodulatory actions can slow disease
progression by ‘resetting’ the motoneurons to a younger
phenotype (cf. Chan et al. 2007).

Conclusions

Motoneurons of SOD1G93A mice show very early
alterations in postnatal development of the electrical
properties, including Na+ and Ca2+ PIC, input
conductance, AP and AHP. These properties appear to
be in a more mature state in SOD1 motoneurons than in
WT motoneurons. This early advancement in maturation
could, along with other disease mechanisms, set the
motoneurons on a course towards vulnerability in later
life.
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