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Key points

• So far, increased excitability and calcium handling problems have been discussed as causes
for motoneuron death in amyotrophic lateral sclerosis (ALS) mainly on the basis of studies in
juvenile presymptomatic mice.

• We developed a brainstem preparation to analyse excitability and calcium handling during
disease progression up to disease endstage of motoneurons in an ALS mouse model.

• Increased excitability of motoneurons is not seen at disease endstage, challenging this factor as
a direct cause for motoneuron death in ALS.

• We show that calcium handling is remodelled during disease progression from mitochondrial
uptake to mitochondrial uptake failure and increased plasma membrane extrusion, providing
a compensatory mechanism that fails at disease endstage and might lead to a toxic calcium
overload of the cells.

• Supporting this newly described compensatory endeavour of the motoneurons might be a
promising therapeutic strategy.

Abstract Amyotrophic lateral sclerosis is a progressive neurodegenerative disease that targets
some somatic motoneuron populations, while others, e.g. those of the oculomotor system,
are spared. The pathophysiological basis of this pattern of differential vulnerability, which
is preserved in a transgenic mouse model of amyotrophic lateral sclerosis (SOD1G93A), and
the mechanism of neurodegeneration in general are unknown. Hyperexcitability and calcium
dysregulation have been proposed by others on the basis of data from juvenile mice that
are, however, asymptomatic. No studies have been done with symptomatic mice following
disease progression to the disease endstage. Here, we developed a new brainstem slice pre-
paration for whole-cell patch-clamp recordings and single cell fura-2 calcium imaging to study
motoneurons in adult wild-type and SOD1G93A mice up to disease endstage. We analysed
disease-stage-dependent electrophysiological properties and intracellular Ca2+ handling of
vulnerable hypoglossal motoneurons in comparison to resistant oculomotor neurons. Thereby,
we identified a transient hyperexcitability in presymptomatic but not in endstage vulnerable
motoneurons. Additionally, we revealed a remodelling of intracellular Ca2+ clearance within
vulnerable but not resistant motoneurons at disease endstage characterised by a reduction
of uniporter-dependent mitochondrial Ca2+ uptake and enhanced Ca2+ extrusion across the
plasma membrane. Our study challenged the notion that hyperexcitability is a direct cause
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of neurodegeneration in SOD1G93A mice, but molecularly identified a Ca2+ clearance deficit in
motoneurons and an adaptive Ca2+ handling strategy that might be targeted by future therapeutic
strategies.

(Received 12 November 2012; accepted after revision 4 February 2013; first published online 11 February 2013)
Corresponding author A. Fuchs: Mammalian Locomotor Laboratory, Department of Neuroscience, Karolinska
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Abbreviations ALS, amyotrophic lateral sclerosis; AP, action potential; cAHP, compound afterhyperpolarisation;
ChAT, choline-acetyl transferase; ER, endoplasmic reticulum; HMN, hypoglossal motoneuron; mCU, mitochondrial
calcium uniporter; MCU, mitochondrial calcium uniporter (molecular component of mCU); MICU1, mitochondrial
calcium uptake 1 (molecular component of mCU); MN, motoneuron; mNCX, mitochondrial Na+/Ca2+ exchanger;
NCX, Na+/Ca2+ exchanger; OMN, oculomotor motoneuron; P, postnatal day; PIC, persistent inward current; PMCA,
plasma membrane Ca2+ ATPase; RT-qPCR, real-time quantitative polymerase chain reaction; SOD1, superoxide
dismutase 1; UV-LMD, UV laser microdissection; WT, wild-type.

Introduction

Amyotrophic lateral sclerosis (ALS) is a rare adult-onset
neurodegenerative disease, which is characterised by
the preferential loss of cortical, brainstem and spinal
motoneurons (MNs) (Kiernan et al. 2011). As there is
currently no effective treatment, death occurs in ALS
patients usually 3–5 years after initial diagnosis. In
about 10% of the cases, ALS is caused by hereditary
mutations (familial ALS) in a number of identified disease
genes, very prominently among them gain-of-function
mutations in the superoxide dismutase 1 (SOD1) gene
(Ticozzi et al. 2011). The aetiology of the majority of
sporadically occurring ALS cases remains unknown. The
similar phenotype of MN degeneration of sporadic and
familial ALS suggests related molecular events acting
within vulnerable target neurons at final disease stages.
There is evidence that general disease processes like
glutamate excitotoxicity, Ca2+ overload and oxidative
stress as proposed for many other neurological disorders
are also implicated in MN death in ALS. In addition to
synaptic overexcitation, an intrinsic hyperexcitability of
MNs associated with increased persistent inward currents
(PICs) was described in human patients as well as in
juvenile presymptomatic stages of ALS mouse models
(Pieri et al. 2003; Kuo et al. 2004, 2005; Kanai et al. 2006;
Amendola et al. 2007; Bories et al. 2007; van Zundert et al.
2008; Pambo-Pambo et al. 2009; Vucic & Kiernan, 2010;
Quinlan et al. 2011).

MNs are believed to be preferentially vulnerable to
overexcitation as they possess Ca2+-permeable AMPA
receptors and low Ca2+ buffering capacity (Alexianu
et al. 1994; Carriedo et al. 1996; Lewinski & Keller, 2005;
Gou-Fabregas et al. 2009). The reduced buffering capacity
is due to low expression levels of Ca2+ buffering proteins
like parvalbumin or calbindin-D28K in vulnerable MNs
but not in resistant oculomotor neurons (Alexianu et al.
1994; Vanselow & Keller, 2000; Lewinski et al. 2008).
This might contribute to the differential vulnerability of
distinct MN populations in ALS (Nimchinsky et al.2000;

Haenggeli & Kato, 2002; Lewinski & Keller, 2005).
Compared to the minor contribution of Ca2+ buffering
proteins, mitochondrial Ca2+ uptake has a large impact
in vulnerable MNs (Jaiswal & Keller, 2009). It was pre-
viously described that mitochondrial shape and function
are disturbed in ALS. Functional deficits concerning Ca2+

uptake and handling were also detectable. Several studies
showed a not further analysed reduced mitochondrial
Ca2+ uptake capacity in isolated mitochondria, MNs or
motor terminals of ALS models (Kruman et al. 1999;
Vila et al. 2003; Damiano et al. 2006; Jaiswal & Keller,
2009; Coussee et al. 2011). The mitochondrial membrane
potential, the driving force for Ca2+ uptake, was found
to be depolarised or Ca2+-induced depolarisation was
increased (Carrı̀ et al. 1997; Damiano et al. 2006; Jaiswal
& Keller, 2009; Nguyen et al. 2009). Taken together, these
effects might lead to higher intracellular Ca2+ levels (Carrı̀
et al. 1997; Kruman et al. 1999) and thus contribute to MN
death in ALS.

Similar to most Ca2+ imaging studies, electro-
physiological descriptions of disease-related MN changes
in ALS animal models have mainly focused on cell culture
or mice younger than postnatal day 12 (P12). The observed
changes were linked to developmental irregularities but
were also discussed as potential causes for the degenerative
process itself (Amendola et al. 2007; Lewinski et al. 2008;
Quinlan et al. 2011). However, the most common ALS
mouse model, a transgenic mouse (SOD1G93A) expressing
a disease-causing variant (G93A) of the human superoxide
dismutase 1 (SOD1) gene in high copy number (Gurney
et al. 1994), does not display any MN loss at this juvenile
age (Chiu et al. 1995), but shows adult disease onset (first
tongue motor deficits at P77; Fuchs et al. 2010). Only at
an age of >69 days, do SOD1G93A mice show significant
loss of vulnerable spinal MNs (Chiu et al. 1995) (>10%
at P80), with an increase to about 70% cell loss at the
time of death around P130 (Schütz, 2005). Therefore, it
will be difficult to draw direct links to MN degeneration
from investigations limited to embryonic or early post-
natal stages.
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Here, we introduce a preparation of adult brain-
stem slices that allowed us to study MN characteristics
throughout the entire disease progression up to the
final stage (disease endstage). We used patch-clamp
electrophysiology, fluorometric methods and quantitative
gene expression analyses to reveal general properties
and disease-related changes of excitability and Ca2+

handling in age-matched adult wild-type (WT) and end-
stage SOD1G93A ALS mouse MNs. We focused on the
vulnerable brainstem MNs of the hypoglossal nucleus
(HMNs) and compared them with adult presymptomatic
(P70) HMNs as well as resistant oculomotor neurons
(OMNs) to identify those mechanisms that are both
disease-stage specific and relevant in the context of
differential vulnerability.

Methods

Ethical approval

All animal procedures were approved by
Regierungspräsidium Darmstadt and Tübingen
(Germany) and conducted according to the guidelines of
the German Tierschutzgesetz.

Brain slice preparation

For all experiments male transgenic mice of the strain
B6SJL-TgN(SOD1-G93A)1Gur (Jackson Laboratory, Bar
Harbor, ME, USA) and their WT littermates were used.
Mice were bred on site and genotyped according to the
protocol recommended by Jackson Laboratory. SOD1G93A

mice aged postnatal day P70 ± 5 (referred to as P70)
were classified as late presymptomatic according to
tongue movement ability (Fuchs et al. 2010). For end-
stage analyses, SOD1G93A mice between P115 and P140
(referred to as P120 or endstage) were used after they were
no longer able to pass a paw grip endurance test (clinical
score 4; Solomon et al. 2011) and results were compared
to age-matched WT littermates.

Mice were deeply anaesthetised with an ip injection
of 250 mg/kg ketamine (Inresa, Freiburg, Germany)
and 2.5 mg/kg medetomidine hydrochloride (Pfizer,
Berlin, Germany) and intracardially perfused with ice-cold
artificial cerebrospinal fluid (50 ml/min for 3 min;
perfusion ACSF: in mM: 125 NaCl, 2.5 KCl, 25 NaHCO3,
1.25 NaH2PO4, 2.5 glucose, 50 sucrose, 0.1 CaCl2, 6 MgCl2,
3 kynurenic acid, oxygenated with 95% O2, 5% CO2).
Perfused mice were decapitated with preservation of the
first 1–2 cervical vertebral bodies. With fine scissors these
remaining vertebral bodies were cut dorsally, thus entering
the foramen magnum and following the sagittal suture
of the skull until bregma. Bones were folded aside. The
brain was cut coronally with a razor blade at bregma
and the caudal part was quickly removed from the skull

avoiding a pull on the basal nerves by proper sectioning
with fine scissors. Brains were glued on a specimen
holder and coronal slices (250 μm) containing the hypo-
glossal (bregma −8 to −5 mm) or the oculomotor nucleus
(bregma −5 to −3 mm) were cut by a vibratome with
minimised vertical deflection (VT1200S, Leica, Wetzlar,
Germany) in the ice-cold perfusion ACSF. Slices recovered
for 90 min at 36◦C in bubbled recording ACSF (in mM: 125
NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 glucose,
22.5 sucrose, 2 CaCl2, 2 MgCl2, oxygenated with 95% O2,
5% CO2) and stored at room temperature until transfer to
patch-clamp bath chamber (up to 6 h).

Patch-clamp analysis

Slices were superfused with oxygenated recording ACSF.
CNQX, 10 μM, and SR95531, 4 μM (both Biotrend,
Cologne, Germany), were added to block fast excitatory
and inhibitory inputs, respectively. All experiments were
performed at 36◦C. Patch pipettes (3.5–4.5 M�) were
pulled from borosilicate glass (GC150TF-10, Harvard
Apparatus, Holliston, MA, USA) and filled with (in
mM): 135 potassium gluconate, 5 KCl, 10 Hepes,
0.1 EGTA, 2 MgCl2, pH 7.35 for the basal electro-
physiological characterisation of P70 and endstage HMNs.
Neurons were visualised by video microscopy (Axioskop
2 FS plus, Zeiss, Göttingen, Germany) using trans-
versal illumination for increasing contrast. Whole-cell
patch-clamp recordings were performed using an EPC-10
amplifier (Heka Electronics, Lambrecht, Germany). Data
were sampled with 20 kHz and low-pass filtered with
5 kHz. Voltage-clamp data were further digitally filtered
with 100 Hz. Only recordings with uncompensated series
resistance under 15 M� were analysed. Results were not
corrected for liquid junction potential, which is estimated
to be less than 5 mV.

Fluorometric measurements

For all imaging experiments and Ca2+-dependent electro-
physiological data of Fig. 3, the pipette solution
was modified as follows (in mM): 135 potassium
gluconate, 5 KCl, 10 Hepes, 2 MgCl2, 0.2 fura-2,
2 Na-ATP, 0.2 Li-GTP, pH 7.35. To avoid cell
depolarisation by extracellularly puffed ATP we
added 0.1 mM pyridoxalphosphate-azophenyl-disulfonate
(PPADS, Biotrend) to the ACSF to block P2X receptors.
Fura-2 (Invitrogen, Eugene, OR, USA) and Rhodamine
123 (Rh-123, Invitrogen) fluorescence was visualised using
a CCD camera system (TILL Photonics, Graefelfing,
Germany): a computer-controlled monochromator was
connected to the microscope via fibre optics (objective
Achroplan 40×, W, Ph 2, NA 0.8). Fluorescence was
detected by a 12-bit CCD camera (IMAGO QE, TILL
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Photonics). Binning was set to 4 × 4 and sampling
frequency was either 2 Hz for Ca2+ imaging or 1 Hz for
Rh-123 recordings. Data were recorded in a region of
interest drawn over the cell soma using LiveAcquisition
software (TILL Photonics).

For mitochondrial membrane potential estimation
slices were incubated at room temperature in 0.25 μg ml−1

Rh-123 for 10 min and washed in the recording
chamber at 36◦C for >30 min. Rh-123 accumulates in
mitochondria and its fluorescence is quenched. Rh-123
was released by mitochondrial uncoupling with 5 μM

carbonyl cyanide 4-trifluomethoxy-phenylhydrazone
(FCCP, Tocris, Bristol, UK) and excited with 485 nm. Data
were plotted as relative fluorescence values F/F0 with F
denoting the fluorescence at different time points and F0

the baseline fluorescence before uncoupling.
Somatic Ca2+ concentration changes were imaged

after loading the cells with fura-2 for >10 min via the
patch pipette. The fura-2 dissociation constant (K d)
was determined by performing an in vitro calibration
according to the Invitrogen protocol (Molecular Probes,
Calcium Calibration Buffer Kit, 2011) and estimated as
K d = 154 nM. Fura-2 was excited alternately at 357 nm and
380 nm to gain ratiometric Ca2+ measurements. Data were
plotted as F/F0 with F denoting the fluorescence ratio at
different time points and F0 the ratio at the beginning
of the recordings. For pharmacological modification,
Ruthenium 360 (Ru360, 20 μM, Calbiochem, Darmstadt,
Germany) or CPG37157 (15 μM, Biotrend) were added to
the pipette solution, FCCP (200 nM or 80 nM for HMNs
or OMNs, respectively) and thapsigargin (1 μM, Biotrend)
were applied via the bath perfusion system.

Data acquisition and analysis

Electrophysiological characterisation was performed in
whole-cell current-clamp configuration by applying
positive (holding potential −60 mV) or negative (from
resting potential) current steps and ramps. Action
potential characteristics were analysed as the mean
of three steady-state action potentials (APs) at a
firing frequency of 40 Hz. The compound after-
hyperpolarisation (cAHP) amplitude was assessed after
40 Hz firing. PIC characteristics were recorded in
voltage-clamp mode by applying a slow voltage ramp
(18 mV s−1) from −70 mV to −20 mV. Currents were leak
corrected. Currents in the presence of 300 nM tetrodotoxin
(TTX) were subtracted from control recordings to gain
TTX-sensitive currents.

For Ca2+ imaging, somatic Ca2+ influx was evoked by
increasing current steps of 2 s duration. The next step
was applied after complete recovery of the Ca2+ signal.
Fluorescence decay was fitted by a mono-exponential
function whenever possible and decay time constant (τ)

was calculated. The area under the curve of the Ca2+ signal
starting from 90% of the maximal amplitude was analysed
and normalised to the signal amplitude. Arbitrary units
(AU), defined as the normalised area divided by 1000,
are plotted. τ and signal area were correlated to the firing
frequency. For statistics, the signals evoked by a firing
frequency of 40 Hz and by maximal firing frequency (f max)
were compared. For pharmacological experiments with
bath application of the blocker, only one cell per slice was
recorded.

Electrophysiological and imaging data were analysed
and plotted using IgorPro (WaveMetrics, Lake Oswego,
OR, USA) with custom or NeuroMatic (Think Random,
London, UK) routines and Prism5 (GraphPad Software,
La Jolla, CA, USA). Statistics were performed with Prism5.
Data are shown as scatter plots with mean or as histograms
with mean ± standard error of the mean (SEM). Cell
number is abbreviated with n, animal number with
N . Values were tested for normal distribution with the
D’Agostino–Pearson test. For statistical comparison of two
groups, Student’s t tests were carried out if the values
were normally distributed. The Mann–Whitney U test
was used if the values were not normally distributed.
Statistical significance was set at P < 0.05 (∗), P < 0.01
(∗∗) or P < 0.001 (∗∗∗).

Immunohistochemistry

For confirmation of the MN identity cells were
filled with 1 mg ml−1 neurobiotin (Vector Laboratories,
Peterborough, UK) during whole-cell recordings. Slices
were fixed in 4% paraformaldehyde and 15% picric acid
in PBS, pH 7.4 over night and stained with a choline acetyl-
transferase (ChAT) antibody (1:250, AB144P, Chemicon,
Temecula, CA, USA). Slices were incubated in Alexa Fluor
568 streptavidin (1:750, Molecular Probes, Eugene, OR,
USA) for the detection of neurobiotin and Alexa Fluor 488
anti-goat IgG (1:1000, Molecular Probes) for the detection
of ChAT. Double labelling was determined using a confocal
laser-scanning microscope (LSM 510, Zeiss, Göttingen,
Germany).

UV laser microdissection and quantitative real-time
PCR

Tissue sectioning, UV laser microdissection (UV-LMD),
reverse transcription as well as qualitative multiplex
nested PCR and quantitative real-time PCR (RT-qPCR)
were performed as previously described (Grundemann
et al. 2008). For details see Supplemental Methods
and Supplemental Table S1 (available online only).
To control the specificity of harvested HMN pools,
∼1/3 of cDNA (5 μl) was utilised for qualitative
multiplex-nested PCR of the selected marker genes choline
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acetyltransferase (ChAT), glial fibrillary acidic protein
(GFAP) and glutamate decarboxylase (GAD65/67). Only
ChAT-positive and GAD65/67-negative HMN pools were
further analysed (Fig. 9A and B). Quantitative PCR was
carried out using TaqMan assays utilising a GeneAmp
7900HT (Applied Biosystems, Darmstadt, Germany).
Data analysis was performed with SDS2.3 software
(Applied Biosystems). Relative expression data are given
as mean ± SEM, normalised to WT and as MCU/MICU1
ratio. For statistical comparison, Mann-Whitney-U tests
were carried out.

Results

Adult presymptomatic SOD1G93A hypoglossal
motoneurons show hyperexcitability that is absent
when they reach disease endstage

We developed an acute slice preparation to perform
whole-cell patch-clamp recordings of adult hypoglossal
motoneurons (HMNs; Fig. 1A) and oculomotor neurons
(OMNs) of SOD1G93A and littermate wild-type (WT)
control mice. Here we report data from mice ranging
from an adult but still presymptomatic stage (∼P70) up
to disease endstage (∼P120), when animals are severely
motor-impaired. HMNs localised in the more vulnerable
ventral part of the nucleus were identified during visually
guided patch-clamp experiments by established functional
properties and cell size (capacitance >30 pF). In addition,
the MN identity and location of some HMNs and all
OMNs were verified by neurobiotin filling and choline
acetyltransferase (ChAT) double immunostaining (Fig. 1B
and C).

To characterise electrophysiological properties of adult
brainstem MNs and to reveal possible disease-related
changes, we compared the basal electrophysiological
properties of HMNs in WT and SOD1G93A mice for the
adult presymptomatic stage as well as disease endstage
(for values and the complete set of electrophysiological
data see Table 1). WT and SOD1G93A MNs differed only in
a few parameters, i.e. the resting membrane potential was
slightly but significantly more hyperpolarised in endstage
SOD1G93A compared to age-matched WT HMNs. Action
potential (AP) thresholds were significantly more hyper-
polarised in adult presymptomatic and significantly more
depolarised in endstage SOD1G93A neurons compared to
WT controls (Fig. 1D). All cells responded to positive
current steps with similar regular firing (Fig. 1E) and
displayed a similar prominent sag upon hyperpolarisation
(Fig. 1F), indicative of the presence of a hyperpolarisation
activated current (Ih).

The slope of the frequency–current relationship (f–I)
as a measure of excitability was significantly larger in
adult P70 presymptomatic SOD1G93A HMNs compared

to age-matched WT controls (Fig. 2A), in line with pre-
vious studies on juvenile mice (<P10, van Zundert et al.
2008) indicating hyperexcitability. In contrast, the f–I
slopes of WT and endstage SOD1G93A HMNs were not
different (Fig. 2B), indicating the absence of intrinsic
hyperexcitability in endstage SOD1G93A vulnerable MNs.

Persistent inward currents (PICs) are proposed to
underlie the hyperexcitability of motoneurons in ALS
models (Kuo et al. 2005). Figure 2C and D shows
representative TTX-sensitive PICs recorded in WT,
adult presymptomatic and endstage SOD1G93A HMNs,
respectively. In contrast to earlier studies, both absolute
inward current (data not shown) and current density were
similar for WT and SOD1G93A in both age groups (for
values see Table 2). In addition, we found no differences in
the voltage-dependence of PIC conductances (V 50; Fig. 2C
and D right panel). Current ramp protocols revealed only
a small trend towards a clockwise hysteresis (i.e. for any
current, the firing frequency is little higher during the
ascending ramp than the descending) in both genotypes,
being more prominent in P70 mice (Supplemental Fig.
S1) indicative of a low and, during disease progression,
decreasing impact of PICs (Hounsgaard et al. 1988).
Significantly less current was necessary to evoke APs
in presymptomatic SOD1G93A HMNs compared to WT
on the ascending ramp (Table 1). Taken together, our
results for the first time described electrophysiological
characteristics of adult HMNs and revealed a trans-
ient hyperexcitability in adult presymptomatic SOD1G93A

HMNs compared to age-matched WT controls, which is
absent at disease endstage in line with no differences in PIC
characteristics.

The compound afterhyperpolarisation is selectively
increased in vulnerable endstage MNs

Given the absence of hyperexcitability per se in
vulnerable MNs during disease endstage, we focused on
excitability-related changes in Ca2+ handling as a second
proposed degeneration-related factor. Here, we observed a
selective increase of the compound afterhyperpolarisation
(cAHP) amplitude induced by a 40 Hz train of action
potentials in endstage SOD1G93A HMNs compared to
age-matched WT controls (Fig. 3B, Table 1). However, no
genotype-associated difference was observed for cAHPs
in presymptomatic HMNs (Fig. 3A, Table 1) or endstage
OMNs (WT: 4.90 ± 0.60 mV, n = 25, N = 6; SOD1G93A:
5.91 ± 0.41 mV, n = 26, N = 4; Fig. 3C). In contrast to the
differences in cAHP amplitudes, the decay kinetics of the
cAHPs were not different in endstage, but slower in pre-
symptomatic SOD1G93A HMNs compared to WT (Table
1). Since the cAHP is mainly driven by Ca2+-activated
potassium channels (amplitude reduction by paxilline and
apamin, data not shown), the results suggested a larger
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activity-dependent increase of cytosolic Ca2+ selectively in
endstage SOD1G93A HMNs. Consequently, we focused on
a direct assessment of activity-dependent Ca2+ handling
in these neurons using imaging techniques.

An activity-dependent Ca2+ clearance deficit is
selective for vulnerable endstage MNs

To directly study the Ca2+ handling properties of MNs,
we used single-cell fura-2 Ca2+ imaging in combination
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Figure 1. Electrophysiological characterisation of adult HMNs in WT and endstage SOD1G93A mice
A, hypoglossal motoneuron (HMN) in a P116 SOD1G93A mouse (∗). Arrow indicates the patch pipette. B and C,
confocal image of the hypoglossal nucleus with two recorded and filled cells (B) and a HMN in higher magnification
(C). XII: hypoglossal nucleus. X: dorsal nucleus of the vagus. CC: central canal. MN identity was verified by
neurobiotin filling (NB, red) and choline acetyltransferase double labelling (ChAT, green). D, action potentials of
a representative WT and an endstage SOD1G93A HMN. Note the slightly but significantly depolarised threshold
in SOD1G93A and the short duration of adult MN APs. E, depolarising current steps evoked repetitive firing in
whole-cell current-clamp mode similar for a representative WT and endstage SOD1G93A HMN. F, negative current
steps evoked hyperpolarisation similar for a representative WT and endstage SOD1G93A HMN. Note the sag
component and the rebound spike. Dashed lines at 0 mV. For mean values of all parameters see Table 1.
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Table 1. Electrophysiological properties of adult HMNs in WT, presymptomatic and endstage SOD1G93A

HMN P70

WT (N = 6/#6) SOD1G93A (N = 7/#3) P value

Capacitance (pF) 64.95 ± 2.17, n = 76 60.19 ± 1.48, n = 102 0.14
Ri (M�) 110.37 ± 5.26, n = 74 123.38 ± 5.37, n = 99 0.17
RMP (mV) −45.26 ± 0.46, n = 76 −45.91 ± 0.41, n = 102 0.11
Rheobase (pA) 259.05 ± 16.43, n = 76 202.81 ± 10.88, n = 102 0.009∗∗

Ioff (pA) 308.86 ± 18.28, n = 76 236.13 ± 12.14, n = 102 0.003∗∗

AP threshold (mV) −33.56 ± 0.39, n = 76 −34.98 ± 0.31, n = 102 0.004∗∗

AP amplitude (mV) 98.53 ± 0.57, n = 76 97.26 ± 0.64, n = 102 0.17
AP duration (μs) 1105.68 ± 26.00, n = 76 1036.57 ± 17.65, n = 102 0.06
fAHP amplitude (mV) 23.06 ± 0.42, n = 76 23.61 ± 0.36, n = 102 0.32
cAHP amplitude (mV) 8.16 ± 0.49, n = 28# 9.37 ± 0.46, n = 28# 0.27
cAHP τ (ms) 97.02 ± 6.28, n = 33# 80.79 ± 6.19, n = 26# 0.007∗∗

fmax (Hz) 130.43 ± 3.50, n = 76 136.27 ± 4.32, n = 102 0.54
f–I slope (Hz pA−1) 0.099 ± 0.008, n = 76 0.125 ± 0.007, n = 99 0.0001∗∗∗

Sag (mV) 13.24 ± 0.49, n = 74 13.33 ± 0.26, n = 99 0.52

HMN P120

WT (N = 26/#7) SOD1G93A (N = 26/#5) P value

Capacitance (pF) 54.37 ± 1.69, n = 78 53.35 ± 1.34, n = 96 0.92
Ri (M�) 100.50 ± 5.74, n = 51 105.60 ± 4.17, n = 84 0.3
RMP (mV) −49.52 ± 0.43, n = 64 −51.10 ± 0.35, n = 84 0.005∗∗

Rheobase (pA) 242.20 ± 19.97, n = 34 217.40 ± 20.29, n = 36 0.39
Ioff (pA) 304.70 ± 22.14, n = 34 244.40 ± 20.34, n = 36 0.049∗

AP threshold (mV) −30.40 ± 0.53, n = 78 −28.72 ± 0.57, n = 96 0.048∗

AP amplitude (mV) 71.15 ± 0.92, n = 78 70.87 ± 0.91, n = 96 0.83
AP duration (μs) 893.80 ± 22.14, n = 78 922.10 ± 19.88, n = 96 0.46
fAHP amplitude (mV) 19.70 ± 0.43, n = 78 18.54 ± 0.48, n = 96 0.22
cAHP amplitude (mV) 6.55 ± 0.51, n = 24# 9.71 ± 0.62, n = 26# 0.0003∗∗∗

cAHP τ (ms) 102.90 ± 13.79, n = 24# 88.10 ± 12.67, n = 26# 0.42
fmax (Hz) 145.80 ± 5.40, n = 78 145.00 ± 5.20, n = 96 0.68
f–I slope (Hz pA−1) 0.075 ± 0.004, n = 78 0.071 ± 0.004, n = 96 0.57
Sag (mV) 11.62 ± 0.46, n = 48 11.39 ± 0.34, n = 77 0.69

Statistical significance as indicated. #, values from electrophysiological recordings during Ca2+ imaging with modified protocol and
solutions. AP, action potential; cAHP, compound afterhyperpolarisation in response to a 2 s train of action potentials at 40 Hz; fAHP,
fast afterhyperpolarisation after single action potential; f–I slope, slope of frequency–current curve; fmax, maximal firing frequency;
Ioff, current on descending ramp at cessation of firing; Ri, input resistance; RMP, resting membrane potential; τ, time constant.

with standard whole-cell patch-clamp recordings in
MNs from presymptomatic adult and disease end-
stage mice. Figure 4A shows an example of a HMN
filled with fura-2 via the patch pipette. We recorded
changes of fluorescence intensities over the cell soma and
applied increasing current steps to drive action potential
discharges up to maximal sustained firing frequencies
before depolarisation block (Fig. 4B). Ratiometric fura-2
signals increased in amplitude with increasing firing
frequencies and returned to baseline level at the end of
stimulation with a time course that was well described by a
mono-exponential function (see fits with time constant (τ,
arrows) in red in Fig. 4C–E), both after 40 Hz or maximal
frequency discharge in WT (Fig. 4C–E, left panels) or
SOD1G93A MNs (Fig. 4C–E, middle panels). The right

panels of Fig. 4C and D depict the frequency dependencies
of τ and of the fluorescence signal area normalised to
signal peak for representative adult presymptomatic and
endstage SOD1G93A HMNs and WT controls. Figure 4E
shows activity-dependent Ca2+ signalling for the resistant
endstage SOD1G93A and WT OMNs.

Although the maximal firing frequencies were distinct
for individual MN populations and ages ranging from
90 to 300 Hz in HMNs and from 200 to 380 Hz in
OMNs (during the calcium imaging experiments), they
were not significantly different between age-matched WT
and SOD1G93A cells (P70 HMNs: WT: 174.69 ± 12.11 Hz,
n = 35, N = 6; SOD1G93A: 200.69 ± 10.90 Hz, n = 26,
N = 3; P = 0.17; endstage HMNs: WT: 201.60 ± 14.19 Hz,
n = 23, N = 7; SOD1G93A: 198.30 ± 11.23 Hz, n = 26,
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Figure 2. Hyperexcitability is apparent in presymptomatic but not disease endstage SOD1G93A HMNs
A and B, representative frequency–current plot (f–I, left panel) and mean f–I slopes (right panel) of presymptomatic
SOD1G93A and age-matched WT HMNs (A) and endstage SOD1G93A and age-matched WT HMNs (B). Statistical
significance as indicated. For values see Table 1. Note the steeper f–I curves indicative for hyperexcitability only
in presymptomatic not in endstage SOD1G93A MNs compared to controls. C and D, representative TTX-sensitive
persistent inward currents (left panel), single cell values and mean current densities (middle panel) and mean
sigmoidal fits of conductance–voltage relationships (right panel) of presymptomatic SOD1G93A and age-matched
WT HMNs (C) or endstage SOD1G93A and age-matched WT HMNs (D). Currents were evoked by voltage ramps;
currents after TTX application were subtracted from currents before TTX application. Note that PIC parameters are
similar in WT and age-matched SOD1G93A HMNs. ns, not significant. For values see Table 2.
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Table 2. Properties of persistent inward currents in adult HMNs in WT, presymptomatic and endstage SOD1G93A

HMN P70

WT (n = 14, N = 6) SOD1G93A (n = 18, N = 4) P value

PIC absolute (pA) −499.73 ± 75.66 −447.19 ± 72.14 0.62
PIC density (pA pF−1) −8.53 ± 0.92 −8.78 ± 0.98 0.86
PIC V50 (mV) −38.09 ± 0.93 −36.01 ± 1.35 0.49

HMN P120

WT (n = 15, N = 7) SOD1G93A (n = 24, N = 7) P value

PIC absolute (pA) −274.60 ± 37.32 −239.80 ± 29.71 0.47
PIC density (pA pF−1) −4.59 ± 0.34 −4.26 ± 0.45 0.60
PIC V50 (mV) −37.48 ± 1.19 −37.74 ± 1.11 0.88

N = 5; P = 0.85; endstage OMNs: WT: 284.98 ± 9.19 Hz,
n = 25, N = 6; SOD1G93A: 288.29 ± 9.35 Hz, n = 26,
N = 4; P = 0.80; data not shown).

After firing at 40 Hz, adult presymptomatic SOD1G93A

HMNs displayed about 20% faster mean Ca2+ decay
kinetics compared to those of age-matched WT controls,
while mean maximal amplitudes and mean areas were
not different between SOD1G93A and WT at this low
frequency (Figs 4C and 5; for values see Supplemental
Table S2). This finding suggests that presymptomatic
SOD1G93A HMNs are more competent in handling
the activity-dependent Ca2+ load at moderate firing
frequencies. Maximal discharge resulted in significantly
higher peak Ca2+ amplitudes in presymptomatic
SOD1G93A HMNs compared to WT and a trend to smaller
τ and area (Figs 4C and 5; Supplemental Table S2). This
indicates not only that distinct mechanisms of Ca2+

handling might be recruited in different firing frequency
ranges but also that they might be differentially affected
by SOD1G93A expression.

At disease endstage, more dramatic
SOD1G93A-mediated changes in activity-dependent Ca2+

handling were observed without any differences in resting
Ca2+ (Supplemental Fig. S2). At 40 Hz, significantly
increased stimulation-induced peak amplitudes were
recorded in endstage HMNs compared to age-matched
WT MNs (Figs 4D and 5A; Supplemental Table S2).
In addition, with increasing stimulation frequencies
(Fig. 4D, right panel), post-stimulation Ca2+ clearance
significantly slowed and resulted in an about 40%
increased mean τ and area at maximal frequencies in
endstage SOD1G93A HMNs compared to age-matched WT
MNs (Figs 4D and 5; Supplemental Table S2). Moreover,
the activity-dependent Ca2+ clearance deficit was very
pronounced in about 1/3 of the endstage SOD1G93A

HMNs (n = 8/26), leading to a right-skewed distribution
when plotting the occurrence probability of τ values
(Supplemental Fig. S3). When restricting the analysis to
this most affected subpopulation of SOD1G93A HMNs

an increase of τ of about 200% was observed. A similar
heterogeneity was not seen in presymptomatic SOD1G93A

mice.
In contrast and apart from a small but significant

increase in the maximal stimulation peak amplitude, end-
stage SOD1G93A OMNs did not show any differences
in activity-dependent Ca2+ handling compared to
age-matched WT controls (Figs 4E and 5; Supplemental
Table S2). This comparative dataset between OMNs and
HMNs at disease endstage strongly suggests that the
observed changes in Ca2+ handling are disease related and
specific for the vulnerable target neurons in ALS.

Diminished mitochondrial Ca2+ uptake in endstage
SOD1G93A HMNs is independent of the mitochondrial
membrane potential

As there is evidence for mitochondrial disturbances
in ALS (Cozzolino & Carrı̀, 2011), we next studied
the mitochondrial Ca2+ uptake to probe for a
potential mitochondrial contribution to the observed
Ca2+ clearance deficit. FCCP is an uncoupler of the
mitochondrial membrane potential (�m) that reduces
the driving force for mitochondrial Ca2+ uptake. We
bath applied 200 nM FCCP during Ca2+ imaging (Fig. 6A
and B), which was the maximal FCCP concentration
that did not lead to conductance changes of the plasma
membrane for at least 45 min during recordings in adult
HMNs. Based on previous studies (Brennan et al. 2006;
Tretter & Adam-Vizi, 2007), we assume that 200 nM FCCP
completely blocks or at least significantly reduces the
driving force for mitochondrial Ca2+ uptake both in WT
and SOD1G93A HMNs. For WT HMNs at P70 and P120,
we observed a significant 2-fold increase of τ and signal
area already after physiological 40 Hz firing compared
to control conditions without uncoupling (Fig. 6C and
D; Supplemental Table S3; similar data for f max; see
frequency dependence in Fig. 6E). These data suggest that
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Figure 3. Ca2+-dependent cAHP is increased specifically in
endstage vulnerable MNs
Representative cAHP (compound afterhyperpolarisation in response
to a train of action potentials at 40 Hz, see inset; dashed line at
0 mV) of presymptomatic SOD1G93A and age-matched WT HMNs
(A), endstage SOD1G93A and age-matched WT HMNs (B) and
endstage SOD1G93A and age-matched WT oculomotor motoneurons
(OMNs) (C). Note the bigger amplitude of the cAHP in endstage
SOD1G93A HMN compared to WT. D, mean cAHP amplitudes of WT
and SOD1G93A HMNs and OMNs. Statistical significance as indicated
ns, not significant. For values see Table 1. Note the significant
difference between WT and SOD1G93A specifically in endstage
HMNs.

in adult WT HMNs�m-driven mitochondrial Ca2+ uptake
handles about 50% of the activity-dependent Ca2+ load
across the entire frequency range.

Presymptomatic P70 SOD1G93A HMNs showed a
significantly stronger FCCP-induced impairment of Ca2+

clearance than age-matched WT neurons (ANOVA with
Tukey’s post hoc test) with a 3-fold increase in τ and
area compared to control conditions (Fig. 6C and D;
Supplemental Table S3).

In contrast to WT and P70 SOD1G93A neurons, HMNs
of endstage SOD1G93A mice did not show any significant
change of fura-2 signals in FCCP compared to control
conditions neither at 40 Hz nor at f max (Fig. 6B and
D; Supplemental Table S3). These results indicate that
�m-driven mitochondrial Ca2+ uptake plays at best a
minor role in SOD1G93A HMNs at disease endstage and
argue for a dramatic remodelling of Ca2+ handling during
the transition between the adult presymptomatic stage and
disease endstage. As we found no evidence for a reduction
of the activity-dependent Ca2+ load in SOD1G93A HMNs,
these results also indicate a compensatory upregulation
of �m-independent Ca2+ clearance mechanisms in end-
stage SOD1G93A HMNs. An enhanced �m-independent
Ca2+ transport in endstage SOD1G93A HMNs enabled fully
compensated WT-like Ca2+ clearance kinetics at moderate
firing frequencies of 40 Hz but increasingly failed in the
higher frequency range in 1/3 of the cells (Figs 4 and
5). Consequently, we did not observe any difference in
signal area at maximal firing frequency between WT and
endstage SOD1G93A in FCCP (representative example in
Fig. 6F).

The loss of FCCP-sensitive Ca2+ transport was selective
for vulnerable HMNs and was not observed in resistant
SOD1G93A OMNs during disease endstage, which already
showed a significant increase of τ in 80 nM FCCP (maximal
tolerable concentration for OMNs; Supplemental Fig. S4,
Supplemental Table S3).

Ca2+ clearance deficit is partially compensated by
increased plasma membrane Ca2+ transport

Next, we aimed to define the upregulated �m-independent
Ca2+ transport in endstage SOD1G93A HMNs that
compensates for the reduced mitochondrial calcium
uptake. The two main candidates are Ca2+ extrusion across
the plasma membrane or sarco-endoplasmic reticulum
Ca2+ ATPase (SERCA)-mediated uptake into intracellular
endoplasmic reticulum (ER) Ca2+ storage pools. Given
the selective inhibition of SERCA by thapsigargin, we
reasoned that coapplication of 200 nM FCCP and 1 μM

thapsigargin would pharmacologically isolate the Ca2+

extrusion pathway across the plasma membrane via
ATPases (plasma membrane Ca2+ ATPase, PMCA) and
exchangers (Na+/Ca2+ exchanger, NCX). Accordingly, the
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decay kinetics of the fura-2 signal were well described with
a single exponential function in the presence of FCCP
and thapsigargin (Fig. 7A). This combination of specific
blockers revealed a frequency-independent difference in
the Ca2+ clearance kinetics in both WT and endstage
SOD1G93A HMNs compared to control conditions (τ
at 40 Hz: WT: 10.54 ± 1.05 s, n = 23, N = 5; P < 0.001;
SOD1G93A: 7.93 ± 0.83 s, n = 22, N = 3; P < 0.001; area
at 40 Hz: WT: 10.71 ± 0.92, n = 23, N = 5; P < 0.001;
SOD1G93A: 8.83 ± 0.71, n = 22, N = 3; P < 0.001;
Fig. 7; f max data similar (not shown)). Importantly,
the FCCP- and thapsigargin-insensitive Ca2+ clearance
was significantly faster in endstage SOD1G93A HMNs
compared to age-matched controls (ANOVA with Tukey’s
post hoc test). These data suggest that the upregulated
�m-independent Ca2+ transport was most likely mediated
by enhanced Ca2+ extrusion across the plasma membrane
in endstage SOD1G93A HMNs. Another consequence of
this combined thapsigargin-FCCP experiment is that the
Ca2+ extrusion across the plasma membrane might be
fuelled solely by glycolytically produced ATP that would
further stimulate plasma membrane transporters and
reduce mitochondrial Ca2+ uptake.

An inhibition of the ER Ca2+ uptake via application
of 1 μM thapsigargin alone (Supplemental Fig. S5)
resulted in complex genotype- and frequency-dependent
changes in the Ca2+ clearance kinetics with no significant
difference at 40 Hz in both genotypes compared to
the control condition (τ at 40 Hz: WT: 2.96 ± 0.22 s,
n = 23, N = 3, P = 0.66; SOD1G93A: 3.53 ± 0.27 s, n = 25,
N = 4, P = 0.11; area at 40 Hz: WT: 4.13 ± 0.42, P = 0.99;
SOD1G93A: 4.37 ± 0.31, P = 0.39). At f max, WT HMNs
showed slower Ca2+ clearance kinetics, whereas end-
stage SOD1G93A HMN kinetics were faster (τ at f max:
WT: 11.15 ± 1.15, P = 0.015; SOD1G93A: 8.31 ± 0.60,
P = 0.048; area at f max: WT: 8.82 ± 0.83, P = 0.013;
SOD1G93A: 12.74 ± 1.69, P = 0.40).

Reduced mitochondrial Ca2+ uptake is due to a
reduction of mCU transport capacity without changes
in mitochondrial membrane potential

Consequently, we carried out experiments to identify
the underlying mechanisms of absent �m-dependent
Ca2+ clearance in SOD1G93A HMNs. As the efficacy of

mitochondrial Ca2+ buffering depends on both the driving
force mainly set by the membrane potential of the inner
mitochondrial membrane and the transport capacity, e.g.
the number and functional state of mitochondrial Ca2+

transporters, we investigated these components separately
(Fig. 8).

We used Rh-123 imaging to estimate �m. Figure 8A
shows Rh-123 fluorescence signals of a representative WT
and endstage SOD1G93A HMN under control conditions
and in response to maximal �m- uncoupling by acute
application of a high concentration of FCCP (5 μM). Given
the similarity of Rh-123 fluorescence changes in response
to FCCP in endstage SOD1G93A HMNs and age-matched
WT controls (F/F0: WT: 0.092 ± 0.009, n = 22, N = 7;
SOD1G93A: 0.092 ± 0.006, n = 24, N = 8; P = 0.98), we
found no evidence for a reduced mitochondrial membrane
potential in vulnerable MNs in endstage.

The mitochondrial Na+/Ca2+ exchanger (mNCX) has
an important role in the inner mitochondrial membrane
mainly for transporting Ca2+ out of the mitochondria
(Malli & Graier, 2010). By applying 15 μM CGP37157
via the patch pipette we selectively blocked mNCX
in WT and endstage SOD1G93A HMNs (Fig. 8B). With
CGP37157 the signal decay at maximal firing frequency
changed from mono-exponential in control conditions
to double-exponential suggesting a reverse mode of
operation of the mNCX in our control conditions with
Ca2+ transported into the mitochondria in exchange with
Na+, independent of the genotype. However, we did not
observe any significant differences in the fura-2 signal
area compared to control conditions in both genotypes
(WT: 9.71 ± 0.88, n = 24, N = 4; SOD1G93A: 12.33 ± 0.88,
n = 25, N = 4; P = 0.83). In summary, we found no
significant evidence for altered mNCX activity in disease
endstage SOD1G93A HMNs.

With no clear evidence for an altered driving force
for mitochondrial Ca2+ uptake as well as for mNCX
function, a plausible alternative explanation might be a
reduced Ca2+ transport capacity of the mitochondrial
Ca2+ uniporter (mCU). We used Ru360 as a specific
blocker of mCU to probe for its contribution to Ca2+

clearance during our stimulation protocols (Fig. 8C).
After dialysing 20 μM Ru360 via the patch pipette and
stimulating the MNs with increasing current steps, we
observed no significant changes of Ca2+ clearance kinetics
in endstage SOD1G93A HMNs or age-matched controls at

40 Hz and maximal frequency firing (fmax) were analysed. Dashed lines at 0 mV. C–E, ratiometric fura-2 Ca2+
signal after 40 Hz or fmax for representative age-matched WT (left panel) and SOD1G93A (middle panel) mice of
P70 HMN (C), endstage HMN (D), endstage OMN (E). Signal decay was mono-exponentially fitted (red dashed line)
to determine time constant τ (indicated by arrows). Note the slower decay in endstage SOD1G93A at fmax. Right
panel: τ and normalised signal area (in arbitrary units, AU) plotted against firing frequency of representative WT
and SOD1G93A MNs. Note the prominent increase of τ and area with increasing frequency specifically in endstage
SOD1G93A HMNs. Arrowheads indicate the values statistically compared between all cells at 40 Hz and fmax.
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40 Hz firing frequencies (data not shown, Fig. 8C upper
right panel shows representative frequency dependence),
indicating that this low-affinity Ca2+ transporter (Malli &
Graier, 2010) was not operative at low firing frequencies.
In contrast, Ru360 induced complex changes in the
post-stimulation time course of the fura-2 signal at
maximal firing frequencies. Ru360 treatment led to an
initial fura-2 plateau phase up to 12 s duration before
the decline phase in endstage SOD1G93A HMNs as well

as in age-matched controls. These data suggest that the
mCU is not only operative at maximal Ca2+ load but
also that its inhibition cannot be fully compensated by
alternative Ca2+ clearance pathways. Quantitatively, Ca2+

clearance was significantly impaired by Ru360 in WT but
not in endstage SOD1G93A HMNs (area: WT: 16.28 ± 1.20,
n = 25, N = 4; P < 0.001; SOD1G93A: 16.63 ± 1.87, n = 25,
N = 5; P = 0.10), indicating a reduced contribution of
mCU and/or an enhanced partial compensation by other
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Ca2+ clearance pathways, most likely across the plasma
membrane at disease endstage, as we gained evidence for
increased plasma membrane Ca2+ extrusion in endstage
SOD1G93A.

To address a possible transcriptional regulation of mCU
in SOD1G93A MNs, we quantified cDNA levels of MCU
and MICU1, the molecular components of mCU, by
combining UV-LMD of pools of 10 individual HMNs
from WT and endstage SOD1G93A with RT-qPCR (Fig.
9). Surprisingly, we detected a 70–80% upregulation
of cDNA levels in ChAT-positive HMNs from end-
stage SOD1G93A compared to WT for MICU1 as
well as for MCU (MICU1 (normalised expression):
WT: 1.00 ± 0.11, n = 21, N = 4; SOD1G93A: 1.86 ± 0.12,
n = 39, N = 4; P < 0.001; MCU: WT: 1.00 ± 0.14, n = 21,
N = 4; SOD1G93A: 1.68 ± 0.12, n = 39, N = 4; P < 0.001).

In line with an upregulation of the mRNAs for both sub-
units, the MCU/MICU1 cDNA ratios of WT HMNs were
preserved in SOD1G93A (MCU/MICU1: WT: 1.03 ± 0.17,
n = 21, N = 4; SOD1G93A: 0.82 ± 0.06, n = 39, N = 4;
P = 0.19).

In summary, our pharmacological experiments
suggest an intact driving force but reduced mCU
Ca2+ transport efficacy under high-Ca2+ loading
conditions. These features are present selectively in
endstage SOD1G93A HMNs and might cause their
activity-dependent, disease-associated Ca2+ clearance
deficit. The mitochondrial calcium uptake deficit is
partially compensated by elevated plasma membrane Ca2+

extrusion but the compensation fails in 1/3 of the MNs
that survived until disease endstage indicating a mixed
population of cells with different disease stages. The
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increased gene expression of mCU subunits goes in line
with the suggested compensatory endeavour and hints
to a more complex, post-transcriptional mechanism of
disturbed Ca2+ handling.

Discussion

The mutant SOD1 mouse models stay the best to
study the pathogenesis of ALS, although the question
remains how representative this model is for human
sporadic and familial ALS (Van Den Bosch, 2011).
The functional analysis of single MNs including their

electrophysiological and Ca2+ handling properties in
ALS mouse models have been so far largely restricted
to cell culture models or early postnatal stages, long
before the first clinical symptoms become apparent. Thus,
we extended the analysis to provide pathophysiological
insights into the adult and clinically most relevant stages,
where degeneration mechanisms are probably similar
in familial and sporadic ALS and so possibly better
referable to human patients. We developed an improved
brainstem slice preparation that enabled visually guided
patch-clamp recordings in combination with single cell
Ca2+ imaging of both vulnerable HMNs as well as
resistant OMNs throughout the complete life span of the
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SOD1G93A ALS mouse. This preparation allowed for the
first time a detailed description of electrophysiological
and Ca2+ handling properties of single adult brain-
stem MNs in health and during disease progression.
We also established brainstem preparations that allowed
UV-LMD and subsequent RT-qPCR of pools of individual,
molecularly identified MNs from WT and endstage
SOD1G93A ALS mice. In essence, our study identified two
pathophysiological states selective for vulnerable MNs in
the SOD1G93A ALS mouse: an initial, potentially adaptive
hyperexcitable state in adult presymptomatic MNs with
an enhanced Ca2+ clearance, and a final disease state,
which was characterised by normalised excitability and
manifest mitochondria-dependent Ca2+ clearance deficits.
However, our data set does not fully resolve whether
individual MNs sequentially express these two phenotypes
or represent two different MN populations with distinctly
timed pathophysiological manifestations.

Transient intrinsic hyperexcitability in adult
presymptomatic SOD1G93A HMNs

Already in WT animals, electrophysiological properties
of MNs change significantly during development in a
functionally relevant manner, e.g. 2- to 3-week-old MNs
display shorter AP durations, increased cAHP amplitudes
or decreased input resistances in comparison to P0–5
MNs (Viana et al. 1994; Tsuzuki et al. 1995; Berger et al.
1996; Carrascal et al. 2006; Quinlan et al. 2011). For mouse
HMNs, patch-clamp data have been reported up to P10
(van Zundert et al. 2008), but a recent in vitro description
(Mitra & Brownstone, 2011) and in vivo intracellular
recordings of adult spinal MNs (Manuel et al. 2009;
Meehan et al. 2010b) suggested ongoing developmental
changes of membrane properties after this early juvenile
age. Thus, as expected from the general developmental
dynamics, our electrophysiological dataset of adult WT
HMNs (>P70) differed for some parameters from the
published juvenile data (van Zundert et al. 2008). Most
prominently, adult HMNs possessed an about 4-fold
shorter AP followed by a smaller fast AHP. In addition,
they also displayed a 2-fold smaller f–I slope. Importantly
in the context of this study, these properties continued
to change in the adult stage, between the ages of P70
and P120. Therefore, properly age-matched WT controls
were essential to identify genotype-specific changes in
the SOD1G93A mouse. Potential effects of SOD1 over-
expression per se independent of the G93A mutation were
not studied and might be addressed in future studies by
using transgenic mice overexpressing wild-type SOD1.

Previous electrophysiological studies on embryonic
or juvenile MNs in ALS mouse models identified
SOD1G93A genotype-specific intrinsic hyperexcitability
and increased persistent inward currents (PICs) (Quinlan,

2011), which were proposed as candidate mechanisms for
neurodegeneration. Muscle fasciculations resulting from
somatic and axonal hyperexcitability are a well established
finding in ALS patients (Mogyoros et al. 1998; Kanai et al.
2006; Vucic & Kiernan, 2006a). In addition, recent in
vivo intracellular recordings of presymptomatic lumbar
MNs in the SOD1G127X mouse (Meehan et al. 2010a) also
support the notion of a hyperexcitability phenotype in
ALS. In line with these studies and in particular with a pre-
vious one on juvenile (P4–P10) HMNs in the SOD1G93A

mice (van Zundert et al. 2008), we also found intrinsic
hyperexcitability in adult presymptomatic HMNs (P70).
However, there was no evidence for increased PICs in
SOD1G93A HMNs compared to age-matched WT MNs at
this stage. Importantly, we did not detect any signs of
hyperexcitability or enhanced Na+ PICs in the remaining
SOD1G93A HMN population during disease endstage
(>P120) compared to age-matched controls. This is in
accordance with an axonal excitability study that observed
no increased PICs in axons of endstage SOD1G93A mice
(Boërio et al. 2010). Our results could indicate that hyper-
excitability is only a transient phenotype during disease
progression in this transgenic ALS model. Consequently,
the temporal dissociation of a presymptomatic hyper-
excitable stage and the phase of neurodegeneration itself
render a direct causal role of intrinsic hyperexcitability for
neuronal death less likely. Instead, we favour the idea that
hyperexcitability in association with remodelling of Ca2+

handling (see below) represents an earlier adaptive (or
mal-adaptive) state of vulnerable MNs challenged in ALS,
which might be, for example, a developmental phenotype
(discussed in Amendola et al. 2007; Quinlan et al. 2011)
or a homeostatic response to extrinsic glutamatergic over-
excitation (Van Den Bosch et al. 2006) or depolarising
GABA action (Fuchs et al. 2010). In addition, early
energetic deficits (<P60) (Browne et al. 2006), hyper-
excitability (Vucic & Kiernan, 2006b; Pieri et al. 2009)
and degeneration (<P30) (Ozdinler et al. 2011) of cortical
upper MNs in the SOD1G93A mouse might be stressors to
the lower MNs. In contrast to the SOD1G93A ALS mouse
with their fast and synchronised disease progression,
adaptive hyperexcitable and non-hyperexcitable end-
stage MNs might overlap or even coexist throughout a
more variable and asynchronous disease progression in
individual ALS patients (Ravits & La Spada, 2009).

Our data are not sufficient to decide whether individual
MNs indeed progress from the hyperexcitable state to end-
stage characterised by reduced Ca2+ handling capacity.
Hyperexcitable MNs might already be degenerated at
the analysed late disease stage and the recorded cells
at endstage might be those that are more resistant
to degeneration. However, at the defined endstage of
P120–P130, 28–42% of SOD1G93A HMNs are lost in
comparison to >65% in spinal cord (Haenggeli & Kato,
2002; Ferrucci et al. 2010; Ringer et al. 2012). HMNs
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from P120 mice might be in an earlier pathological
stage in comparison to spinal cord MNs from animals
at the same age. Therefore, it is highly unlikely that we
only analysed degeneration-resistant HMNs. However,
we cannot exclude that hyperexcitable MNs are present
at endstage in vivo but are preferentially lost during
brain slice preparation for patch-clamp/Ca2+ imaging
experiments.

Activity-dependent Ca2+ clearance deficit in endstage
SOD1G93A HMNs

Apart from defining the transient nature of intrinsic hyper-
excitability in the subpopulation of adult SOD1G93A HMNs
present in the in vitro preparation, the major finding of
our study is the identification of a novel endstage-specific
phenotype in these neurons. Only in endstage and selective
for the vulnerable HMNs compared to resistant OMNs,
we detected an activity-dependent deficit of the cytosolic
Ca2+ clearance. Although altered MN Ca2+ handling and
buffering have been at the focus of pathophysiological ALS
models and theories of differential vulnerability between
MN populations for quite some time (Lewinski & Keller,
2005; Grosskreutz et al. 2010), our dataset is the first
to identify altered Ca2+ handling as a cell-type- and
disease-stage-selective feature in an ALS model.

We focused our analysis of Ca2+ clearance dynamics
elicited by 40 Hz and maximal firing in HMNs to study
both an intermediate physiological frequency that occurs
during respiration-related in vivo bursting (Rice et al.
2011) and a maximal Ca2+ load to probe for the reserve
capacity of Ca2+ handling in these neurons. Already
at 40 Hz, endstage SOD1G93A HMNs showed increased
cAHP amplitude. As the cAHP is mainly mediated
by SK channels in MNs (Lape & Nistri, 2000), its
enhanced amplitude most likely reflects an increase in
the global Ca2+ concentration, not local Ca2+ domains
(Fakler & Adelman, 2008), which would have predicted
changes also in single AP-induced fast AHPs that are
mainly driven by A-type and BK potassium conductances
(Storm, 1989; Viana et al. 1993). As a consequence, even
during physiologically repeated intermediate activity of
HMNs, e.g. during respiration, HMNs might suffer from
activity-dependent Ca2+ overload at disease endstage. In
vivo Ca2+ imaging experiments at endstage are necessary
in order to directly test this hypothesis.

Maximal firing in vitro unmasked a significant slowing
of Ca2+ clearance indicative of a dramatically reduced
reserve capacity of endstage SOD1G93A HMNs, which
is the first direct experimental evidence that altered
Ca2+ homeostasis is present during the most active
period of neurodegeneration in ALS. We expect that
activity-dependent Ca2+ clearance might also be slowed in
vivo during disease endstage, where synaptically triggered

and intrinsic Ca2+ loading are additive resulting from
the coincidental opening of Ca2+-permeable glutamate
receptors (Guatteo et al. 2007) and voltage-gated Ca2+

channels. Notably, the slower Ca2+ clearance kinetics were
only apparent in a subset of endstage SOD1G93A HMNs.
As the disease will affect single neurons at different time
points during progression (focal start and contiguous
spread; Ravits & La Spada, 2009), we suggest that this sub-
population of about 30% of MNs represents an advanced
stage in the disease progress. Potential cell loss of this sub-
population by the stress of in vitro slice preparation might
result in an underestimation of their abundance. In any
case, pathophysiological heterogeneity is in accordance to
the less severe pathological stage in the hypoglossal nucleus
compared to the spinal cord discussed above.

Impaired mitochondrial Ca2+ uptake despite intact
mitochondrial membrane potential in endstage
SOD1G93A HMNs

As we have shown that the Ca2+ clearance kinetics
of endstage SOD1G93A HMNs are insensitive to
uncoupling of the mitochondrial membrane potential
(�m) already at physiological firing range, we identified
the reduction of �m-driven mitochondrial Ca2+ uptake
through mitochondrial Ca2+ uniporters as a selective
pathophysiological feature in endstage SOD1G93A HMNs.
These findings are in line with a previous imaging study of
endstage SOD1G93A HMNs showing that less Ca2+ is stored
in mitochondria (Jaiswal & Keller, 2009). However, we
found no clear evidence for impairment of mitochondria
per se in endstage SOD1G93A HMNs, as indicated by
their WT-like Rh-123 fluorescence responses to FCCP.
Further independent support for functional mitochondria
was evident from WT-like fura-2 Ca2+ kinetics in
response to selective blockers of the mitochondrial
Na+/Ca2+ exchanger. Both experiments indicated – at
least for the monitored mitochondria localised in the
somata of HMNs – that even at endstage they are not
significantly depolarised and still possess intact ion trans-
port mechanisms. It is interesting to note that the finding
of an intact �m in SOD1G93A MNs deviates from results
presented in earlier reports (Kawamata & Manfredi, 2010;
Cozzolino & Carrı̀, 2011), but the substantial diversity
of experimental conditions found for biochemically iso-
lated mitochondria (e.g. Carrı̀ et al. 1997), whole-tissue
CNS preparations (e.g. Jaiswal & Keller, 2009) and
single-cell patch-clamped MNs with pipette-controlled
intracellular solutions (this report) might well account
for this heterogeneity.

The detected impairment of mitochondrial Ca2+ uptake
in the presence of an intact mitochondrial membrane
potential might be caused by several mechanisms: a
transcriptional down-regulation of the genes coding for
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transport proteins of mitochondrial Ca2+ uptake (e.g.
mCU, UCP2/3, Letm1), reduction of the mCU trans-
port efficacy by MICU1 upregulation (Mallilankaraman
et al. 2012), post-transcriptional deficits in synthesis,
maturation and mitochondrial import of the trans-
porter complexes (Li et al. 2010) or mislocalisation of
mitochondria themselves in relation to Ca2+ sources (De
Vos et al. 2007; Magrané & Manfredi, 2009). Our data do
not define which of these potential mechanisms is causal
for the reduced mitochondrial calcium uptake in endstage
SOD1G93A MNs, but the transcriptional upregulation of
mCU subunits might indicate a compensatory mechanism
in the remaining MNs.

The contrasting results at 40 Hz showing differences
between WT and SOD1G93A with FCCP but not with Ru360
hint to even more complex changes. As the mCU is only
recruited at high Ca2+ concentrations (Malli & Graier,
2010), more sensitive Ca2+ uptake mechanisms like Letm1
(Jiang et al. 2009) might also be affected. This could not be
directly investigated in this study due to the lack of specific
pharmacological agents.

The complex change of Ca2+ dynamics after isolated
blocking of the ER Ca2+ uptake needs to be further
investigated. In line with the changes in mitochondrial
calcium handling, a mitochondria–ER coupling for
normal Ca2+ homeostasis (Grosskreutz et al. 2010) might
be disturbed at disease endstage, leading to the unexpected
results of improved calcium clearance with thapsigargin.

Presymptomatic adaptation and endstage deficit of
Ca2+ clearance – a mechanistic substrate for
differential vulnerability and cell death in ALS?

The faster activity-dependent Ca2+ clearance of adult
presymptomatic SOD1G93A HMNs together with their
larger slowing of clearance kinetics after mitochondrial
uncoupling indicated a SOD1G93A-associated remodelling
of Ca2+ clearance compared to WT. The remodelling
proceeds from enhanced FCCP-sensitive mitochondrial
Ca2+ uptake capacity during presymptomatic stages, to a
virtual loss of FCCP-sensitive Ca2+ clearance and a parallel
transcriptional upregulation of mCU subunits as well as
an increase of Ca2+ extrusion across the plasma membrane
shown in endstage SOD1G93A HMNs. These mechanisms
might be cell-protective attempts as they were seen in these
neurons that survived to a very late disease stage. In line
with this theory, increased MICU1 expression was shown
to reduce mitochondrial Ca2+ uptake and thereby reduces
cellular stress (Mallilankaraman et al. 2012). However, in
1/3 of the measured endstage MNs the compensation was
not sufficient to deal with a high Ca2+ load, leading to the
observed clearance deficit (for a graphical summary of the
suggested changes see Supplemental Fig. S6). Therefore,
we suggest this subpopulation to be in an advanced disease

stage where compensation fails in the end, leading to cyto-
solic calcium overload that triggers cell death.

The changes at disease endstage we discovered do not
occur in resistant OMNs and might therefore contribute
to the differential vulnerability between these two
populations. It will be important to study whether spinal
MNs in ALS also display these changes in Ca2+ handling
that we have identified for HMNs. Future studies should
address this interpretation by manipulating the activity
and expression of mitochondrial (MICU1, MCU, UCP2/3,
Letm1) and plasma membrane Ca2+ transporters (PMCA,
NCX) in vulnerable MNs in a disease-stage-specific
manner. Thereby, in the long run, specific neuroprotective
intervention targets might be defined for the surprisingly
dynamic and selective remodelling of Ca2+ handling in
MNs vulnerable to ALS.
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Macklis JD (2011). Corticospinal motor neurons and related
subcerebral projection neurons undergo early and specific
neurodegeneration in hSOD1G93A transgenic ALS mice.
J Neurosci 31, 4166–4177.

Pambo-Pambo A, Durand J & Gueritaud J-P (2009). Early
excitability changes in lumbar motoneurons of transgenic
SOD1G85R and SOD1G93A−Low mice. J Neurophysiol 102,
3627–3642.

Pieri M, Albo F, Gaetti C, Spalloni A, Bengtson CP, Longone P,
Cavalcanti S & Zona C (2003). Altered excitability of motor
neurons in a transgenic mouse model of familial
amyotrophic lateral sclerosis. Neurosci Lett 351, 153–156.

Pieri M, Carunchio I, Curcio L, Mercuri NB & Zona C (2009).
Increased persistent sodium current determines cortical
hyperexcitability in a genetic model of amyotrophic lateral
sclerosis. Exp Neurol 215, 368–379.

Quinlan KA (2011). Links between electrophysiological and
molecular pathology of amyotrophic lateral sclerosis. Integr
Comp Biol 51, 913–925.

Quinlan KA, Schuster JE, Fu R, Siddique T & Heckman CJ
(2011). Altered postnatal maturation of electrical properties
in spinal motoneurons in a mouse model of amyotrophic
lateral sclerosis. J Physiol 589, 2245–2260.

Ravits JM & La Spada AR (2009). ALS motor phenotype
heterogeneity, focality, and spread: deconstructing motor
neuron degeneration. Neurology 73, 805–
811.

Rice AD, Fuglevand AJ, Laine CM & Fregosi RF (2011).
Synchronization of presynaptic input to motor units of
tongue, inspiratory intercostal and diaphragm muscles.
J Neurophysiol 105, 2330–2336.
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