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Abstract

Motor neurons become hyperexcitable during progression of amyotrophic lateral sclerosis (ALS).
This abnormal firing behavior has been explained by changes in their membrane properties, but
more recently it has been suggested that changes in premotor circuits may also contribute to this
abnormal activity. The specific circuits that may be altered during development of ALS have not
been investigated. Here we examined the Renshaw cell recurrent circuit that exerts inhibitory
feedback control on motor neuron firing. Using two markers for Renshaw cells (calbindin and
ChrnaZ2 , cholinergic nicotinic receptor subunit alpha2), two general markers for motor neurons
(NeuN and VACAhT, vesicular acethylcholine transporter) and two markers for fast motor neurons
(Chondrolectin and Calca, calcitonin-related polypeptide alpha), we analyzed the survival and
connectivity of these cells during disease progression in the Sod7%%34 mouse model. Most
calbindin-immunoreactive (IR) Renshaw cells survive to end-stage but downregulate postsynaptic
ChrnaZ in presymptomatic animals. In motor neurons, some markers are downregulated early
(NeuN, VAChT, Chondrolectin) and others at end-stage(Calca). Early downregulation of
presynaptic VAChT and Chrna2was correlated with disconnection from Renshaw cells as well as
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major structural abnormalities of motor axon synapses inside the spinal cord. Renshaw cell
synapses on motor neurons underwent more complex changes, including transitional sprouting
preferentially over remaining NeuN-IR motor neurons. We conclude that the loss of presynaptic
motor axon input on Renshaw cells occurs at early stages of ALS and disconnects the recurrent
inhibitory circuit, presumably resulting in a diminished control of motor neuron firing.
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Introduction

Several neurodegenerative diseases including Parkinson’s, Alzheimer’s and Huntington’s
are characterized by synaptic circuit alterations that contribute to early symptoms and
sometimes correlate with disease progression better than cell loss (Coleman and Yao, 2003;
Bezard et al., 2003; Milnerwood and Raymond 2010). Synaptic changes lead to
modifications in circuit function that can temporarily alleviate symptoms, but in other
situations they aggravate disease progression (Palop et al., 2006). Inhibitory interneurons
play critical roles during these modifications and can act as a protective “circuit buffer” that
corrects for abnormal activity (Palop et al., 2006). Their failure frequently correlates with
disease onset and vulnerability. For example, loss of inhibitory synaptic activity has been
shown to alter cortical neuron function at the onset of disease in a mouse model of
Huntington’s disease (Spampanato et al., 2008) and cellular vulnerability to B-amyloid in
Alzheimer’s disease correlates with the amount of inhibition that different neurons receive
(Graf and Kater, 1998; Palop et al., 2005).

In amyotrophic lateral sclerosis (ALS), loss of muscle control is due to dysfunction followed
by degeneration and ultimately death of motor neurons. However, not all motor neurons are
equally susceptible (Kanning et al., 2010), a fact that is being exploited to investigate
disease mechanisms and potential protective properties. One extensively studied mechanism
of motor neuron cell death is excitotoxicity due to excessive glutamate release(Cleveland
and Rothstein, 2001; Van Den Bosch et al., 2006). Imbalances in inhibition could exacerbate
this process and it has been reported that inhibitory receptors on ALS-resistant motor
neurons display properties that strengthen glycinergic and GABAergic neurotransmission
(Lorenzo et al., 2006). Moreover, motor neuron loss in ALS patients is highly correlated
with a reduction of glycinergic receptors (Hayashi et al., 1981),and a lower efficacy of
inhibitory inputs has been demonstrated in cortex and in cultures of embryonic spinal motor
neurons using two different animal models of ALS (Nieto-Gonzalez et al., 2011; Chang and
Martin 2011). Lower inhibitory control may increase the excitotoxic burden of motor
neurons during disease progression and there is evidence for increased excitatory activity
and network drive onto motor neurons coinciding with the onset of tremors in the Sod7G9%3A
mouse model (van Zundert et al., 2008; Jiang et al., 2009; reviewed in van Zundert et al.,
2012). Correspondingly, experimental decrease of vesicular glutamate transporter 2
(VGLUT?2) expression, which is responsible for loading glutamate into the synaptic vesicles
of many premotor excitatory synapses, protects motor neurons in the same model (Wootz et
al., 2010). It is therefore possible that disinhibition contributes to ALS motor neuron
pathology, but if so, it remains to be established by which inhibitory circuits and
interneurons.

An important and relatively simple circuit that controls motor neuron firing is the recurrent
inhibitory circuit established between Renshaw cells and motor neurons. Renshaw cells
receive synaptic inputs from intraspinal collaterals of motor axons and once activated,
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inhibit the same motor neurons and close synergists (Renshaw, 1946; Eccles et al., 1954;
Fyffe, 1991; reviewed in Alvarez and Fyffe, 2007). In this manner, Renshaw cells slow
down and stabilize motor neuron firing and shape input/output relations to excitatory drive
(reviewed in Windhorst, 1996). Interestingly, ALS patients show decreased recurrent
inhibition suggesting transmission impairment in this inhibitory control circuit (Raynor and
Shefner, 1994). This might occur through Renshaw cell death or pathology, or because of
synaptic dysfunction. Current data suggest that Renshaw cells are largely spared,
particularly at early stages of the disease (Morrison et al., 1996, Knirsch et al., 2001; Chang
and Martin, 2009). Here we confirm this conclusion and in addition provide new evidence
revealing the structural degeneration and retraction of motor axon synapses on Renshaw
cells preceding motor neuron degeneration. This synaptic pathology is paralleled by a
reduction in gene expression of presynaptic VAChHT (vesicular acetylcholine transporter
responsible for loading acetylcholine into synaptic vesicles)and postsynaptic chrna2 (chrna2
encodes the a2 subunit of a nicotinic receptor present specifically on Renshaw cells; Ishii et
al., 2005), In addition, we detected early changes in expression of the “fast” motor neuron
specific chondrolectin gene , suggesting that this population, which is responsible for the
majority of motor inputs received by Renshaw cells (Cullheim and Kellerth, 1978), is
affected at very early stages of disease. Together, these data suggest that the recurrent
inhibitory circuit is altered in the late presymptomatic period by a deficit in the motor axon
synapses on Renshaw cells.

Materials and Methods

Mouse line

We used hemizygous transgenic B6SJL mice carrying a high copy number of mutant human
Superoxide dismutase 1 (hSod1%934) (Jackson laboratory, Bar Harbor, ME, USA). These
hSOD1%93A mice develop signs of neuromuscular deficits (tremor of the legs and loss of
extension reflex of the hind paws) and have an average lifespan of 120-150 days (Gurney et
al., 1994; Chiu et al., 1995; Scott et al., 2008).Age matched or end stage Soq1G%A~/~
littermates were used as WT controls. Animals were obtained from colonies at the
Massachusetts Institute of Technology (for immunohistochemistry, IHC) or at Uppsala
University (for in situ hybridization, ISH, studies). To harvest fixed spinal cords the animals
were perfused with 4% paraformaldehyde diluted in 0.1 M phosphate buffer (PB, pH, 7.4)
and postfixed overnight. Animals prepared for electron microcopy where perfused in 4%
paraformaldehyde and 0.5% glutaraldehyde and postfixed for 4 hours. All animal procedures
were approved by the appropriate local Swedish ethical committee (permit 248/11) and
Massachusetts Institute of Technology.

Immunohistochemistry

The lumbar enlargement of the spinal cord was sectioned at 50 i m in a freezing
slidingmicrotome or vibratome and processed free-floating. Sections were blocked for 1
hour in normal horse or donkey serum (1:10, in 0.01 M PBS with 0.1% TritonX-100: PBS-
TX) and incubated in primary antibodies overnight. The primary antibodies used were:
mouseanti-NeuN 1:1000 (Chemicon, USA), rabbit anti-calbindin D-28k antibody 1:1000 or
1:2000 (CB 38, Swant, Switzerland), guinea pig anti-VAChT 1:500 or 1:1000 (Chemicon),
goat anti-VAChHT 1:1000, 1:4000 or 1:5000 (Chemicon), goat anti-choline acetyltranferase
(ChAT) 1:250 (Millipore)and mouse anti-bassoon 1:4000 (Enzo Life Sciences). The
specificity of these antibodies has been thoroughly tested (see below and Table 1). All
antibodies were diluted in PBS-TX with 0.1% or 0.3% TritonX-100. Following primary
antibody incubations the sections were washed in PBS and immunoreactivities revealed with
Fluorescein isothyocyanate (FITC) or cyanine (Cy3or Cy5) conjugated antibodies (dilution
1:50 or 1:100 in PBS-TX) raised in donkey against 1gGs of the appropriate species (Jackson
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Laboratories, USA). The sections were washed in PBS, mounted on gelatin-coated slides,
and cover-slipped with Vectashield (Vector labs, USA).

Antibody specificity

See summary in table 1. Calbindin antibodies. The rabbit polyclonal antibody used was
raised against rat recombinant calbindin D28k and detects a single 28 kDa band in western
blots of brain homogenates of tissue originating from several species including rat, rabbit,
guinea pig, mouse, chicken and zebrafish (information provided by the manufacturer:
Swant, Bellinzona, Switzerland) and does not stain any structures in the spinal cord of
calbindin-D28k knockout mice (Francisco J. Alvarez, unpublished). Calbindin expression in
Renshaw cells was further confirmed by the perfect overlap between immunocytochemistry
and expression of its MRNA. VAChHT antibodies. We used two polyclonal antibodies raised
in guinea pig and goat, respectively, each against a similar, but not identical, sequence in the
C-terminus (see Table 1). In western blots, the guinea pig antibody reacted with a single
band in rat brain homogenates that corresponded with the predicted size of

VAChKT (information provided by the manufacturer: Chemicon (now Millipore), USA). Dual
immunofluorescence preparations with choline acetyl transferase (Chat) and guineapig anti-
VACHT in the ventral spinal cord resulted in dual-labeling of motoneurons in lamina IX and
dual immunofluorescence with both the guinea pig and goat anti-VAChT antibodies resulted
in virtually complete overlap of staining (Francisco J. Alvarez, unpublished observations).
Both produced the same well-described pattern of immunoreactive punctae in the spinal
cord reported by us (Alvarez et al., 1999) and others (see for example: Arvidsson et al.,
1997; Hellstrom et al.,1999). In addition cholinergic cells bodies are weakly labeled by both
VACHT antibodies in exactly the same cells revealed with ISH for VACAHT (see below).
NeuN antibody. We used a mouse monoclonal antibody raised against neuronal nuclei. Only
one monoclonal antibody exists (A60, Mullen et al., 1992) and the product we used was
obtained through Chemicon (see Table 1). The antibody recognizes the transcription factor
Fox-3 in fixed tissue. In western blots of rat brain homogenates the antibody recognizes two
bands that respectively correspond to Fox-3 (40-50 kDa band) and synapsin I (70 kDa
band), both characterized using immunoprecipitation, mass spectrophotometry and
expression in heterologous cells (Kim et al., 2009). In fixed tissues and cells, however,
synapsin | is never detected as demonstrated by lack of evidence of NeuN-immunoreactivity
in synaptic boutons or synaptic vesicles. The immunostaining of neuronal nuclei obtained in
the spinal cord is identical to that reported previously by us (Alvarez et al., 2005; Shneider
et al., 2009; Siembab et al., 2010) and that reported in spinal cord atlases (Watson et al.,
2009). ChAT antibody: The commercial ChAT antibody used here (Millipore) was
generated against the enzyme isolated from human pancreas. In western blots of mouse
lysates it gives a single band of 68-70 kDa (information provided by Millipore). The
antibody gives an immunoreaction in the spinal cord consistent with the distribution of
cholinergic neurons (Watson et al., 2009). Bassoon antibody: \We obtained commercially
(Enzo Life Sciences)a widely used mouse monoclonal antibody produced in the University
of Alabama hybridoma facility against the protein product of a 733-nucleotide long cDNA
known as sap7f (Dieck et al., 1998). This sequence corresponds with residues 738-1035 of
rat bassoon and is shared with mouse. The antibody detects a band of approximately 400
kDa in western blots of rat brain lysates. Additional bands between 97 and 400 kDa are also
identified and considered to be proteolytic degradation products of bassoon. No
immunoreactivity is found in brain sections from animals lacking exons 4 and 5 of bassoon,
which includes the sequence recognized by this monoclonal antibody (Altrock et al., 2003).

In-situ hybridization and double in-situ hybridization and immunohistochemistry

In situ hybridization (ISH) was performed on 60 zm free-floating lumbar spinal cord
sections. RNA digoxigenin-11-UTP probes correspond to the following genes: VACHT
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(Slc18a3, nucleotides 1533-2418, NM_021712.2), Chod/ (nucleotides 1914-2530
NM_139134.3), Calca (nucleotides 381-1014, NM_001033954.3), Chrna2 (nucleotides
2145-3540, BC011490) and Calb1 (calbindin 28K, nucleotides 561-1601, NM_009788).
Free-floating ISH was performed as previously described (Enjin et al., 2010). Hybridized
probes were visualized with alkaline phosphatase using BM purple (Roche, Germany)
chromogenic substrate or SIGMAFAST Fast Red TR/Naphthol AS-MX (Sigma-Aldrich)
fluorescent substrate developed for >12 hours at 37 °C.Immunohistochemistry (IHC) was
done after fluorescent ISH using the same rabbit anti-calbindin antibody as above diluted
1:5000 in PBS containing 1x blocking reagent (Roche) and incubated for 48 h at 4 °C.
Sections were washed in PBS and incubated with secondary antibody Alexa Fluor 647 anti-
rabbit 1gG (Invitrogen, USA) for 1.5 h at room temperature. Sections were mounted on
slides using 2.5% DABCO (Sigma) in glycerol containing 0.1M Tris (pH 8.6) or Mowiol 4—
88 (Roth, Germany).

Cell counting and statistics

Cell counts in IHC experiments were obtained by plotting cells with different markers in
Neurolucida (version 6.0, Microbrightfield, Inc., USA) coupled to a BX51 Olympus
epifluorescence microscope fitted with a digital color camera (Microfire CCD, Optronics,
USA) and a motorized stage (Ludl Electronics, USA). Motor neurons were identified as
large (diameter > 30.m) NeuN-IR neuronsor by their ChAT-immunoreactivity. Renshaw
cells were identified as neurons with strong calbindin-immunoreactivity in the most ventral
region of LVII and LIX. Interneurons were identified as small (diameter < 30.zm) NeuN-IR
neurons within the ventral horn. The boundaries of the ventral horn were established by
drawing a horizontal line laterally from a point in the middle of the most dorsal aspect of the
central canal and a vertical line ventrally from that same location, and using the border of
the gray and white matter for the remaining sides. Within these boundariesall motor neurons,
interneurons and Renshaw cells, with a visible nucleolus, were plotted and counted.

NeuN immunoreactivity in ChAT-IR lateral column motor neurons of lumbar 4 and 5
segments was estimated by imaging ChAT (FITC) and NeuN (Cy3) immunofluorescence in
four ventral horns per animal with an Olympus FVV1000 confocal microscope (20x1). Three
3-month old Sod7¢95A animals and three age-matched WT littermates were studied. The
confocal stacks were imported into Image-Pro Plus (ver. 7.0 Media Cybernetics) and the cell
body of every ChAT-immunoreactive neuron in the LMC was outlined in the optical plane
displaying a nucleolus. The cross sectional area and average NeuN immunofluorescence
(resolved at 8 bits = 0-255 gray levels)was measured.

Chromogenic ISH stainings were analyzed with a Leica MZ16F dissection microscope with
DFC300FX camera and FireCam software (Leica Microsystems). Combined fluorescent
ISH and IHC were analyzed using Zeiss LSM 510 meta confocal microscope and LSM 510
software (Carl Zeiss, Germany). VACHT, Chodland Calca positive cells in the ventral horn
were counted, and cells expressing ChrnaZand Calb1 were counted in the defined Renshaw
cell area (100 pm into grey matter from ventral rim in lamina VII and lamina 1X), of lumbar
spinal cords.

Quantitative data in IHC and ISH analyses was comparedusing analysis of variance tests
(ANOVA) followed by Bonferroni’s corrected tests. Error bars represent SEM and p<0.05
was considered significant. In the figures “*”= p< 0.05, “**”= p< 0.01, “***”= p< 0.001.

Analysis of VAChT-IR contacts on Renshaw cell dendrites

Calbindin-IR Renshaw cell bodies and dendrites and their VAChT-IR contacts were imaged
at high magnification (60X objective; digital zoom X2) in an Olympus FX confocal
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microscope system and the stacks of confocal images (z-steps 0.5 pzm) imported into
Neurolucida. Each neuron was traced from 3D confocal image stacks and VAChT-IR puncta
contacting Renshaw cell dendrites were plotted along the tracing. The number of VAChT-IR
contacts and several dendrite characteristics including their number, length and surface area
were determined with Neuroexplorer software (version 4.0, Microghright field, Inc.). From
these data the average density of VAChT-IR contacts on the dendrites of calbindin-IR
Renshaw cells was calculated (number of contacts/100 pm length of dendrites) for each age,
being careful that similar amounts of dendrite were imaged per cell. Similar results were
obtained when correcting for dendrite surface (not shown). Analyses were restricted to field
of views of 133 X 100 um around the cell bodies. Dendrites coursing in the X-Y plane
usually extend beyond the field of view while dendrites oriented in Z are limited by the
thickness of the section. Therefore in the different animals the maximum length of dendritic
segments analyzed varied, on average, from 89 to 138 um from the cell soma. This
compartment was taken as representative of VAChT-innervation (see also Mentis et al.,
2006 and Siembab et al., 2010). We analyzed a total of 11 to 15 Renshaw cells in two
Sod1G93A or WT animals at each age (1, 2, 3, and 4 months). Statistical analyses between
different ages were performed with one-way ANOVA. Comparisons between Sod7¢95A and
age-matched WT Renshaw cells were carried out using Bonferroni-corrected t-tests. Error
bars and significance were as above.

Bassoon containing calbindin-IR contacts around ChAT motor neuron cell bodies

Confocal images of calbindin axons, ChAT motor neuron cell bodies and bassoon
presynaptic active zones were obtained in an FVV1000 Olympus microscope (60X objective;
digital zoom X2.5). Each motor neuron cell body was sampled in a middle cell body plane
(containing a nucleolus)and 4 additional optical planes, two above and two below separated
by at least 2 m in z. The number of calbindin-IR varicosities in apposition to the motor
neuron surface in these five optical planes was counted and the percentage of contacts with
bassoon calculated. Bassoon containing varicosities were considered synaptic and a density
estimated per 100 um of linear membrane on ChAT motor neurons from three Sod1¢9A
animals of three months of age and three age-matched WT littermates (n=12 motor neurons
analyzed per animal). A box and whisker plot was constructed with the data from all motor
neurons pooled together and outliers (i.e., points beyond the 10 and 90 percentiles of the
population) plotted on the graph (Fig. 6e). Sod2%934 motor neurons and WTs were
comparedusing a t-test. Significance is set and represented in the graph as above.

Calbindin-IR contacts around NeuN motor neuron cell bodies

Confocal images of calbindin-IR axons surrounding NeuN-IR motor neurons were imaged
with confocal microscopy(FX instrument, 60X objective; digital zoom X3). Analyses were
carried out in Fluo view and each motor neuron was sampled as explained above. We
analyzed a total of 15 to 24 motor neuron cell bodies in two Sod2¢95A or WT animals at
each age (1, 2, 3, and 4 months). A WT average was obtained per age and each WT and
S0d1G93A motor neuron was normalized to the age-matched WT average to obtain a
percentage change and the standard deviations (S.D.) of these changes. Thus, in figure 6i
error bars represent S.D. Sod2693A motor neurons were compared to age-matched WTs
using t-tests. Significance is set and represented in graph as above.

Electron microscopy

Fifty micrometer thick vibratome sections were obtained and processed for electron
microscopy immunocytochemistry using either a single VAChT immunogold-silver
immunoreaction in two 2.5 month old SodZG93A animals or a dual VAChT immunogold-
silver and calbindin ABC-peroxidase immunoreactions in WTs. Sections were blocked for 1
hr each with 1% NaBH, in PBS and in 1:10 normal donkey serum in PBS. Then they were
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incubated overnight with a guinea pig anti-VACHT (1:200; Chemicon) and in the case of
WTs combined with rabbit anti-calbindin (1:500; Swant) diluted in PBS. VAChT-
immunoreactive sites were revealed with immunogold silver. Sections were first incubated
with goat anti-guinea pig antibodies coupled to 1.4 nm gold particles and then amplified
with HQ silver enhancement (Nanoprobes). If a calbindin immunoreaction was also present
this was revealed using ABC peroxidase kits (Vector Laboratories) and reacted with 0.02%
DAB and 0.01%H,0, (5-15 mins). The sections were washed overnight, osmicated (20 min
in 0.2% OsO4 in 0.1 M PB), dehydrated in ascending alcohols, and flat embedded in Epon-
Avraldite resin. Ultrathin sections were counterstained with uranyl acetate and lead citrate
and examined in a Phillips 208S electron microscope at 70 kV. Digital images were obtained
with an AMT xr611 camera (Advanced Microscopy Techniques).

Image composition

Results

ISH images were pseudo colored and adjusted for brightness and contrast using Volocity
software (Improvision, UK) and arranged with Adobe Illustrator CS4. IHC and electron
microscopy images were similarly optimized using Image Pro Plus (Media Cybernetics,
USA) and organized using Corel Draw 12. Image sharpness was sometimes improved using
a high-gauss filter (Image Pro Plus).

Magenta-green version of dual-colr fluorescence shown in figures 1, 2 and 4 are shown as
corresponding supplementary figures 1, 2 and 3.

NeuN immunoreactivity downregulation in a-motor neurons coincides with onset of
muscle weakness

In the Sod1G954 line used in this study, muscle weakness appears around 90 days (3
months) and becomes severe by 120 days (4 months) with death within days (Gurney et al.,
1994). Similar to other studies using this same line (Chiu et al., 1995), early symptomatic
animals are characterized by hindlimb tremor and hindlimb flexion when pulled from the
tail, while end-stage is characterized by severe hindlimb paresis with marked muscle
atrophy. Muscle weakness was tested using a simple hanging wire test (Miana-Mena et al.,
2005) and scored as 1 at the onset of symptoms and 4 when the animal had lost all strength.
The onset of muscle weakness in these animals has been correlated with disconnection of
peripheral motor axons with target muscles (Frey et al., 2000; Fischer et al., 2004; Schaefer
et al., 2005; Pun et al., 2006). Motor axotomy causes downregulation of NeuN-
immunoreactivity (IR) (McPhail et al. 2004; Alvarez et al., 2011), while NeuN-IR recovery
is coincident with peripheral regeneration and muscle reconnection (Alvarez et al., 2011).
Thus, NeuN was used here as an early marker of a-motor neuron disease and possibly
disconnection with muscle. Downregulation of NeuN immunoreactivity precedes apoptosis
and loss of cholinergic motor neurons, revealed with choline acetyltransferase antibodies
(ChAT, see below). In addition, sampling of motor neurons with NeuN has the additional
advantage of focusing the analysis to a-motor neurons because NeuN is not expressed, or
expressed at very low levels in y-motor neurons (Shneider et al., 2009; Friese et al.,
2009).The sections were dual immunolabeled to compare parallel changes in motor neuron
NeuN and Renshaw cell calbindin immunoreactivities (figure 1).

NeuN-IR motor neurons in wild type (WT) and SodZ7G%5A animals of 1, 1.5 and 2 months of
age appear normal and readily identifiable as large size neurons (diameter >30um) located
in Lamina (L) IX (Figures 1a and e). Large NeuN-IR motor neurons in lateral LIX were
significantly reduced in number in 3 and 4 months old Sod7693A animals (figures 1c,f and
g). Because the number per section of WT NeuN-IR motor neuron profiles (i.e., containing a
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nucleolus) slightly decreased with age (p<0.001 ANOVA, see next paragraph), we
compared NeuN-IR motor neuron numbers in Sod7¢93A animals (pooled data from n=2—4
So0d1%93A animals/45-115 ventral horns analyzed per age) to age-matched WTs (n=2—-4 WT
animals/15-50 ventral horns per age). The number of NeuN-IR motor neurons was
significantly decreased in 3 and 4 month old SodZG%*4 mutants by 77% and 63% of the WT
number, respectively (figurelh, p<0.001, Bonferroni-corrected pair comparisons). These
decreases coincided with the onset of muscle weakness and are larger than cell losses
estimated in previous studies (maximum 50% cell loss at end-stage SodZ%94 mice) using
choline acetyltransferase (ChAT) immunoreactivity or Nissl stains to identify surviving
motor neurons (Chiu et al., 1995). This difference could be explained by the inclusion in the
ChAT and Nissl counts of the relatively more ALS-resistant y-motor neurons. However, the
number of NeuN-IR profiles was similarly decreased in 3 and 4 month old animals despite
the known progression of motor neuron cell death that occurs during this period. Thus, the
most parsimonious interpretation is that NeuN is downregulated in motor neurons prior to
ChAT and cell death. To provide support for this explanation we analyzed NeuN-
immunofluorescence in ChAT-IR motor neurons of three 3-month-old SodZG%34 mice and
compared them with three age-matched WTs. We analyzed four ventral horn sections (50
pm thickness) of the lumbar 4 segment in each animal. On average 36.7 + 1.9 (+S.D.)
ChAT-IR motor neurons were counted per ventral horn in WTs and 25.0+ 4.7 (£S.D.) in
S0d1G93A mice. This represents a 32% depletion in ChAT-IR motor neurons(p<0.05, t=test,
n=3 animals), which is similar to what has been reported in the literature at this age(Chiu et
al., 1995). It is also a smaller depletion than estimated from NeuN-IR motor neurons. To
analyze NeuN-immunofluorescence in ChAT-IR motor neurons we used 478 pm? as cut-off
cross-sectional area to distinguish between aand y-motor neurons (see Shneider et al.,
2009). In both WT and Sod7693A mice, average NeuN-immunofluorescence in ChAT-IR
motor neurons corresponding to a y-size was significantly less than in amotor neurons. In
addition, average NeuN-immunofluorescence iny-or a-motor neurons was significantly less
in Sod193A mice compared to WTs (52.9 + 1.9 (+S.E.M.) intensity units (1U) and 35.2 +
2.1 1U on 8 bit images of y-motor neurons in respectively WT and Sod2%9A mice
compared to 160.2 £ 0.7 IU and 115.2 + 2.11U in a-motor neurons; n=3 animals per group
and all groups significantly different from each other: p<0.001 One-way ANOVA followed
by post-hoc Bonferroni T-tests). Moreover, 31.1% WTChAT-IR a-motor neurons had NeuN
immunofluorescence intensities at very low or background level (<60 1Us, i.e.,
approximately twice the average background level in grey matter). These cells had sizes
corresponding to the y-population. The percentage of ChAT-IR motor neurons with this low
level of NeuN immunofluorescence increased to 50.6% in 3 month Sod7¢%5A mice and
these included a proportion of the larger motor neurons. Conversely the percentage of
ChAT-IR motor neurons with high levels of NeuN-immunofluorescence (>150 1Us)
decreased from 45.9% in the WT to 23.5% in Sod16%*A mice. Taken together, these data
show that in three-month-old Sod2%93A mice NeuN immunoreactivity is strongly
downregulated in ChAT-IR motor neurons.

Significant decreases in the number of LI1X large NeuN-IR profiles were also detected in
WTs between 1.5 and 2 months and between 3 and 4 months of age (not indicated in figure).
These decreases are unlikely to be caused by age-dependent NeuN downregulation. If this
was the case, the percentage of ChAT-IR motor neurons lacking NeuN-IR should have
increased. However, this percentage did not significantly change in WT animals of different
age: 30.7% at 1 month (n=2 animals), 30.2% at 2 months (n=1 animal), 32.1% at 3 months
(n=4 animals) and 31.8% at 4 months (n=2 animals). These percentages correspond well
with the size of the population of NeuN-negativey-motor neurons estimated in similar lower
lumbar segments (Shneider et al., 2009). Since there is no evidence for motor neuron cell
death in normal animals of this age, the most likely explanation is that reductions in motor
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neuron profiles per section are due to a lowering of cellular density because increases of
spinal cord size, length and cross-sectional area both increased with age.

Most calbindin-IR Renshaw cells survive even at late stages of the disease

Calbindin-IR Renshaw cells were easily identifiable by their unique location in ventral LVII
and LIX and their characteristic morphology (figures 1b,d,e,f,g; see Alvarez and Fyffe, 2007
for discussion of identification criteria). Their location and overall morphology did not
change with age or in Sod7¢%34 animals. Similar to NeuN-IR motor neurons there was a
significant 38% decrease in calbindin-IR Renshaw cell number in WTs from 1 to 4 months
(p<0.001 ANOVA). We detected on average 8.7 + 0.3 cells per ventral horn section (50 um
thick) at 1 month (range 7.4 to 10.2 cells in n=4 animals, total 89 ventral horn analyzed) and
5.4 £ 0.2 at 4 months (n=2 animals, 105 ventral horns) (p<0.05; Bonferroni-corrected pair
comparisons). No significant difference in the number of calbindin-IR Renshaw cells was
detected in Sod21G93A mice compared to the average of their respective age-matched WTs
until 4 months of age, when we detected a 29% depletion with respect to WT numbers
(figure 1i; p<0.05; post-hoc Bonferroni-corrected pair comparisons).

To investigate whether other interneurons were similarly affected, we analyzed all NeuN-IR
interneuronal profiles in the ventral horn. The ventral horn was defined as the region below
a horizontal line drawn from the dorsal tip of the central canal. We counted interneuronal
profiles as small NeuN-IR neurons (diameter <30.m) with a prominent nucleolus. For these
counts we analyzed 4 ventral horns per animal and 2 animals per genotype/age. We
observed that the interneuron profiles per section also decreased by 30% in WT animals
from 1 to 4 months. Similar to Renshaw cells, no difference between Sod7¢934 animals and
age-matched WTs was observed until 4 months of age (figure 1j), at which point there was a
significant 37% decrease in the number of ventral horn NeuN positive interneurons (p<0.05;
Bonferroni-corrected pair comparisons). This conclusion is consistent with a recent survey
of inhibitory interneurons suggesting that large losses of these cells occur in this animal
model only after motor neuron degeneration (Hossaini et al., 2011).

Renshaw cell markers calbindin and chrna2 respond differently during ALS progression

To further evaluate the status of Renshaw cells during ALS progression, we analyzed the
expression of calbindin and the a2 subunit of nicotinic receptor (chrnaZ) mRNAs in
Renshaw cells and compared them to calbindin-IR. Dual /n situ hybridization (ISH) and
immunohistochemistry (IHC) for calbindin mRNA and protein (figure 2a-f) and ISH for
chrna2 (figure 2g-1) were performed on lumbar spinal cord sections from SodZG93A mice at
days 40, 60, 80, 100 and at end stage (120-150 days). In this case, we pooled data from 2 to
6 animals (n=18-185 sections per age) and compared them to WT animals age-matched to
end-stage (120-150 days). As expected from the results described above, ISH and IHC
demonstrated a slow decline in the number of calbindin-positive cells that reached
significance by end stage (p<0.001 in both cases, one-way ANOVA, post-hoc Bonferroni
tests). However, there were also some differences between both methods. At end-stage, the
number of calbindin mMRNA expressing cells was significantly lower (85% decrease
compared to WT) than that of calbindin-IR neurons (36% decrease) (p<0.01) (figure 2m-n).
Downregulation of calbindin gene expression might therefore precede downregulation of
calbindin protein levels. Increased stability of calbindin protein with respect to its MRNA
might be responsible for the significant lag time between the decrease of mMRNA and protein,
as detected by our techniques. Differences in sensitivity and signal saturation between the
two methods could further amplify these differences.

Interestingly, the decline in the number of chrna? mRNA positive cells in the Renshaw cell
area occurred earlier. Significant differences relative to WTs were detected at day 80 and
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continued to decrease through day 100 all the way to end stage (p<0.001 in all cases, one-
way ANOVA, post-hoc Bonferroni tests) (figures 2g-1 and 0). The early downregulation of
chrna2in Renshaw cells suggests functional alterations in synaptic transmission between
motor axons and Renshaw cells before what would be predicted by calbindin-expression. To
further investigate the overlap between the two markers, we performed a double IHC
(calbindin) and ISH (chrna2) on WT and end stage Sod2693A mice (figures 2p-q). In WTs,
the number of cArnaZ positive cells and calbindin-IR cells was similar and 90% of the total
number of Renshaw cells examined expressed both markers. In contrast, in end stage mice
only 25% of the Renshaw cell population expressed both calbindin and cArnaZ (p<0.001, t-
tests, figure 2r). Moreover ,the number of calbindin-IR cells decreased by 42% in end stage
S0d1693A mice compared to age-matched WTs, while chrna2 positive cells decreased 77%
(p<0.001, one-way ANOVA and post-hoc Bonferroni tests; figure 2r show changes in these
populations by the relative sizes of the circles).

VAChT expression is reduced in motor neurons in parallel with decreased chrna2
expression in Renshaw cells

The previous analyses suggest a relatively early loss of nicotinic receptivity in Renshaw
cells. To investigate whether this change was paralleled by downregulation of vesicle
acetylcholine transporter (VAChT) expression in the presynaptic side, we performed ISH for
VACHT in the spinal cords of Sod169%A mice of 40, 60, 80, 100 days of age and at end stage
and compared them to WT animals as before (data pooled from n=4-6 mice at each time
point and 4-14 sections from each animal were analyzed). The number of VACAT positive
cells was decreased at day 80, day 100 and at end stage compared to WT (all p<0.001)
(figure 3a-f and s). This time course is similar to the decreases observed in nicotinic
receptors in the postsynaptic Renshaw cell and suggests an association with synaptic
retraction and axonopathy. Axonal degeneration has been described at the NMJ and in the
medial gastrocnemius muscle (a lower lumbar motor pool that resides in similar segments to
those used in our analyses), synaptic retraction is initiated at P50 and is very extensive at
P80 (Frey et al., 2000).

The fast motor neuron markers Calca and Chodl are affected differently as the disease

progresses

Peripherally, motor axons arising from fast motor units are affected in the Sod7693A mutant
mouse before slow motor units (Pun et al., 2006; Saxena et 2009) and centrally, fast motor
units make more synapses in the Renshaw cell area (at least in the cat: Cullheim and
Kellerth, 1978). Therefore, in the same sample used for VACAT analysis, we analyzed
expression of Calcaand Chondrolectin (Chodl), two genes specifically expressed in fast
motor units (Enjin et al 2010). We have previously shown that these markers are affected
differently at disease end stage in the SodZG%3A mouse (Wootz et al 2010). To further
investigate the time course of the earliest changes we performed ISH for these markers at
different time points. Each marker was altered with a different time course. The number of
Calca positive cells was decreased at day 100 (p<0.05) and at end stage (p<0.001) compared
to WT (figure 3g-I and t), while the number of Chod/positive cells progressively decreased
from day 80 to day 100, and none were found at end stage (figure 3m-r and u) (p<0.001,
one-way ANOVA, post-hoc Bonferroni tests). Thus, we conclude that different mMRNA
species expressed in fast motor neurons respond differently to the disease. The data also
demonstrates that changes in gene expression in fast motor neurons are initiated relatively
early.

VAChT-IR contacts on Renshaw cells are abnormal at early stages of ALS

The results described above suggest parallel changes in pre-and postsynaptic genes involved
at the synapses between motor neurons and Renshaw cells. To analyze directly these
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synapses, we performed dual immunofluorescent preparations between VAChT and
calbindin (figure 4a-f). VAChT- IR bouton contacts on WT calbindin-IR Renshaw cells
preferentially target dendrites (Alvarez et. al., 1999; Siembab et al., 2010). In WT animals,
VACHT-IR boutons on Renshaw cell dendrites were of medium size (usually between 1 and
4 um in average diameter) and contained similar strong and relatively uniform VAChT-
immunolabeling (figure 4b). The linear density of VAChT-IR boutons (humber of boutons
per 100 um of linear dendrite) on WT Renshaw cell dendrites was not significantly different
in 1, 2, 3 and 4 month old animals(n=11 to 15 Renshaw cells sampled from 2 animals per
age and reconstructed using Neurolucida). In 3 and 4 month old Sod7G%54 mice they were
however significantly decreased compared to their age-matched controls (figure 4c-f; n
p<0.05 Bonferroni corrected t-tests; 11-28 reconstructed Renshaw cells form 2-4 Sod1G93A
animals per age) or to a pooled WT average (n=51 WT Renshaw cells from 8 animals, 2 per
age, not shown; p<0.05 post-hoc Bonferroni tests). Overall, a 62% reduction in synaptic
density was found at 3 months and 74% at 4 months. Moreover, around 20% of 4 month
S0d1693A Renshaw cells (n=28 cells in 4 mice) were completely denervated in the analyzed
dendrite regions (see methods). Renshaw cells in 2-month-old Soa7G93A animals were also
partially depleted of VAChT-IR synapses compared to WT but the difference did not reach
significance in our samples(n=11 WT and 12 Sod1G934; p=0.23 t-test). Similar results were
observed when comparing surface densities (number of boutons per 100 zm? of dendrite
surface, not shown). Despite the lack of quantitative differences in VAChT-IR contact
density in 2-month-old Sod7%%34 mice, morphological alterations were evident. VAChT-IR
boutons in contact with Renshaw cells usually had a ring-like appearance with less or no
immunoreactivity in the center of the bouton. At two months, there were an abundance of
such altered VAChT-IR varicosities (figure 4d) while later, a large percentage of the
remaining varicosities appear more normal in shape and distribution of immunoreactivity
(figure 4e).

Ultrastructural alterations of VAChT immunoreactive motor axons in Sod1¢93A mice

An ultrastructural study was carried out in 2.5 month old Sod2%%34 mice to better define the
nature of synaptic abnormalities at this age. For electron microscopy, motor axon VAChT-
IR synaptic boutons were identified in WTSs as those making synapses on Renshaw cell
calbindin-IR dendrites. These boutons displayed normal morphologies and contained
VAChKT-IR synaptic vesicles clustered in the presynaptic active zone and distributed also
throughout the center of the boutons (figure 5a). Motor axon VAChT-IR boutons in the
Renshaw cell regions of Sod1¢9*A mice were identified by the presence of abnormal
mitochondria. By difference to WT synapses they frequently displayed most VAChT-IR in
the periphery of the terminals (figure 5b-e). VAChT-IR displacement was due to space
occupying abnormal mitochondria, degenerative structures or neurofilament accumulations
in the center of synaptic boutons(figures 5b-d). However, other times a preferential
association of VAChT-immunoreactivity with the plasma membrane was found even in
absence of center occupying abnormal structures in varicosities that either established
synapses (figure 5e) or lacked synaptic active zone regions (figure 5f). This suggests the
possibility of excess non-recycled synaptic vesicle membrane and VACHT protein in the
plasma membrane. Finally, clumping of VAChT-IR synaptic vesicles was also visible in
some structures that seem to correspond with preterminal axonal segments (figure 5g).
VAChHT-IR C-terminals on motor neurons (of inter neuronal origin) contained normal
mitochondria and did not show similar structural abnormalities in their boutons (figure 5h),
suggesting that the observed alterations are specific to VAChT-IR cholinergic motor axons.

In summary, significant synaptic pathology was observed in motor axon synapses on
Renshaw cells at 2.5 months of age in parallel with changes in expression of genes encoding
for presynaptic transporters (VAChHT) and postsynaptic receptors (chrna2).
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Changes in calbindin-immunoreactive axons in lamina IX motor pools

To investigate whether changes in the synapses from Renshaw cells to motor neurons also
occur during disease progression we analyzed the density of calbindin-IR contacts on motor
neurons. Ventral horn calbindin-IR axons mainly arise from Renshaw cells as demonstrated
through genetic labeling (Sapir et al., 2004; Siembab et al., 2010). Analyses were carried out
on ChAT-IR motor neurons (figure 6a-e) and on NeuN-IR motor neurons (figure 6f-i). We
confirmed that all calbindin-IR varicosities in contact with the motor neuron surface in WT
and Sod1%95A mice were synapses by immunodetection of bassoon, a presynaptic active
zone protein. In two previous analyses, we also confirmed that the majority of calbindin-IR
varicosities in contact with motor neuron somata are inhibitory and contain presynaptic
VIAAT (unpublished, Michael Kraspulski and FJA) or postsynaptic gehyrin (Sapir et al.,
2004). In the lumbar enlargement, Renshaw cell axon projections have a dorsolateral
orientation, being very dense around the most ventral motor pools of the lateral motor
column (LMC) and in the medial motor column (MMC).Renshaw cell axon density
decreases around motor neurons located in more dorsal LMC pools. This distribution of
Renshaw cell axons parallels the known distribution of recurrent inhibition strength, being
reduced or nonexistent in the more dorsally located pools corresponding to toe flexors and
plantar muscles (Trank et al., 1999). Therefore we focused the analyses on motor neurons
located in the lower half of LIX. Even after constraining the sample locations, we found
pronounced variability in contact densities even within WT motor neurons; thusquantitative
data is presented to illustrate this variability (figures 6e,i). On ChAT-IR motor neurons in 3
month Soa1G95A mice, we found a significant increase in the density of calbindin-IR
synaptic contacts (i.e., positive for bassoon) compared to WTs (figure 6e; WT: 1.5 £0.2
+SEM synaptic contacts per 100 um of membrane perimeter in approximately 0.7 um thin
confocal optical sections; Sod76934: 2.0 +0.1 synaptic contacts; p<0.001, t-test; n=36
S0d1G93A and 36 WT motor neurons; 12 motor neurons per animalin each of three animals
per group). All calbindin-IR varicosities in contact with the motor neurons surfaces
contained bassoon immunoreactivity. Thus, Renshaw cell synapses on motor neurons
seemed to increase at three months of age.

Using NeuN immunoreactivity, we further clarified the nature and time course of these
changes. Areas with reduced numbers of NeuN-IR motor neurons show decreased density of
calbindin-IR axons and remaining axons seem focused around the NeuN-IR motor neurons
that are left (arrows in figure 6f). To elucidate the time course of this change, LIX NeuN-IR
motor neurons we reanalyzed at four different ages (n=19 to 24 motor neurons sampled in
two animals per age and genotype). Sod2%934 motor neurons in 1-month-old animals were
similar to WTs, both in average density and variability among cells. In contrast, 2 and 3
months old animals displayed on average a larger contact density (p<0.01, t-tests; 0.88 £
0.11 contacts/100 zm in 2 month WT and 1.51 + 0.18 in Sod1¢954; 1.22 + 0.16 contacts/
100 zm in 3 month WT and 2.70 + 0.33 in Sod1%954) and also higher standard deviations
from the average. Finally, in 4 months SodZG93A animals contact densities and distributions
returned to be similar to WTs.

From these data we conclude that Renshaw cell calbindin-IR axons are lost from regions of
lamina IX that have extensively lost NeuN-IR motor neurons and undergo compensatory
sprouting on remaining NeuN-IR motor neurons starting at 2 months of age and peaking at 3
months. Finally, at end-stage, remaining motor neurons lose this excess of Renshaw cell
innervation.

Discussion

Here we report that disease onset in the Soa7¢9%4 mice coincides with a decrease in the
number of motor neurons expressing NeuN protein as well as VACAT and Chod/ mMRNA
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and that these changes correlate with motor synapse disconnection. In parallel, we found that
intraspinal motor axon synaptic terminals become structurally disorganized and
simultaneously, Renshaw cells downregulate nicotinic receptor expression. This synaptic
disorganization is followed by a retraction of motor synapses from Renshaw cells (figure 7),
suggesting that motor synapse loss is a consequence of earlier synaptic failure. The results
therefore suggest that the reduced recurrent inhibition demonstrated in ALS patients, studied
after an average of 23 months disease duration (Raynor and Shefner, 1994), is likely the
result of an earlier disorganization of intraspinal motor axon synapses. These alterations
likely disconnect the recurrent inhibitory circuit just before disease onset and could result in
deficient control of motor neuron firing. This deficit might exacerbate the known
hyperexcitability of motor neurons, which can be demonstrated from early development in
several ALS murine models, and contribute to trigger the onset of disease by removing an
important feedback control of motor neuron activity.

Do Renshaw cells die early in ALS?

Our results agree with studies that suggest that Renshaw cells are largely unaffected in
presymptomatic animals and that most survive, even at end-stages of the disease(Morrison et
al., 1996, Knirsch et al., 2001; Chang and Martin, 2009). Late interneuron loss that do not
precede motor neuron death agrees with analyses of postmortem ALS tissue (Stephens et al.,
2006) as well as with a more recent study concluding that spinal inhibitory interneuron
pathology follows motor neuron degeneration in ALS murine models (Hossaini et al., 2011).
Despite the high firing competence of Renshaw cells, it is unlikely that an energy deficit
makes them vulnerable. Mitochondria in dendrites postsynaptic to motor axon synapses in
2.5 months Sod1G93A animals show normal ultrastructural morphology suggesting that
Renshaw cells are not affected by the same mitochondrial dysfunction found in motor
neurons. Moreover, Renshaw cells express both calbindin and parvalbumin (Alvarez et al.,
2005), and consequently have a large calcium buffering capacity shown to protect cells in
ALS (Roy et al, 1998; Beers et al., 2001). In addition, our work suggests that interpreting
loss of marker expression as cell losses should be done with great caution, since surviving
cells might downregulate or alter gene expression during disease progression independent of
cell death. Therefore, whether a proportion of Renshaw cells eventually die during the
disease cannot be definitively answered until new animal models are developed in which
Renshaw cells are permanently marked before disease onset and their exact numbers
assessed independent of marker/gene expression. However, we can conclude that the
majority of Renshaw cells survive and reject the recent proposition that “loss of Renshaw
cells occurs before and more severely than motor neuron loss” (Fornai et al., 2008; Pasquali
et al., 2009). In conclusion, the alteration of motor neuron recurrent inhibition in ALS is
likely due to synaptic pathology and not to interneuron cell death.

Areinhibitory synapses from Renshaw cells onto motor neurons decreased?

Inhibitory synapses on spinal motor neurons were initially proposed to be preferentially
spared until end-stage in the Sod7¢9%4 model and cause over-inhibition in presymptomatic
and early symptomatic animals (Schutz, 2005). Later studies proposed that inhibitory
synapses started to disassemble earlier, resulting in a transient period around disease onset
with decreased inhibitory to excitatory ratios (Pullen and Athanasiou, 2009; Sunicoet al.,
2011). These changes seem to affect mainly glycinergic synapses, while GABAergic
synapses were relatively unchanged (Chang and Martin, 2009, 2011). The later results were
interpreted as evidence for decreased inhibition and a deficit in Renshaw cell output.
Renshaw cell synapses are, however, both glycinergic and GABAergic (Cullheim and
Kellerth, 1981; Schneider and Fyffe, 1992)and inhibitory inputs onto motor neurons
originate from a large number of sources. It is therefore problematical to extrapolate from a
partial decrease in inhibitory synaptic coverage to specific deficits in Renshaw cell synapses.
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We analyzed innervation from calbindin-IR axons to quantify Renshaw cell synapses and
this led us to a different conclusion. Calbindin-IR synapses on Sod1%9%4 motor neurons
were not reduced, but in fact a transitory sprouting of Renshaw cell synapses occurred at 2
and 3 months of age, and preferentially targeted motor neurons retaining NeuN-
immunoreactivity. Chang and Martin (2009) also reported a transient upregulation of
glycinergic synapses on motor neuronsaround 10 weeks of age in the same early onset
S0d1693A model. It remains a possibility that Renshaw cell inputs are reduced in
degenerating NeuN-negative motor neurons and a reduction of targets could explain
calbindin-IR axon sprouting on remaining viable motor neurons. This would explain the
different levels of increase detected in NeuN-IR motor neurons compared to the whole
population of ChAT-IR motor neurons at 3 months of age. Nonetheless, we can conclude
that Renshaw cell synapses are not withdrawn from presymptomatic motor neurons, or from
motor neurons that continue to express NeuN after disease onset.

Our anatomical results cannot address, however, whether these synapses are functionally
compromised. Reductions in glycine receptor (GlyR) binding sites are correlated with the
degree of motor neuron loss in ALS patients (Hayashi et al., 1981; Whitehouse et al., 1983).
Similarly, synaptic and non-synaptic glycinergic currents as well as GlyRa.1 subunit
expression were decreased in cultures of SodZ7G93A embryonic motor neurons (Chang and
Martin, 2011). In contrast, studies in presymptomatic hypoglossal motor neurons in perinatal
pups (P4-P10) suggested that spontaneous inhibitory synaptic events increased their
frequency with a tendency towards higher, not lower, amplitudes (vanZundert et al., 2008).
There is however good agreement in that GABA receptor subunit expression and GABAA-
dependent currents are unaltered in SodZG93A motor neurons (Petri et al., 2005; Chang and
Martin, 2011). Thus, although direct recordings will be necessary, it is expected that at least
the GABAergic components of the Renshaw cell synapse will be relatively unaltered and
given the large contribution of the GABAergic current to the net synaptic current in mixed
glycine/GABA synapses it is possible that these synapses retain a significant amount of
inhibitory capacity (Russier et al., 2002; Gonzalez-Forero and Alvarez, 2005). Inputs from
several sources can drive activity in Renshaw cells (reviewed in Dougherty and Kiehn,
2010), therefore, Renshaw cell synapses could sustain significant inhibitory actions when
recruited by inputs other than motor axons. However, recurrent inhibition would be lost
because of the deficitin motor axon synapses.

Deficits in motor axon synapses disconnect the recurrent inhibitory circuit

A major finding in our results was the anomalous motor axon synapses on Renshaw cells.
This was substantiated by structural synaptic disorganization, decreased presynaptic VACHT
and postsynaptic nicotinic receptor (c/rna2) expression and thereafter the loss of 60-75% of
synapses and complete motor axon denervation of some Renshaw cells. Our results agree
with the hypothesis that the initial stages of ALSare characterized by motor axon synaptic
failure and axonopathy. This hypothesis is based was first proposed after observations at the
peripheral neuromuscular junction (NMJ) (Pinter et al., 1995; Frey et al., 2000; Fischer et
al., 2004; Schaefer et al., 2005; Pun et al., 2006). Here we suggest that similar changes occur
in the intraspinal collaterals of the same axons. Motor axon retraction at the NMJ occurs in
two phases in the early onset S0d2%93 mice model. Hind limb triceps surae NMJs first
become dennervated between postnatal days 48 and 55, some being reoccupied around day
60 and finally permanently dennervated between days 80 and 90 (Frey et al., 2000; Pun et
al., 2006). Muscles innervated by fast motor units exhibited earlier pathology than slow
motor units, and collateral sprouting from slow motor axons transiently reoccupied vacated
NMJs (Schaefer et al., 2005; Pun et al., 2006; Hegedus et al., 2008). This reflects the
differential time course of disease manifestation in vulnerable “fast” motor neurons vs.
resistant “slow” motor neurons (Saxena el al., 2009) and suggests the possibility of similar
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compensations on Renshaw cells at 2 months of age during the first manifestations of
synaptic disease. As in the NMJ, a permanent and significant dennervation occurred at 3
months of age. The similar time courses suggest that motor axon pathology occurs globally
and almost simultaneously in the peripheral and central synaptic terminals. Interestingly, the
largest density of synaptic boutons in the Renshaw cell area originates from the vulnerable
fast motor units (Cullheim and Kellerth, 1978) and changes in gene expression in fast motor
neurons (Chod{) occurred in concert with the onset of synaptic disorganization.

Calca mRNA was relatively more stable in fast motoneurons. The reason for the
comparatively more stable expression is unknown but it is interesting to note that one of the
encoded proteins is katacalcin, a calcium-lowering peptide involved in calcium regulation,
similar to calbindin in Renshaw cells. This suggest the possibility that genes and proteins
involved in synaptic transmission at the motor axon synapse are affected relatively early
while calcium regulating genes are affected relatively late in the disease within both
individual motor neurons and Renshaw cells.

Is it relevant to pathology?

ALS is a multifactorial neurodegenerative disease in which several mechanisms converge to
increase motor neuron stress until a threshold level triggers disease and cellular pathology
(reviewed in Saxena and Caroni, 2011, van Zundert et al., 2012). Recurrent inhibition limits
and stabilizes motor neuron firing in response to excitatory inputs (Noga et al., 1987;
Hamm, 1990; Williams and Baker, 2009) and this function is carried out dynamically such
that inhibitory feedback is adjusted in a task specific manner (Hultborn et al., 1979; 2004).
Lack of recurrent inhibition would imply decreased feedback control of motor neuron firing
and this could exacerbate the hyperexcitability of motor neurons recently described in
several ALS murine models (Kuo et al., 2004, 2005, 2006; van Zundert et al., 2008; Pambo-
Pambo et al., 2009; Quinlan et al., 2011). However, the net effect of recurrent inhibition in
ALS was recently questioned based on the fact that Renshaw cell synapses target motor
neuron dendrites and elicit relatively small effective currents at the soma (Mazzocchio and
Rossi, 2010). Indeed, Renshaw cell modulation of motor neuron firing evoked by injected
currents at the soma is not very effective while motorneurons modulate firing in their
steady-state basal primary range (Lindsay and Binder, 1991). However, Renshaw cell
inhibition would be more effective counteracting mechanisms that increase motor neuron
firing in ALS.

Two key mechanisms that enhance firing in ALS motor neurons is the early maturation of
Na* and CaZ* persistent inward currents (PICs) (Kuo et al., 2004, 2005; van Zundert et al.,
2008; Pambo-Pambo et al., 2009; Meehan et al., 2010; Quinlan et al., 2011) and higher than
normal excitatory synaptic activity (van Zundert et al., 2008). This could be in part the result
of hyperexcitable spinal circuits, since increased excitability has been found also on
interneurons and at the network level (van Zundert et al., 2008; Jiang et al., 2009). Increased
PI1Cs would further potentiate excitatory inputs on motor neuron dendrites (Heckman et al.,
2008) and lead to excitotoxicity because excessive Ca2* entry that is inadequately buffered
(reviewed in Quinlan, 2011; van Zundert et al., 2012). Renshaw cell inhibitory synapses are
optimally positioned to both deactivate PICs and modulate excitatory inputs on motor
neuron dendrites (Bui et al., 2008). Therefore the net effect of recurrent inhibition is
particularly strong in physiological states with enhanced PIC-dependent depolarization
(Venugopal et al., 2011). Thus, while recurrent inhibition elicited firing reductions of 1 or 2
impulses per second when motor neurons are kept at their basal steady-state primary firing
range, this decrement is at least one order of magnitude more effective when motor neuron
firing is evoked by natural synaptic inputs and PIC activation (Hultborn et al., 2003).
Decreased recurrent feedback inhibition could therefore significantly intensify excessive
PIC and synaptic activity contributing to create an hyperexcitable state that could lead
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toexcitotoxicity. Interestingly this occurs around, or just prior, the onset of the disease stage
suggesting it might be a potentially important contributing factor that advances ALS towards
motorneuron pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Decreases in the number of NeuN-IR motor neurons occur before and are more intense than
decreases in calbindin-IR Renshaw cells. (a-d) Low magnification confocal microscopy
images of NeuN-IR cellsand calbindin-IR cells in the lumbar 5 segment of a WT (a-b) and a
S0d1G93A spinal cord (c-d),both 3 months of age. Laminar boundaries are drawn according
to NeuN-immunoreactivity and established cytoarchitectonic criteria. Calbindin-IR Renshaw
cells (RCs) are indicated in ventral LVII and LIX (arrows in b and d). (e-g) Ventral horn of
So0d1%93A mice of 1, 3 and 4 months showing NeuN (green) and calbindin (white)
immunoreactivities. NeuN-IR motor neurons are depleted in 3 and 4 months animals, but
most calbindin-IR Renshaw cells remain. (h) Quantification of the number of NeuN-IR
motor neurons, (i) calbindin-IR Renshaw cells and (j) ventral horn NeuN-IR interneurons
per ventral horn in 50 um thick sections. Black and grey bars are wildtype and Soa7G%3A
averages obtained by pooling data from 2—4 animals at each age. Significant depletions in
the number of NeuN-IR motor neurons were found at 3 and 4 months of age (asterisks,
p<0.001 one-way ANOVA, post-hoc Bonferroni corrected tests). Depletions in the number
of Renshaw cells and interneurons are smaller and are significant at 4 months of age
(asterisks, p<0.05). Error bars indicate SEMs. Scale bars: in d, 500 um (also for a-c); in g,
200 pm (also for eand f). (A version of this figure in which white-green has been changed
for magenta-green is supplied as supplementary figure 1).
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Figure2.

Expression of calbindinand chrna2 downregulate with different time courses in Renshaw
cells as disease progresses. (a-f) Images of ISH/IHC double staining using a calbindin probe
(green) and calbindin antibodies (purple) in the ventral horn Renshaw cell area of lumbar
spinal cord sections from WT and Sod2%%3A mice at day 40, day 60, day 80, day 100 and
end stage (120-150 days). (g-1) Brightfield images of ISH using a cArnaZ probe at the same
ages. Quantifications demonstrate that the number of cells expressing ca/bindin mMRNA (m)
as well as the number of cells expressing calbindin protein (n) are only decreased at disease
end stage compared to WT (p<0.001 one-way ANOVA, post-hoc Bonferroni tests of all
ages). In contrast, the number of cArna2 mRNA expressing cells (0) are significantly
decreased by day 80 and continued to decrease at day 100 and at end stage compared to WT
(all p<0.001, tests as above). Note a more profound downregulation of calbindin mRNA (m)
compared to calbindin immunoreactivity (n). (p-q) Double IHC/ISH of calbindin (pink,
IHC) and chrna2 (green, ISH) on lumbar spinal cord from WT (p) and Sod7G93A mice at
end stage (120-150 days old) (g). High magnification images of WT (p1) and Sod1¢93A
(g1) show Renshaw cells co-expressing calbindin and c/rnaZ. Note decreased expression of
chrma2in Sod1G93A and thus fewer co-localization with calbindin immunoreactivity. (r)
Venn-diagrams illustrate the relative sizes of cell populations expressing either calbindin
(pink circles), chrna2 (green circles) or both (yellow circles) for WT or Sod2693A mice at
end stage. The number of calbindin-IR cells in the ventral Renshaw area significantly
decreased by 42% in S0d1593A mice compared to WT, chrnaZ positive cells decreased by
77% and thus cells showing co-localization between both markers decreased by 83%; from
93.5% in WT to 28% in Sod1G95A mice (p<0.001 for all markers, t-tests). At end stage, the
number of calbindin-IR cells in the Renshaw area was significantly higher than the number
chrna2 positive cells (p<0.05) or cells with co-localization of both markers (p<0.01, not
indicated in the figure one-way ANOVA, post-hoc Bonferroni tests). No significant
differences were detected in WTSs. Error bars indicate SEMs. Error bars indicate SEMs.
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Scale bars: in d,500 pm (also for a-c); in g, 200 xm (also for e and f); in p, 100 um (applies

also to q); in p1, 25 um (applies also to q1).(A version of this figure in which red-green has
been changed for magenta-green is supplied as supplementary figure 2).
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Figure 3.

Different motor neuron genes downregulate with different time courses as disease
progresses. (a-f) VACAT ISH staining of lumbar spinal cord sections from WT and
Sod1G9%3A mice. (g-r) ISH for two different genes expressed in fast motor neurons: Calca
and Chodl. Experiments were carried out in adult WT mice and in SodZ6%3A mice at day 40,
60, 80, 100 and end stage (120-150 days). (a-f and s) The number of VACAHT positive cells
was significantly decreased in 80 day old SodZG93A mice compared to WT and remained
decreased at a similar level at 100 days and end stage (p<0.001, one-way ANOVA, post-hoc
Bonferroni tests). (g-r and t,u) Expression of the two fast motor neurons genes, Calcaand
Chodl, were affected differently during disease progression. The number of Calca positive
cells was first significantly decreased at day 100 (p<0.05, t) while the number of Chod/
positive cells was decreased already at day 80 (p<0.001, u). Both genes continue to
progressively downregulate towards end-stage (t and u) and no Chod/l expression was
detected at end-stage. Error bars indicate SEMs.

J Comp Neurol. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

+ VAChT

d 2 months Sqd159“
3 months WT B i

Lhe

f VAChT bouton density on dendrites

)
£ 12 — — V1
T —= SOD1
n
S8 10 Kk K
S o
. 53 8
- - ° £
"1 motith Sotf71°7 s 6
3 | =
.. c £
o3 4
<o
> 7
@
Q o0
1 2 3 4 (months)

Figure4.

VAChT-IR synapses on Renshaw cells are profoundly altered in Sod2%%34 mice, starting at
2 months of age. (a) Low and (b) high magnification confocal images of VAChT
immunoreactivity (green) and Renshaw cells (red) in WT animals. (c-€) Images of
calbindin-IR Renshaw cell dendritesin 1, 2 and 3 month old SodZG%3A mice. VAChT-IR
fills most boutons in contact with WT Renshaw cells VAChT-IR boutons of 2 month
S0d1G%3A animals appear hollow and the immunoreactivity concentrates at the periphery of
the bouton (€). Few boutons remain in 3 month Sod2%934 mice. (f) Quantification of
VAChAT-IR contacts on Renshaw cell dendrites. No significant differences in contact density
were found in WTs of different ages (p=0.653, One-Way ANOVA). Contact density was
significantly reduced in 3 month (p<0.01, Bonferroni corrected t-test) and 4 month
(p<0.001, Bonferroni corrected t-test)old SodZG%3A animals compared to their age-matched
controls, but not in 1 and 2 month Sod7%95A animals. Error bars indicate SEMs. Scale bars:
in a 250 um; in b-e, 10 um.(A version of this figure in which white-green has been
changed for magenta-green is supplied as supplementary figure 3).
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Figure5.
Alterations in the ultrastructure of motor axon VAChT-IR synapses in Sod1%%%A mice of 2.5
months of age. (a) WT VAChT-IR terminal (immunogold-silver particles, arrowheads)
making a synapse (arrow) on a calbindin-IR dendrite (filled with electron dense DAB
precipitate). Immunoreactivity is associated with synaptic vesicles distributed in the center
of the bouton and at the presynaptic active zone. (b,c,d) Motor axon synaptic boutons
(arrows indicate postsynaptic densities) /7 Sod1%%3A mice containing VAChT-
immunoreactivity displaced to the periphery of the terminals. (b) Bouton containing a large
and expanded mitochondria with increased intramembrane spaces and vacuolization
(asterisk)typical of motor neurons in SodZ%93A mice of this age. (c) Motor axon synaptic
bouton with a degenerated central structure and VAChT-immunoreactivity close to the
synapse (arrow) or in the periphery of the terminal (arrowheads). (d) Peripheral
displacement of VAChT-IR synaptic vesicles due to neurofilamen to us aggregations
(asterisk) and mitochondrial expansion at the center of the terminal. (€) Synaptic terminal
with no obvious degenerating central structure, but also displaying most VAChT-
immunoreactivity close to the plasma membrane (arrowheads). (f) Non-synaptic motor
neuron axonal varicosity with VAChT-immunoreactivity preferentially on the plasma
membrane, frequently without discernible evidence of vesicle accumulations (arrowheads).
(g) Motor axon with neurofilament accumulations and clumped VAChT-IR vesicles
associated with the plasma membrane (asterisks). (h) Part of motor neuron cell soma (note
abnormal mitochondria, asterisks) receiving a synapse from a VAChT-IR C-terminal
without major structural anomalies and normal mitochondria. C-terminals are originated
from interneurons, not motor neurons. All scale bars are 0.5 um.
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Figure6.

Renshaw cell calbindin-IR axons in relation to motor neurons. (a-b) Low magnification
confocal image of calbindin-IR axons (green, FITC) and ChAT-IR motor neurons (blue,
Cy5) in 3 months old WT and a Sod7¢94 mouse. Note increased density of calbindin-IR
axons over certain motor neurons in the SodZ¢%A mouse. (c-d) Higher magnification single
optical confocal section images of calbindin-IR axons and ChAT-IR motor neurons also
showing bassoon immunoreactivity (white, Cy3). All calbindin varicosities in contacts with
the motor neurons surface (arrows) contain bassoon demonstrating the presence of a
synaptic active zone (insets). (€) Box and whisker plot of the density of synaptic (bassoon+)
calbindin contacts on the somata of ChAT-IR motor neurons. Sample contains 36 motor
neurons in each group and the plot shows the median value(line), 75th (upper box), 25th
(lower box), 10th and 90th(error bars) percentiles and position of the outliers (individual
data points). Note presence of statistical significance (asterisksi ndicate p<0.001, t-tests)
despite high variability in contact density from motor neuron to motor neuron. (f) Calbindin-
IR axons and NeuN-IR motor neurons in a3 month Sod2%9%4 mouse. Areas devoid of
NeuN-IR cell bodies show decreased density of calbindin-IR axons and these concentrate in
regions with remaining NeuN-IR motor neurons (arrows). (g-h) Collapsed 3D images of
examples of calbindin-IR axons and varicosities surrounding NeuN-IR motor neurons in WT
(9), and 3 months Sod2G93A motor neurons (h). (i) Percentage change with respect to the
WT averages of calbindin-IR contact density around motor neuron cell bodies. WTs and 1
and 4 month Sod1%%3A mice show similar variability and average densities. Error bars
represent SDs. Sod7¢9%A animals at 2 and 3 months of age show significant increases in
contact density compared to their age-matched WTs (p<0.01 and p<0,001, respectively, t-
tests) and also higher standard deviations (error bars) suggesting large variability (cells
varied from 50% decrease to >350% increases in contact density with respect their age-
matched WT average). Scale bars: in a, 100 um(b is at the same magnification); in d, 20 zm
(cis at the same magnification); in f, 250 um; in 9,20 zm (h is at the same magnification).
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Schematic drawing summarizing the changes in motor neuron and Renshaw cells during
disease progression. In a motor neuron cell body, NeuN and VACAT together with the fast

motor neuron marker Chod/ decrease first and Calca decreases later. In the receiving
Renshaw cell body, ChrnaZ? decreases before a decrease in Calbindin can be detected.

Simultaneously with these changes in gene expression motor axon synapses on Renshaw

cells become abnormal and dennervate Renshaw cells dendrites, while Renshaw cell
synapses seem to undergo compensatory innervation of remaining NeuN-IR motor neurons.
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