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Glycinergic Innervation of Motoneurons Is Deficient
in Amyotrophic Lateral Sclerosis Mice

A Quantitative Confocal Analysis

Qing Chang* and Lee J. Martin*†

From the Department of Pathology,* Division of Neuropathology,

and the Department of Neuroscience,† Johns Hopkins University

School of Medicine, Maryland

Altered motoneuron excitability is involved in amyo-
trophic lateral sclerosis pathobiology. To test the hy-
pothesis that inhibitory interneuron innervation of
spinal motoneurons is abnormal in an amyotrophic
lateral sclerosis mouse model, we measured GABAer-
gic, glycinergic, and cholinergic immunoreactive ter-
minals on spinal motoneurons in mice expressing a
mutant form of human superoxide dismutase-1 with
a Gly933Ala substitution (G93A-SOD1) and in con-
trols at different ages. Glutamic acid decarboxylase,
glycine transporter-2, and choline acetyltransferase
were used as markers for GABAergic, glycinergic, and
cholinergic terminals, respectively. Triple immuno-
fluorescent labeling of boutons contacting motoneu-
rons was visualized by confocal microscopy and ana-
lyzed quantitatively. Glycine transporter-2-bouton
density on lateral motoneurons was decreased signif-
icantly in G93A-SOD1 mice compared with controls.
This reduction was absent at 6 weeks of age but
present in asymptomatic 8-week-old mice and wors-
ened with disease progression from 12 to 14 weeks of
age. Motoneurons lost most glycinergic innervation
by 16 weeks of age (end-stage) when there was a
significant decrease in the numbers of motoneurons
and choline acetyltransferase-positive boutons. No
significant differences in glutamic acid decarboxy-
lase-bouton densities were found in G93A-SOD1 mice.
Reduction of glycinergic innervation preceded mito-
chondrial swelling and vacuolization. Calbindin-pos-
itive Renshaw cell number was decreased signifi-
cantly at 12 weeks of age in G93A-SOD1 mice. Thus,
either the selective loss of inhibitory glycinergic reg-
ulation of motoneuron function or glycinergic inter-
neuron degeneration contributes to motoneuron de-

generation in amyotrophic lateral sclerosis. (Am J

Pathol 2009, 174:574–585; DOI: 10.2353/ajpath.2009.080557)

Amyotrophic lateral sclerosis (ALS) is a rapidly evolving
adult onset neurological disease characterized by a pro-
gressive loss of motoneurons.1,2 About 10% of ALS
cases are familial ALS with inheritance patterns, and 90%
are sporadic ALS with no known genetic component.
Autosomal dominant mutations in the Cu/Zn superoxide
dismutase-1 (SOD1, ALS1) gene occur in �20% of famil-
ial ALS cases.3 Transgenic mice overexpressing the hu-
man mutated SOD1 gene with a glycine/alanine substitu-
tion at codon 93 (G93A) develop a fatal motoneuron
disease resembling ALS in humans.4

Many theories have been communicated that implicate
perturbations in axonal transport, protein integrity, mito-
chondria, antioxidant status, and inflammation in the
mechanisms of ALS pathogenesis.5,6 Considerable data
supported the contributions of glutamate-mediated exci-
totoxicity in ALS.7–9 Alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors in spinal motoneurons
were altered in human ALS10,11 and G93A-SOD1
mice.12–14 Electrophysiological studies of ALS patients
indicated widespread signs of motoneuron hyperexcit-
ability.15 Hyperexcitability of motoneurons was also ob-
served in spinal cord slices16 and dissociated embryonic
cell cultures from G93A-SOD1 mice.17

The hyperexcitability theory emphasizes mostly the
contribution of excessive synaptic excitation, while the
possibility of insufficient synaptic inhibition has been
largely ignored. Spinal cord slice cultures from embry-
onic G93A-SOD1 mice showed an imbalance between
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excitatory and inhibitory innervation.18 Spinal cord mo-
toneurons receive extensive glycinergic and GABAergic
innervations that regulate motoneuron excitability through
various mechanisms.19 Abnormal gamma aminobutyric
acid (GABA) and glycine levels were observed in serum
or autopsy tissues of ALS patients.20,21 In human ALS
autopsy spinal cord, binding sites for the inhibitory neu-
rotransmitter glycine have been reported to be reduced
in anterior horn.22,23 It therefore seems possible that inhib-
itory neural systems are disrupted as part of the pathogen-
esis in ALS. In fact, riluzole, the only drug approved by the
Food and Drug Administration for the treatment of ALS,
directly interacts with GABA(A) and glycine receptors24,25

in addition to its antiglutamatergic action.26

In this study, we examined glycinergic and GABAergic
innervations of spinal motoneurons in G93A-SOD1 mice
using quantitative confocal analysis. We demonstrated that
abnormalities in inhibitory interneuron innervations of spinal
motoneurons emerge early in the course of disease before
structural evidence for motoneuron degeneration.

Materials and Methods

Animals

Adult male transgenic mice expressing human mutant
SOD1 gene driven by the human SOD1 promoter4 were
studied. A mouse line (B6SJL-TgN [SOD1-G93A] 1Gur,
G1H) with a high copy number of mutant alleles (�20
copies) and a rapid disease onset was used. The mice
were studied through the entire course of the disease
from asymptomatic stage to end-stage disease at 6, 8,
10, 12, 14, and 16 weeks of age. The group size for each
data set was 3 to 5 mice. Controls were non-transgenic
littermates of the mutants. The institutional Animal Care
and Use Committee approved the animal protocols.

Tissue Preparation

Mice were overdosed with sodium pentobarbital (50 mg/
kg) and subsequently perfused transcardially with ice-
cold 100 mmol/L phosphate buffer-saline (pH 7.4) fol-
lowed by 4% paraformaldehyde. All mice were perfused
under identical conditions by the same individual. Spinal
cords were postfixed in paraformaldehyde for 3 hours,
and then were cryoprotected in 20% glycerol overnight.
Transverse serial sections (40 �m-thick) through lumbar
spinal cord were cut on a sliding microtome (American
Optical Corporation, New York, NY) and stored individu-
ally in 96-well plates in cyroprotectant buffer (1% polyvi-
nylpyrrolidone, 40% ethylene glycol, and 0.1 mol/L po-
tassium acetate, pH 6.5) at �20°C until used for
immunocytochemistry.

Triple Fluorescence Immunocytochemistry

Free-floating sections were rinsed in Tris buffer (TBS, pH
7.4), permeabilized with 0.4% Triton X-100, blocked with
10% donkey serum, and then incubated in a cocktail of
primary antibodies diluted in TBS containing 2% donkey

serum and 0.1% Triton X-100 for 48 hours at 4°C. The
primary antibodies used in different combinations were:
mouse anti-glutamic acid decarboxylase 67 (GAD67;
monoclonal, 1:10000; Chemicon, Temecula, CA); guinea
pig anti-glycine transporter-2 (GlyT2; polyclonal, 1:10000;
Chemicon); goat anti-choline acetyltransferase (ChAT; poly-
clonal, 1:200; Chemicon); rabbit anti-manganese-contain-
ing SOD (MnSOD, SOD2; polyclonal, 1:400; Assay De-
signs, Ann Arbor, MI); rabbit anti-growth associated
protein-43 (GAP43; polyclonal, 1:1000; Chemicon); rabbit
anti-synaptophysin (polyclonal, 1:1000; Dako Denmark A/S,
Glostrup, Denmark). After four washes with TBS, sec-
tions were incubated for 2 hours at room temperature in
a mixture of species-specific secondary antibodies (all
raised in donkey) conjugated to Alexa Fluor 488, Alexa
Fluor 594, or Alexa Fluor 647 (Invitrogen Corporation,
Carlsbad, CA). Sections were washed again, and
mounted using Prolong anti-fade medium (Invitrogen).

Confocal Microscopy and Quantification

Spinal cord sections were imaged using a 100� oil im-
mersion objective (1.3 numerical aperture lens) mounted
on a Zeiss LSM 510 confocal microscope. All sections
were imaged under identical conditions and analyzed
using identical parameters. ChAT immunoreactivity was
used as a marker to identify motoneurons27 in lateral and
medial pools. Motoneurons are large cells (mean diame-
ter �20 �m for �-motoneurons) likely to be truncated
within 40 �m sections. Only motoneurons with visible
nuclei and nucleolus were selected. Immunolabeled pre-
synaptic boutons were examined for apposition to ChAT-
labeled large neurons. Boutons were considered to be in
apposition only if there was no visible space between the
bouton and the cell membrane in any optical section.

Measurements of immunopositive boutons were per-
formed using NIH Image J software. Each confocal im-
age obtained in triple staining experiments was split into
three channels and thresholded in black and white binary
images. Automatic intensity thresholding and particle
sizes of above 0.18 �m2 for GAD- and GlyT2-immuno-
staining or 0.22 �m2 for ChAT-immunostaining were cho-
sen for defining boutons. Standardized bouton number
was determined by dividing the number of boutons con-
tacting a motoneuron by its perimeter, which was mea-
sured using Image J software. The single optical section
image for each neuron was measured at the level of the
nucleolus. Lateral and medial motoneuron pools were
analyzed separately. To evaluate regional selectivity,
GlyT2-immunoreactivity was analyzed specifically in lam-
ina II of dorsal horn. Confocal images were obtained at
100� from randomly selected regions within lamina II
identified by location. Two different confocal images from
each lumbar spinal cord section and two sections from
each mouse were quantified.

To better resolve the density of boutons on the entire
motoneuron cell bodies, we examined the bouton density
throughout one half of the cell body in the lateral mo-
toneurons. Total numbers of boutons per neuron divided
by 2 were counted across the z-series optical sections
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(0.7 �m separation). This was accomplished by starting
at the first optical section containing a given neuron and
counting the number of new boutons touching the cell
surface to the last optical section at the middle of the
soma. The “middle” was determined by scanning back
and forth through the optical sections containing intact
nuclei and nucleolus several times. The locations of la-
beled boutons in a single optical section were compared
with labeled boutons in adjacent sections to avoid double
counting of the same boutons. The bouton densities were
calculated by dividing the total number of boutons by its
surface area, which was determined by Image J soft-
ware. Eight to ten motoneurons per spinal cord and two to
three lumbar spinal cord sections per animal were
quantified.

For colocalization analysis, images were imported into
Image J software where regions of interest were outlined,
and regions outside regions of interest were cleared us-
ing “segmenting assistant” plug-in. Each channel was
then subjected to background subtraction, and analyzed
by “colocalization threshold” plug-in (zero-zero pixels
was excluded in threshold calculation). The thresholds
for each channel were then calculated and pixels below
this value were ignored for colocalization quantification.
This method avoids the investigator bias in the thresholds
setting. A pixel was defined as having colocalization
when the intensities of both labels were above their re-
spective thresholds. Using this method Pearson’s correla-
tion coefficient for pixels where either channel was below
their respective threshold was 0.002 � 0.005 (n � 58), and
Pearson’s correlation coefficient for pixels where both
channels were above their respective threshold was
0.862 � 0.005 (n � 58), indicating the thresholds had
been set appropriately. Colocalization of synaptophysin
with GlyT2-, GAD- or ChAT-immunoreactivity was given
as the colocalization coefficients M1 and M2. These co-
efficients are proportional to the number of colocalizing
pixels in either channel (channel 1 or channel 2) of the
composite image, relative to the total number of pixels
above threshold in that channel. Colocalization coeffi-
cient using threshold takes into account the number of
pixels with colocalization as well as the intensities of the
two labels in each pixel. The number of pixels (divided by
perimeter) that have both channel 1 and channel 2 inten-
sities above the threshold (ie, the number of colocalized
pixels) was used to quantify the colocalization of GAP43-
with GlyT2- or GAD-immunoreactivity.

Results are presented as mean � SEM. Statistical
significance was determined by Student’s t-test. The level
of significance was set of P � 0.05.

Calbindin Immunohistochemistry

Lumbar spinal cord sections from G93A-SOD1 and con-
trol mice were used to localize calbindin D28k as a
marker for Renshaw cells.28–31 Calbindin was localized
using a standard immunoperoxidase method with a
mouse monoclonal antibody to calbindin (1:10,000;
Sigma, St. Louis, MO) and visualized with diaminoben-
zidine (Sigma) as chromogen. Cell counts were made

by viewing sections under a 40� lens mounted on a
Nikon microscope. Renshaw cells were identified by
their location and characteristic morphology as de-
scribed previously.31,32

Results

The G93A-SOD1 transgenic mice with a high copy num-
ber of mutant allele first show signs of spasticity at about
10 weeks of age, and then unilateral or bilateral hindlimb
paresis at around 11 to 12 weeks of age; the disease then
progresses to end-stage when the mice are quadriplegic
at around 16 weeks of age.4,33

In this transgenic line of mutant SOD1 mice, the
morphology and number of motoneurons changes dra-
matically over the time course examined by confocal
microscopy. At 6 and 8 weeks of age, the cytoplasm of
ChAT-positive motoneurons appeared uniform with no
or minimal cytoplasmic vacuolization, and the size and
shape of motoneuron perikarya appeared normal (Figure
1A). No significant differences in the number of large

D

E
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Figure 1. A: Confocal images of motoneurons in lumbar spinal cord sections
triple labeled with GlyT2 (green), GAD (blue), and ChAT (red) in wild-type
mice (WT) and G93A-SOD1 mice at 8, 10, and 12 weeks (W) of age. Each
panel corresponds to a single optical section. Scale bar � 10 �m. B-E:
Quantitative analysis of the GlyT2- (C), GAD- (D), and ChAT- (E) immu-
nopositive boutons contacting the ChAT-immunopositive motoneurons and
the number of motoneurons (B) from wild-type and G93A-SOD1 mice at 6,
8, 10, 12, 14, and 16 weeks of age. A significant decrease in the density of
GlyT2-boutons was observed at asymptomatic 8-week-old G93A-SOD1 mice
(C), before the decrease of the number of motoneurons (B). Motoneurons
lost the majority of GlyT2-boutons at 16 weeks of age (C). No significant
difference was observed in the density of GAD-boutons at all ages (D).
Significant differences in the density of ChAT-boutons were not found until
end-stage (16 weeks) in G93A-SOD1 mice (E). Data represent the mean �
SEM (*P � 0.05, **P � 0.01, Student’s t-test). n � 3 to 5 mice per group. Eight
to ten motoneurons per spinal cord and two to three lumbar spinal cord
sections per animal were quantified.
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ChAT-positive motoneurons were observed in 8-week-old
G93A-SOD1 mice compared with controls (Figure 1B). At
10 weeks of age, some motoneuron cell bodies and
proximal dendrites showed cytoplasmic vacoules (Figure
1A). Swollen, degenerating axons with segmental en-
largements were also seen in the ventral horn neuropil
and white matter. At 12 weeks of age, cytoplasmic vacu-
oles in motoneurons were more apparent and more mo-
toneurons possessed vacuoles (Figure 1A). At this time,
subsets of motoneurons and axons were severely swol-
len, but the decrease in the number of motoneurons was
not significant (Figure 1B). The number of motoneurons
was decreased significantly at 14 weeks of age (Figure
1B; P � 0.05). At 16 weeks of age, when the disease
developed to end-stage, the number of motoneurons was
reduced further (Figure 1B; P � 0.01) and the residual
motoneurons tended to be smaller than that the typical
�-motoneurons.

GlyT2-Bouton Densities on Motoneurons
Decrease in G93A-SOD1 Mice

Glycinergic synapses on lumbar spinal motoneurons
were identified by GlyT2-immunoreactivity.34–36 Numer-
ous densely-packed, flattened GlyT2-immunopositive
boutons (averaged 1 �m2 in size; Figure 1A, green) were
closely apposed to the soma and proximal dendrites of
ChAT-positive large motoneurons. Bouton density was
analyzed to determine changes in glycinergic innerva-
tion. In this analysis, the number of boutons was ex-
pressed as a ratio of total surface area. We quantified
GlyT2-positive boutons through the surface of half of the
motoneuron (providing they had visible nucleus and nu-
cleolus) cell bodies (z-stack) from both wild-type and
G93A-SOD1 mice. All motoneurons analyzed in wild-type
mice were contacted by GlyT2-positive boutons. No sig-
nificant differences in the distribution and density of boutons
between the soma and proximal dendrites of motoneu-
rons, or differences in GlyT2-bouton densities between
different ages of wild-type mice were observed (data
not shown).

At 6 weeks of age, G93A-SOD1 mouse motoneurons
had GlyT2-bouton densities similar to wild-type mice (Fig-
ure 1C). However, GlyT2-bouton densities were signifi-
cantly lower in asymptomatic 8-week-old G93A-SOD1
mice than in controls (Figure 1C; P � 0.05). About 20% of
GlyT2-boutons were lost on G93A-SOD1 mouse mo-
toneurons. Individual variation was observed between
8-week-old G93A-SOD1 mice (Figure 1C, error bar),
mirroring the individual variation in the onset of dis-
ease. No obvious changes were observed in the size
and shape of remaining GlyT2-boutons on G93A-SOD1
mouse motoneurons. Unexpectedly, the density of
GlyT2-boutons showed a slight recovery at 10 weeks of
age with respect to the 8-week-old G93A-SOD1 mice
(Figure 1C). At 12 weeks of age, when the mice were
paretic, GlyT2-bouton densities were decreased sig-
nificantly. Fewer individual variations were observed at
this age compared with 8-week-old mice. The loss in
GlyT2-boutons was more pronounced at 14 weeks of

age. At 16 weeks of age, when the disease developed
to end-stage, motoneurons lost the majority of GlyT2-
boutons (Figure 1C).

Compensatory Up-Regulation of Glycinergic
Innervation of Motoneurons in 10-Week-Old
G93A-SOD1 Mice

The number of GlyT2-positive boutons slightly recovered
at 10 weeks of age compared with 8-week-old G93A-
SOD1 mice (Figure 1C). Considering the possibility of
compensatory recovery, we triple labeled the spinal cord
with GlyT2-, ChAT-, and GAP43-antibodies. GAP43 is a
neurite outgrowth marker.37–40 GAP43-immunoreactivity
was observed as bouton-like swellings in apposition to mo-
toneurons (Figure 2A). Colocalization of GlyT2- and GAP43-
immunoreactivity was detected in wild-type mice (Figure
2A). The colocalization coefficients of GlyT2 with GAP43
(M1; calculated as M1 � pixelsCh1, coloc/pixelsCh1, total, where
Ch1 is GlyT2) was 0.127 � 0.023 (n � 3). At 6 and 8 weeks
of age, the average number of GAP43/GlyT2 colocalized
pixels was not significantly different compared with control
(Figure 2B). GAP43/GlyT2 colocalized pixel number signif-
icantly increased in 10-week-old G93A-SOD1 mice (Figure
2B; P � 0.05). The colocalization coefficients of GlyT2 with
GAP43 also increased to 0.182 � 0.026 (n � 3). Because
GAP43 marks neurite sprouting,40,41 the increase of its

B

A

Figure 2. A: Confocal images of lumbar spinal motoneurons showing colo-
calization (yellow, arrows) of GlyT2 (left, green) or GAD (right, green)
with GAP43 (red) in apposition to ChAT-positive neurons (blue) in wild-type
and 10-week-old G93A-SOD1 mice. Scale bar � 10 �m. B: Quantitative
analysis of colocalization. Graphics show the average numbers of GAP43/
GlyT2 (left) or GAP43/GAD (right) colocalized pixels representing the
axonal growth in wild-type and G93A-SOD1 mice at 6, 8, and 10 weeks (W)
of age. Analysis of GAP43/GlyT2 colocalization revealed statistically signifi-
cant increases in the area of immunofluorescent colocalization in 10-week-
old G93A-SOD1 mice compared with control. Data represent the mean �
SEM (*P � 0.05, Student’s t-test). n � 3 mice per group.

Glycinergic Innervation in ALS Mice 577
AJP February 2009, Vol. 174, No. 2



colocalization with GlyT2-immunoreactivity indicates
sprouting of glycinergic terminals in 10-week-old
G93A-SOD1 mice.

To test the specificity of glycinergic terminal sprouting
on motoneurons, we also studied the colocalization of
GAD- and GAP43-immunoreactivity. The colocalization
coefficients of GAD with GAP43 (M1; calculated as M1 �
pixelsCh1, coloc/pixelsCh1, total, where Ch1 is GAD) was
0.115 � 0.019 (n � 3). No significant differences were
found in GAP43/GAD colocalized pixel numbers at 6, 8,
and 10 weeks of age compared with controls (Figure 2B).

GABAergic Innervation of Motoneurons Is
Maintained in G93A-SOD1 Mice

GABAergic synapses contacting motoneurons were
identified using an antibody to GAD67.42 The same large
ChAT-positive motoneurons that were contacted by
GlyT2-boutons were also contacted by round or oval
GAD-immunopositive boutons that averaged 1 �m2 in
size (Figure 1A, blue). No significant differences in the
density of GAD-boutons on motoneuron soma were ob-
served in G93A-SOD1 mice at any ages (Figure 1D). The
size, shape, and distribution of GAD-boutons on mo-
toneurons were not different in G93A-SOD1 mice com-
pared with controls. At end-stage disease (16 weeks), the
absolute number of GAD-positive boutons on individual
motoneurons decreased because the residual motoneu-
rons are relatively small at these ages, but the density of
GAD-boutons remained unchanged.

Cholinergic Innervation of Motoneurons in
G93A-SOD1 Mice Is Preserved at Early Stages
of Disease

ChAT-positive motoneurons were also contacted by large
(average size 2.2 �m2) ChAT-positive boutons, resem-
bling the C-boutons.43,44 These boutons were distributed
sparsely on soma and proximal dendrites of most mo-
toneurons (Figure 1A, bright red). At 6, 8, 10, 12, and 14
weeks of age, no significant differences were found in the
densities of ChAT-positive boutons between G93A-SOD1
and control groups (Figure 1E). Large individual varia-
tions were observed between individual mice in the
same group (Figure 1E, error bar). A significant differ-
ence in the density of ChAT-boutons was found at
end-stage disease (16 weeks) in G93A-SOD1 mice
(Figure 1E, P � 0.05).

GlyT2 and GAD Colocalize with Synaptophysin
on Motoneurons

To confirm that GlyT2- and GAD-immunoreactive struc-
tures are synaptic boutons, we triple labeled spinal cord
sections with the neurotransmitter markers and synapto-
physin, a ubiquitous synaptic vesicle marker.45 Figure 3
illustrates the colocalization of GlyT2- and/or GAD-immu-
noreactivity with synaptophysin immunoreactivity closely

apposed to ChAT-positive neurons. Both GlyT2- and
GAD- immunoreactivities had substantial colocalization
with synaptophysin, though, as expected, structures
other than synaptic boutons were also labeled (Figure
3A). The colocalization coefficients of GlyT2 or GAD with
synaptophysin (M1; calculated as M1 � pixelsCh1, coloc/
pixelsCh1, total, where Ch1 is GlyT2 or GAD) were 0.707 �
0.017 (n � 10 motoneurons) and 0.751 � 0.028 (n � 10
motoneurons), respectively. Colocalization of GlyT2- with
GAD-immunoreactivity was also observed, and the colo-
calization coefficient of GlyT2 with GAD was 0.313 �
0.042 (M1; calculated as M1 � pixelsCh1, coloc/pixelsCh1, total,

where Ch1 is GlyT2; n � 10 motoneurons). Three-way
colocalization of GlyT2, GAD and synaptophysin was
detected (Figure 3B, white).

The colocalization coefficients of synaptophysin with
GlyT2 or GAD (M2; calculated as M2 � pixelsCh2, coloc/
pixelsCh2, total, where Ch2 is synaptophysin) were calcu-
lated to determine the proportion of GlyT2- or GAD-bou-
tons versus total presynaptic terminals, ie, synaptophysin
immunoreactivity. The colocalization coefficients of
synaptophysin with GlyT2 was 0.605 � 0.046 (n � 10
motoneurons), and the colocalization coefficients of
synaptophysin with GAD was 0.432 � 0.041 (n � 10
motoneurons).

A

B

Figure 3. Optical sections of lumbar motoneurons illustrating GlyT2-
(green), GAD- (B; blue), and ChAT- (A; blue) positive boutons colocalized
with synaptophysin (SYN; red) immunoreactive presynaptic terminals. A:
Colocalization (yellow) of GlyT2 and synaptophysin, and colocalization
(pink) of ChAT and synaptophysin around the soma and proximal dendrites
of ChAT-positive motoneurons. B: Colocalization (yellow) of GlyT2 and
synaptophysin, and colocalization (pink) of GAD and synaptophysin around
the putative motoneurons. Three-way colocalization (white) of GlyT2-,
GAD-, and synaptophysin immunoreactivity was also observed. Scale bar �
10 �m. The area delineated by white rectangular is shown of higher magni-
fication at right. Scale bar � 2 �m.
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Unbiased Quantification of All Surviving
Motoneurons

The above analytical strategy used on z-stack confocal
images is a method that identified all immunoreactive
boutons in contact with the entire surface of motoneuron
cell bodies. However, it was not an unbiased sampling
method because at least one half of the motoneuron cell
body needed to be contained within the z-stack to obtain
accurate bouton counts, thus limiting random selection to
those neurons that meet this criteria. The size and num-
ber of motoneurons also change with disease progres-
sion in G93A-SOD1 mice,33 so it is difficult to find appro-
priate criteria for motoneuron sampling. To solve this
problem, all motoneurons on one side of the 40 �m-thick
spinal cord sections in both wild-type and G93A-SOD1
mice were analyzed in single optical sections. The aver-
age size of motoneurons gradually increased from 10
weeks of age and reached maximum at 12 weeks in
G93A-SOD1 mice, indicating swelling of motoneuron cell
bodies (Figure 4A). At 14 weeks of age, the average size
of motoneurons decreased compare to 12 weeks (Figure
4A), suggesting dissolution of some swollen motoneu-
rons. Motoneurons were divided into two groups based
on their Feret’s diameters (determined by Image J soft-
ware): 20–30 �m group (mid-size) and �30 �m group
(large-size). We excluded the ChAT-positive neurons
with diameters �20 �m that may be �-motoneurons.
The increase of motoneuron average sizes at 12 weeks
of age was due to decreased mid-size motoneurons
and slightly increased large-size (swollen) motoneu-
rons (Figure 4B). The number of GlyT2-boutons con-
tacting motoneurons in the large-size group tended to
be slightly higher (but not significant) than in the mid-
size motoneuron group in wild-type mice (Figure 4C).
At 8 weeks of age, a reduction in the number of GlyT2-
boutons was detected in both mid-size and large-size
motoneuron groups in G93A-SOD1 mice (Figure 4C). A
slight recovery of glycinergic innervation was observed
in large-size motoneuron group at 10 weeks of age,
accompanied by a slight increase in the number of
motoneurons in the large-size category, which indicate
swelling of motoneuron soma. Progressive loss of
GlyT2-boutons was observed over time in G93A-SOD1
mice in both mid-size and large-size motoneurons (Fig-
ure 4C). No significant changes in the number of GAD-
and ChAT-boutons were observed in G93A-SOD1 mice
(Figure 4, D and E).

The number of GlyT2-positive boutons contacting the
small (diameter �20 �m), ChAT-positive, putative �-mo-
toneurons was relatively few (�30% of the number of
GlyT2-boutons contacting �-motoneurons), and no sig-
nificant changes in the number of GlyT2-positive boutons
contacting the presumable �-motoneurons were ob-
served in G93A-SOD1 mice compared with controls
(data not shown).

The above analysis focused on the lateral motoneuron
pool that primarily innervates distal muscles.46 To deter-
mine whether the loss of glycinergic boutons is selective
for the lateral motoneuron pool, the medial motoneuron

pool that innervates proximal muscles46 was also ana-
lyzed. The medial pool of motoneurons has lower levels of
glycinergic innervations compared with lateral pool mo-
toneurons (Figure 4C, Figure 5A), and no significant de-

A

B

C

D

E

Figure 4. Unbiased quantification of all surviving lateral pool motoneurons
from single spinal cord optical sections of wild-type mice (WT) and G93A-
SOD1 mice at 6, 8, 10, 12, and 14 weeks (W) of age. The average size of
motoneurons gradually increased from 10 weeks of age, reached maximum
at 12 weeks, and started to decrease at 14 weeks in G93A-SOD1 mice (A).
Motoneurons were divided into two groups based on their Feret’s diameters:
20 to 30 �m group and �30 �m group, and the number of motoneurons in
wild-type and G93A-SOD1 mice at different ages was shown in (B). The number
of GlyT2- (C), GAD- (D), and ChAT- (E) immunopositive boutons contacting all
surviving lateral motoneurons was also shown. Data represent the mean � SEM
(*P � 0.05, **P � 0.01, Student’s t-test). n � 3 to 5 mice per group.
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crease in GlyT2-bouton number on medial motoneurons
was observed until 14 weeks of age (Figure 5A). No
significant differences in either GAD- or ChAT-bouton
number on medial pool motoneuron soma were observed
in G93A-SOD1 mice at 6, 8, 10, 12, and 14 weeks of ages
(Figure 5, B and C).

The glycinergic innervations on lamina II cells in dorsal
horn of spinal cord were analyzed to further investigate if
the early changes in glycinergic innervations are a more
widespread phenomenon rather than being specific for
lateral motoneurons. No significant changes were ob-
served in glycinergic innervations of lamina II cells in
8-week-G93A-SOD1 mice compared with controls (Sup-
plemental Figure S1 available at http://ajp.amjpathol.org).

Reduction of Glycinergic Innervation Precedes
Motoneuron Vacuolization and Mitochondrial
Swelling

One of the first pathological abnormalities seen in high-
expressing G93A-SOD1 mice is cytoplasmic vacuolization
in motoneurons.33,47–49 This cytoplasmic microvacuolation
has been attributed to swelling of mitochondria.33,50 –52

An antibody to MnSOD that localizes in the mitochon-
drial matrix53 was used to identify mitochondria in mo-
toneurons. In wild-type mice, small, discrete, particulate-
like or filament-like MnSOD-immunopositive mitochondria
within cytoplasm were observed in ChAT-positive mo-
toneurons (Figure 6, first row) and in some other cells in
spinal cord. No obvious differences in MnSOD-immuno-
reactivity were observed in any of the 8-week-old G93A-
SOD1 mice studied compared with control (Figure 6,
second row). At 10 weeks of age, mitochondrial MnSOD-
immunoreactivity became more prominent. For some mi-
tochondria, their shape and size changed. In the cell
bodies and proximal dendrites of some motoneurons and
in dendrites within in the neuropil, the vacuoles over-
lapped with large swollen MnSOD-positive mitochondria
(Figure 6, third row). With many cytoplasmic vacuoles
the overlap was only partial because MnSOD localizes
to the mitochondrial matrix, but there is also swelling of
the intermembrane space.48 In some motoneurons,
swollen mitochondria aggregated around the nucleus
(data not shown). Mitochondrial swelling was relatively
selective for motoneurons at early stages of disease
because it was not apparent in other types of cells

including dorsal horn neurons and ChAT-positive inter-
neurons in 10-week-old G93A-SOD1 mice. The onset of
mitochondria swelling was not simultaneous in individ-
ual spinal motoneurons and not present in all mitochon-
dria within a motoneuron. The mitochondrial swelling in
some �-motoneurons and �-motoneurons was very late
in onset. No visible changes in MnSOD-immunoreac-
tivity were observed in swollen ChAT-positive axons at
10 weeks of age. Fulminant mitochondrial swelling was
observed in G93A-SOD1 mice at 12 weeks of age
(Figure 6, last row).

Renshaw Cells Are Lost in G93A-SOD1 Mice

A specific class of glycinergic interneuron is called the
Renshaw cell,54–56 which was identified as calbindin-

A B C

Figure 5. Quantification of GlyT2- (A), GAD- (B), and ChAT- (C) immunopositive boutons contacting all medial pool motoneurons from single spinal cord optical
sections of wild-type mice (WT) and G93A-SOD1 mice at 6, 8, 10, 12, and 14 weeks (W) of age. No significant decrease in GlyT2-bouton number on medial
motoneurons was observed until 14 weeks of age in G93A-SOD1 mice (A). Data represent the mean � SEM (**P � 0.01, Student’s t-test). n � 3 to 5 mice per
group.

Figure 6. Representative images showing MnSOD labeling (green) within
ChAT- (red) positive neurons in wild-type and G93A-SOD1 mice at 8, 10, and
12 weeks of age. No obvious MnSOD-positive mitochondrial swelling was
observed until 10 weeks of age in G93A-SOD1 mice. Scale bar � 10 �m.
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immunoreactive neurons located in the ventral portion of
lamina VII, medial to the motoneuron column.28–31,57 A
distinct population of small (14 to 20 �m in average
diameter) and strongly immunolabeled calbindin-positive
neurons was observed in spinal cord from wild-type mice
(Figure 7A). The number of Renshaw cells was lower in
10-week-old G93A-SOD1 mice compared with control
(Figure 7B). A significant decrease in the number of
Renshaw cells was observed at 12 and 14 weeks of age
in G93A-SOD1 mice (Figure 7B; P � 0.05). The loss of
Renshaw cells preceded the reduction of motoneurons in
G93A-SOD1 mice, which was not significantly decreased
until 14 weeks of age (Figure 1B).

Discussion

The major finding of this study is that G93A-SOD1 mice
have a reduction in glycinergic innervation on motoneu-
rons at presymptomatic disease, which precedes major
structural pathology in motoneuron cell bodies and prox-
imal dendrites. This early glycinergic denervation is spe-
cific for lateral motoneurons. We interpret this finding as
an early loss of inhibitory synaptic control of motoneurons

that could permit excitotoxic dysfunction in motoneurons
in ALS.

We performed a novel quantitative confocal micros-
copy study of inhibitory innervations of spinal motoneu-
rons in ALS mice. In our study, motoneurons were iden-
tified by ChAT-immunopositivity that was not lost
completely until the end-stage of motoneuron degenera-
tion, when the cell is in a severely necrotic-like state.33

Thus ChAT is a reliable marker for motoneurons because
it is maintained throughout the entire disease duration.
Glycinergic and GABAergic synaptic terminals on mo-
toneurons were detected with antibodies to GlyT2 and
GAD67. GlyT2 is expressed in glycinergic boutons in
mammals, where it is presumed to function in the presyn-
aptic reuptake of transmitter at glycinergic synapses,
making it an excellent marker for glycinergic neu-
rons.35,36,58–62 In contrast to GlyT2, GlyT1 is an astroglial
glycine transporter.60,61 Although immunoreactivity
against the neuronal GlyT2 isoform is a reliable marker for
glycinergic neurons,34 GlyT2 antibody labels primarily
axon terminals35 and thus does not allow visualization of
the cell bodies of glycinergic neurons for counting. Two
forms of GAD, GAD65, and GAD67, responsible for syn-
thesis of the inhibitory transmitter GABA, have been iden-
tified in vertebrates and mark GABAergic neurons.63–65

We chose GAD67 to study because this isoform is the
major one found in boutons on spinal motoneurons.42

GAD antibodies also fail in the strong detection of
GABAergic neuronal cell bodies, but yield excellent ter-
minal labeling. We decided to analyze glycinergic and
GABAergic boutons on motoneuron cell bodies because
most of inhibitory innervations localized on the soma and
proximal dendrites of motoneurons, while excitatory bou-
tons located more distal on dendrites.19 We confirmed
the terminal localizations of GlyT2 and GAD by their
colocalization with synaptophysin.

We discovered that spinal motoneurons in G93A-
SOD1 mice develop an early robust deficit in glycinergic
innervation before light microscopic evidence of struc-
tural pathology. The deficit was not present at 6 weeks of
age, indicating that the onset of GlyT2-bouton reduction
occurs between 6 and 8 weeks of age, and thus is not
developmentally pre-existing. It is possible that the re-
duction of GlyT2-immunoreactivity represents the loss of
the glycine transporter-2 protein, but not the presynaptic
terminals. Ultrastructural and functional study of the early
axonal degeneration is therefore required as is a better
understanding of whether glycinergic bouton loss is re-
lated to alternations in motoneuron glycine receptors.

In two recent studies, Zang et al and Schutz examined
the presynaptic innervations of motoneurons in ALS
mice.66,67 Neither of the studies was done using confocal
microscopy, but both used the same transgenic line of
G93A-SOD1 mice used here. Zang et al described a loss
of synaptophysin-positive boutons on lumbar motoneu-
rons of mice by 12 weeks of age.66 Schutz described a
loss in vesicular inhibitory amino acid transporter-immu-
noreactivity in motoneuron field in 110-day-old SOD1
mice.67 However, the anti-vesicular inhibitory amino acid
transporter did not detect the neurochemical nature of
the inhibitory neurontransmitters, and no quantitative

A

B

Figure 7. A: Immunocytochemistry shows calbindin-immunopositive Ren-
shaw cells in the ventral horn of spinal cord sections from wild-type and
G93A-SOD1 mice. Scale bar � 20 �m. B: Quantitative analysis of Renshaw
cell number from wild-type and G93A-SOD1 mice at 6, 8, 10, 12, and 14
weeks (W) of age. Data represent the mean � SEM (*P � 0.05, Student’s
t-test). n � 3 to 5 mice per group. Two to three lumbar spinal cord sections
per animal were quantified.
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analysis was conducted in their study. Synaptophysin
was observed to be reduced in the anterior horn in post-
mortem tissue of ALS patients.68–73 We believe that our
finding is new and significant because the decrease of
GlyT2-boutons possibly reflects an early degeneration of
glycinergic synaptic terminals and the interneurons them-
selves, which occurs before the degeneration of mo-
toneurons.33 This abnormality could have significance
with regard to the synaptic physiology of motoneurons.

Another interesting observation seen here is that the
injured neurons appear to attempt compensation and
recovery at 10 weeks of age as evidenced by the sprout-
ing of glycinergic axons identified by their colocalization
with GAP43. This is in consistent with a previous report
that GAP43 expression on the surface of anterior horn
cells was increased in postmortem tissue of ALS pa-
tients.74 The recovery of glycinergic innervation was
more obvious in large-size motoneuron group, which is
likely to include a number of swollen, degenerating mo-
toneurons, further support the idea that there maybe
plastic alterations or a compensatory mechanism of the
glycinergic axonal terminals located on the degenerating
motoneurons.

The early loss of glycinergic innervations of lateral
motoneurons is not a general, non-specific change in
spinal cord of ALS mice. This conclusion is supported by
two observations. First, glycinergic innervation of medial
motoneurons was not decreased until near end-stage
disease. Second, glycinergic innervation of dorsal horn
lamina II cells was not compromised in ALS mice.

The loss of glycinergic innervation of motoneurons is
neurotransmitter-selective because their GABAergic in-
nervation is surprisingly maintained. In living patients with
ALS, electrophysiological data revealed impaired intra-
cortical inhibition.75,76 Positron emission tomography
(PET) studies showed that binding of the benzodiazepine
GABA(A) ligand flumazenil was reduced in the motor
cortex of ALS patients.77,78 In situ hybridization histo-
chemistry studies also indicated that GABA(A)-receptor
mRNA expression was reduced in postmortem cortical
samples of ALS patients,79,80 but unchanged in spinal
cord of G93A-SOD1 mice.81 Our results are consistent
with the observation that GABAergic innervations of lower
motoneurons were unchanged. We found about 30%
colocalization of GlyT2- with GAD-immunoreactivity, and
it is possible that the glycinergic terminals that were
maintained on degenerating motoneurons are the bou-
tons colocalized with GAD.

Spinal motoneurons receive a type of cholinergic in-
nervation derived from the C-boutons.43,44 C-boutons
originate intrinsically from spinal cord neurons,82 but the
location of these cells remains uncertain. C-boutons
could originate from cholinergic interneurons located lat-
eral to the central canal.83 C-boutons identified by vesic-
ular acetylcholine transporter immunoreactivity on spinal
motoneurons are lost in autopsy tissue from patients with
sporadic ALS.84 In G93A-SOD1 mice, vesicular acetyl-
choline transporter immunoreactivity appeared reduced
in the pre-symptomatic phase at day 80 of life,67 but our
quantitative analysis of ChAT-positive boutons did not
show a significant reduction until end-stage disease.

Thus the early loss of boutons on the cell bodies and
proximal dendrites of spinal motoneurons in ALS mice
seems specific for the glycinergic systems. Changes that
may occur more distally in the dendrites of motoneurons
await further analysis.

The degeneration of motoneurons seen in G93A-SOD1
mice closely resembles a prolonged necrotic-like pro-
cess involving early-occurring mitochondrial damage,
cellular swelling, and dissolution.33 Electron microscopy
has revealed that mitochondria in the G1H mice acquire
DNA damage and swell early and profoundly.33,47 Mito-
chondrial microvacuolar damage seen ultrastructurally in
motoneurons emerges by 4 weeks of age in G93A-SOD1
mice with high expression.33,47 Mitochondria might be
sites of primary toxicity for human mutant SOD1 or the
mitochondrial damage is due to some underlying excito-
toxic process involving intracellular calcium dysregula-
tion.85 We confirmed, using MnSOD-immunoreactivity to
mark mitochondria, that mitochondrial swelling is a sign
of disease in motoneurons. The onset of prominent mito-
chondrial swelling seen by confocal microscopy occurs
at around 10 weeks of age in G93A-SOD1 mice and
escalates rapidly. Our data thus reveal that deficient
glycinergic innervation of motoneurons in G93A-SOD1
mice precedes the appearance of major structural pa-
thology in their mitochondria and favors the theory that
motoneurons in ALS undergo an excitotoxic process that
could be driven partly by loss of inhibitory synaptic
modulation.

Glycinergic synapses on spinal motoneurons arise pri-
marily from spinal sources and brain stem.86,87 One
source of glycinergic innervation of spinal motoneurons is
the Renshaw cell.55,88 We identified these cells in ALS
mouse spinal cord with a calbindin antibody and found
that their number is decreased. This is in consistent with
the electrophysiological finding that recurrent inhibition
was decreased in ALS patients.89 The decrease in GlyT2-
boutons occurs before the loss of calbindin interneurons,
suggesting that the axonal arbors of the Renshaw cell
degenerate before the cell body. The loss of Renshaw
cells in G93A-SOD1 mice is at least one cellular basis for
decreased inhibitory synapses on motoneurons. Loss of
putative spinal interneurons has been seen in postmor-
tem human ALS spinal cord90,91 and in transgenic mice
expressing a mouse mutant SOD1.92 Subsets of Ren-
shaw cells and other interneurons in spinal cord, such as
parvalbumin-containing neurons, might be at particular
risk in ALS mice because they are active metabolically,93

and thus liable to sustain high oxidative stress, and are
likely to sustain large intracellular calcium fluxes arising
from high-frequency bursting.54 It is known that, at least
in hippocampus, the parvalbumin-containing interneuron
is the most active neuron.94,95 The loss of parvalbumin
immunopositive neurons, which possibly are GABAergic
or glycinergic spinal interneurons,96 and �-synuclein-
nNOS positive interneurons occurs before the loss of
motoneurons in ALS mice.33 It is interesting in this context
that somatostatin/NPY GABAergic interneurons in hip-
pocampus appear vulnerable to degeneration before
major amyloid deposition in the APP/PSI transgenic
mouse model of Alzheimer’s disease.97 The Renshaw cell
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has a critical steady-state role in governing the activity of
�-motoneurons and preventing tetanus. The electrophys-
iological behavior of Renshaw cells is characterized by
very high frequency discharge in response to motoneu-
ron recurrent axon collateral excitatory input.54 Because
mutant SOD1 appears to acquire a toxic property related
to oxidative stress and mitochondrial dysfunction,33 spe-
cific subsets of interneurons in spinal cord might be
primary sites for pathogenesis in ALS.

In considering this deficient glycinergic innervation of
spinal cord motoneurons in ALS mice, it is important to
remember the complexity of fine-tuned synaptic commu-
nication between excitatory and inhibitory synapses.19

Loss of glycinergic innervation is likely to be one of the
mechanisms that lead to motoneuron hyperexcitability. In
conclusion, selective loss of inhibitory glycinergic inter-
neuron regulation of motoneuron function or glycinergic
interneuron degeneration could contribute to motoneuron
degeneration in ALS. It remains to be determined if inter-
neuronal loss is due to pathology intrinsic to the interneu-
ron or if it is secondary to very early primary disease in
their target motoneurons.
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