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Abstract
Growing evidence indicates that alterations within the peripheral
nervous system (PNS) are involved at an early stage in the
amyotrophic lateral sclerosis (ALS) pathogenetic cascade. In this
study, magnetic resonance imaging (MRI), neurophysiologic analyses, and histologic analyses were used to monitor the extent of PNS
damage in the hSOD-1G93A ALS rat model. The imaging signature of
the disease was deﬁned using in vivo MRI of the sciatic nerve. Initial
abnormalities were detected in the nerves by an increase in T2 relaxation time before the onset of clinical disease; diffusion MRI
showed a progressive increase in mean and radial diffusivity and
reduction of fractional anisotropy at advanced stages of disease.
Histologic analysis demonstrated early impairment of the bloodnerve barrier followed by acute axonal degeneration associated with
endoneurial edema and macrophage response in motor nerve compartments. Progressive axonal degeneration and motor nerve ﬁber
loss correlated with MRI and neurophysiologic changes. These
functional and morphologic investigations of the PNS might be applied in following disease progression in preclinical therapeutic
studies. This study establishes the PNS signature in this rat ALS
model (shedding new light into pathogenesis) and provides a rationale for translating into future systematic MRI studies of PNS involvement in patients with ALS.
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INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is the most common and most severe form of motor neuron disease, leading
to death 2 to 5 years after diagnosis (1, 2). The etiology and
pathogenesis of human ALS remain unknown, and pharmacologic intervention has been ineffective to date (3).
Motor neurons are extremely polarized cells; the length
of axons represents 90% of the total cell volume and exceeds
the dimension of the neuronal cell body by several orders of
magnitude. Axons are fundamental to anterograde and retrograde axonal transport, which are essential for neuronal differentiation, survival, and function. Peripheral axons may be
involved in the pathogenetic cascade in ALS, and axonal loss
is considered to be a major cause of signs and symptoms in
human neurodegenerative disorders (4).
Although most studies on animal models are performed
on the spinal cord, evidence derived from studies in transgenic
mice overexpressing the mutated form of human superoxide
dismutase 1 (hSOD-1G93A) indicates that the ﬁrst event in the
disease process is the destruction of neuromuscular junctions,
which occurs before motoneuron degeneration in the ventral
horns of the spinal cord and before onset of clinical signs
(5Y7). Despite this, axonal damage within the peripheral nervous system (PNS) has not been extensively examined in
humans or in animal models of ALS (8).
The ALS rat model expressing the mutated form of
hSOD-1G93A exhibits features that closely recapitulate the
clinical and histopathologic features of the human disease (9).
Furthermore, the larger size of rats is advantageous for in vivo
analyses and provides greater availability of PNS and CNS
tissues for pathologic studies (10). Our aim was to characterize in detail the natural history of PNS damage in the
hSOD-1G93A ALS rat model using both in vivo and ex vivo
analyses. We provide an exhaustive functional and pathologic
description of PNS involvement in the hSOD-1G93A ALS rat
model that could be applied to quantitative analysis in preclinical research studies on ALS.

MATERIALS AND METHODS
Experimental Design
Experiments were performed on genetically modiﬁed
female Sprague-Dawley rats expressing a mutated (G93A)
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human SOD-1 gene (hSOD-1G93A ALS rats; Taconic Farms,
Germantown, NY) and wild-type (WT) nontransgenic littermates.
Rats were bred and housed in speciﬁc pathogen free animal
facilities on standard laboratory feed. Based on each
animal’s age and behavioral studies, hSOD-1G93A ALS rats
were divided into 5 groups according to disease stage and
corresponding to the following time points: 60 to 70 days,
normal stage; 80 to 90 days, presymptomatic stage; 95 to 110
days, subclinical stage (initiation of body weight loss); 115 to
125 days, muscle weakness stage (disease onset: 4/5 hindlimbs,
1/5 forelimbs); more than 130 days, end-stage disease (disease
onset: 3/4 hindlimbs, 1/4 forelimbs) (10). Procedures involving
animals and their care were conducted according to Mario
Negri institutional guidelines, which are in compliance with
national (DL no. 116, GU suppl. 40, February 18, 1992, circular no. 8, GU, 14 luglio 1994) and international laws and
policies (EEC Council Directive 86/609, OJ L 358, 1, December 12, 1987; NIH Guide for the Care and Use of Laboratory Animals, US National Research Council, 1996).
To evaluate the degree of damage in the PNS, we
performed in vivo functional tests through all time points
(n = 4Y6 rats per time point) with magnetic resonance imaging
(MRI) of the sciatic nerves and electrophysiologic measurements, including assessment of motor action potentials and
electromyography (EMG). After in vivo studies, subgroups
of transgenic rats (n = 2Y5 rats per time point) were killed
for morphologic analysis. For each time point, 2 to 3 WT rats
underwent MRI, neurophysiologic analyses, and morphologic
analyses as controls.

Magnetic Resonance Imaging
All MRI experiments were conducted on a 3-T MRI
scanner (Biospec; Bruker Biospin, Billerica, MA), with animals maintained under anesthesia using 1.5% to 2.0% isoﬂurane mixed with oxygen and under constant respiratory
control. Serial MRI examinations were performed along the
sciatic nerves (left and right sides) from hip level to knee
level with acquisition of transversal relaxivity time (T2)
maps using a multiecho sequence with 8 echoes (echo time =
10Y80 milliseconds), a repetition time of 4,000 milliseconds,
and a spatial resolution of 156  287 Km2 with 15 to 18 slices
of 1.4 mm thickness. Diffusion tensor imaging data were acquired from coronal sections with a diffusion-weighted echo
planar imaging sequence with a b value of 1,000 seconds/mm2
applied in 6 directions with 2 reference images without a diffusion gradient and using the following parameters: repetition
time of 3,000 milliseconds, echo time of 31.7 milliseconds,
spatial resolution of 219  275 Km2, and slice thickness of
1.4 mm. From these series of diffusion-weighted images, directional diffusivities of water molecules in white matter were
separated into 2 components: axial diffusivity describing water
diffusion along ﬁbers (LÝ) and radial diffusivity describing
water diffusion across ﬁbers (L±). Maps of these components
were calculated using the Bruker program (Paravision 5.1) to
extract fractional anisotropy (FA), mean diffusivity (MD), and
eigenvalues of the tensor (L1, L2, L3). Axial diffusivity (LÝ) and
radial diffusivity (L±) were calculated as LÝ = L1; L± = (L2 +
L3) / 2. Regions of interest within the sciatic nerve were deﬁned
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manually in consecutive sections of both T2 maps (almost 17
slices) and diffusion tensor imaging maps (3Y4 slices).

Electrophysiologic Measurements
Electroneurography was performed following a previously described protocol in mice (11). Brieﬂy, sciatic motor
nerve conduction velocity (NCV) was obtained by stimulating
the nerve with steel monopolar needle electrodes. To obtain 3
distinct sites of stimulation along the nerve, we inserted a pair
of stimulating electrodes near the nerve at the ankle at the
ischiatic notch and in paraspinal muscles, with the recording
electrode placed at the point of intersection of the 2 perpendicular lines passing close to the spinal processes and the iliac
crest to stimulate L4 to L6 roots. Compound motor action
potential (cMAP) was recorded as described using a pair of
recording needle electrodes; the active electrode was inserted
in the muscles in the middle of the paw, and the reference
electrode was placed in the skin between the ﬁrst digit and the
second digit (11). Nerve conduction velocity was measured
by dividing the distance between the 2 points of stimulation
by the difference in proximal and distal cMAP latencies, and
cMAP amplitude was measured from peak to peak. Nerve conduction velocity and cMAP amplitudes were similarly recorded
at the forelimbs: A pair of stimulating electrodes was inserted,
respectively, near the nerve at the wrist and at paraspinal level
C7, and cMAP was recorded from paw muscles.
Electromyography analysis was performed according
to a standard protocol (11). Concentric bipolar needle EMG
electrodes were used (size 25 mm  30 G; Teca Elite; CareFusion,
Middleton, WI). Spontaneous/involuntary EMG activities suggestive of denervation (including ﬁbrillations, positive sharp
waves, fasciculations, and complex repetitive discharges) were
recorded. For each animal, the following bilateral muscles
were analyzed: gastrocnemius, quadriceps, biceps, and triceps
brachii.

Morphologic Studies
To perform comparative studies with in vivo analysis,
we investigated the pathologic aspects of the sciatic nerves at
different time points in hSOD-1G93A ALS and control rats.
To determine the involvement and progression of damage
through the PNS, we also investigated some other peripheral
nerves, including spinal motor and sensory roots, phrenic
nerves, and nerves of the forelimbs (lateral and medial anterior thoracic, musculocutaneous, median, radial, and ulnar
nerves) and hindlimbs (quadriceps and saphenous nerves).
Bilateral nerves were harvested. Tissues were removed and
ﬁxed with 2% glutaraldehyde in 0.12 mol/L phosphate buffer,
postﬁxed with 1% osmium tetroxide, and embedded in Epon
(Fluka). Semithin sections (0.5Y1 Km thick) were stained with
toluidine blue and examined by light microscopy (Olympus
BX51). Ultrathin sections (100Y120 nm thick) were stained
with uranyl acetate and lead citrate and examined by electron
microscopy (Leo 912 Omega) (12).

Morphometric Analysis
Digitized nonoverlapping semithin section images from
corresponding levels of the sciatic nerve were obtained with a
digital camera (Leica DFC300F) using a 100 objective. For
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each nerve, at least 5 nonoverlapping images were acquired.
The numbers of myelinated and degenerating nerve ﬁbers and
transverse sectional areas were quantiﬁed using ImageJ software (National Institutes of Health, Bethesda, MD), and
densities were then calculated (13).

Statistical Analysis
All results are presented as mean T SD. Magnetic resonance imaging (T2, MD, FA, LÝ , and L± values), electrophysiologic, and morphometric data differences were assessed
using 2-way analysis of variance (ANOVA) to compare time
point (1Y5) and group (hSOD-1G93A ALS vs WT rats). Post
hoc multiple comparisons were evaluated using the Bonferroni
test after ANOVA. Correlations between morphometric analysis, distal cMAP amplitude, and mean T2, MD, FA, LÝ, and L±
values of each sciatic nerve were investigated with Spearman
rank correlation Q. Statistical signiﬁcance was considered at
p G 0.05. All statistical tests were performed using SPSS software (SPSS Inc, Chicago, IL).

RESULTS
Magnetic Resonance Imaging
The progression of sciatic nerve damage was assessed
according to speciﬁc criteria. Starting from the subclinical
stage, the sciatic nerves of hSOD-1G93A ALS rats appeared
enlarged and hyperintense on T2-weighted images versus
those of age-matched control rats (Figs. 1AYE, 2AYC). These
features were measured on axial sections of the nerves and
were associated with an increase in transverse T2 relaxation
time in hSOD-1G93A ALS rats. Two-way ANOVA of T2 maps
yielded a signiﬁcant interaction between time point and group
(F4,1583 = 34.856, p G 0.001) (Fig. 2D). Post hoc analysis
showed a signiﬁcant increase in mean T2 values in hSOD-1G93A
ALS rats versus controls starting from the presymptomatic
stage (p G 0.001). These data provide in vivo evidence of early
damage in the sciatic nerves.
Progressive nerve damage was further conﬁrmed by
MRI diffusion techniques with a signiﬁcant increase in diffusivity within the sciatic nerves (both MD and L±) starting from
a more advanced stage of disease (Figs. 2EYG). Two-way
ANOVA of MD, L±, and FA values yielded a signiﬁcant interaction between time point and group (F4,477 = 4,181, p G 0.005;
F4,472 = 4,204, p G 0.005; and F4,477 = 2,627, p G 0.05, respectively). Post hoc analysis showed a signiﬁcant increase in
MD and L± values and a signiﬁcant decrease in FA values in
hSOD-1G93A ALS rats versus controls starting from the subclinical stage (p G 0.05; muscle weakness stage, p G 0.005; end
stage, p G 0.0001), muscle weakness stage (p G 0.005; end
stage, p G 0.001), and end stage (p G 0.005), respectively. No
signiﬁcant interaction for axial diffusivity (LÝ) values was
found.

Electrophysiologic Measurements
Neurophysiologic examination of 4 limbs allowed for
a noninvasive and quantitative analysis of PNS motor ﬁber
damage during disease progression (Figs. 3AYF); complete
results are reported in Table, Supplemental Digital Content 1,
http://links.lww.com/NEN/A595. Two-way ANOVA of distal
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cMAP amplitude values yielded a signiﬁcant interaction between time point and group for both forelimbs (F4,62 = 3.469,
p G 0.05) (Figs. 3AYC) and hindlimbs (F4,62 = 5.394, p G
0.001) (Figs. 3DYF). Post hoc comparisons revealed a signiﬁcant reduction of distal cMAP amplitude in hSOD-1G93A
ALS rats that started in the muscle weakness stage and was
more pronounced at end-stage disease (p G 0.05 and p G
0.005, respectively; Table, Supplemental Digital Content 1,
http://links.lww.com/NEN/A595). A parallel signiﬁcant reduction of cMAP amplitudes obtained from proximal stimulation (hindlimbs: ischiatic notch and paraspinal levels L4YL6;
forelimbs: paraspinal level C7) was also observed. No signiﬁcant differences in distal latency or NCV were observed, although a tendency toward a reduction of NCVs was noted in the
most advanced stages of disease. Needle examination showed
abundant signs of acute active denervation starting from the
muscle weakness stage (Table, Supplemental Digital Content 2,
http://links.lww.com/NEN/A596). In most hSOD-1G93A ALS
rats, signs of acute denervation appeared abruptly; in only a
few cases were they preceded by signs of spontaneous activity (such as fasciculations, increased peri-insertional activity, or
complex repetitive discharges) at the presymptomatic and
subclinical stages (Figs. 3GYM).

Morphologic Studies
To validate the in vivo ﬁndings, we ﬁrst compared the
MRI data of the sciatic nerve with histopathologic analysis.
At the preclinical stage, semithin section analysis showed a
normal distribution of nerve ﬁbers (similar to that of WT control
nerves) without any signs of axonal damage (Figs. 1A, B).
Starting from the subclinical stage, a few ovoids, indicating
acute axonal degeneration, were present in the endoneurium
(Fig. 1C). In advanced stages of disease, there were patchy
lesions characterized by axonal degeneration, macrophages
inﬁltrating the endoneurium, reduction of myelinated nerve
ﬁbers, and endoneurial edema (Figs. 1D, E). Clusters of small
myelinated ﬁbers, indicating axonal regeneration, were not
observed.
Electron microscopy examination showed endoneurial
blood vessel abnormalities starting from the preclinical stage
(i.e. several days before the appearance of signs of axonal
degeneration in semithin sections). In particular, we observed
distension of tight junction gaps; in some instances, the
junctions appeared to be open between endothelial cells,
which displayed cytoplasmic expansion and increased numbers of mitochondria, vesicles, and abnormal basement membranes (Figs. 1FYH). Proteinaceous ﬂuid was noted in the
vicinity of blood vessels. These data, along with the presence
of endoneurial edema adjacent to capillaries, suggest an altered
blood-nerve barrier in hSOD-1G93A ALS rats and may represent the pathologic basis for the increase in T2 relaxation time
values observed in vivo by MRI at the early stages of disease.
Morphometric analysis conﬁrmed an increase in the
number of degenerating ﬁbers starting from the presymptomatic
stage. Two-way ANOVA of myelinated ﬁber density yielded
a signiﬁcant interaction between time point and group (F4,334 =
7.486, p G 0.001); post hoc analysis showed a signiﬁcant
decrease in hSOD-1G93A rat sciatic nerve ﬁber density
starting from the subclinical stage versus controls (p G 0.0001)
Ó 2014 American Association of Neuropathologists, Inc.
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FIGURE 1. Conventional MRI (T2-weighted images; left) and morphologic (sciatic nerve) analyses of WT and hSOD-1G93A ALS rats
at different time points. (A) Wild-type sciatic nerves were slightly hyperintense (arrowheads) versus muscle tissue; transverse
semithin sections showed the normal appearance of sciatic nerve. Scale bars = (center) 40 Km; (right) 20 Km. (B) At the
presymptomatic stage, T2 signals were similar to baseline examination (arrowhead); semithin sections showed slight perivascular
endoneurial edema (V, vessel). (CYE) Starting from the subclinical stage (95Y110 days), the sciatic nerves appeared enlarged and
hyperintense on T2-weighted images (C, arrowheads). There was a progressive increase in T2 signal during the course of the disease
(D; 116 days, muscle weakness stage) and at 130 days (E; end-stage disease) (arrowheads). Transverse semithin sections showed
few signs of axonal degeneration starting from the subclinical stage (C, arrows). Many ovoids (indicating acute axonal degeneration) and marked fiber loss were noted in advanced stages of disease (D, E, arrows). (FYH) Electron microscopy showed
endoneurial vessels in the sciatic nerve at the preclinical stage (80Y90 days). Note proteinaceous edema in the endoneurium (en) in
(F) and fragmented endothelial basal lamina (arrowheads) (F, G). Asterisks in (G) and (H) indicate open tight junctions between
endothelial cells showing an increase in the numbers of cytoplasmic vesicles and abnormal mitochondria (arrows in G, H). Scale
bars = (AYE, middle) 40 Km; (AYE, right) 20 Km; (F) 2 Km; (G, H) 1 Km.
Ó 2014 American Association of Neuropathologists, Inc.
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FIGURE 2. (AYC) Examples of T2-weighted axial images along the sciatic nerve (arrows), acquired from hSOD-1G93A ALS rats at the
presymptomatic stage (90 days; A), subclinical stage (123 days; B), and end stage (9130 days; C), showing progressive hypertrophy and signal increase in the nerves. (D) Quantification of transverse (T2) relaxation time further highlighted disease progression with a significant T2 increase, starting from the presymptomatic stage. (EYG) Fractional anisotropy was significantly
decreased at end-stage disease (E), whereas MD (F) and, in particular, radial diffusivity (L±; G) were increased, starting from the
muscle weakness stage. Continuous line: hSOD-1G93A ALS rats; dotted line: WT. ** p G 0.005, *** p G 0.0005 versus WT on 2-way
ANOVA and Bonferroni post hoc test. Values are presented as mean T SE.
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FIGURE 3. Neurophysiologic findings in WT and hSOD-1G93A ALS rats. (A, B, D, E) Representative ENG findings. Recordings of
median nerve (A, B) and sciatic nerve (D, E) cMAP in WT (A, D) and hSOD-1G93A ALS rats (B, E) at end-stage disease. Note the
marked decline in cMAP amplitude in hSOD-1G93A ALS rats. (CYF) On 2-way ANOVA, there was a statistically significant decline in
mean distal cMAP amplitude (d-cMAP) starting from muscle weakness stage at both forelimbs (C) and hindlimbs (F) (continuous
line: hSOD-1G93A ALS; dotted line: WT). * p G 0.05, ** p G 0.005, *** p G 0.0005 versus WT. Values are presented as mean T SE.
Representative EMG findings in hSOD-1G93A ALS rats. At early stages, the muscle was electrically silent (G); at the presymptomatic
and subclinical stages in some cases, fasciculations (H), increased peri-insertional activity (I), complex repetitive discharges (J), or
initial denervation activity (K, positive sharp waves and fibrillation potentials) was recorded; however, in most cases, an abrupt
appearance of abundant signs of acute active denervation was observed (L), starting from the muscle weakness stage.
Ó 2014 American Association of Neuropathologists, Inc.
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(Fig. 4A). Two-way ANOVA of degenerating ﬁber density
yielded a signiﬁcant interaction between time point and group
(F4,1883 = 8.844, p G 0.001); post hoc analysis showed a signiﬁcant increase in hSOD-1G93A rat sciatic nerves starting from
the presymptomatic stage (p G 0.001) (Fig. 4B). Hence, reduction of ﬁber density at the subclinical stage was not accompanied by a signiﬁcant increase in the number of degenerating
axons and could therefore be explained by an increase in interstitial space secondary to endoneurial edema, as highlighted
by semithin sections and electron microscopy.
The histopathologic characteristics of the PNS of
hSOD-1G93A ALS rats were consistent with acute motor axonal
neuropathy/neuronopathy. At the muscle weakness stage, the
coexistence of variable percentages of pathologic and normal
nerves was observed within the same animal. In both hindlimbs
and forelimbs, semithin sections showed classical acute axonal
degeneration, reduction of myelinated nerve ﬁbers, and endoneurial edema, which followed the topographic distribution of
motor ﬁbers in mixed nerves (Figs. 4CYI; Figure, Supplemental
Digital Content 3, http://links.lww.com/NEN/A597). In all animals killed at different time points, the saphenous nerve (which
is pure sensory) was spared and found to be normal at all disease
stages (data not shown); this was also true for dorsal roots. From
the subclinical stage to the end stage, lesions of motor nerve
roots were found in all hSOD-1G93A ALS rats (Figure, Supplemental Digital Content 4, http://links.lww.com/NEN/A598).
Peripheral nervous system damage varied in degree and
nerve distribution among animals killed at the same time point.
In the hindlimbs, semiquantitative grading of nerve pathologic
abnormalities showed a consistently similar amount of axonal
damage within the quadriceps nerves on both sides within
the same animal (spinal segments L2YL4; Figs. 5A, B) and
within the sciatic nerves on either side (spinal segments
L4YL6; Figs. 5C, D). Similarly, in the forelimbs, a similar
amount of nerve damage was observed not only when comparing the same nerve of either side but also when comparing
different nerves within the same limb; more precisely, a similar
amount of axonal damage was observed both between the lateral anterior thoracic and musculocutaneous nerves (both originating from spinal segments C6YC7; Figs. 5EYH) and between
the medial anterior thoracic and ulnar nerves (both originating
from spinal segments C8YT1; Figs. 5IYM) (16).
Axonal degeneration was invariably accompanied by
inﬂammatory inﬁltrates (mainly activated foamy macrophages)
and endoneurial edema (Fig. 6). In the perineurium, some eosinophil granulocytes and lymphocytes (mainly in the perivascular
space) were occasionally observed in few nerves (Figs. 6AYC).
Immunocytochemistry showed macrophage inﬂammatory inﬁltrates (CD11-positive), which were predominantly in close
contact with axons in the sciatic nerves (Figs. 6D, E). Some
cells were positive for the T-cell marker CD3 (Fig. 6F).

Correlation Analysis
Results of correlation analysis are summarized in the
Table and graphed in Figure, Supplemental Digital Content 5,
http://links.lww.com/NEN/A599. Reduction of nerve ﬁbers in
the sciatic nerves corresponded to higher T2 values, which are
related to an increase in relative water content within tissues.
Fiber density reduction also corresponded to an increase in
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MD and L± values, which represent the MD properties of
water molecules in any direction and perpendicular to the
longitudinal axis of the nerve, respectively. Instead, reduction
of nerve ﬁber density was related to a decrease in FA values, a
measure of the degree of the preferential diffusivity direction of water molecules. Signiﬁcant correlations between the
density of degenerating ﬁbers and MRI parameters were also
found; correspondingly, they displayed opposite algebraic
signs of the Spearman correlation coefﬁcient Q. No signiﬁcant
correlations were found between morphometric data and LÝ
values. Higher values of sciatic nerve myelinated ﬁber density
were related to increasing values of cMAP amplitude, an
electrophysiologic measure of axonal integrity. Correspondingly, axonal degeneration and loss of nerve ﬁbers were related to reduced cMAP amplitude values. No signiﬁcant
correlations were found between morphometric data and distal latency or conduction velocity values.

DISCUSSION
The information conveyed by MRI and neurophysiologic studies was complementary, and both techniques allowed
for a quantitative in vivo analysis of the natural history of the
disease. Magnetic resonance imaging allowed for the detection
and quantiﬁcation of nerve alterations. High sensitivity to initial
damage, starting from the presymptomatic stage, was demonstrated for T2 relaxation time, a parameter inﬂuenced by tissue
water content. At this early time point, histopathologic analysis
in hSOD-1G93A rats did not show evidence of axonal degeneration but highlighted an impairment of the blood-nerve barrier associated with an increase in water content.
We showed that there was ultrastructural evidence for
early blood-nerve barrier abnormalities that occurred before
the initiation of axonal damage and ﬁber loss. This observation is in agreement with previous studies showing bloodbrain or bloodYspinal cord barrier damage as one of the earliest
pathologic events in the ALS toxic cascade, further supporting the notion of ALS as a noncell autonomous disease of motor
neurons (14). The blood-nerve barrier dysfunction could result
in the release of neurotoxic products and reductions in microcirculation and hypoperfusion, potentially contributing to the
degeneration of large motor axons (15, 16). Subsequently,
starting from the subclinical stage, the sciatic nerves appeared
clearly enlarged and hyperintense on T2-weighted images
compared with age-matched control rats; this correlated with
histopathologic evidence of progressive nerve damage, in particular axonal degeneration and ﬁber loss, associated with increased endoneurial edema. These ﬁndings are in agreement
with and complementary to recent reports using MRI techniques, which showed that muscle degeneration in the experimental mouse model of ALS occurs before any evidence of
neurodegeneration (17). Diffusion MRI, an imaging method
that measures water directional diffusivities along ﬁber tracts,
showed a signiﬁcant increase in MD in hSOD-1G93A rats at
end-stage disease; this was in association with a reduction of
FA, indicating a loss of the preferential diffusion direction
along the nerve axolemma. Moreover, radial diffusivity (L±),
which has been shown to increase during the degenerative phase after nerve crush injury (18), tended to increase
Ó 2014 American Association of Neuropathologists, Inc.
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FIGURE 4. (A, B) Morphometric analysis of sciatic nerve fibers. On 2-way ANOVA, there was a statistically significant reduction of
myelinating fibers starting from the presymptomatic stage (A) and a significant increase in degenerating fiber concentrations starting
from the subclinical stage (B) (continuous line: hSOD-1G93A ALS rats; dotted line: WT). *** p G 0.0005 versus WT on 2-way ANOVA
and Bonferroni post hoc test. Values are presented as mean T SE. (CYI) The hSOD-1G93A ALS rats developed severe acute axonal
neuropathy/neuronopathy in 4 limbs. Selective motor fiber damage in the sciatic (sensory-motor) nerve (CYE): Reduction of nerve
fibers and endoneurial edema followed the topographic distribution of motor fibers (C; S marks the sensory sural nerve); there was
axonal degeneration in motor fibers (D) and normal nerve fibers in the sensory sural nerve (E). (F, G) Transverse semithin sections of
radial (sensory-motor) nerve (F, G). Focal losses of myelinated fibers were preferentially located in the motor compartment (*) with
active axonal degeneration (arrows); sensory fibers were spared. (H, I) Transverse semithin sections of quadriceps (motor) nerve.
There was evidence of axonal degeneration (H, arrows) associated with endoneurial edema (H) and macrophage response
(I, arrowheads). Scale bars = (C, F) 60 Km; (D, E, H) 40 Km; (G) 25 Km; (I) 10 Km.
Ó 2014 American Association of Neuropathologists, Inc.
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FIGURE 5. The hSOD-1G93A ALS rats developed focal axonal damage. (AYD) Example illustrates the coexistence of pathologic and
normal nerves at forelimbs and hindlimbs within the same animal. Transverse semithin sections of quadriceps nerves (A), originating
from spinal segments L2 to L4, showed mild focal reduction of motor nerve fibers (*), evidence of axonal degeneration (B, arrows),
and endoneurial edema. Normal distribution and density of myelinated nerve fibers in the sciatic nerves (C), originating from spinal
segments L4 to L6, with minimal axonal damage (D, arrow). (EYH) Semithin sections of the lateral anterior thoracic (E, F) and
musculocutaneous (G, H) nerves, both originating from spinal segments C6 to C7, showed normal density of myelinated nerve fibers
(FYH) and few ovoids indicating axonal degeneration (H, arrow). (IYL) Semithin sections from the medial anterior thoracic (I, J) and
ulnar (K, L) nerves, both originating from spinal segments C8 to T1, showed reduction of nerve fibers (I, J) and acute axonal
degeneration (L, arrows). Scale bars = (A, B, I, J, H, L) 20 Km; (B, D) 10 Km; (E, G, I, K) 40 Km.
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FIGURE 6. (AYC) Transverse semithin sections of phrenic nerve showed axonal degeneration (A, arrowheads) and inflammatory
infiltrates in the epineurium: Lymphocytes (arrows; B, C) and mast cells (arrowheads; B, C) were located near epineurial vessels (v marks
vessels; AYC). (DYF) Immunohistochemistry on transverse sciatic nerves from a 125-day-old hSOD-1G93A ALS rat using antiCD11 antibody (red in D, E) to identify macrophages; anti-neurofilament (green in DYF) to detect axons; and anti-CD3 (F, red)
to identify T lymphocytes. Many macrophages were present in the endoneurium (arrows in D, E) but not in the sensory compartments (s marks the sural nerve in D, E). In anti-CD3Ystained transverse sections, few T cells were identified (F, arrowhead).
Scale bars = (A, DYF) 40 Km; (B, C) 15 Km.

starting from subclinical stage, reaching statistical signiﬁcance at the muscle weakness stage, whereas diffusivity
along ﬁber axes (LÝ) remained constant during the course of
the disease.
Fiber density showed a signiﬁcant correlation with all
DTI measures, with the exception of LÝ values. This might be
explained by the fact that LÝ is inﬂuenced by ﬁber integrity
and alignment (which would lead to a positive correlation
with ﬁber density) but also by water molecule diffusivity in
the interstitial space; this, on the contrary, increases along
with nerve ﬁber loss and endoneurial edema and, therefore,
would lead to a counteracting negative correlation between LÝ
and ﬁber density. The strong correlation of MD and L± with
ﬁber density supports the idea that diffusivity reﬂects the increase in interstitial space, which is a consequence of endoneurial edema, as conﬁrmed by histopathologic analysis.
However, signiﬁcant changes in MRI diffusivity properties
were delayed compared with T2 relaxation times, which might
be explained by several factors. First, motor ﬁbers in ALS
are selectively compromised (as conﬁrmed by our pathologic

analysis), and the sciatic nerve is a mixed nerve composed of
both motor and sensory nerve ﬁbers that are not differentiated
by MRI because of spatial resolution limitations. Thus, alterations in MRI diffusion parameters could be detectable when a
critical number of ﬁbers have undergone axonal degeneration.
In addition, each myelinated nerve ﬁber in the PNS is surrounded
by a basal lamina. After Wallerian degeneration of the axon, the
basal lamina is preserved and forms an endoneurial tube that is
essential for inducing axonal regeneration and the formation of
bands of Büngner. Theoretically, endoneurial tubes might limit
the anisotropic diffusion of water molecules, maintaining the
high diffusivity of water molecules along ﬁbers (LÝ).
Despite recent rapid progress, MRI techniques have, to
date, been used almost exclusively in ALS patients for the
study of the CNS. There have been only 2 single patient case
reports describing gadolinium lumbar nerve root enhancement
(19, 20) and 1 case report of cervical nerve root and brachial
plexus enhancement in a probable case of ALS (21). The MRI
ﬁndings highlighted here are in line with these reports and
provide a rational basis for translating into future MRI studies
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TABLE. Correlations Between Sciatic Nerve Morphometric, MRI, and Electroneurographic Parameters
Morphometry
MRI
Normal fiber density

Degenerating fiber density

Electroneurography
Normal fiber density

Degenerating fiber density

Parameter

Spearman Correlation Coefficient r

p

T2 axial
MD
FA
L±
LÝ
T2
MD
FA
L±
LÝ

j0.642
j0.512
0.599
j0.566
j0.093
0.800
0.150
j0.500
0.421
0.180

G0.001
0.006
0.001
0.002
NS
G0.001
NS
0.008
0.029
NS

d-cMAP-A
p-cMAP-A
CV
d-cMAP-A
p-MAP-A
CV

0.597
0.534
0.313
j0.673
j0.567
0.283

0.015
0.033
NS
0.004
0.022
NS

CV, conduction velocity; d-cMAP-A, distal cMAP amplitude; LÝ, parallel diffusivity; L±, radial diffusivity; NS, not signiﬁcant; p-cMAP-A, proximal cMAP amplitude; T2, T2-weighted
axial value.

aimed at systematically assessing PNS involvement in ALS
patients as an attempt to develop new potential biomarkers for
clinical practice.
Complementary information was conveyed by the longitudinal in vivo neurophysiologic examination that showed
an initial reduction of distal cMAP amplitude starting from
95 to 110 days and reaching statistic signiﬁcance at 115 to
125 days. Correlation analysis conﬁrmed a signiﬁcant association between cMAP amplitude and the neuropathologic
measure of sciatic nerve ﬁber density (22). Even though there
are no detailed systematic neurophysiologic studies in SOD1G93A rats for comparison with the present study, a signiﬁcant
reduction of phrenic nerve cMAP amplitudes at 16 weeks of
age (112 days) has been previously reported, consistent with
our data (23). However, there are several reports concerning
the use of these techniques in SOD-1G93A mice, suggesting an
earlier reduction of cMAP amplitude caused by the loss of
neuromuscular connections before muscle weakness becomes
evident (24Y26). Interestingly, it has recently been shown in
SOD-1 mice that, whereas cMAP amplitude displays a progressive linear decline in the tibialis anterior muscle, there is
an immediate amplitude drop from 8 to 12 weeks of age in the
plantar muscle (27). This trend of cMAP reduction is consistent with our data, suggesting an ongoing acute denervation
process. This is also supported by the ﬁnding, starting from
the subclinical stage, of acute denervation signs on needle
examination (28). These data are consistent with the neurophysiologic ﬁndings reported in single case reports of ALS
patients at the preclinical stage of disease (29, 30); however,
although needle EMG recording of involuntary and spontaneous muscle activity is fundamental to early diagnosis in
human patients (31), its usefulness decreases upon quantitative evaluation of disease progression. Therefore, this technique
should be considered as a supporting tool for revealing the ﬁrst
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signs of muscle denervation (24, 28). Further neurophysiologic
studies using more sophisticated techniques may lead to a
better understanding of the disease process, thus allowing for a
better comparison of potential differences between the SOD1G93A rat model and the SOD-1G93A mouse model.
Although much of the research on neurodegenerative
disorders focuses on neuronal cell death and apoptosis pathways, recent evidence indicates that peripheral axons could be
involved at an early stage in the ALS pathogenetic cascade
(32Y34), before the appearance of clinical disease and the loss
of motor neurons (35, 36). In our study, morphologic analysis
of different peripheral nerves also allowed us to gain insights
into the kinetics and distribution of pathologic processes
within the PNS of hSOD-1G93A ALS rats. Nerve pathology
develops focally at onset, subsequently spreading through the
entire PNS. From the muscle weakness stage onward, we observed a sharp increase in the percentage of nerves displaying
signs of axonal damage. Motor nerve ﬁbers that were affected
abruptly exhibited the characteristic features of acute axonal
degeneration, including rapid appearance of axon fragmentation
and removal of debris by activated macrophages, suggesting
Wallerian degeneration or possible ‘‘dying-back’’ processes.
Both of the aboveproposed mechanisms for distal axonal damage seem to occur in neurodegenerative diseases, including
motor neuron disease.
Studies in hSOD-1G93A transgenic mice indicate that the
ﬁrst event in this disease process is neuromuscular junction
destruction, followed by ventral root axonal loss and, ultimately,
motoneuron somata degeneration (5, 6, 37, 38). Neuromuscular
junction degeneration may be partially compensated for, at least
in the early stages of disease, by neuromuscular junction functional and morphologic changes such as distal nerve collateral
sprouting (39Y42); however, axonal degeneration remains a
major determinant of disability in both rodent models and human
Ó 2014 American Association of Neuropathologists, Inc.
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ALS patients (4). It cannot be compensated for by nerve regrowth,
as supported by the absence of clusters of regenerating ﬁbers in
the present study and by previous reports in human ALS motor
nerve biopsies (8). Considering that even a complete rescue
of motor neuron cell bodies does not cure SOD-1 mutant mice
(7, 41) and that recent advances in the ﬁeld of axonal biology
demonstrate that axons and neuronal cell body possess distinct
pathways for survival and degeneration (6, 43Y45), a better
understanding of the pathogenetic events occurring within the
PNS may hasten the development of new effective therapeutic
approaches to ALS.
The damage in the PNS varied in degree and nerve
distribution among animals analyzed at the same time point.
The opportunity to harvest multiple nerves (from hindlimbs
and forelimbs) allowed us to observe the coexistence of a
variable percentage of pathologic and normal nerves within
the same animal. A similar amount of nerve damage was observed not only in the same nerve on either side but also in
different nerves within the same limb. Nerves originating from
the same spinal segment/roots displayed a similar amount of
damage, suggesting focal involvement of motor neurons at the
onset. These data are consistent with focal onset of motor impairment, suggesting that the loss of lower motor neurons ﬁrst
occurs in a restricted region of the spinal cord and then propagates to other regions (46). We have shown that forelimb and
hindlimb pathologies were similar, suggesting that, in therapeutic preclinical studies using the hSOD-1G93A ALS rat
model, stereologic analysis should include sampling of the
whole spinal cord to ensure proper spatial mapping and quantiﬁcation of the pathologic process. Alternatively, samples of
multiple peripheral nerves originating from consecutive segments of the spinal cord could be considered.
Endothelial activation and subsequent endoneurial edema
may well be the ﬁrst morphologic detectable signs of a
neuronﬂammatory process; indeed, we invariably observed
neuroinﬂammation, mainly prominent macrophage inﬁltrates,
in diseased nerves. Although involvement of neuroinﬂammation in both human ALS (47, 48) and animal models (49Y51)
has been reported, its role in pathogenesis is not clear (52Y54).
Recent work showed that macrophages may accumulate within
the PNS and ventral horns of the spinal cord before the clinical
onset of disease (55); however, although activated microglia
may exhibit a protective role (M2) or a detrimental role (M1) in
motor neurons in the CNS (56), the role of macrophages in
peripheral nerves in ALS may be the phagocytic removal of
debris after axonal degeneration (57, 58). Although the administration of anti-inﬂammatory or immunosuppressive drugs
early in the disease has extended survival in the transgenic
mouse model of ALS (59, 60), it has been clearly demonstrated
that both innate immunity and adaptive immunity may have
protective effects on disease progression in SOD-1 mutant
mice (61). This suggests that a balance in immune response is
essential for modulating the development and progression of
the disease and might explain the lack of efﬁcacy of immunosuppressive or immunomodulating drugs in human ALS patients to date (62Y65). The hypothesis that some of the PNSresident cells, such as endothelial or Schwann cells, could
‘‘sense’’ early axonal dysfunction or damage cannot be excluded (66, 67).

Peripheral Nervous System in an ALS Rat Model

Deﬁning PNS involvement in hSOD-1G93A rats could
be of value in following disease progression in preclinical
therapeutic studies but could also provide clues for a ‘‘PNS
perspective’’ into the disease pathogenetic process.
In summary, we have shown how the disease develops
as acute motor axonal neuropathy/neuronopathy in the hSOD1G93A ALS rat model. It has been demonstrated that distal
axonal damage and denervation may occur independently of
motor neuron death in the spinal cord in SOD-1 mutant mice
(35). Likewise, there are examples of treatments that show a
signiﬁcant antiapoptotic and neuroprotective effect on spinal
motor neurons in vivo but fail to improve survival and/or
motor performance in ALS rodent models. Therefore, a better
understanding of the early steps in disease pathogenesis and
progression could lead to new therapeutic strategies aimed at
protecting the axon or interfering with mechanisms of denervation, thus preventing the spread of axonal degeneration to
clinically unaffected body regions.
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