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Transgenic overexpression of Cu�2�Zn�2 superoxide dismutase 1
(SOD1) harboring an amyotrophic lateral sclerosis (ALS)-linked
familial genetic mutation (SOD1G93A) in a Sprague–Dawley rat
results in ALS-like motor neuron disease. Motor neuron disease in
these rats depended on high levels of mutant SOD1 expression,
increasing from 8-fold over endogenous SOD1 in the spinal cord of
young presymptomatic rats to 16-fold in end-stage animals. Dis-
ease onset in these rats was early, �115 days, and disease pro-
gression was very rapid thereafter with affected rats reaching end
stage on average within 11 days. Pathological abnormalities in-
cluded vacuoles initially in the lumbar spinal cord and subse-
quently in more cervical areas, along with inclusion bodies that
stained for SOD1, Hsp70, neurofilaments, and ubiquitin. Vacuol-
ization and gliosis were evident before clinical onset of disease and
before motor neuron death in the spinal cord and brainstem. Focal
loss of the EAAT2 glutamate transporter in the ventral horn of the
spinal cord coincided with gliosis, but appeared before motor
neuron�axon degeneration. At end-stage disease, gliosis increased
and EAAT2 loss in the ventral horn exceeded 90%, suggesting a
role for this protein in the events leading to cell death in ALS. These
transgenic rats provide a valuable resource to pursue experimen-
tation and therapeutic development, currently difficult or impos-
sible to perform with existing ALS transgenic mice.

Amyotrophic lateral sclerosis (ALS) is a late-onset neuromus-
cular disorder characterized by progressive motor dysfunction

that leads to paralysis and eventually death. The pathology of the
disease results from the death of large motor neurons in the spinal
cord and brainstem (1, 2). ALS occurs in both sporadic and familial
forms (3). Familial ALS accounts for �5–10% of all reported cases.
Approximately 15–20% of familial ALS cases has been linked to
inheritance in an autosomal dominant fashion of a mutant form of
Cu�2�Zn�2 superoxide dismutase 1 (SOD1) (4, 5). SOD1 normally
functions in the regulation of oxidative stress by conversion of free
radical superoxide anions to hydrogen peroxide and molecular
oxygen. Over 90 distinct familial SOD1 mutations have been found
to date. SOD1 mutations that have been tested in transgenic mice
result in ALS-like motor neuron disease (6–8), but SOD1-null mice
do not develop motor neuron disease (9). Furthermore, crossing
SOD1-null mice with transgenic ALS mice does not alter disease
onset or progression (10). Taken together, these results indicate
that familial ALS does not result from loss of SOD1 function but
rather an unidentified gain of function. There is no consensus as to
the mechanism, and theories include alterations in SOD1 folding,
oxidative stress from aberrant catalysis (11), or cytoplasmic aggre-
gates (12). New studies also suggest that the disease is not cell
autonomous—that nonneuronal cells are necessary for motor neu-
ron degeneration (13, 14, ¶).

Transgenic mouse models expressing mutant forms of SOD1
(15–21) develop neuromuscular disease very similar to human
ALS. Age of onset of disease varies as a function of both the type
of mutant expressed in mouse and the relative expression levels
attained. High expressing SOD1G93A (13-fold above endogenous

SOD1) and G37R SOD1 (7–14-fold above endogenous SOD1)
transgenic mice contain membrane-bound vacuoles in cell bodies
(15, 22) and dendrites (15, 16, 22), which most likely result from
degenerating mitochondria. Lower expressing SOD1G93A mice
(7-fold above endogenous SOD1) also contain Lewy-body-like
cytoplasmic inclusions in the cell bodies of motor neurons (21)
containing SOD1, ubiquitin, and phosphorylated neurofilament
(23). SOD1G85R transgenic mice expressing mutant SOD1 as
little as 20% of endogenous levels also develop neuromuscular
disease characterized by loss of large motor neurons in brainstem
and in spinal cord (10, 17). No vacuolization has been reported
in G85R mice or in similar mice expressing the murine coun-
terpart mutation G86R (18, 24). However, these mice also
develop cytoplasmic inclusions that appear in astrocytes and
neurons before clinical signs of disease and dramatically increase
in abundance with disease progression (10). SOD1G85R mice
have also shown to be deficient in the spinal cord astroglial
glutamate transporter EAAT2 (GLT-1), similar to observations
in sporadic ALS (25), suggesting that astroglial dysfunction in
ALS may contribute to motor neuron degeneration.

We sought to create a transgenic rat model for ALS by using
mutant SOD1 to pursue experimental paradigms currently dif-
ficult or impossible to achieve in the smaller transgenic mouse
models. Rats provide an advantage in pursuit of therapeutic
strategies such as stem cell replacement and are the preferred
laboratory animal species for pharmacological manipulations.

Materials and Methods
Generation and Characterization of Transgenic Rats Expressing Human
SOD1G93A. A 12-kb EcoRI�BamHI restriction fragment of the
human SOD1 gene harboring the G93A mutation was microin-
jected into Sprague–Dawley rat embryos. Transgenic rats were
produced as described (26). Embryos were allowed to develop to
term and were analyzed for the presence of the transgene. Tail
biopsies from 8-day-old rats were digested in proteinase K and
then diluted 1:20 in dH2O followed by heating at 95°C for 15 min.
Two microliters were subjected to PCR by using primers SOD-i3f
(5�-GTGGCATCAGCCCTAATCCA-3�) and SOD-E4r (5�-
CACCAGTGTGCGGCCAATGA-3�) specific to human SOD1
to determine the genotypes of founders and offspring.

Taqman quantitative DNA PCR was performed to determine
DNA copy number of transgene loci segregating from the
multiintegrant founders 26, 46, and 51 to their respective F1
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generation progeny. Primer-probe sets specific for human SOD1
and an internal normalizer gene, Thy1.2, were used in multiplex
PCR on a Taqman 770 PCR thermocycler (PE Biosystems)
following the manufacturer’s recommended conditions. Data
were represented as delta cycle threshold (dCt) and were
converted to relative transgene DNA copy number by the
equation 2(�dCt) (Table 1).

Quantitation of SOD1 in Blood and SOD1 and EAAT2 in Spinal Cord.
Blood samples from tail vein bleeds were solubilized in 10 vol of 50
mM Tris�HCl, pH 7.5�150 mM NaCl�5 mM EDTA�1% Nonidet
P-40�1% SDS. For SOD1 detection, 25 �g was electrophoresed on
12% SDS�polyacrylamide gel and transferred to nitrocellulose.
Cervical spinal cord was homogenized in 2 ml of 50 mM Tris�HCl,
pH 7.5�150 mM NaCl�5 mM Na2EDTA�1% Nonidet P-40�1%
SDS, and 5 �g was electrophoresed as described above. For
detection of EAAT2, ventral horn of cervical spinal cord was
dissected by using 0.5-mm micropunches (Zivic–Miller) and ho-
mogenized as described above, and 25 �g of total protein was
electrophoresed on 7.5% SDS�polyacrylamide gels. Western blots
were probed with either anti-SOD1 (27) (1:5,000), anti-GLT-1
(EAAT2; 1:1,000; Chemicon), or anti-actin (C4; 1:10,000; Roche
Molecular Biochemicals) Abs.

Immunohistochemical Analyses. Animals were killed by using ap-
proved animal welfare protocols and perfused by cardiac punc-
ture with 4% paraformaldehyde�PBS. Muscle, brain, and spinal
cord were removed followed by regional dissection of spinal cord
and spinal nerve roots. Tissue blocks were embedded in paraffin
or araldite for sectioning (7 and 1 �m, respectively). Immunos-
tains and semithin plastic sections were processed as described
(16, 17, 28). Hematoxylin and eosin stains of muscle and spinal
cord were performed on paraffin sections, whereas semithin
sections of spinal roots were stained with toluidine blue. Immu-
nostaining was performed with Abs to neurofilament with
SMI-32 (1:8,000; Sternberger–Mayer, Jarrettsville, MD), gluta-
mate transporter GLT-1 (1:1,000), SOD1 (1:10,000), heat shock
protein (HSP70; 1:100; StressGen Biotechnologies, Victoria, BC,
Canada); ubiquitin (1:1,500; Dako), and glial fibrillary acidic
protein (1:50; Dako).

Electrophysiological Recording. Electromyography (EMG) and
nerve conductions were performed by using an ADI (Green-
wich, CT) Powerlab�8SP stimulator and BioAMP amplifier
followed by computer assisted data analysis (CHART 4.0 and
SCOPE 3.5.6; ADI). Compound muscle action potentials were
recorded by stimulating the sciatic nerve at the sciatic notch and
recording from the foot. EMG was performed by using a bipolar
needle and sampling at 200 Hz.

Results
Multiple Transgenic Rat Lines Express Mutant SOD1G93A. We identi-
fied three SOD1G93A founders that expressed mutant human
SOD1 in blood (Fig. 1A). A fourth (founder 46) showed no
detectable SOD1G93A expression; however, subsequent immu-
noblots of whole blood from the F1 animals of this line did
indeed show low-level SOD1G93A (not shown). These four
founders were bred to the F1 generation to establish transgenic
lines.

Transgene transmission frequency to the F1 generation was
greater than the expected 50% in lines 26, 46, and 51 and was
determined to be the result of multiple transgene integration
sites in each of these founders. Distinct transgene integrations
can be resolved by using quantitative Taqman PCR if the number
of transgene copies differs at each chromosomal site. This was
indeed the case for lines 26, 46, and 51. Taqman PCR data were
used to track inheritance of distinct low- or high-copy transgene
loci by F1 generation animals thereby allowing us to establish
separate sublineages for each of these lines (Table 1).

Development of Motor Neuron Disease in SOD1G93A Transgenic Rats.
SOD1G93A founder 26 developed motor neuron disease at 93
days of age, whereas all other founders did not develop disease.
Because of the multiple integration of the transgene, the F1
generation animals derived from founder 26 inherited either the
high- or low-copy transgene locus or both (see Table 1). F1
animals containing only the low-copy locus (L26L) did not
develop motor neuron disease. F1 animals that inherited both
loci from founder 26 (L26HL) developed motor neuron disease
by 93 days of age, the same age as disease onset in the founder.
F1 animals that inherited only the high-copy locus (L26H)
developed motor neuron disease between 104–121 days of age.
The apparent earlier onset in L26HL vs. L26H animals most
likely was the result of slightly higher mutant SOD1 expression
(Table 1). Because the single high-copy locus (L26H) in rats was
sufficient to elicit motor neuron disease, we chose to breed this
subline to the F2 and subsequent generations for further analysis.

Mutant SOD1 Expression in SOD1G93A Transgenic Rats. SOD1G93A

expression in the spinal cord of L26H transgenic rats was
determined to be �8-fold above endogenous SOD1 as assessed
by immunoblot analysis of young presymptomatic animals (Fig.
1C; Table 1). As expected, these levels exceeded other transgenic
rat lines that did not go on to develop motor neuron disease
(Table 1). SOD1G93A expression in L26H rats was also evident
across many brain regions as well as peripheral tissues (Fig. 1B),
similar to that seen in described SOD1 transgenic mice (16). By
end stage, mutant SOD1 levels accumulated �16-fold over
endogenous, representing a further 2-fold increase in SOD1G93A

compared with levels in young presymptomatic rats (6 weeks old)
(Fig. 1C). Spinal cord SOD1G93A levels were directly compared

Table 1. Multiple transgene integrations in SOD1G93A founders were resolved into
individual lines

Line Subline dCt Copy no.
Spinal cord

hSOD1�rSOD1
Blood

hSOD1�rSOD1 Pathology

26 26L �3 8 nd 0.4 None
26H �6 64 8.6 0.8 �115 days
26HL �7 72 10.4 1.1 �102 days

46 46L �0.5 1–2 0.4 �0.1 None
46H �2.5 5–6 2.6 0.2 None

51 51L �2 4 2.2 0.5 None
51H �4 16 5.8 1.2 None

61 — �2.3 4–5 2.4 0.1 None

ND, not determined; H, high copy; L, low copy; h, human; r, rat; dCt, delta cycle threshold.
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in end-stage L26H transgenic rats and the previously described
G1H and G1L transgenic mice, which also express SOD1G93A.
We found that SOD1G93A levels in end-stage G1H and G1L (15,
21, 22) transgenic mice were 3- and 1.5-fold, respectively, higher
than levels attained in end-stage L26H transgenic rats (data not
shown).

Characterization of Motor Neuron Disease in SOD1G93A L26H Trans-
genic Rats. A subset (n � 25) of F2 generation animals for L26H
were observed closely for onset of disease symptoms, as well as
progression to death. Onset of motor neuron disease was scored
as the first observation of an abnormal gait or evidence of

hindlimb weakness. Affected animals were tested daily for the
ability to right themselves after being turned on either side for
a maximum of 30 sec; failure at this task was seen in end-stage
animals and scored as ‘‘death’’ (see Fig. 1E). All end-stage
animals were killed. Righting reflex failure was coincident with
complete paralysis of both hindlimbs and at least 1 forelimb. F2
L26H transgenic rats had an average age of onset of motor
neuron disease of 115 days. Onset typically appeared as hindlimb
abnormal gait and progressed very quickly (1–2 days) to overt
hindlimb paralysis, typically affecting one limb first. Within 1–2
days, the second hindlimb was involved, although animals could
still ambulate through the use of forepaws. Affected rats showed
signs of weight loss, poor grooming, and porphyrin staining
around the eyes. L26H transgenic rats typically reached end-
stage disease very quickly, an average of 11 days after onset of
symptoms. All F2 generation L26H transgenic rats monitored
for this study reached end-stage disease within 173 days after
birth.

Muscle Pathology and Impaired Function in SOD1G93A L26H Rats. Leg
muscles (distal and proximal) from end-stage rats revealed
obvious and frequent angular atrophic myofibers, most often in
discrete clumps typical of neurogenic atrophy (Fig. 2b), whereas
muscles from wild-type littermate controls were normal (Fig.
2a). In parallel, electrophysiologic recordings from end-stage
SOD1G93A rats (n � 5) exhibiting obvious hindlimb paralysis or
paresis revealed markedly reduced amplitude of compound
motor action potentials (CMAP) in the intrinsic foot muscles
(Fig. 2e), indicating motor neuron loss (compare 5.48 mV in
wild-type animals to 0.71 mV in end-stage SOD1G93A rats).
CMAP in presymptomatic animals was diminished only partially
(Fig. 2d; n � 5) compared with littermate controls (Fig. 2c).
Needle EMG of age-matched wild-type rats demonstrated ab-
sence of any spontaneous activity, compared with rare fibrilla-
tion potentials in paraspinal muscles from presymptomatic rats
(Fig. 2 f and g). Continuous fibrillation potentials and positive
sharp waves were evident in leg muscles from end-stage L26H
rats (Fig. 2h).

Immunohistochemical Characterization of SOD1G93A L26H Transgenic
Rats. Analysis of hematoxylin�eosin-stained sections of lumbar
spinal cord from end-stage SOD1G93A rats (n � 10) revealed a

Fig. 1. Mutant SOD1 expression and disease in SOD1G93A transgenic rats.
SOD1 expression in blood from transgenic founders (A) is highest in founder
number 26. L26H F1 generation rats exhibit SOD1G93A expression throughout
the nervous system and peripheral tissues (B). SOD1G93A expressed at �8-fold
over endogenous in young (6 weeks) presymptomatic transgenic rat spinal
cord increases to �16-fold by end-stage disease (16 weeks) (C). Normal age-
matched littermate control animal (D) at �120 days compared with an end-
stage transgenic rat showing signs of muscle wasting, paralysis of both hind-
limbs and one forelimb (E). Kaplan–Meyer survival curve (n � 25) generated
from F2 generation L26H transgenic rats depicting disease onset and survival.

Fig. 2. Muscle atrophy and denervation in SOD1G93A rats. Leg muscle myo-
fibers from end-stage (age �120 days) SOD1G93A rats were often seen as
groups of atrophic angular fibers (b, arrows), compared with aged-matched
control rats (a). Compound muscle action potential in nontransgenic control
foot muscle (c; 5.48 mV) was reduced in the foot (d; 4.3 mV) in presymptomatic
rats and was almost unobtainable in end-stage foot (e; 0.71 mV) after supra-
maximal stimulation (1 ms per division). Needle EMG of presymptomatic
SOD1G93A rat (g) demonstrates a rare fibrillation potential recorded in the
lumbosacral paraspinous muscles compared with age-matched wild-type con-
trol rat (f). EMG of end-stage (�125 days age) SOD1G93A rat (h) revealed contin-
uous fibrillation potentials and positive sharp waves (20 ms per division).
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dense gliosis with a complete loss of ventral large motor neurons
(alpha-motor neurons) as shown in Fig. 3 e and f compared with
similarly aged wild-type rats (Fig. 3 a and b). Closer inspection
demonstrated frequent ‘‘glial nodules’’ (Fig. 3f, arrows), repre-
senting active degeneration and engulfment of neurons. Inspec-
tion of ventral horn gray matter from lumbar spinal cord from
presymptomatic rats (�90–100 days of age) revealed a normal
population of motor neurons but a profound vacuolar degener-
ation of the neuropil (Fig. 3 c and d), similar to that seen in
end-stage SOD1G93A mice (15, 22). However, in the rat these
vacuoles were transient, appearing at the time of active motor
neuron loss but were nearly absent in the lumbar cord by
end-stage disease (Fig. 3 e and f ). Brainstem and cervical spinal
cord of end-stage rats also revealed vacuolar and glial nodule
changes in motor neurons (not shown), albeit these appeared
later in these regions, again consistent with vacuolar presence
preceding neuronal loss. In concert with the changes in gray
matter, ventral roots from end-stage SOD1G93A rats were atro-
phic (Fig. 3i). On closer inspection (Fig. 3j) active degeneration
of most axons was observed with macrophage infiltration and
myelin ovoids. In contrast, analysis from presymptomatic
SOD1G93A rat ventral roots (n � 5) showed almost normal-
appearing axons (Fig. 3h), compared with age-matched controls
(Fig. 3g), with rare (1–2 axons per root) undergoing degeneration
(Fig. 3h arrow).

As was reported in earlier examples of SOD1 mutant-
mediated disease in mice (10), onset of clinical disease was
accompanied by aggregates of SOD1 throughout the rat ventral
horn (Fig. 4b) and brain (not shown) especially in prominent
focal deposits in which mutant SOD1 immunoreactivity was
frequently most robust at the perimeter. Similar pathology was
not found in nontransgenic controls (Fig. 4a). These aggregates
could be found in a few surviving motor neuron perikarya, axons,
and surrounding glia. Aggregates were intensely stained with
Abs to ubiquitin (Fig. 4 g), consistent with disruption in protein
clearance by the proteosome. Aggregates also contained endog-
enous Hsc70 especially within surviving motor neuron cell
bodies (Fig. 4c), suggesting mutant-dependent depletion of the
intracellular protein folding chaperone pool. Aberrant accumu-
lations of neurofilaments, reported in SOD1G93A-expressing

transgenic mice (29), were prominent abnormalities after disease
onset, both in perikarya (Fig. 4d) and in distended axonal
swellings [compare the neurofilament staining in transgenic
axons (Fig. 4f ) with that of the wild-type littermate controls (Fig.
4e)]. These accumulations were selective for axons within the
ventral root exit zone and were not found in the dorsal ascending
columns (not shown).

EAAT2 Deficits in the Ventral Horn Spinal Cord of SOD1G93A L26H Rats.
EAAT2 is the predominant glutamate transporter in the central
nervous system, normally expressed widely throughout the spinal
gray matter (Fig. 5a) in astrocytes but not in motor neurons
(arrows, Fig. 5b). Previous studies have documented a profound
loss of the protein in sporadic and familial ALS (25, 28, 30). In
presymptomatic SOD1G93A rats, just before disease onset, motor
neurons are still present (Fig. 5c, arrows) and ventral horns have
not started to degenerate (Fig. 3h). At this time point, there is
an obvious patchy loss of EAAT2 immunoreactivity in the
ventral horn (Fig. 5c). By end stage, there is a profound focal loss
of EAAT2 immunoreactivity despite a striking increase in the
number of astrocytes (Fig. 5 d and e). These changes were
mirrored by a quantitative loss of EAAT2 immunoreactivity
measured from immunoblots of extracts from spinal cord, es-
pecially in the ventral gray regions (Fig. 5f ). Assays of glutamate
transport also confirmed a nearly 50% loss of functional trans-
port (data not shown). Astroglial reactivity, as revealed by glial
fibrillary acidic protein immunostaining, also showed activation
before motor neuron degeneration, in presymptomatic spinal
cord ventral gray (Fig. 5h) compared with nontransgenic con-
trols (Fig. 5g), followed by a more dramatic activation (Fig. 5 i
and j) in end-stage tissue.

Discussion
We have generated transgenic Sprague–Dawley rats that express
human mutant SOD1G93A at levels �8-fold over endogenous
SOD1 in the spinal cord of young presymptomatic rats. This level
of expression was sufficient to cause an ALS-like motor neuron
disease in rats by 3–4 months of age. Additional transgenic lines
expressing mutant SOD1 between 0.1- to �6-fold over endog-
enous levels of SOD1 have not developed any signs of motor
neuron disease by 1 year of age. Recapitulation of an ALS-like
motor neuron disease in the transgenic rat using the G93A

Fig. 3. Motor neuron and axon loss in SOD1G93A rats. Ventral spinal cord gray
matter reveals vacuolar degeneration in the neuropil of presymptomatic
SOD1G93A rats (c and d) and astrogliosis and loss of motor neurons in end-stage
rats (e and f ) compared with age-matched wild-type rats (a and b). Glial
nodules, around remnants of degenerating motor neurons, were evident
throughout the ventral gray matter ( f, arrows). Ventral motor roots from an
end-stage rat (i) were atrophic compared with aged-matched control roots
(g). Closer inspection revealed active ongoing degeneration in end-stage
SOD1G93A ventral roots (j), whereas roots from presymptomatic rats showed
little degeneration (h). Magnification: 	4, g and i; 	10, a, c, and e; 	40, b, d,
and f; 	100, h and j.

Fig. 4. Aberrant accumulations of proteins in SOD1G93A rats. Accumulation
in the neuropil of SOD1G93A rats (b) compared with age-matched wild-type
rats (a). Hsc70 (c) and ubiquitin (Ub) (g) were abnormally accumulated in the
neuropil and cytoplasm of ventral gray neurons. Similarly, neurofilament (NF)
aggregates were found in the soma of large motor neurons (d) and their
axons, often in spheroid structures in the neuropil and especially in the ventral
root zone white matter ( f) compared with dorsal white tracts (e).

Howland et al. PNAS � February 5, 2002 � vol. 99 � no. 3 � 1607

N
EU

RO
BI

O
LO

G
Y



mutant SOD1 clearly depended on the ability to obtain high-
level transgene expression in the spinal cord as reported for the
SOD1G93A (15) and SOD1G37R (16) transgenic mice.

No overt motor neuron loss was evident in presymptomatic
SOD1G93A transgenic rats between 3–4 months of age as deter-
mined by both histological and electrophysiological observa-
tions. However, we noted the appearance of vacuoles in motor
neurons as well as gliosis preceding both motor neuron loss and
clinical signs of disease in rats. The presence of vacuoles was
transient, correlating with the time of active motor neuron loss.
In the most affected regions vacuoles were nearly absent by
end-stage disease. Progression to end-stage paralysis was rapid,
with an average of 11 days after first observation of symptoms.
This finding is in contrast to the slower progression of disease
observed in SOD1G93A transgenic mice (G1H and G1L) where
disease duration approached 60–70 days (15, 21, 22) but instead
was more similar to that reported for SOD1G85R mice (17) whose
disease duration was only 7–14 days. Mutant SOD1 levels in
end-stage G1L and G1H transgenic mouse spinal cord (15, 21,
22) were higher than in SOD1G93A L26H transgenic rats, and
therefore the rapid progression of disease in the SOD1G93A

transgenic rats seems not to be a function of expression levels but
rather may be characteristic of a species difference in the
presentation of clinical phenotype. The rapid decline of the
SOD1G93A rats coincided with substantial loss of spinal cord
motor neurons as well as marked increases in gliosis and
degeneration of muscle integrity and function.

The astroglial glutamate transporter EAAT2 is the primary
means of maintaining low extracellular glutamate levels. Loss of
this protein induced by either pharmacological or molecular
methods in vitro and in vivo results in increased extracellular
glutamate, as measured by microdialysis and excitotoxic neuro-
nal degeneration, including degeneration of motor neurons.
Elevations of extracellular glutamate and loss of EAAT2 are
characteristic of at least 40% of sporadic patients with ALS, and
similar changes have been observed in the mutant mouse models
of the disease (17, 25, 31–33). Interestingly, a recent study of a
similar transgenic rat model, however, did not observe changes
in cerebrospinal f luid (CSF) glutamate (34). The reason for the
difference between that rat model, the work in the current study,
and previous human observations is not clear. However, a focal
loss of EAAT2 would be expected to increase glutamate only
locally and therefore might not be detectable in the CSF. In
addition, CSF glutamate measurements are fraught with technical
problems.

The cause of EAAT2 loss is not known, but multiple studies
demonstrate that astroglial changes can occur early, before
actual motor neuron degeneration (13, 17). However, loss of
neurons can lead to glial responses that include transient down-
regulation of EAAT2 expression (35, 36). Yet, there is no loss
of EAAT2 in another motor neuron disease, spinal muscular
atrophy (33, 37). Previous reports have documented a loss of
EAAT2 to �50% its normal level in SOD1G85R transgenic mice
(17) by using whole spinal cord at end-stage disease. The current
study provides a thorough evaluation of EAAT2 at a time point
when motor neurons are intact histologically and physiologically,
as revealed by EMG�nerve conduction studies. At these ‘‘early’’
time points, there was a patchy loss of EAAT2 expression around
motor neurons in the ventral gray areas of the spinal cord,
suggesting that the loss of EAAT2 may contribute to motor
neuron degeneration. Concomitant with decreased EAAT2
expression was a marked increase in gliosis, and by end stage,
where motor neuron loss is severe, EAAT2 was present at only
5–10% of normal levels in the ventral horn. Importantly, the
contribution of altered EAAT2 expression to neuronal death�
injury was demonstrated by a recent study where EAAT2
overexpression offered protection in SOD1G93A mice.�

�Sutherland, M. L., Martinowich, K. & Rothstein, J. D. (2001) Soc. Neurosci. Abstr. 27, no.
607.6.

Fig. 5. Astroglial alterations in SOD1G93A rats. The usual ubiquitous astroglial
expression of the glutamate transporter EAAT2 (a and b), surrounding motor
neurons (arrows), was markedly altered in SOD1G93A rats with a patchy loss in the
ventral horn in presymptomatic rats (c) and almost a complete loss of protein
in end-stage ventral gray from SOD1G93A rats (d and e). This loss of EAAT2 (GLT)
was paralleled in immunoblots from ventral gray of presymptomatic and end-
stage rats (f). In parallel, astroglial expression of glial fibrillary acidic protein
(GFAP) increased somewhat in presymptomatic ventral gray (h), compared with
age-matched wild-type control (g), and was markedly increased in end-stage rats
(i), especially around rare motor neuron profiles (j).
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We describe a transgenic rat model for ALS based on the
SOD1G93A mutation. The clinical and pathological changes dis-
played resemble the ‘‘high expressing’’ SOD1G93A mice first
described by Gurney et al. (15) including a characteristic vacuolar
degeneration of the neuropil, which seems to occur just before
motor neuron degeneration and aggregates staining with SOD1
and neurofilament. Proteins, Hsc70 and ubiquitin, involved in
protein folding as well as degradation are also present in these
aggregates in these transgenic rats. Notable differences between
the rat and mouse models, however, include a more rapid
progression of disease and the transient appearance of vacuoles
in the transgenic rat. The rapid decline of the SOD1G93A rats to
end stage could account for the disappearance of vacuoles in
sections of the spinal cord that display severe motor neuron loss.

We have also demonstrated, using the SOD1G93A rats, that
EAAT2 levels decrease in the spinal cord before clinical onset
of symptoms and that decrease becomes more severe by end-
stage sickness, suggesting a role for glutamate toxicity and
astroglial dysfunction in disease pathogenesis.
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