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Some cases of familial amyotrophic lateral sclerosis (ALS) are
caused by mutations in the gene encoding cytosolic, copper–
zinc superoxide dismutase (SOD1). We report here that rats that
express a human SOD1 transgene with two different ALS-
associated mutations (G93A and H46R) develop striking motor
neuron degeneration and paralysis. As in the human disease
and transgenic ALS mice, pathological analysis demonstrates
selective loss of motor neurons in the spinal cords of these
transgenic rats. In spinal cord tissues, this is accompanied by
activation of apoptotic genes known to be activated by mutant
SOD1 protein in vitro and in vivo. These animals provide addi-

tional support for the proposition that motor neuron death in
SOD1-related ALS reflects one or more acquired, neurotoxic
properties of the mutant SOD1 protein. The larger size of this rat
model as compared with the ALS mice will facilitate studies
involving manipulations of spinal fluid (implantation of intrathe-
cal catheters for chronic therapeutic studies; CSF sampling)
and spinal cord (e.g., direct administration of viral- and cell-
mediated therapies).
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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease caused by selective death of motor neurons (Brownell et
al., 1970; Brown, 1995, Cleveland, 1999). Approximately 10% of
cases of ALS are inherited, usually as an autosomal dominant
trait (Mulder et al., 1986). In �25% of familial cases, the disease
is caused by mutations in the gene encoding cytosolic copper–zinc
superoxide dismutase (SOD1) (Rosen et al., 1993). Nearly 100
different mutations in the SOD1 gene have been identified in
familial ALS. Why the mutations cause motor neuron degenera-
tion is not fully elucidated. That the primary abnormality is not
loss of SOD1 dismutation activity is supported by the observation
that many mutant forms of SOD1 retain nearly normal SOD1
activity. Moreover, mice with targeted inactivation of the SOD1
gene do not develop motor neuron disease (Reaume et al., 1996).
Perhaps most compelling is the observation that mice expressing
human SOD1 transgenes with three different ALS-associated
mutations develop progressive motor neuron disease despite el-
evated (Gurney et al., 1994; Ripps et al., 1995; Wong et al., 1995)

or unchanged (Bruijn et al., 1997) levels of SOD1 activity. The
phenotype of these transgenic ALS mice strikingly recapitulates
human ALS. The primary pathological finding is neuronal de-
generation that predominantly affects motor neurons. In addition,
from an early age, the spinal cords of these mice reveal activation
of non-neuronal cell types, including astroglial and microglial
cells (Hall et al., 1998). These transgenic ALS mice have impor-
tantly advanced our understanding of the pathogenesis of neuro-
nal cell death induced by mutant SOD1 protein and have facili-
tated therapeutic trials (Gurney et al., 1996). However, some
types of experimental manipulations have been difficult in the
ALS mice because of their innate size limitations. It has been
almost impossible, for example, to analyze CSF from the ALS
mice, even at single time points. It has also been very difficult to
use therapies that involve administration of compounds into the
cerebrospinal fluid. There is only a single report of pump-
mediated delivery of therapies to the cerebrospinal fluid of the
ALS mice, and that approach was intraventricular rather than
intrathecal (Li et al., 2000); it is likely that intrathecal adminis-
tration will produce significantly better therapeutic levels of com-
pounds at the spinal cord level than will the intraventricular
approach (Gurney et al., 2000). It has also been difficult to obtain
sufficient tissue to perform extensive biochemical analyses, such
as investigations of post-transcriptional modifications of proteins
such as SOD1 itself during disease progression. For these rea-
sons, we have developed a rat model of ALS by expressing a
human SOD1 transgene with two ALS-associated mutations,
H46R and G93A. Like the murine counterpart, this rat transgenic
ALS model reproduces the major phenotypic features of human
ALS. Because the CSF volume of a rat is 10- to 20-fold greater
than that of a mouse, the ALS rats allow ready CSF access and
evaluation. Moreover, these rats also allow routine implantation
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of infusion pumps for intrathecal drug delivery at any desired
level in the spinal cord.

MATERIALS AND METHODS
Construction of transgenic mice expressing mutant human SOD1. We
isolated a P1-derived artificial clone (dJ1001A14) containing the full
genomic human SOD1 gene; this was identified by screening a human
genomic PAC library (Ioannou et al., 1994) using PCR with primer pairs
specific to the human SOD1 gene. From this we cloned an 11.5 kb
EcoRI–BamHI fragment that contained the entire coding sequence and
promoter region of the human SOD1 gene (Levanon et al., 1985; Elroy-
Stein et al., 1986). The H46R and G93A mutations were engineered into
this fragment by site-directed mutagenesis (Mutan-express Km, Takara,
Otsu, Japan). For the H46R mutation, a NdeI–XbaI fragment of the
human SOD1 gene involving the second exon was subcloned into the
pKF18k vector (Takara), which had a mutation that impaired the kana-
mycin (Km) resistance gene. For the G93A mutation, a XbaI–PstI
fragment encompassing the exon 4 was subcloned into the pKF18k
vector. Both the mutagenic primer and selection primer, which restored
Km resistance, hybridized to the vector and were incorporated during
replication. Resulting potential Km resistant clones were sequenced
(oligonucleotide-directed dual amber method) (Hashimoto-Gotoh et al.,
1995) to verify the presence of either of the introduced mutations, H46R
or G93A.

Female Sprague Dawley rats (Japan SLC, Inc., Hamamatsu, Japan)
were superovulated by gonadotropin from pregnant mare serum and
hCG (Puberogen, Sankyo Yeil Yakuhin Co. Ltd., Tokyo, Japan) injec-
tions. Their fertilized eggs at pronuclear stages were obtained 32 hr after
hCG injection. Microinjections of a linear 11.5 kb EcoRI–BamHI frag-
ment containing the H46R and G93A mutations were performed with the
aid of a pair of micromanipulators (Narishige, Tokyo, Japan) and
interference-contrast optics (Nikon, Tokyo, Japan). The treated embryos
were cultured for 12–15 hr in modified Krebs’-Ringer’s bicarbonate
buffer at 37°C and were transferred to oviducts of pseudopregnant
females (Hochi et al., 1990).

DNA of newborn rats was extracted from their tails, and PCR ampli-
fication (forward primer: 5�-TTGGGAGGAGGTAGTGATTA; reverse
primer: 5�-AGCTAGCAGGATAACAGATGA; 94°C for 30 sec; 55°C
for 30 sec; 72°C for 30 sec; 30 cycles) and Southern blotting were used to
detect the exogenous human SOD1 transgene DNA. The human SOD1
cDNA was used as a probe for the Southern blotting. Founder rats were
mated with Sprague Dawley rats.

All rats were handled according to approved animal protocols in our
institution.

SDS-PAGE and immunoblotting. For SOD1 immunodetection, total
protein extracts of various tissue from transgenic and control rats (non-
transgenic littermates) were homogenized in buffer containing 25 mM
sodium phosphate, pH 7.2, 1 mM EDTA, 1 �g/ml pepstatin A, and 1 mM
PMSF. After determining the protein concentration using a bicincho-
ninic acid protein assay (Pierce Chemical Company, Rockford, IL), 4 �g
of total protein was loaded onto a 15% polyacrylamide gel, electropho-
resed, and transferred onto filters. Endogenous rat SOD1 and mutant
human SOD1 were detected using a sheep anti-human SOD1 antibody
(Calbiochem, San Diego, CA) followed by enhanced chemiluminescence
detection (Amersham, Buckinghamshire, UK). Signals were quantified
using a phosphorimager with “Luminous Imager” software analysis
(Aisin Cosmo, Kariya, Japan).

Measurement of SOD1 activity. The spinal cords of the transgenic and
control rats were homogenized in buffer containing 20 mM Tris-Cl, pH
7.2, 1 mM EDTA, and 1% Triton X-100. These were then centrifuged at
10,000 � g for 5 min. The resulting supernatants were electrophoresed on
a 7.5% polyacrylamide gel at 20 �g total protein for each lane. SOD1
activity was determined by the ability of SOD1 to inhibit the superoxide
anion-induced conversion of nitro-tetrazolium blue to formazan
(Beauchamp and Fridovich, 1971). These SOD1 activity gels were quan-
tified using human erythrocyte SOD1 (Sigma, St. Louis, MO) as stan-
dards with Luminous Imager software analysis (see above).

Estimated motor neuron counts. The estimated motor neuron counts
were performed on hematoxylin � eosin-stained 10 �m sections at the L3
level. Cells were selected as motor neurons if they were �25 �m in
diameter, multipolar with neuronal morphology, and located in the
anterior horn of the spinal cord. For each strain, three sections were
counted bilaterally from each of three different rats at each point in time.
The resulting data (from 6 anterior quadrants at each point in time from
each rat, or a total of 18 anterior quadrants) were averaged to provide an

estimated number of motor neurons per quadrant. Although this method
does not provide an absolute motor neuron count by the standard of
present stereological counting procedures, it does provide a useful esti-
mate that allowed comparison of the size of the motor neuron pool in the
H46R-4 and G93A-39 as compared with the control littermate rats.

Movement activity. Movement activity of transgenic rats and control
littermates was analyzed using an Automex II locomotor activity meter
(Columbus Instruments, Columbus, OH); this counts the number of
times the rat’s feet strike pressure sensors at various points in the test
chamber during a 24 hr period (Yamada et al., 1986).

Quantitation of caspase-1 and -3 activities. Spinal cords from rats were
homogenized in buffer containing 10 mM Tris-HCl, 10 mM NaH2PO4/
NaHPO4, pH 7.5, 130 mM NaCl, 1% Triton X-100, and 10 mM NaPPi in
the presence of a protease inhibitor mixture. After centrifugation at
20,000 � g for 30 min, protein concentration was determined by the
Bradford assay using bovine serum albumin as a standard. Equal amounts
of lysates were then incubated with 200 �l of HEPES buffer in the
presence of either N-acetyl-Tyr-Val-Ala-Asp-AMC 7-amino-4-methyl-
coumarin (AMC) or N-acetyl-Asp-Glu-Val-Asp-AMC (PharMingen,
San Diego, CA) to measure caspase-1 and –3, respectively. At the end of
this incubation, fluorescence of the free AMC fluorophore was measured
using a Fluo-star BMG fluorimeter (BMG Lab Technologies, Chapel
Hill, NC) at an excitation wavelength of 380 nm and an emission wave-
length of 420 nm.

CSF study for amino acids. Rats were anesthetized using diethyl ether
and 1% halothane in a mixture of 30% oxygen and 70% nitrous oxide. A
27 gauge needle was introduced into the cerebellomedullary cistern with
a micromanipulator, and �100 �l of CSF was collected. CSF was col-
lected from five G93A-39 transgenic rats at 2 months of age and five at
end stage (4.5 month old); similar samples were obtained from three
nontransgenic littermates (4.5 month old). An aliquot of each CSF
sample was centrifuged, cleared of proteins by precipitation with 10%
trichloroacetic acid, neutralized, diluted, and filtered. Amino acids (as-
partate, asparagine, glutamate, glutamine, and glycine) were measured
using HPLC with electrochemical detection with CoulArray Medical
System (Coulochem II, Model 5200, Esa, Inc., Chelmsford, MA). Sta-
tistical analysis was analyzed by Mann–Whitney U test.

Histopathological and immunohistochemical analyses. The rats anesthe-
tized with diethyl ether were killed by transcardiac perfusion with 0.9%
sodium chloride, followed by 4% paraformaldehyde in 0.1% PBS, pH 7.4.
The brains and spinal cords were removed, post-fixed the same solution,
embedded in paraffin, and sectioned (10 �m). In all experiments, sections
were deparaffinized before staining with hematoxylin and eosin or im-
munostaining. Immunohistochemistry was performed using antibodies
recognizing human SOD1 (Calbiochem), ubiquitin (Dako, Carpinteria,
CA), glial fibrillary acidic protein (GFAP) (Dako), and phosphorylated
neurofilaments (SMI31, Sternberger Monoclonal Inc., Lutherville, MD).
For immunostaining, sections were quenched for 30 min in methanol and
0.3% hydrogen peroxide, rinsed in PBS, and incubated overnight in the
primary antibody. Immunoreactivity was visualized with diaminobenzi-
dine and sections were counterstained with hematoxylin.

RESULTS
Generation of transgenic rats with mutant SOD1
We elected to make transgenic rats with two mutations in the
SOD1 genes: histidine 46 to arginine (H46R) and glycine 93 to
alanine (G93A). These were selected for two reasons. First, these
mutations have distinctly different consequences for SOD1 activ-
ity. Although the SOD1H46R mutant involves one of the residues
binding catalytic copper at the active site and consequently has
impaired SOD dismutation activity, dismutation activity is re-
tained in the SOD1G93A mutant (Borchelt et al., 1994). Second, in
patients we have encountered with these mutations, the pheno-
types are quite different. For H46R patients, progression is ex-
tremely slow (Aoki et al., 1993), whereas patients with the
SOD1G93A mutation demonstrate a more fulminant classic clin-
ical course (Cudkowicz et al., 1997). Moreover, the transgenic
ALS mouse with this G93A mutation has been widely distributed
and studied throughout the world.

To generate the transgenic rats with the H46R and G93A
mutations, we first obtained human genomic PAC clones encom-
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passing the entire human SOD1 gene; we then subcloned this
gene within an 11.5 kb EcoRI–BamHI fragment. Site-directed
mutagenesis was used to generate clones with either the H46R or
G93A mutation. The mutated 11.5 kb EcoRI–BamHI fragments
were microinjected into fertilized eggs from Sprague Dawley rats.
Twenty-five potential transgenic H46R pups were obtained. From
these, five founders with the H46R mutant transgene were iden-
tified using the PCR and Southern blotting (Fig. 1a, top panel).
Fifty-two potential transgenic G93A pups were obtained. From
these, seven founders with the G93A mutant transgene were
identified (Fig. 1a, bottom panel). Levels of accumulated mutant
SOD1 were measured for almost all founders by quantitative
protein immunoblotting of spinal cord extracts using antibody
against a peptide sequence that is identical in human and rat
SOD1 (Table 1). Two lines were established for each mutation
from the founders expressing the highest levels of the mutant
SOD1 (Table 1).

Expression levels of the mutant SOD1 protein and
determination of SOD1 activities
To determine the levels of the human mutant SOD1 protein that
accumulated in each of the transgenic lines, spinal cord extracts
were immunoblotted. The ratios of human mutant to rat endog-
enous SOD1 were determined using an anti-human polyclonal

antibody against a peptide sequence identical in human and rat
SOD1 (Calbiochem). The level of human mutant SOD1 protein
in the lines H46R-4, H46R-13, G93A-24, and G93A-39 were 6.0,
2.5, 0.8, and 2.5 times the level of endogenous rat SOD1 (Fig. 1c,
top panel, Table 1). Extracts of various tissues of the line H46-R4,
including cortex, cerebellum, spinal cord, heart, kidney, liver,
lung, and skeletal muscle, were immunoblotted with the same
anti-human SOD1 antibody. Although there was clear immuno-
reactivity for the mutant human SOD1 in all of these tissues, the
highest levels of human relative to rat endogenous SOD1 were
evident in the CNS samples (cortex, cerebellum, spinal cord)
(Fig. 1d).

To determine the level of SOD1 activity, spinal cord extracts of
transgenic rats as well as controls were electrophoresed in native
gels. SOD1 activity was quantified in situ on the gels using a well
established assay in which dismutation of superoxide anion by
SOD1 inhibits the conversion by superoxide anion of nitro-blue
tetrazolium to formazan, resulting in a formazan-free clear zone
in an otherwise blue gel (Beauchamp and Fridovich, 1971). In
two lines with G93A mutations, the SOD1 activities were in-
creased to 200 and 300% of the control level, respectively (Fig. 1c,
bottom panel); these total activities reflect the combined contri-
butions of the endogenous rat and the transgenic human SOD1.
In the two lines with the H46R mutation, the gel assay loaded at
the same concentration of protein per lane revealed total spinal
cord SOD1 enzyme activities that were �20 and 40% of the
control level (Fig. 1c, bottom panel).

The clinical course of transgenic rats
The transgenic rats expressing the higher levels of each human
SOD1 mutant (lines G93A-39 and H46R-4) developed motor
neuron disease (Fig. 1b, Table 1). The first sign of pathology in
these higher expressing lines was a diminution in spontaneous
walking activity in the cage, as measured by 24 hr automated
monitoring (Fig. 2a) (Automex II). This was evident by 110 d for
the G93A-39 line and by 140 d for the H46R-4 line. Clinically
apparent weakness, denoted by dragging of one hindlimb without
limb tremor, was evident somewhat later. The mean age of onset
of this clinical weakness for the G93A-39 line was 122.9 � 14.1 d
(n � 14); for the H46R-4 line, the age of onset was 144.7 � 6.4 d
(n � 18) (Table 1). Simultaneously with the onset of clinical
weakness, the affected rats showed prominent weight loss (Fig.
2b). Although the initial clinical manifestation of weakness was
unilateral leg paralysis, this progressed and became bilateral in
both lines of rats. In the early stages of the illness, another
distinctive abnormality was increased tone in the tail muscula-
ture, resulting in an elevated, segmentally spastic tail posture. As
the disease progressed, the rats exhibited marked muscle wasting
in the hindlimbs and typically dragged themselves around the
cage using the forelimbs. Thereafter, the forelimbs also became
weak, in association with further weight loss. At end stage, the
affected rats could not drink water and died. The mean durations
of the clinical expression of the disease in the G93A-39 and
H46R-4 lines were 8.3 � 0.7 d (n � 14) and 24.2 � 2.9 d (n � 18),
respectively (Table 1). By contrast, the lines that expressed lower
levels of the mutant SOD1 (H46R-13 and G93A-24) did not
shown any clinical phenotype at 12 months of age (Table 1). The
onset and survival data for the G93A-39 and H46R-4 rats are
summarized in the Kaplan-Meier survival curves (Fleming and
Lin, 2000) in Figure 2, c and d.

We have estimated the numbers of motor neurons in each
anterior horn of the control and transgenic rats as a function of

Figure 1. Analysis of human SOD1 transgene (H46R or G93A) copy
number, protein expression, and SOD1 activity. a, Southern analysis of
the human SOD1 gene in transgenic rats as determined by tail DNA blots.
Five transgenic lines were established with the H46R mutation (top row),
and seven transgenic lines were established with the G93A mutation
(bottom row). The H46R-4 blot is shown in each row to allow comparison
of the H46R and G93A results. b, An affected transgenic rat from the
H46R-4 line demonstrates hindlimb weakness and abnormal posturing
with segmental spasticity of the tail. c, Top panel, Quantitative immuno-
blotting of 4 �g of total protein extracts of spinal cord from nontransgenic
littermate control, H46R lines (H46R-4, H46R-13), and G93A lines
(G93A-24, G93A-39) using sheep polyclonal antibodies that recognize a
common epitope shared between human (h) and rat ( r) SOD1. Two
10-fold dilutions of purified human erythrocyte SOD1 (0.1, 1.0 U) were
immunoblotted in parallel to provide standards for quantitation. Bottom
panel, SOD1 enzymatic activity in spinal cord extracts (20 �g of protein)
from the same nontransgenic littermate control or transgenic rats deter-
mined on native gels. Note that the electrophoretic migration of rat SOD1
( r) differs from that of human erythrocyte SOD1 ( h). d, Total protein (4
�g) from various tissues from 2-month-old transgenic H46R-4 rats was
immunoblotted with the same sheep polyclonal antibody as in c, recog-
nizing human and rat SOD1.
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age. As indicated in Table 2, for both the H46R-4 and G93A-39
lines, the estimated number declines abruptly in parallel with the
development of clinical paralysis. As predicted by the clinical
course, the decline in estimated counts begins earlier and
progresses more rapidly in the G93A-39 line. In both lines, the
drop-off in estimated motor neuron numbers precedes the onset
of clinical weakness.

Histopathological studies in the nervous system
To evaluate the distribution of abnormalities in the nervous
system, we examined a total of 24 rats of various ages from the
affected lines and nontransgenic littermates. In general, both the
G93A and H46R transgenic rats exhibited neuropathological ab-
normalities associated with degeneration of motor neurons in the
ventral horns of the spinal cord as well as motor neurons in the
brain stem (Fig. 3b,c). Both also showed evidence of proliferation
of small nonneuronal cells with morphological characteristics of
astroglia (Fig. 3e,f) and microglia. For the rats in the G93A-39
line, at 90 d of age, the numbers of large, multipolar neurons in
the anterior horn (motor neurons) were decreased as compared
with controls, whereas the numbers of hypertrophic astrocytes
were increased (Fig. 3e,f). Moreover, ubiquitination of dendrites
and axons of motor neurons was readily evident in the ventral
horn (Table 2). These changes were not evident in the nontrans-
genic littermates.

The pathology in the G93A rats was distinguished by an abun-
dance of vacuoles in the neuropil in the ventral horn (Fig. 3b).
These were particularly abundant in the ventral horn neuropil
(Fig. 3b) but were also evident in dendrites and axons (Fig. 3i).
Vacuoles were also detected in the perikarya of motor neurons
(Fig. 3g). Dendritic and axonal vacuoles were also definitively
visualized by immunostaining with an antibody recognizing phos-
phorylated neurofilament heavy subunits (Fig. 3j).

Such vacuolar features were less apparent in the affected H46R
rats (Fig. 3c). However, by contrast with the G93A rats, the H46R
rats had an abundance of aggregates of various descriptions,
particularly late in the course of the disease. In the H46R-4 line,
rats that were clinically presymptomatic at 90 d of age demon-
strated increased numbers of reactive astrocytes in the ventral
horn. By 120 d, when still presymptomatic, the anterior horns of
the same rats revealed decreased numbers of large, multipolar
neuronal cells with a further increase in the numbers of astro-
cytes and microglia. Also at 120 d, ubiquitination of the dendrites
and axons was evident in the ventral horn of the lumbar spinal
cord (Table 2). By 145 d, when clinical weakness became apparent
in the H46R-4 line, there was marked loss of large, multipolar
neurons (Fig. 3c). At that time, numerous hypertrophic astrocytes
and microglia were evident, as were sites of swelling in axons
in the ventral horn (Fig. 3c). By contrast with the findings in

Figure 2. Phenotypic markers of disease progression in the transgenic
(H46R-4, G93A-39) ALS rats. a, Spontaneous walking movements de-
creased by 110 and 150 d for the G93A-39 and H46R-4 rats, respectively,
as measured using an Automap II apparatus. b, Body weights for these
two lines of rats began to fall at approximately the same age as onset of
clinically apparent weakness (�123 d for the G93A-39 line and �145 d for
the H46R-4 line). c, Kaplan-Meier curves illustrating the ages of onset
(mean 145 d) and death (mean 169 d) for the H46R-4 rats. d, Kaplan-
Meier curves illustrating the ages of onset (mean 123 d) and death (mean
131 d) for the G93A-39 rats. In a and b, solid bars � G93A-39 transgenic
rats, hatched bars � H46R-4 transgenic rats, and open bars � nontrans-
genic littermate control rats. The ages of the first appearance of clinical
weakness are indicated by the solid (G93A-39) and hatched (H46R-4)
arrows. In c and d, the dashed lines with black square data points designate
the onset curves (percentage without weakness), whereas the solid lines
with black dots designate the survival curves (percentage surviving).

Table 1. Lines of transgenic rats expressing human SOD1 with H46R or G93A mutations

Line
Copy
number

Relative SOD1
protein levels
(spinal cord) (human/rat)

SOD activity
relative to control
(spinal cord)

Age of
onset (days)

Duration
(days)

H46R-2 2 1.6 ND None None
H46R-4 25 6.0 0.21 144.7 � 6.4 24.2 � 2.9
H46R-10 3 2.6 ND None None
H46R-13 5 3.0 0.4 None None
H46R-17 2 0.8 ND None None
G93A-2 1 0 ND None None
G93A-10 1 0.8 ND None None
G93A-24 3 0.8 2 None None
G93A-32 10 2.0 ND None None
G93A-35 2 ND ND None None
G93A-37 2 ND ND None None
G93A-39 10 2.5 3 122.9 � 14.1 8.3 � 0.7

ND, Not determined.

Nagai et al. • ALS in Rats Expressing Mutant SOD1 Transgenes J. Neurosci., December 1, 2001, 21(23):9246–9254 9249



the G93A rats, in the dendrites and neurons of the H46R-4 rats,
the vacuolar change was not remarkable. However, by 145 d, the
H46R-4 rats showed multiple, readily apparent inclusions. Many
inclusions were characterized by a dense core and clear periph-
eral halo, strongly resembling Lewy body-like hyaline inclusions
that have been seen both in spinal cords of human ALS patients
and in the G85R transgenic mice. These were detected in the
neuropil, motor neurons, and astrocytes (Fig. 3h). In the anterior
horns of the H46R-4 rats, axons were often thick, tortuous, and
partially eosinophillic by hematoxylin and eosin staining (Fig. 3k).
Those swollen ventral axons were immunostained with anti-
phosphorylated neurofilament antibody (SMI31) (Fig. 3l),
whereas few anterior horn motor neurons were immunostained
with this antibody. Many of the striking inclusion bodies in the
neuropil, motor neurons (Fig. 4a–d), and astrocytes (Fig. 4e–h) of
the H46R-4 rats immunostained positively for either ubiquitin or
human SOD1, or both. Some Lewy body-like inclusions in neu-
ropil were immunoreactive for SMI31 (data not shown).

Despite the fact that the H46R and G93A transgenes were
expressed at high level in the cerebellum and cortex, no cerebellar
or cortical pathology was evident in the H46R-4 and G93A-39
lines.

Amino acid levels in CSF
Several lines of investigation have favored the hypothesis that
elevated synaptic levels of one or more excitatory neurotransmit-
ters accelerate motor neuron death in ALS (Shaw and Ince,
1997). One approach to assessing the status of excitatory trans-
mitters in the CNS has been to evaluate levels in CSF. For
example, it has been reported that CSF levels of the amino acid
glutamate are elevated in human ALS (Rothstein et al., 1990),
although this result has been disputed (Perry et al., 1990). The
size of these transgene ALS rats allows serial assays of CSF. We
therefore obtained CSF from five of the 2-month-old and five of
the end stage transgenic rats (line G93A-39) as well as three
nontransgenic control littermates and recorded the levels of five
amino acids that are implicated in the control of excitatory tone:
glutamine, glutamate, aspartate, asparagines, and glycine. Signif-
icant abnormalities were detected only for glutamine, the concen-
tration of which in CSF from end stage transgenic rats (4.5 month
old) was elevated as compared with the nontransgenic littermates
(Fig. 5a). By contrast, glutamine levels of 2-month-old transgenic
rats did not differ significantly from normal littermate controls.
There were no significant differences in concentrations of gluta-
mate, aspartate, asparagine or glycine in CSF among 2 month-old
and end stage transgenic rats and control littermates (Fig. 5b).

Assays for caspase-1 and caspase-3 activities
Recent studies of transgenic ALS mice in vivo and cell lines
expressing mutant SOD1 protein in vitro indicate that one feature
of the cell death process initiated by this protein is sequential
activation of caspase-1 and then caspase-3 (Pasinelli et al., 1998,
2000; Li et al., 2000; Vukosavic et al., 2000). We have therefore
assayed for activation of these caspases using the H46R-4 line. A
fluorogenic assay for activity of these caspases documented that
spinal cord caspase-1 activity is elevated compared with nontrans-
genic littermates early in the course of the disease; this subsides
to normal levels by the late stages of the disease (Fig. 6a). By
contrast, caspase-3 activity is normal at 2 months of age but rises
significantly above that of the age-matched control littermates as
the disease progresses (Fig. 6b). In the cerebellum, the activity of
caspase-1 and -3 does not differ from that of the control litter-
mates (data not shown), indicating that caspase activation occurs
only in regions affected by neurodegeneration in ALS. In accor-
dance with the observation that caspase-1 activity is elevated
early in the disease, spinal cord levels of mature interleukin-1�
(IL-1�), a specific marker of caspase-1 activation, were approxi-
mately twofold higher in asymptomatic ALS rats when compared
with age-matched littermate controls. In end stage transgenic
ALS rats, the levels mature of IL-1� were comparable with those
of nontransgenic controls, confirming that caspase-1 activity is
reduced in the late stage of the disease (data not shown).

DISCUSSION
We have established lines of rats that express transgenes for
mutant SOD1 protein with two different ALS-associated muta-
tions, H46R and G93A. Rats with the highest transgene copy
numbers and levels of expression of the mutant protein develop a
paralytic disorder characterized by fulminant motor neuron
death accompanied by astrogliosis and microgliosis. Particularly
striking in the G93A line is vacuolar pathology in the neuropil,
whereas the H46R line shows distinctive protein aggregates with
features of Lewy bodies in both neurons and astrocytes.

Why mutant SOD1 proteins are toxic to motor neurons re-
mains unclear, despite numerous studies. Two observations are
pertinent. First, the propensity to develop motor neuron pathol-
ogy is proportional to the level of mutant SOD1 protein. For both
mutations, only the lines with the highest copy number and
highest levels of mutant transgenic protein expression developed
pathology. Second, the nature of the pathology is dependent on
the properties of the mutant SOD1 protein. The G93A protein
retains a high level of dismutation activity and develops motor
neuron degeneration with distinctive vacuolar pathology. This

Table 2. Progressive pathology in spinal cord of transgenic rats

Age (days)

H46R-4 G93A-39

90 120 150 170 90 120 130

Reactive astrogliosis (�) (�) (��) (���) (�) (��) (���)
Motor neuron loss (�) (�) (��) (���) (�) (��) (���)
Ubiquitination (�) (�) (��) (���) (�) (��) (���)
Hyaline inclusion (�) (�) (�) (��) (�) (�) (�)
Vacuolation (�) (�) (�) (�) (�) (�) (��)

Estimated motor neurons
Control 16.4 � 1.7
(6 months) 16.9 � 2.0 13.1 � 2.1 9.7 � 2.2 5.4 � 1.3 13.3 � 1.4 7.1 � 1.9 4.3 � 0.9
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observation has been made in previous studies of both G93A and
G37R ALS mice (Gurney et al., 1994; Wong et al., 1995). More-
over, it was reported recently that high levels of wild-type SOD1
in mice also produces vacuolar pathology with some motor neu-
ron loss (Jaarsma et al., 2000). By contrast with the G93A-39 line,

the H46R-4 line expresses the mutant protein at high levels but
does not have elevated dismutation activity. This is almost cer-
tainly a consequence of fact that histidine 46 is a ligand for
binding copper in the normal SOD1 protein (Fridovich, 1986;
Parge et al., 1992). The H46R-4 protein nonetheless produces
motor neuron pathology characterized not by vacuolar degener-
ation but by protein deposition and aggregation. This is reminis-
cent of the pathological findings in the G85R transgenic mice
(Bruijn et al., 1997). Similar aggregative pathology has been
described in human ALS (Hirano et al., 1967; Hirano, 1991). In
fact, virtually all forms of protein cytopathology seen in the ALS
rats described here are evident in human ALS spinal cord,
including deposits of SOD1 protein itself (Shibata et al., 1993),
excessive phosphorylation of neurofilaments (Mizusawa et al.,
1989; Sobue et al., 1990), and deposition of ubiquitin-positive
bodies (Leigh et al., 1988, 1991; Matsumoto et al., 1993). Partic-
ularly in the H46R-4 rats, there were abundant intracytoplasmic
Lewy-like bodies; these are also described in both the ALS mice
(Bruijn et al., 1997) and human ALS tissues (Shibata et al., 1994,
1996). The importance of submicroscopic aggregates of SOD1
protein has been emphasized recently by reports that the mutant
protein forms dimers and trimers even in the early phases of the
illness in ALS mice (Johnston et al., 2000). It is underscored by
reports that elimination of the protein CCS that delivers copper
to the SOD1 molecule does not substantially alter the phenotype
of ALS in transgenic G37R, G85R, and G93A mice (Cleveland
and Liu, 2000).

Particularly striking in our data are not only the earlier onset of
paralysis in the G93A-39 disease but also the much more rapid
course (8 d) in this line as compared with the H46R-4 (24 d) rats.
We do not understand the basis for this difference in rate of
disease progression, but we note those factors determining the
time course in these rats are likely to be relevant to human
SOD1-mediated familial ALS. The human H46R cases also
progress very slowly, with a mean survival of 16.8 � 6.8 years
(Aoki et al., 1993, 1994). By contrast, the mean survival of the
G93A cases in one report was 2.2 � 1.5 years (Cudkowicz et al.,
1997). Although it is tempting to speculate that this shorter
disease duration is a consequence of the higher retained dismu-
tation activity in the G93A-39 line, we cannot firmly conclude
this. We note, for example, that the fastest time course among the
several lines of transgenic ALS mice is observed in the G86R
animals (Ripps et al., 1995). The survival of these animals is �1
week; yet, like the G85R counterparts, the G86R mice do not
have elevated levels of dismutation activity.

Like human ALS and mouse transgenic ALS, our ALS rats
developed a disease that shows a remarkable degree of motor
neuron specificity. Although it is true that cell types other than
neurons are affected, the phenotype is overwhelmingly attribut-
able to motor neuron death. This is not simply a consequence of
higher levels of expression of the mutant SOD1 transgene in
spinal cord. In fact, our immunoblots of multiple tissues from an
H46R-4 rat (Fig. 1d) reveal that, if anything, the level of expres-
sion of the transgene is greater in cerebellum than spinal cord, yet
there is no clinical or pathological evidence of cerebellar disease
in these rats.

There has been controversy in the literature of human ALS
regarding levels of the excitatory amino acid glutamate in the
CSF. Two studies have reported that glutamate levels are not
elevated in the CSF of ALS patients (Perry et al., 1990; Camu et
al., 1993), whereas a third study described increased glutamate
concentrations in ALS CSF (Rothstein et al., 1990). Our data are

Figure 3. Major histopathological findings in the G93A-39 and H46R-4
transgenic rats. a–f, Ventral horns of the lumbar spinal cord from a
6-month-old normal littermate (a, d), a G93A-39 transgenic rat at 4.5
months (b, e), and an H46R-4 transgenic rat at 6.0 months (c, f ). Sections
were stained with hematoxylin and eosin (a–c) and immunostained using
GFAP (d–f ). g, h, Higher magnification views of the neuropil in the
ventral horn of the lumbar spinal cord in G93A-39 (g) and H46R-4 (h)
transgenic rats. g, Conspicuous vacuoles in the neuropil (arrows) and
perikarya of motor neuron (arrowheads) are indicated in the G93A-39
transgenic rat section. h, Lewy body-like inclusions are readily apparent
(arrows) in the neuropil of the H46R-4 transgenic rat. i, Axonal swelling
and vacuolation in the G93A-39 transgenic rat. j, Phosphorylated neuro-
filament is identified using antibody SMI-31 in the G93A-39 rats. k,
Swollen and tortuous ventral axon in H46R-4. l, Phosphorylated neurofila-
ments are also identified with antibody SMI-31 in the H46R-4 rats. In i–l,
the arrows designate axons. Scale bars: a–f, 50 �m; g, h, 20 �m; i–l, 10 �m.
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in accord with the former reports, because we have found that
glutamate is not elevated in the CSF of our ALS rats (G93A-39)
in either the presymptomatic (2 month) or end stages (4.5 month)
of the disease. We note that those investigators also described an

increase in glutamine levels in ALS CSF (Perry et al., 1990;
Camu et al., 1993), also in agreement with our data. The failure
to detect a macroscopic elevation of glutamate in the CSF of
these ALS transgenic rats by no means precludes a role for
elevated synaptic glutamate in the pathogenesis of this disease.
Indeed, on the basis of the totality of the evidence in the ALS
mice, such a role for glutamate seems almost inescapable, at least
as a secondary factor (Shaw and Ince, 1997). We are not entirely
certain how to interpret the increase in CSF glutamine levels. We
suspect that this reflects the ongoing astrogliosis in the spinal cord
in these rats, because glutamine is found predominantly in astro-

Figure 4. Intracellular inclusions in the 6-month-old H46R-4 transgenic rats. a–d, Lewy body-like cytoplasmic inclusions (arrows) in neuropil and in
motor neurons. Inclusions consist of a pale periphery and dense central core as stained by hematoxylin and eosin (a, c). Destaining (a, c) and restaining
(b, d) of the same section with anti-human SOD1 antibody (b) and anti-ubiquitin antibody (d) demonstrated that these inclusions are immunoreactive
for human SOD1 and ubiquitin. e–h, Lewy body-like cytoplasmic inclusions in astrocytes. Inclusions stained by hematoxylin and eosin (e, g) have clear
periphery and dense core like those in the neurons and the neuropil. Destaining (e, f ) and restaining ( g, h) of the same section revealed that inclusions
are immunostained by the anti-human SOD1 antibody ( f) but not by anti-GFAP antibodies (h), although the cell itself is GFAP-positive (h). Scale bars,
40 �m.

Figure 5. Amino acid levels in CSF from 2-month-old and end stage
G93A-39 transgenic rats. a, Mean glutamine concentrations in CSF from
2-month-old and end stage transgenic rats and control littermates. *p 	
0.05. b, Mean concentrations of asparagine (solid bar), aspartate (shaded
bar), glutamate (hatched bar), and glycine (open bar) in CSF from
2-month-old and end stage transgenic rats and control littermates. The
error bars denote the SD.

Figure 6. Caspase-1 and -3 are sequentially activated in the spinal cord
of ALS transgenic rats. a, Caspase-1-like activity was measured as de-
scribed and is reported as fluorescence emitted by the free AMC after
cleavage of the caspase-1 substrate YVAD-AMC. b, DEVD-AMC cleav-
age was measured to determine caspase-3 activity in spinal cord lysates of
the ALS rats and their littermate controls. Caspase-3 activity is expressed
as fluorescence emitted from the free fluorogenic group AMC. Data are
the mean � SD for experiments assayed in duplicate. Asterisks (*p 	 0.05;
**p 	 0.01) indicate significant differences with respect to the control
groups. Squares and diamonds indicate data derived from H46R-4 and
control rats, respectively. Ages are in months.
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cytes, where it can be interconverted to glutamate. In another
neurodegenerative disorder, Alzheimer’s disease, the enzyme
glutamine synthetase, which normally catalyzes glutamine forma-
tion, is elevated (Tzika et al., 1993). We note that in a recent
study of ALS patients using magnetic resonance imaging spec-
troscopy, medullary levels of total glutamine and glutamate were
increased (Pioro et al., 1999). The increase was speculatively
ascribed to glutamate, but the authors could not exclude an
increase in glutamine as well (Pioro et al., 1999).

Recent studies of ALS mice indicate that a common adverse
effect of mutant SOD1 is the sequential activation of caspase-1
and -3. This proteolytic cascade is shared by SOD1 mutants that
provoke quite diverse pathologies in the various ALS mouse
models (Li et al., 2000; Pasinelli et al., 1998, 2000; Vukosavic et
al., 2000). Our data confirm and further extend those findings. We
now show the same sequential proteolytic cascade in the H46R
rats that develop the disease from a mutant protein with proper-
ties remarkably different from the other mutations. This implies
that caspase activation is related to the expression of the mutant
protein itself and not to variations in SOD1 activity. Together
with the previous findings in the ALS mice, our data indicate that
caspase activation is a consistent feature in the neurodegenera-
tive process mediated by mutant SOD1. Even if not sufficient to
stop the disease, caspase inhibition may be a valuable target for
new therapies in ALS.

A transgenic rat model of human ALS will offer several advan-
tages with respect to the existing transgenic mouse ALS models.
Given its larger size, it will facilitate all studies that entail CSF
analysis and, in particular, those that entail multiple, serial ma-
nipulations of CSF in the same animal. Thus, as illustrated in our
analysis of glutamate and glutamine, it will be possible in this
model to obtain adequate CSF for conventional biochemical
studies as well as analyses of small molecules and even DNA/
RNA species that may distinguish the ALS from the wild-type
CSF. Moreover, this model should be ideal for administration of
therapies via chronic intrathecal pumps, a strategy that has been
used recently in human ALS clinical trials. Another advantage of
the ALS rats is that they can tolerate some forms of immunosup-
pressive therapy that are problematic in mice, such as cyclospor-
ine A. This point arises in the context of an emerging interest in
possible strategies to use implanted neural stem cells as therapy in
ALS. It should now be possible to achieve appropriate immuno-
suppression in the ALS rats to allow survival of implanted cells
and hence determine the efficacy of this approach. As a corollary,
we also note that the larger size of the rat spinal cord will
facilitate delivery of cells to the target spinal cord regions.
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