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The Neurotoxic Tau,._,,, Fragment Accumulates in
Upper and Lower Motor Neurons in Amyotrophic Lateral

Sclerosis Subjects
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Amyotrophic lateral sclerosis (ALS) is a proyressive and lethal neurodeyenerative disease characterized by loss of upper and
lower motor neurons leading to muscle paralysis in affected individuals. Numerous mechanisms have been implicated in the
death of these neurons. However, the pathobioloyy of this disease has not been completely elucidated. In the present study,
we investigated to what extent tau cleavage and generation of the neurotoxic tau,s ,,, fragment is associated with ALS. Quan-
fitative western blot analysis indicated that high levels of tau,s,,, accumulated in lumbar and cervical spinal cord specimens
obtained from ALS subjects. This neurotoxic tau fragment was also detected in ALS upper motor neurons located in the precentral
gyrus. Our results also showed that tau, ,,, agyreyates were present in the spinal cord of ALS patients. On the other hand, this
neurotoxic fragment was not generated in a mouse model of a familial form of this disease. Together, these results sugygest a
potential role for this neurotoxic tau fragment in the mechanisms leading to the deygeneration of motor neurons in the context

of sporadic ALS.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is
a progressive and lethal neurodegenera-
tive disorder that affects approximately
200,000 people nationwide (reviewed
in 1-3; see also references within). This
disease is characterized by the selective
death of motor neurons in the brain
(upper motor neurons) and spinal cord
(lower motor neurons), resulting in the
paralysis of voluntary muscles (2-9).
Gene defects are detected in ~5-10% of
ALS patients (familial ALS). On the other
hand, most ALS cases (~90-95%) have no

apparent genetic component (sporadic
ALS). Multiple potential mechanisms
underlying motor neuron degeneration
have been described. These mechanisms
include, among others, excitotoxicity,
protein misfolding and aggregation,
abnormal calcium metabolism, altered
axonal transport, and activation of
proteases and nucleases (reviewed in
1-3, 10, 11). Several proteins have been
implicated in the pathobiology of ALS,
including neurofilaments, peripherin,
a-internexin and the copper/zinc super-
oxide dismutase (SOD1). More recently,
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evidence has suggested that the 43 kDa
transactive response (TAR) DNA-binding
protein (TDP-43) and a related heteroge-
neous nuclear ribonucleoprotein, fused
in sarcoma/translocated in liposarcoma
(FUS/TLS), play an important role in the
pathobiology of ALS (12-20).

Less is known about the involvement
of tau in ALS. Tau is a microtubule-
associated protein (MAP) highly enriched
in the axons of central neurons. This MAP
regulates the rate of axonal elongation by
modulating the polymerization and stabi-
lization of microtubules (21-26). Tau also
plays a key role in Alzheimer’s disease
(AD) and several other neurodegener-
ative diseases. In these diseases, hyper-
phosphorylated forms of tau accumulate,
forming neurofibrillary tangles (27-29).
Recently, tau aggregates have also been
identified in ALS patients showing signs
of cognitive impairment and/or fronto-
temporal dementia (30,31).

We have recently described tau
cleavage and generation of the tau,; ,,,
fragment as a conserved mechanism
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of degeneration in multiple neurode-
generative diseases (32). This calpain-
mediated cleavage is an early event in
the degenerative process, preceding
tau phosphorylation (33). Furthermore,
tau,. ,,, has toxic effects when expressed
in neurons and other cell types (33-35).
Together, these results suggest that if
present, tau,. ,., could lead to degener-
ation of motor neurons in ALS patients.
In the present study, we assessed the
levels of this neurotoxic fragment in
upper and lower motor neurons of ALS
subjects.

MATERIALS AND METHODS

Subjects

Tissue from the primary motor cor-
tex area located in the precentral gyrus
(Brodmann'’s area 4) [Fr (BA4)] and
the spinal cord (cervical and lumbar
areas) were obtained from ALS sub-
jects (Tables 1 and 2). Age-matched
samples obtained from subjects that
had no clinical history of any neuro-
logical disorders were used as controls
(Tables 1 and 2). These specimens were
obtained from the Cognitive Neurology
and Alzheimer’s Disease Center Brain
Bank at Northwestern University and
the New York Brain Bank at Columbia
University. The specimens were used
for quantitative western blot analysis as
described below.

Preparation of Spinal Cord Samples
from SOD1 Transgenic Mice

Transgenic mice expressing multiple
copies of the mutated human G93A-
superoxide dismutase 1 (SOD1) were
obtained from the Jackson Laboratories.
Male B6SJL-Tg (G93A-SOD1) 1Gur/]
(G93A-S0OD1) and wild-type (WT) con-
trol mice were euthanized by means
of CO, overdose 10 and 17 wks after
birth. The spinal cords were removed
and their anterior horns were dissected,
homogenized and analyzed by means of
quantitative western blot as described
below.

The Northwestern University Animal
Care and Use Committee approved the
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Table 1. Frontal cortex tissue analyzed in this study.

Patholoyical Postmortem
Condition Gender Aye of Death Brain Area Interval (h)
Control M 64 Fr (BA4) 18
Control M 88 Fr (BA4) 11
Control M 71 Fr (BA4) 39
Control M 77 Fr (BA4) 21
Control M 52 Fr (BA4) 12
Control M 41 Fr (BA4) 7
Control F 52 Fr (BA4) 6
Control F 67 Fr (BA4) 32
Control M 89 Fr (BA4) 7
ALS M 41 Fr (BA4) Unk
ALS F 63 Fr (BA4) Unk
ALS F 71 Fr (BA4) Unk
ALS M 67 Fr (BA4) 3
ALS M 73 Fr (BA4) 9
ALS M 58 Fr (BA4) 6
ALS M 75 Fr (BA4) 7
ALS F 52 Fr (BA4) 13
ALS F 69 Fr (BA4) 13
ALS M 56 Fr (BA4) 15
ALS M 66 Fr (BA4) Unk
ALS F 80 Fr (BA4) 7
ALS M 42 Fr (BA4) 12
ALS F 62 Fr (BA4) Unk
ALS M 41 Fr (BA4) 7
ALS M 42 Fr (BA4) 6
ALS F 68 Fr (BA4) Unk
ALS M 62 Fr (BA4) Unk
ALS F 70 Fr (BA4) 16
ALS F 53 Fr (BA4) 48
ALS F 41 Fr (BA4) 6

Fr (BA4): frontal cortex Brodmann area 4; Unk: unknown.

experimental protocol used in this study
in accordance with United States Public
Health Service regulations and applica-
ble federal and local laws.

Electrophoresis and Immunoblotting
Tissue obtained from human subjects
or SOD1 transgenic and WT mice was
homogenized in Laemmli buffer, boiled
for 10 min, and separated by sodium
dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (32,36).
Transfer of protein to Immobilon mem-
branes (Millipore) and immunode-
tection were performed as previously
described (37). The following primary
antibodies were used: tau (clone tau5;
1:1000; BioSource), tau,; ,,, (1:500; 35),
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calpain 1 (1:500; Abcam), spectrin
(1:1000; Millipore), neuron-specific Class
IIT B-tubulin (clone TUJ1; 1:4000; R & D
Systems) and a-tubulin (clone DM1A;
1:200,000; Sigma). Secondary antibodies
conjugated to horseradish peroxidase
(1:1000; Promega) followed by enhanced
chemiluminescence reagents were used
for the detection of proteins (38). Im-
munoreactive bands were imaged using
a ChemiDoc XRS apparatus (Bio-Rad).
Density of these bands was quantified
using Quantity One software (Bio-Rad).
Values were calculated as ratios of the
target fragment to full-length tau, and
of the cleaved (150 kDa) to full-length
(240 kDa) spectrin in ALS specimens.
These ratios were compared with those
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Table 2. Spinal cord tissue analyzed in this study. with the one obtained for the tau, ,,,
Pathological Postmortem aggregates using the FerguS(?n plot
Condition Gender Age of Death Spinal Cord Area Interval (h) analysis, as previously described (39,40).
Control M 86 SCL 24 Hippocampal Culture Preparation
Control F 82 SCL 7 Hi
ippocampal cultures were prepared
Control F 88 SCL 22 . .
Control M a1 sce 7 from embryonic d 16 WT mice as de-
Control F 50 sce 6 scribed previously (33-35). In brief,
Control F 67 sce 32 hippocampi were dissected and stripped
Control M 89 sce 7 of meninges. The tissue was trypsinized
ALS M 41 SCL Unk (0.25% for 15 min at 37°C) and neurons
ALS F 63 SCL Unk were dissociated by pipetting gently
ALS F 71 SCL Unk through a fire-polished Pasteur pipette.
ALS M 67 SCL 3 Cells were plated ( ~ 800,000 cells/60 mm
ALS M 73 SCL 9 dish) in minimum essential medium
ALS M 58 SCL 6 (MEM) containing 10% horse serum on
ALS M 5 SCL ! poly-L-lysine—coated dishes. After 4 h,
ALS F 52 SCL 13 . . .
ALS r 60 scL 13 the medium was replaced with glia-
ALS M 56 scL 15 conditioned MEM containing N2 supple-
ALS E 68 sCL Unk ments, 0.1 % and 0.1 mM sodium pyru-
ALS M 62 scL Unk vate (N2 medium) as described (33-35).
ALS F 70 SCL 16
ALS F 53 SCL 48 AB Aggregation and Cell Treatment
ALS F 67 SCL 6 Synthetic AB, ; (American Peptide)
ALS F 63 SCL 11 was dissolved in N2 medium to
ALS M 83 SCL 12 0.5 mg/mL and incubated at 37°C for 3 d
ALS M 68 SCL 16 to aggregate the peptide as described (33).
ALS F 52 SCL 13 Th .
e aggregated peptide was added to the
ALS M 45 SCL 14 . . .
ALS r 74 scL o5 medium of 21 d in-culture hippocampal
ALS F 64 scL 18 neurons at a final concentration of 20 uM
ALS M a1 sce Unk to induce calpain-mediated tau cleavage
ALS F 63 sccC Unk into the tauy; »;, fragment.
ALS F 71 SCC unk
ALS M 67 SCC 3 Statistical Analysis
ALS M 73 sCC 9 The compiled data were analyzed
ALS M 58 sCC 6 using the Student ¢ test. The values in the
ALS M 75 scc 7 graphs represent the mean + standard
ALS F 52 scC 13 error of the mean (SEM), and statistical
ALS F 69 SCC 13 S c 1. .
significance is indicated in the graphs for
ALS M 56 SCC 15

samples that differed from their respec-

SCL: spinal cord lumbar area; SCC: spinal cord cervical area; Unk: unknown. tive controls. Correlations between the
levels of tau,s ,,, and postmortem inter-

val (PMI) were performed by means of

detected in controls (100%). Tubulin was described (39,40). To determine the mo- the Pearson correlation test.
used as a loading control. lecular weight of tau, ,,, aggregates, stan-

For some experiments, spinal cord dard proteins were separated using gels RESULTS
(anterior horn) tissue obtained from ALS prepared with different polyacrylamide
subjects was homogenized in 25 mM concentrations (5%, 7.5%, 10% and 12%). High Levels of Tau, ,,, Were Present
Tris-HCl buffer plus 10% glycerol at 4°C. The relative mobility of each marker was in the Spinal Cords of ALS Subjects
The homogenates were spun at 16,000 g estimated by measuring the migration Data recently obtained in our labora-
for 30 min at 4°C and the supernatant distance to the dye front and plotted tory indicated that the neurotoxic tau,s ,,,
separated under nondenaturing native against the gel concentration. The slope of fragment accumulated in affected brain
discontinuous PAGE as previously the curve was determined and compared areas in AD and other tauopathies (32).
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To assess whether this 17 kDa molecular
weight tau fragment was also generated
in the context of ALS, we performed
quantitative Western blot analysis of
spinal cord samples obtained from ALS
subjects and age-matched controls. For
the first set of experiments, homogenates
were prepared from the anterior horn of
the spinal cord at both the lumbar and
cervical levels. Immunoblotting was
performed using a phosphorylation-
independent tau antibody directed to
an epitope present in both full-length
tau and tau,. ,,, (clone tau5). Strong im-
munoreactive bands corresponding to
full-length tau were detected in control
samples (Figures 1 A and B). Full-length
tau was also easily detectable in ALS
specimens. However, a greater variation
in the levels of this MAP was detected
in samples obtained from ALS subjects
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as compared with age-matched controls
(Figures 1A and B). While no tau,s ,,,
immunoreactive band was observed
in control samples (Figures 1A and B),
immunoreactive bands corresponding
to the tau, ,,, fragment were detected in
ALS lumbar and cervical spinal cord ex-
tracts (Figures 1A and B). Quantification
of these immunoreactive bands showed
a significant increase (two-to-four-fold)
in the ratio of tau,g ,,,/full-length tau in
ALS samples when compared with age-
matched controls (Figures 1C and D).
We next determined whether this frag-
ment was also present in upper motor
neurons located in the precentral gyrus
of ALS subjects. Western blot analysis of
lysates prepared from the Fr (BA4) area
revealed the presence of a tau, ,,, immu-
noreactive band in approximately half
of the samples analyzed (Figure 2A). In
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Figure 1. High levels of tau,, ,,, were detected in ALS spinal cords. (A and B) Quantita-
tive Western blot analysis of tau content in representative homoyenates prepared from
postmortem samples of the anterior horn of lumbar (A) and cervical (B) spinal cords from
control (C) and ALS (ALS) subjects. Immunoreactive bands at 17 kDa apparent molecular
weight corresponding fo tau,g ,;, were readily detectable in ALS samples. (C and D)
Graphs show the ratios of tau, ,4./full-lenygth tau in control and ALS subjects. Numbers
represent the mean + SEM of control (n = 7) and ALS (lumbar n = 22, cervical n = 10)
samples. Values are expressed as percentayge of controls, considering the values ob-
tained in control subjects as 100%. Class lll B tubulin (TUJ1) was used as loading control.
*Differs from control subjects; P < 0.01.
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these samples, densitometric analysis of
tau immunoreactive bands demonstrated
an increase ( ~ five-fold) in the tau,; ,,,/
full-length tau ratio when compared
with age-matched controls (Figure 2B).

To rule out a potential effect of the PMI
in the generation of this fragment, we
first determined the mean + SEM PMI
for the ALS samples and compared them
to age-matched controls (Tables 1 and 2).
No significant differences were detected
in the PMI of lumbar spinal cord samples
from ALS subjects when compared with
age-matched controls (14.1 = 2 h versus
17.6 + 6 h, respectively). Similar results
were obtained when PMIs of ALS sam-
ples obtained from cervical spinal cord
(9.4 = 1 h) and precentral gyrus cortex
(12 + 11 h) were compared with their
respective age-matched controls (13 + 7 h
and 17 + 4 h, respectively).

We also calculated a correlation coef-
ficient between PMI and tau, ,,, levels
for all samples used in this study. We
found no significant correlation between
PMI and tau,s ,,, levels in either the
spinal cord or cortex samples analyzed
(R* = 0.0057 and R? = 0.0052). These re-
sults suggest that the increased tau, ,,,
levels observed in the ALS samples could
not be explained by variation in the PMI.

Tau,, .., Aggregates Were Detected
in the Spinal Cords of ALS Subjects
One of the pathological characteristics
of ALS is the formation of protein aggre-
gates (reviewed in 1-3; see also references
within). We determined next whether
tau,; ,,, aggregates were present in ALS,
since we have previously shown that
this tau fragment aggregated in vitro (32).
For these experiments, ALS spinal cord
samples were analyzed by means of
native/nondenaturing polyacrylamide
electrophoresis followed by Western blot
analysis as previously described (39,40).
Samples were separated by native discon-
tinuous electrophoresis under conditions
that precluded full-length tau from en-
tering the separating gel (pH 8.2). West-
ern blot analysis using a tau antibody
detected two tau immunoreactive bands
in these samples. To confirm that these
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Figure 2. Tau, ,,, Was also detected in the precentral yyrus of ALS subjects. (A) Quantita-
tive Western blot analysis of tau content in representative homoyenates prepared from
postmortem samples of precentral gyrus from control (C) and ALS (ALS) subjects. Immu-
noreactive bands af 17 kDa apparent molecular weight corresponding 1o tau g ,,, were
readily detectable in some ALS samples. (B) Graphs show the ratios of tau, ,,./full-length
tau in control and ALS subjects. Numbers represent the mean + SEM of control (n = 9) and
ALS tau .4, positive (n = 10) samples. Values are expressed as percentaye of controls,
considering the values obtained in control subjects as 100%. ALS Class Il B tubulin (TUJT)
was used as loading control. *Differs from control subjects; P < 0.01.
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Figure 3. Detection of tau, ,,, ayyreyates
in ALS spinal cord samples. Homoyenates
of lumbar spinal cord samples obtained
from ALS subjects were analyzed by means
of native/nondenaturing PAGE followed by
Western blot. Membranes were reacted
with a nonphosphorylation-dependent tau
antibody (clone taub) and stripped and
reprobed with a tau, .4, specific antibody.
Two tau,s .5, imMunoreactive bands were
detected in ALS samples.

aggregates were formed by tau, ,,,, these
membranes were reprobed using a spe-
cific tauyy ,,, antibody recently generated
and characterized in our laboratory (35).
As shown in Figure 3, both bands were

highly immunoreactive with this tau,,_

»30 antibody. The separation of standard
proteins at four different concentrations
of acrylamide was used to construct a mo-
lecular weight standard curve without the
use of SDS (Ferguson plot analysis). Using
the slope of this curve, we estimated that
the molecular weight of the bands recog-
nized by the tau,s ,,, antibody were ~148
and ~178 kDa, respectively (Figure 3).

Generation of Tau,; ,,, in the Context
of ALS was Accompanied by Changes
in Calpain

We have previously shown that gener-
ation of the tau,. ,,, fragment was mainly
a result of the dysregulation of calpain
activity and not due to changes in the
expression levels of this protease in AD
and related tauopathies (32). To assess
to what extent the increase in tau,; ,,,
levels detected in ALS patients was also
associated with calpain changes, we
first performed a quantitative Western
blot analysis of homogenates prepared
from ALS subjects using a calpain anti-
body. Immunoblotting revealed strong
calpain-reactive bands at ~80 kDa in
spinal cord (lumbar and cervical regions)
and precentral gyrus in both control and
ALS subjects (Figures 4A and C). Quan-
tification of these bands did not detect

RESEARCH ARTICLE

significant differences in calpain levels
when ALS lysates prepared from lum-
bar spinal cord or Fr (BA4) cortex were
compared with age-matched controls
(Figures 4A and C). On the other hand,
a small increase in calpain levels was
detected in cervical spinal cord samples
obtained from ALS subjects when com-
pared with controls (Figure 4B).

We next examined calpain activity by
determining spectrin degradation. For
these experiments, Western blot analysis
using a spectrin antibody was performed
using ALS and control specimens, and
the ratio of cleaved (150 kDa) to full-
length (240 kDa) spectrin immunoreac-
tive bands was calculated. This ratio has
been routinely used to assess calpain
activity in the central nervous system
(33,41). Full-length and cleaved spectrin
immunoreactive bands were detected in
all the samples analyzed (Figures 4D-F).
Quantitative analysis showed that the ra-
tios cleaved to full-length spectrin were
consistently higher in ALS samples when
compared with age-matched controls
(Figures 4D-F). Thus, calpain-mediated
spectrin cleavage was higher in both the
lumbar and cervical spinal cord regions
(increases ranging from 3% to 230% and
from 10% to 69%, respectively) of ALS
subjects when compared with controls
(Figures 4D and F). An increase of 5% to
45% in calpain activity was also detected
in precentral gyrus samples obtained
from ALS subjects compared with con-
trols (Figure 4F).

Tau,; ,,, Was Not Generated in SOD1
Transgenic Mice

While the majority of ALS cases are
sporadic, 5% of the familial cases of this
disease are associated with a mutated
SOD1 (G93A). Thus, transgenic mice ex-
pressing this SOD1 mutation have been
extensively studied as a model system of
familial ALS. To determine whether the
neurotoxic tau,s »,, fragment also accu-
mulated in the lower motor neurons in
the context of the most common familial
ALS, we prepared lysates from the spinal
cords of SOD1 transgenic mice at post-
natal weeks 10 and 17. These mice were
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Figure 4. Determination of calpain content and activity in spinal cord and precentral gyrus in ALS subjects. (A-C) Western blot analysis
of calpain content and (D-F) calpain activity, by means of spectrin deyradation, in homoygenates prepared from postmortem samples
of lumbar (A and D) and cervical (B and E) spinal cords, and prefrontal cortex (C and F) samples obtained from ALS and age-matched
conftrol subjects. Graphs show calpain levels and calpain activity, as the ratio 150/240 kDa spectrin bands, in control and ALS subjects.
Numbers represent the mean + SEM of control and ALS samples as described in Figures 1 and 2 legends. Values are expressed as per-
centage of controls, considering the values obtained in control subjects as 100%. Class Ill g tubulin (TUJ1) was used as loading confrol.
*Differs from control subjects; P < 0.05.
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in the presymptomatic and symptomatic
phases of the disease process, respec-
tively (42). Samples obtained from SOD1
transgenic mice and WT controls were
analyzed by SDS-PAGE followed by
quantitative Western blot analysis. Strong
immunoreactive bands corresponding

to full-length tau were detected in both
transgenic and WT samples at both ages
studied (Figures 5A and B). On the other
hand, no immunoreactive bands were
detected at the 17 kDa molecular weight
corresponding to the tau,, ,,, fragment in
either SOD1 transgenic or WT controls
at any of the ages analyzed (Figures 5A
and B). To further rule out the presence
of tau,. ,,, in these SOD1 transgenic
mouse samples, we performed western
blot analysis using the specific tau,s
antibody. As a positive control, we in-
cluded whole-cell homogenates obtained
from 21 d in-culture hippocampal neu-
rons incubated in the presence of aggre-
gated AP, the experimental condition in
which this fragment was originally iden-
tified (33). As previously described, a
tau,s ,,, immunoreactive band (~17 kDa)
was detected in Ap-treated hippocampal
neurons (Figure 5C). In contrast, no tau,,_
230 Immunoreactive bands were detected
in WT or SOD1 cervical and lumbar
spinal cord samples (Figure 5C).

DISCUSSION

Tau plays an important role in the
mechanisms underlying neuronal death
in a number of neurodegenerative dis-
eases known as tauopathies. These dis-
eases are characterized by the presence
of hyperphosphorylated forms of tau in
affected areas (reviewed in 43,44). More
recently, we have identified tau cleav-
age leading to generation of the tau,; ,,,
fragment as a conserved mechanism
of degeneration in these diseases (32).
Although ALS has not been considered
a tauopathy, tau hyperphosphorylation
has been reported in the spinal cords
of SOD1 transgenic mice (45). On the
other hand, little is known regarding tau
cleavage in the motor neurons of ALS
patients. Our results show that tau,. ,,,
accumulated in the anterior horn of

spinal cords obtained from ALS subjects.
The presence of this fragment was ac-
companied by variations in the levels of
full-length tau, especially in the cervical
region of ALS spinal cords. Variations in
full-length tau could reflect changes in its
expression level or turnover of this MAP
in motor neurons undergoing degenera-
tion in these patients. Alternatively, they
could parallel the extent of cleavage into
tau,s ,,, and/or other fragments. Tau,; ,,,
was also present in some ( ~ 50%) of the
ALS precentral gyrus samples analyzed.
These results suggest that accumulation
of this neurotoxic fragment in upper
motor neurons takes place only in a
subset of ALS patients. Similarly, several
reports have identified aggregates of
phosphorylated tau in approximately
half of the ALS subjects analyzed. These
aggregates were mainly located in the
amygdala, entorhinal cortex, anterior cin-
gulate gyrus, superior frontal cortex and
substantia nigra (31,46). The presence

of this tau pathology in ALS has been
associated with a syndrome of fronto-
temporal dysfunction characterized as
frontotemporal lobe degeneration (31,46).
It is tempting to speculate that the accu-
mulation of tau, ,,, might not be limited
to upper motor neurons in this group of
ALS patients. This fragment could also
be generated in other brain areas respon-
sible for cognitive functions and may
contribute to the cognitive symptoms in
this subgroup of patients. Further studies
on a larger cohort of ALS patients will
be needed to address the relationship
between tau cleavage into this tau frag-
ment in upper motor neurons and its
presence in brain areas affected by tau
pathology in ALS patients diagnosed
with frontotemporal dementia.

We detected not only soluble tau,; ,,,
but also two sets of aggregates contain-
ing this fragment in ALS samples. The
apparent molecular weight of these
tau,. ,,, aggregates indicated that they
could contain eight or ten molecules of
the fragment, respectively. Aggregates of
recombinant tau,s ,,, generated in vitro
were slightly smaller (up to four to six
molecules of tau,s ,,,) than those isolated
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Figure 5. Tau, ,,, Was not detected in the
spinal cord of SOD1 transyenic mice. (AC)
Western blot analysis of cervical (SCC)
and lumbar (SCL) spinal cord samples
from wild-type (WT) and SOD1 fransgenic
(SOD1) mice obtained 10 and 17 wks
after birth reacted with tau (clone taub)
(A and B) and fau,g .3, (C) antibodies.

No immunoreactive bands of 17 kDa
apparent molecular weight were de-
tfected in any of the samples analyzed. A
tau 5 ,5g-imMmmunoreactive band was only
detected in whole-cell extracts prepared
from hippocampal cultures tfreated with
ayyreyated g amyloid (AB) used as a
positive control (C). Class Il f tubulin
(TUJT) was used as loading control.

from the spinal cords of ALS subjects
(Rubino and Ferreira, unpublished ob-
servations). These observations could
reflect differential aggregation properties
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of endogenously generated tau,s ,,, in
the context of neurons that develop in
situ versus those detected when the
recombinant tau fragment is incubated
in the presence of an inducer of aggre-
gation. Alternatively, they could be due
to the presence of other proteins and/

or posttranslationally modified tau,; ,,,
in these aggregates. These potential
posttranslational modifications may not
include phosphorylation, since we have
previously shown that this fragment
was not phosphorylated even under
experimental conditions that induced
hyperphosphorylation of full-length tau
(33). Regardless of the composition of
tau,. ,,, aggregates, these results are in
agreement with experimental evidence
demonstrating that one of the pathologi-
cal characteristics of ALS is the formation
of protein aggregates (reviewed in 1-3;
see also references within). Aggregates
composed of neurofilaments, peripherin,
mutated SOD1 or TDP-43 have already
been described in this neurodegenerative
disease (49-53). The role of these protein
aggregates during the pathological pro-
cess has yet to be elucidated. However,
it is worth noting that the toxic effects of
small aggregates of full-length tau have
already been described in AD and other
tauopathies (54-57). Furthermore, these
oligomeric forms of tau have been impli-
cated in the propagation of the disease
process (56,59). Thus, the presence of
tau,. ,,, aggregates could also have some
deleterious effects in motor neurons in
the context of ALS.

A growing body of evidence indi-
cates that tau, ,,, does induce neuronal
death and is not merely a marker of
neuronal degeneration. The neurotoxic
toxic effects of this fragment were first
studied in cultured cells (33,34). Thus,
expression of this fragment in other-
wise healthy cultured central neurons
and several non-neuronal cell types
induced neuronal death (33,47). Con-
versely, preventing generation of this
fragment resulted in enhanced neuronal
survival of B-amyloid-treated hippo-
campal neurons (48). More recently, we
have characterized the phenotype of
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tau,s ,,, transgenic mice (35). Selective
expression of this fragment in the hip-
pocampus of transgenic mice resulted
in increased neuronal death, synapse
loss and behavioral deficits (35). Taken
together, these data suggest that the
presence of high levels of tau, ,,, in
motor neurons of ALS patients might
contribute to their degeneration.

The mechanisms underlying genera-
tion of tau,; ,,, in tauopathies have been
the focus of extensive research. Data
obtained in our laboratory indicate that
tau cleavage into tau,s ,,, is the result of
enhanced calpain activity associated with
little or no change in calpain levels (32).
This seems to be the case also in ALS, at
least in the lumbar spinal cord and pre-
central gyrus areas, as described above.
On the other hand, a significant increase
in calpain levels was detected in ALS
cervical spinal cord samples. This re-
gional difference in calpain levels could
be due to differential protein expression
in the cervical versus lumbar spinal cord
in ALS as previously described for other
proteins, including transcription fac-
tors, growth factors and cytokines (60).
Alternatively, it could reflect a tempo-
rally regulated response associated with
progression of the neurodegenerative
disease from motor neurons innervating
muscles of the leg toward those inner-
vating the upper limb. Our results also
showed an increase in calpain activity
using spectrin cleavage as a surrogate
marker for this protease activity in ALS.
Increases in calpain activity ranged
from 3% to 230% in ALS samples. This
variability among samples diminished
the statistical power of our analysis.
Nevertheless, these results strongly sug-
gest that the activity of this protease is
enhanced in ALS subjects and seems to
parallel accumulation of this tau frag-
ment being more pronounced in lower
than upper motor neurons.

The calpain dysregulation observed in
AD culture and animal models was in-
duced by enhanced extracellular calcium
influx mediated by glutamate N-methyl-
D-aspartate (NMDA) receptors (61,62).
Glutamate excitotoxicity has also been
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described in ALS. This toxicity could
decrease glutamate uptake by astrocytes
and/or alter mitochondria function in
this disease (10,63). The accumulation of
tau,s ,,, in ALS motor neurons provided
evidence of an alternative molecular
mechanism by which excitotoxicity could
lead to neurodegeneration of motor
neurons. In contrast to what has been
described in AD and other tauopathies,
calpain dysregulation in the context of
ALS does not lead to aberrant cleavage
of dynamin 1 (Vintilescu and Ferreira,
unpublished observations, see also
61,62). This protein is involved in the
recycling of synaptic vesicles and could
be responsible for synaptic dysfunction
underlying the cognitive deficits char-
acteristic of these diseases. However,
calpain cleavage is not unique to tau

in ALS. Thus, calpain dysregulation is
responsible for cleavage of the TDP-43
in this disease (12-20). This pathological
calpain-mediated TDP-43 cleavage gen-
erated aggregation-prone small C-terminal
fragments (25-35 kDa) (12,64). These
fragments also served as seeds for the
formation of TDP-43 inclusions and its
cytosolic sequestration. Both the patho-
logical localization and posttranslational
modifications of TDP-43 are consistently
present in sporadic and familial forms
of the disease, except in those associated
with mutations of SOD1 (65-67). As in
the case of TDP-43, tau cleavage into
tau,s ,,, was detected in sporadic forms
of ALS and not in SOD1 animal models.
These results provide further support for
the prevailing view that sporadic and fa-
milial forms of ALS share many but not
all of the molecular mechanisms leading
to degeneration of the motor system.

CONCLUSION

Our results suggest that tau cleavage
into the neurotoxic tau,s ,,, fragment
could have some bearing on the pathobi-
ology of ALS. The mechanisms underly-
ing the toxic effects of this tau fragment
and its aggregates in the degeneration
of motor neurons and/or propagation
of the ALS disease process await further
investigation.
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