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Abstract
The etiopathogenesis of neither the sporadic form of Alzheimer disease (AD) nor of amyotrophic
lateral sclerosis (ALS) are well understood. The activity of protein phosphatase-2A (PP2A), which
regulates the phosphorylation of tau and neurofilaments, is negatively regulated by the myeloid
leukemia-associated protein SET, also known as inhibitor-2 of PP2A, I2

PP2A. In AD brain PP2A
activity is compromised, probably because I2

PP2A is overexpressed and is selectively cleaved at
asparagine 175 into an N-terminal fragment, I2NTF, and a C-terminal fragment, I2CTF, and both
fragments inhibit PP2A. Here we analyzed the spinal cords from ALS and control cases for I2

PP2A

cleavage and PP2A activity. As observed in AD brain, we found a selective increase in the
cleavage of I2

PP2A into I2NTF and I2CTF and inhibition of the activity and not the expression of
PP2A in the spinal cords of ALS cases. To test the hypothesis that both AD and ALS could be
triggered by I2CTF, a cleavage product of I2

PP2A, we transduced by intracerebroventricular
injections newborn rats with adeno-associated virus serotype 1 (AAV1) containing human I2CTF.
AAV1- I2CTF produced reference memory impairment and tau pathology, and intraneuronal
accumulation of Aβ by 5–8 months, and motor deficit and hyperphosphorylation and proliferation
of neurofilaments, tau and TDP-43 pathologies, degeneration and loss of motor neurons and axons
in the spinal cord by 10–14 months in rats. These findings suggest a previously undiscovered
etiopathogenic relationship between sporadic forms of AD and ALS that is linked to I2

PP2A and
the potential of I2

PP2A-based therapeutics for these diseases.
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Introduction
Alzheimer disease (AD), amyotrophic lateral sclerosis (ALS), and Guam Parkinsonism
dementia complex (PDC) are all chronic progressive neurodegenerative disorders of the
central nervous system seen in middle- to old-aged individuals. AD alone affects over five
million individuals in the United States and over thirty-five million worldwide. ALS, also
known as Lou Gehrig’s disease, is estimated to affect over 350,000 individuals world,
including ~20,000 Americans with 5,000 new cases each year (NINDS ALS Information).
PDC, which frequently occurs as ALS/PDC, is highly prevalent in the native Chamorro
population of Guam [16,17].

Neurodegeneration in AD is characterized by the presence of numerous intraneuronal
neurofibrillary tangles made up of paired helical filaments or ~15 nm straight filaments, and
extracellular Aβ deposits in neuritic (senile) plaques in the brain, especially the
hippocampus and the neocortex. In AD, the neurofibrillary pathology is also seen as
neuropil threads and in dystrophic neurites surrounding the plaque Aβ core. The
neurofibrillary changes in AD as well as in a family of related neurodegenerative disorders
called tauopathies, are made up of microtubule associated protein tau in an abnormally
hyperphosphorylated state [14,15]. These tauopathies include PDC, fronto-temporal
dementia linked to chromosome 17 caused by mutations in the tau gene (FTDP-17 tau), Pick
disease, corticobasal degeneration, and progressive supranuclear palsy (PSP). In all these
tauopathies, neurofibrillary degeneration is associated with functional impairment, i.e.,
cognitive impairment in tauopathies involving lesions in the forebrain, and motor
impairment in PSP, where the lesions are mainly in the brain stem and spinal cord.

ALS primarily involves degeneration of the motor neurons in the spinal cord that is
associated with muscle weakness and atrophy, followed by loss of function throughout the
body. The key pathological marker of ALS includes aggregated phosphorylated
neurofilaments trapped in ubiquitin-, p-62-, TDP-43-, and ubiquilin2-positive aggregates of
skein-like, stellate, and globular or lewy-like inclusions. Moreover, ALS is also
characterized by a proliferation and aggregation of phosphorylated neurofilaments in the
cytoplasm of motor neurons and large myelinated axons of the anterior and lateral
corticospinal tracts of the spinal cord. ALS/PDC induces severe cortical atrophy and both
neurofibrillary degeneration of the AD type in the brain and of motor neurons in the spinal
cord [25,17]. Clinically, ALS/PDC shows both AD and ALS phenotypes, i.e., progressive
dementia, extrapyramidal symptoms, and signs of lower and upper motor neuron
dysfunction [16].

Less than 1% of AD cases are familial and are caused by point mutations in the genes
encoding amyloid precursor protein, presenilin-1 or presenilin-2. In the case of ALS, as
many as 10% of the cases are familial and the adult-onset disease is caused by point
mutations in superoxide dismutase 1 (SOD1), TAR DNA-binding protein (TARDP)
encoding TDP-43, fused in sarcoma (FUS), and ubiquilin2 genes [5,6,19,28,32] and a
hexanucleotide repeat expansion in an intron of C9ORF72 [4,26]. However, to date neither
the exact etiopathogenesis of the sporadic form of AD nor of sporadic ALS are well
understood. In the case of ALS/PDC, environmental toxins such as β-methylamino-L-
alanine (BMAA) that could affect the activities of several protein kinases and phosphatases
have been suspected but not experimentally demonstrated [8].

Hyperphosphorylation of tau and neurofilaments at serine/threonine residues leads to their
aggregation [15,1,29]. The activity of protein phosphatase-2A (PP2A), which regulates the
phosphorylation of tau and neurofilaments [9,12,33] and accounts for ~70% of the human
brain phosphoseryl/phosphothreonyl phosphatase activity [21], is negatively regulated by
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the myeloid leukemia-associated protein SET, also known as inhibitor-2 of PP2A, I2
PP2A

[20].

In AD brain the PP2A activity is compromised and is believed to be a cause of the abnormal
hyperphosphorylation of tau [10,11,18]. I2

PP2A, a 277 amino acid full-length nuclear
protein, is cleaved at aspargine 175 into an amino terminal fragment, I2NTF, and a C-
terminal fragment, I2CTF, and translocated from the neuronal nucleus to the cytoplasm where
it co-localizes with PP2A and abnormally hyperphosphorylated tau [31]. Both I2NTF and
I2CTF interact with the PP2A catalytic subunit PP2Ac and inhibit the phosphatase activity
[2]. Here we report (1) that like in AD brain, I2

PP2A is cleaved into I2NTF and I2CTF and
PP2A activity is compromised in the spinal cords of ALS cases, and (2) that AAV1-
mediated expression of I2CTF in the central nervous system produces AD-, and ALS-, like
pathologies and associated cognitive and motor impairments in rats.

Materials and Methods
ALS and Control Tissue

Frozen autopsied spinal cord samples from ten clinically- and histopathologically-confirmed
cases of sporadic ALS and three control cases (sTable 1) were obtained from the ALS
Autopsy Retrieval Program at Northwestern University Feinberg School of Medicine
(NUFSM) funded by the Les Turner ALS Foundation. The spinal cords were employed to
study the level and activity of PP2A, and the cleavage of I2

PP2A into I2NTF and I2CTF.

Animals and Intracerebroventricular (ICV) Injection of AAV
Normal Wistar rats were purchased from Charles River Laboratories (Wilmington, MA) and
bred and maintained in the New York State Institute for Basic Research Animal Colony. On
the day of birth, designated as P 0.5, pups were individually cryoanesthetized on ice for 5
min, and 2 μl of AAV1-I2CTF was injected into each lateral ventricle using a specially
designed, fine 10 μl Hamilton syringe equipped with a 30G/0.5 inch/hypodermic cemented
needle (Hamilton Syringe Company, Reno, NV). A total of 8 × 109 AAV1 genomic
equivalents in 4 μl were injected intracerebroventricularly into each rat. Control animals
were treated identically except that they received vector only, i.e., AAV1-GFP. Animals
were housed in a facility maintained at 23°C with a light/dark cycle of 12 hours (lights off at
6:00 p.m.) and with access to food and water ad libitum. Behavioral studies included 7
AAV1-GFP and 8 AAV1-I2CTF infected animals. Immunohistochemical and Western blot
analysis employed three animals/group.

All procedures carried out on animals were conducted in compliance with NIH guidelines
and protocols approved by our institutional Animal Welfare Committee.

Perfusion and Tissue Processing
I2CTF and GFP rats were transcardially perfused with 100 mM phosphate buffered saline.
The left half of the brain and 5 mm long segments from the cervical, thoracic and lumbar
regions of the spinal cord were immersion-fixed in 4% paraformaldehyde for histological
and immunohistochemical studies. Two 3 mm segments from the cervical, thoracic and
lumbar regions of the spinal cord were immersion fixed in 2.5% buffered glutarldehyde,
postfixed with osmium, embedded in Epon, cut into semi- and ultra-thin sections, and
examined by light and electron microscopies. The right half of each brain was dissected into
hippocampus, cerebral cortex, subcortical area, and the cerebellum, and frozen on dry ice
until used for biochemical studies.
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Image analysis and semiquantification of immunofluorescence
The sections were examined using a confocal microscope (PCM 2000 Confocal Imaging
System, Nikon, Melville, NY) and images were acquired for quantitative analysis using a
40x objective. The area of interest was outlined and maximum projection images were
generated based on confocal z-stacks. The antibody staining was semi-quantitated by
measuring the mean fluorescence intensities (MFIs) using NIH Image J software. Six to ten
images of the tissue sections from 3 animals/group stained for MAP2, synaptophysin or
synapsin 1 were obtained per hippocampal CA1 and CA3 regions, respectively. MFI per
square micrometer area was calculated by dividing the MFI units by the area of the outlined
regions.

Quantitation of loss of motor neurons and neurofilament and ubiquitin immunostaining
The number of Nissl-stained motor neurons was counted and calculated from a total number
of 21 tissue sections from 3 animals per group.

The immunostaining with SM133, SM134 and ubiquitin was quantitated by measuring the
mean optical density (MOD) using Image-Pro Plus Version 6.0 (Media Cybernetics, Inc.,
MD, USA). Images of the tissue sections, 21 in total, from 3 animals/group were obtained
from spinal cords at lumbar level. MOD per square micrometer was calculated by dividing
the MOD units by the area of the outlined regions.

Quantitation of the density of Purkinje cells
The cerebellum from one half of the brain fixed in paraformaldehyde and saved for
histology was paraffin-embedded. The 8 μm sections of the paraffin-embedded tissue
stained with cresyl violet were used for quantification of the Purkinje cells. The number of
Purkinje cells was determined as numerical density of cells per mm of the border between
granule cell layer and molecular layer of the cerebellar cortex. More than 20 test areas were
examined using objective lens 20x. Cells were counted using support of the
Stereoinvestigator program (Microbrightfield).

Other Methods
See Supplementary Information for the construction of recombinant plasmids, vector
packaging and titering, Western blots, extraction of sarkosyl insoluble tau,
immunoprecipitation, PP2A activity assay, immunohistochemistry and toluidine blue
staining, Fluor-Jade B labeling, Morris water maze spatial reference memory task and
neurological examination.

Statistical Analysis
Data were analyzed with SPSS 12.0 statistical software. The one-way analysis of variance
procedure followed by least significant difference post hoc tests were used to determine the
statistical significance of differences of the means. To analyze the correlations among
variables, Pearson correlations were computed with bivariate correlations procedure. Mann-
Whitney U-test was used for assessment of the difference between the groups for
neurological examination. The data on spatial reference memory tasks were analyzed using
Main-Effects ANOVA. The difference in the density of Purkinje cells between GFP and
I2CTF rats was analyzed by t-test. Statistical significance was accepted at the 95%
confidence level (p < 0.05). Data were expressed as mean ± SEM.
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Results
I2PP2A is cleaved into I2NTF and I2CTF and PP2A activity is compromised in the spinal cords
of ALS cases

Aggregation of hyperphosphorylated neurofilaments in the spinal cord is a part of ALS
pathology and PP2A is known to be the major regulator of the phosphorylation of
neurofilaments [35,12]. We investigated if, as previously noted in AD brain, the inhibition
of PP2A and resulting cleavage of I2

PP2A into I2NTF and I2CTF was also involved in the
neurofilament pathology in ALS. We determined the levels of I2NTF and I2CTF and the level
and activity of PP2A in the spinal cords of ALS and control cases (sTable 1) by Western
blots. We found a selective increase in the levels of I2NTF (Fig. 1b) and I2CTF (Fig. 1d) and a
decrease in the activity but not the level of PP2A in the spinal cords of ALS cases,
suggesting the possible involvement of I2

PP2A cleavage-mediated inhibition of PP2A
activity in this disease (Fig. 1).

Chronic adeno-associated virus-mediated expression of I2CTF in the central nervous
system results in the inhibition of PP2A activity, both in the spinal cord and the brain in
rats

To test whether the cleavage of I2
PP2A can lead to AD, ALS, and ALS/PDC-like pathologies

and functional impairments, a plasmid containing I2CTF and enhanced green fluorescent
protein (GFP) or, as a control, GFP alone, were packaged into recombinant AAV serotype 1
and the virus purified and titered. On the day of birth, Wistar rat pups were individually
cryoanesthetized on ice, then received bilateral intracerebroventricular (ICV) injection (2x2
μl containing a total of 8 x 109 AAV1 genomic equivalents) of AAV1-I2CTF/GFP or, as a
control, AAV1-GFP, (Fig. 2a). These animals showed neuronal transduction both in the
brain and the spinal cord at 14 months post-AAV1 infection, as determined by
immunohistochemical staining with anti-GFP (Fig. 2b). Western blots developed with a
rabbit polyclonal antibody to I2CTF showed an increase in I2CTF expression in the brains of
I2CTF as compared with the GFP control animals; the level of I2CTF was only a fraction of
that of I2

PP2A but the ratio of ICTF to full-length I2
PP2A was considerably increased in I2CTF

rats (Fig. 2c). AAV1-I2CTF had no detectable effect on the expression of the catalytic
subunit PP2Ac but markedly reduced the phosphatase activity in rat spinal cord and brain
(Fig. 2d, e).

AAV1-I2CTF rats show reference memory impairment and motor function deficit
To study whether the I2CTF rats displayed any clinical phenotypes of AD and ALS, we
tested them for reference memory as a measure of cognitive performance and hind limb
extension reflex, beam walking test and prehensile traction test as measures of locomotivity;
the animals were too heavy and suffered hind limb paralysis to be tested successfully for
Rotarod test. I2CTF rats showed deficits in spatial reference memory at 5 months and 8
months of age in Morris water maze task, and in long-term memory when tested one month
after the previous water maze training (Fig. 3a, b). Both groups of animals learned to find
the hidden platform from day 1 to day 2 but the performance of the I2CTF animals remained
lower than the control rats throughout the training, suggesting a memory impairment. The
lower performance of I2CTF rats than the control animals three months later and then in
transfer test further after one month suggests that the memory deficit was probably the result
of difficulties in information retrieval; memory is a cognitive process that includes encoding,
consolidation and retrieval. The I2CTF rats showed long-term memory impairment since the
consolidation processes of the information extended 24 hours or more in the above spatial
reference memory protocol. Analysis of the water maze data in fractional time in platform
quadrant or the number of platform crossings did not show any significant differences
between I2CTF and GFP rats, suggesting that the impairment in the I2CTF rats in finding the
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hidden platform was unlikely due to any physical or motivational deficit which could have
affected the first several seconds’ performance compared to the later test period.
Collectively the I2CTF rats showed deficits in hippocampal-dependent cognitive performance
and in reactivation of the long-term memory trace of spatial information.

Up until ~9 months both I2CTF and GFP rats showed no apparent physical signs of
neurological impairment. However, starting at ~10–12 months the I2CTF but not the GFP
control animals showed atrophy and hind leg dragging which got progressively worse,
developing into moderate paralysis by 14 months. The I2CTF rats had a significantly
impaired neurological response, as determined by a total neuroscore (sTable 2) which was
based on various measures of sensory motor functions, muscular strength and general
neurological response (Fig. 3c, Mann-Whitney U-Test, p = 0.006). The I2CTF animals
displayed abnormal posture and clasping of the hind limb when elevated by the tail (Fig.
3d). Unlike the GFP control rats, the I2CTF rats were unable to hold themselves with their
forelimbs on a rod (Fig. 3e; Movies S1, S2) and were unable to walk on a 4 cm flat elevated
beam (Fig. 3f; Movies S3, S4).

AAV1-I2CTF rats show ALS-type pathology in the spinal cord and AD-type changes in the
brain

Histological examination of the spinal cords of the 14-month-old I2CTF rats revealed major
features of ALS-type neurodegeneration. Nissl stained paraffin sections of spinal cords
showed a loss of motor neurons in I2CTF as compared to the GFP control rats (Fig. 4a–g). In
the I2CTF rats, the motor neurons in the cervical and the thoracic regions of the spinal cord
displayed shrinkage and condensation, resulting in expansion of pericellular space (Fig. 4b,
d). The lumbar segment revealed spongy changes and motor neurons with marked
vacuolization (Fig. 4f). Toluidine blue stained semi-thin sections of the Epon-embedded
spinal cords revealed different stages of axonal swelling and degeneration with condensation
of the axoplasm in I2CTF rats (Fig. 4h, i). More advanced degeneration was seen in the
lateral bundles, including necrosis of the axons with accumulation of cellular debris (Fig.
4i). Electron microscopic examination revealed marked proliferation, aggregation and
condensation of neurofilaments into bundles in the motor neuron cytoplasm and processes,
especially prominent in the myelinated axons, and myelin sheath loss in the spinal cords of
the I2CTF rats (Fig. 4j, k). Moreover, in I2CTF animals, between aggregates of
neurofilaments, compact fibrous bundles (CFB) of ~20–35 nm wide filaments were
observed. They were either straight or they had a serpentine shape, and they were up to
several microns long (Fig. 4l, m). The CFBs were too tightly packed to reveal their fine
structural details. These pathological changes were seen in non-myelinated fibers at all three
levels, i.e., cervical, thoracic, and lumbar, of the spinal cord.

Toluidine blue staining of the paraffin sections of the cerebellum showed that expression of
I2CTF in the rat CNS caused selective shrinkage and condensation of Purkinje cell cyto- and
nucleo-plasm and focal severe loss of these cells (Fig. 4n–q); quantitation of the numerical
density of Purkinje cells in cresyl violet stained paraffin sections of the cerebellum showed a
highly significant (p<0.001) decrease in I2CTF (7.6 cells/mm) as compared with GFP control
(15.7 cells/mm) animals (Fig. 4r). Although Purkinje cells are relatively spared from
degeneration in AD, cerebellar degeneration is common to several other progressive
degenerative disorders.

In agreement with the Nissl staining (Fig. 4a–g), immunohistochemical staining with
monoclonal antibody SMI33 to non-phosphorylated neurofilaments in sections
counterstained with hematoxylin showed a fewer number of motor neurons in the spinal
cord from I2CTF as compared with GFP control rats (Fig. 5a). Immunohistochemical staining
with monoclonal antibody SMI34 to phosphoneurofilaments showed a proliferation of

Wang et al. Page 6

Acta Neuropathol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phosphoneurofilaments in motor neurons and axonal fiber tracts in the spinal cords of I2CTF
animals (Fig. 5g–l). Furthermore, consistent with the aggregation of neurofilaments seen by
electron microscopy, the SMI34 immunostaining was punctated (Fig. 5h, j, l). These
findings suggested that the ALS type pathology in the I2CTF rats could be due to the
inhibition of PP2A and consequent hyperphosphorylation of neurofilaments.

Since PP2A is the major tau phosphatase [21] and neurofibrillary degeneration of
abnormally hyperphosphorylated tau has been reported in PDC and ALS/PDC[23,24], we
carried out immunohistochemical staining for abnormally phosphorylated tau on the spinal
cords of I2CTF and GFP rats. Perikarya of motor neurons from I2CTF and not GFP control
rats showed immunostaining with a rabbit polyclonal phosphoserine 262 tau antibody (Fig.
5m-r). The pSer262 tau antibody stained occasional plaque-like (Fig. 5n) and tangle-like
(Fig. 5p) structures and revealed aggregated hyperphosphorylated tau (Fig. 5r) in the motor
neurons of the I2CTF rats.

Consistent with proliferation and aggregation of hyperphosphorylated neurofilaments, the
ubiquitin staining was axonal and was markedly higher in I2CTF than GFP control rat spinal
cords (Fig. 5s, t; sFig 1). TDP-43 immunohistochemistry revealed an abnormal
condensation, forming skein-like inclusions and translocation of the protein from the
nucleus to the cytoplasm in the motor neurons of the I2CTF rat spinal cords (Fig. 5u, v).

Since the phosphatase activity was reduced in the brains of I2CTF rats (Fig. 2e) and these
animals showed cognitive impairment (Fig. 3a, b), we investigated the hyperphosphorylation
of tau in the brain. Consistent with our previous study[34] which showed tau pathology and
intraneuronal Aβ in 8-month I2CTF rats, we found a marked increase in abnormal
hyperphosphorylation of tau in the 14-month-old I2CTF rat brain (Fig. 6a–c). This abnormal
hyperphosphorylation of tau in the I2CTF rats resulted in a marked increase in sarkosyl
insoluble tau and a small decrease in total tau (Fig. 6d). The decrease in the total tau reflects
neurodegeneration in the I2CTF rats.

Fluorojade B histochemical staining, a sensitive marker of neurodegeneration confirmed an
increase in neurodegeneration in the I2CTF rats (Fig. 7a, b). Consistent with Fluorojade B
staining, the level of neuron-specific βIII tubulin was decreased in I2CTF animals (Fig. 7c).
Furthermore, a decrease in the dendritic and synaptic plasticity was observed by
immunohistochemical staining and by Western blots developed with anti-MAP2 and anti-
synapsin 1/anti-synaptophysin, respectively, in the I2CTF rats (Fig. 7d–f). The I2CTF rats not
only showed extensive tau pathology and neurodegeneration but also showed intraneuronal
accumulation of βAPP, Aβ1–40 and Aβ1–42 in the brain (Fig. 8a–c).

Discussion
The activity of PP2A which regulates the phosphorylation of both tau and neurofilaments is
in turn regulated by I2

PP2A. I2
PP2A, primarily a nuclear protein, is cleaved into I2NTF and

I2CTF by asparaginyl endopeptidase under conditions of acidosis such as following ischemia,
and translocates from the neuronal nucleus to the cytoplasm where it binds to PP2A catalytic
subunit PP2Ac and inhibits its activity [22,2,3]. Previously we reported a selective increase
in the cleavage and translocation of I2

PP2A from the neuronal nucleus to the cytoplasm and a
decrease in PP2A activity in AD brain [31]. Increase in the levels of I2NTF and I2CTF and
decrease in PP2A activity in spinal cords of ALS cases found in the present study thus
suggested an etiopathogenic mechanism of ALS that is similar to that of AD.

PP2A activity is tightly regulated in the cell and knocking out of this phosphatase in the
brain of transgenic mice is lethal [13]. In the present study, a small persistent decrease in
PP2A activity on a chronic basis induced by SETα/I2CTF in rat CNS, produced both AD

Wang et al. Page 7

Acta Neuropathol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



type and ALS type pathological changes. PP2A and SET/I2
PP2A are normally expressed both

in the brain and in the spinal cord gray matter[30]. In the present study, the AD-like changes
in tau and Aβ, neurodegeneration and cognitive impairment, preceded the ALS-like disease,
i.e., axonal swelling and degeneration with condensation of the axoplasm and loss of myelin,
degeneration of motor neurons associated with proliferation, aggregation and condensation
of neurofilaments into bundles, and TDP-43-like inclusions and translocation of the protein
from the neuronal nucleus to the cytoplasm in the spinal cord, and motor impairment. This
time sequence of pathology and clinical phenotype was probably mainly due to the fact that
the rat pups were infected ICV with AAV1-I2CTF/GFP, which probably resulted in an earlier
transduction and/or a faster rate of neurodegeneration in the forebrain than in the cerebellum
and the spinal cord. We observed the AAV1-induced expression of I2CTF both in the brain
and in the spinal cord in rats. Whether some of the pathology merely spread from the brain
to the spinal cord with time in the AAV1-I2CTF-GFP rats, though less likely, cannot be ruled
out. The robust transduction of choroid plexus was probably due to ICV injection of the
virus, which our previous study showed to occur as early as three weeks post-infection [34].
However, the motor deficit and the loss of motor neurons in the spinal cord of I2CTF rats in
the present study was observed at 10–14 months. Nevertheless, we cannot rule out the
possible involvement of the disruption of the choroid plexus epithelial cells in the
neurodegeneration of the motor neurons in the spinal cord.

Traumatic brain injury (TBI), especially of the hind brain associated with football, boxing,
and baseball, has often been confused with ALS, probably because of the shared disease
mechanisms. The cerebellum and Purkinje cell layer are especially rich in PP2A and I2

PP2A

[30]. Degeneration of the Purkinje cells in the I2CTF rats observed in the present study is
consistent with a high vulnerability of this brain area to injury. TBI-induced ischemic stroke
due to acidosis probably results in the release of asparagine endopeptidase (AEP), also
known as legumain, from the lysosomes that cleaves I2

PP2A at asparagine 175 into I2NTF and
I2CTF, as has been shown in an experimentally-induced middle cerebral artery occlusion
mouse model[22]. Both I2NTF and I2CTF, because of their small sizes, translocate from the
neuronal nucleus to the cytoplasm and bind to the catalytic subunit of PP2A, PP2Ac, and
inhibit the phosphatase activity[2]. PP2A is known to regulate the activities of several tau
and neurofilament protein kinases which include calcium, calmodulin-dependent protein
kinase II, protein kinase A, glycogen synthase kinase-3β, ERK1/2, MEK1/2, and p70S6
kinase[18]. Inhibition of PP2A probably leads to hyperphosphorylation and aggregation of
tau and neurofilaments, both directly and by enhancing the activities of several kinases. The
cleavage and translocation of I2

PP2A from the neuronal nucleus to the cytoplasm could also
have caused neurodegeneration due to the loss of the protection normally provided by the
full-length protein as an inhibitor of DNase and a protector of acetylation of histones[7,27].
The decrease in PP2A activity and the activation of several protein kinases regulated by the
phosphatase could also be involved in the promotion of the phosphorylation of I2

PP2A at
Ser9 that stabilizes its location in the neuronal cytoplasm by inactivation of its nuclear
localization signal 6AKVSKK11 [36]. Acidosis of the CNS following ischemia and hypoxia
can both lead to activation and translocation of AEP from neuronal lysosomes to the
cytoplasm [3]. In the neuronal cytoplasm the activated AEP can then cleave I2

PP2A at
asparagine 175 into I2NTF (amino acid residues 1–175) and I2CTF (amino acid residues
176-277) and which, because of their small sizes, easily diffuse between the nucleus and the
cytoplasm [31,22,3]. Thus, depending on the location of the ischemic and hypoxic changes
in the CNS, the resulting acidosis in the brain can lead to AD-like and in the spinal cord to
ALS-like pathology, and injury to the cerebellum accordingly can result in the degeneration
of the Purkinje cells.

In short, the sporadic forms of AD and ALS represent most of the cases with these diseases.
Less than 1% of AD and 10% of ALS cases are familial. In AD brain PP2A activity is
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compromised and a selective increase in the cleavage of I2
PP2A into I2NTF and I2CTF is

believed to be a cause of this inhibition and the subsequent abnormal hyperphosphorylation
of tau [10,11,31]. The discoveries of the increase in the spinal cord levels of I2NTF and I2CTF
and a decrease in PP2A activity in ALS and the generation of both AD- and ALS-type
pathologies with the expression of I2CTF in rat in the present study suggests that an I2

PP2A/
PP2A-based therapy could succeed in inhibiting AD, ALS and related conditions. AAV1-
I2CTF rats which reproduced some of the key histopathological and clinical features of both
AD and ALS could be used for drug development in preclinical studies.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. I2
PP2A is cleaved into I2NTF and I2CTF and PP2A activity is compromised in spinal cords

of sporadic ALS cases
A, C) Western blots developed with mAb to I2NTF and pAb to I2CTF show the cleavage of
I2

PP2A in spinal cords of ten cases of sporadic ALS and three age-matched controls. B, D)
Quantitative analysis of the blots shows that the cleavage of I2

PP2A into I2NTF and I2CTF
(ratio of I2NTF or I2CTF to I2

PP2A full-length) is markedly increased in sporadic ALS cases as
compared with control group. E, F) PP2A activity determined by the phosphatase ELISA
assay is markedly decreased in ALS cases compared with control group. G, H) Western
blots developed with anti-PP2Ac mouse monoclonal antibody showed no significant change
in the levels of the phosphatase in ALS cases when compared with control group I) β-actin
as a loading control. J) PP2A activity inversely correlated to the level of I2CTF in the spinal
cord. I2FL = I2

PP2A full-length.
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Fig. 2. AAV1-mediated gene expression of I2CTF inhibits PP2A activity without affecting the
expression of the PP2A catalytic subunit PP2Ac in the brain and the spinal cord of rats
a: Study design and linear maps of the AAV vector plasmids (based on pTRUF12)
employed. With the exception of the inverted terminal repeats (ITR), all viral genes had
been removed and replaced with GFP or I2CTF and GFP. CMVe-CBA (cytomegalovirus
enhancer-chicken beta actin promoter); IRES (internal ribosomal entry site) from poliovirus;
b: Immunohistofluorescence with anti-GFP showed transduction of both brain and spinal
cord; scale bars in cervical level, thoracic level and lumber level: 75 μm; scale bars in
choroid plexus, hippocampus and cerebral cortex: 50 μm. c: Western blots developed with
pAb to I2CTF showed a marked increase in the brain level of I2CTF in AAV1-I2CTF animals.
d and e: Immunoprecipitation of PP2A from spinal cord (d) and brain (e) with rabbit
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polyclonal R123d anti-PP2Ac, followed by phosphatase activity assays showed inhibition of
PP2A activity in I2CTF rats. b–e: Data from 14-month-old rats. *p<0.05; **p<0.01. Scale
bar in b: cervical level, thoracic level and lumbar level, 75 μm; choroid plexus, hippocampus
and cerebral cortex, 50 μm. I2FL = I2

PP2A full-length.
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Fig. 3. I2CTF expression induces spatial reference memory and neurological and motor
impairments
a. Compared to GFP control (n=7), I2CTF (n=8) rats showed impairment in spatial reference
memory at 5 (p=0.005) and at 8 (p<0.001) months of age in Morris Water Maze task and b.
in long-term spatial reference memory examined one month later (at 9 months of age) by
transfer task in the water maze (p=0.041). d=day; t=trial; asterisks refer to statistical
difference between the two curves and not any single time point; *p<0.05; **p<0.01 and
***p<0.001. c: I2CTF rats (n=8) presented a higher neuroscore than GFP rats (n=7),
reflecting a robust neurological impairment; d: I2CTF rats displayed severe muscle atrophy,
inducing abnormal posture and hind limb clasping; e: weakness in prehensile strength; and
f: disability in walking.
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Fig. 4. I2CTF expression induces degeneration and loss of motor neurons, and degeneration and
demyelination of axons, proliferation of neurofilaments, accumulation of tight fibrous bundles in
the neuronal soma and axons at all levels of the spinal cord, and loss of Purkinje cells in the
cerebellum
a–g: Nissl staining showed condensation (a–f), spongiosis (f) and loss (g) of motor neurons
in the spinal cords of I2CTF rats. h (GFP rats), i (I2CTF rats): Toluidine blue-stained
sections of the epon-embedded spinal cord showed a severe degeneration (i, asterisk),
demyelination (i, arrowhead), and residues of degraded axons (i, double arrowheads) in
I2CTF rats; j–m: Electron microscopy showed normal axons in GFP rats (j), and degenerated
and demyelinated axons (k, arrowheads),inclusions of compact fibrous bundles in neuronal
processes (l, arrowhead), 20–35 nm thick filaments in compact fibrous bundles (m,
arrowhead) compared to ~10 nm neurofilaments (double arrowheads) and loss of
morphology of fibers in the central portion of inclusions (m, asterisk). n–q: Toluidine blue-
stained sections of the epon-embedded tissue showed an extensive cerebellar degeneration
associated with cytoplasmic condensation and loss of Purkinje cells (o, q, arrowhead) in the
I2CTF rats. n, p: GFP rats. r: quantitation of the numerical density of Purkinje cells from
cresyl violet stained paraffin sections of cerebellar cortices from I2CTF and GFP rats. a–r:
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Data from 14-month-old rats. g, r: The data are presented as mean±SD. Scale bar: a–f: 50
μm; f: bar in inset: 10 μm; g, h: 15 nm; m, n: 50 nm; o, p: 25 nm; i, j: 2 μm; k: 500 nm; l:
100 nm.
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Fig. 5. I2CTF expression induces hyperphosphorylation and accumulation of neurofilaments and
tau, increase in the expression of ubiquitin, and aggregation and translocation of TD43 from the
motor neuronal nucleus to the cytoplasm in I2CTF rats
a–f: Immunohistochemical staining with anti-non-phosphorylated (np) NF-H mAb (SMI33)
showed a decrease in the density of npNF-H-positive motor neurons in the spinal cords of
I2CTF rats; g–l: Immunohistochemical staining with anti-phospho (p) NF-H mAb (SMI34)
showed an increase in phosphorylation and accumulation of neurofilaments in the axonal
tracts of the spinal cords of I2CTF rats; m–r: Immunohistochemical staining with anti-
pSer262/356 tau (mAb 12E8) showed abnormal hyperphosphorylation and aggregation of
tau in the motor neuron cell cytoplasm reminiscent of stage 0 (r) and stage 1 (p)
neurofibrillary tangles, and in dystrophic neurites resembling neuritic plaques (n); s–t: An
increase in ubiquitin immunostaining was evident in the axonal tracts in the spinal cords of
I2CTF rats; and u–v: Immunohistochemical staining showed condensation and translocation
of TDP43 from the motor neuron nucleus to the cytoplasm in the spinal cords of I2CTF rats.
a–v: Data from 14-month-old rats. Scale bar: 25 μm.
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Fig. 6. Expression of I2CTF induces increase in abnormal hyperphosphorylation and
accumulation of sarkosyl-insoluble tau in the brains of I2CTF rats
a: Immunohistofluorescent staining showed abnormal hyperphosphorylation of tau at
pSer262/356 (12E8 site) in the CA3 and the subcortical area (SA) of I2CTF rats; b: Western
blots and c: quantitative analysis showed a reduction in the level of total tau and an increase
in the abnormal hyperphosphorylation of tau at multiple AD pathological sites and d:
increase in sarkosyl-insoluble tau in the I2CTF rats’ hippocampus, cerebral cortex,
subcortical area (SA) and cerebellum. a–e: Data from 14-month-old rats. Scale bar: a: 100
μm; inset: 25 μm.
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Fig. 7. Expression of I2CTF causes neurodegeneration and loss of neuronal plasticity
a, b: Fluoro-Jade B staining showed an increase in neurodegeneration in I2CTF rats; c:
Western blots and their quantitative analysis showed a decrease in the level of βIII tubulin
and not in total tubulin in I2CTF rats; d, e: Immunohistofluorescent staining showed a
decrease in the density of MAP2 in CA1 and CA3, synapsin 1 in CA3, and synaptophysin in
CA3 of the hippocampi of I2CTF rats; and f: Western blots and their quantitative analysis
showed a marked decrease in the levels of MAP2, synapsin 1, and synaptophysin in the
I2CTF rats’ hippocampus, cerebral cortex, subcortical area (SA) and cerebellum. Data from
14-month-old rats. *p<0.05; **p<0.01. Scale bar: a: 300 μm; inset: 100 μm; d: 500 μm.
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Fig. 8. I2CTF causes increase in the expression of Aβ1–40 and Aβ1–42 in the brain
Immunohistochemical staining showed an increase in the expression of Aβ as detected by a:
anti-Aβ/APP (4G8), b: anti-Aβ1–40, and c: anti-Aβ1–42 in CA1, CA3, and dentate gyrus in
the hippocampus, cerebral cortex, and in the subcortical area (SA) of I2CTF rats. Data from
14-month-old rats. Scale bar: a–c: 300 μm.
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