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Abstract

The abundant axonal microtubule-associated protein tau regulates microtubule and actin
dynamics, thereby contributing to normal neuronal function. We examined whether mice deficient
in tau (Tau™") or with high levels of human tau differ from wild-type (WT) mice in their
susceptibility to neuroaxonal injury in experimental autoimmune encephalomyelitis, an animal
model of multiple sclerosis. After sensitization with MOGgs_ss, there was no difference in clinical
disease course between human tau and WT mice, but Tau™~ mice had more severe clinical disease
and significantly more axonal damage in spinal cord white matter than those in WT mice. Axonal
damage in gray matter correlated with clinical severity in individual mice. By immunoblot
analysis, the early microtubule-associated protein-1b was increased 2-fold in the spinal cords of
Tau™~ mice with chronic experimental autoimmune encephalomyelitis versus naive Tau™" mice.
This difference was not detected in comparable WT animals, which suggests that there was
compensation for the loss of tau in the deficient mice. In addition, levels of the growth arrest—
specific protein 7b, a tau-binding protein that is stabilized when bound to tau, were higher in WT
than those in Tau™" spinal cord samples. These data indicate that loss of tau exacerbates
experimental autoimmune encephalomyelitis and suggest that maintaining tau integrity might
reduce the axonal damage that occurs in inflammatory neurodegenerative diseases such as
multiple sclerosis.
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INTRODUCTION

Disruption of the blood-brain barrier in multiple sclerosis (MS) is associated with an influx
of inflammatory cells that compromise normal cell signaling, leading to oligodendrocyte
loss, demyelination, axonal damage, and neurodegeneration (1-13). Inflammation is
associated with cytokine and chemokine secretion and activation of signaling molecules,
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including phosphatases and kinases that can post-translationally modify proteins essential
for normal cellular functions. Post-translational alterations in neuronal proteins can result in
destabilization of the axonal cytoskeleton, thereby negatively affecting neuronal physiology
(14). There is an incomplete understanding of how inflammatory changes affect CNS
function and contribute to neurodegeneration in MS. To address the role of integral proteins
that regulate neuronal cytoskeletal dynamics, we focused on the microtubule-associated
protein (MAP) tau in myelin oligoden-drocyte glycoprotein (MOG)- induced experimental
autoimmune encephalomyelitis (EAE), a mouse CNS inflammatory disease model of MS
(15).

Tau, the major MAP in axons, is important for microtubule dynamics (14). In addition to
binding to tubulin and actin (16), it directly interacts with several cytosolic proteins that are
involved in axonal transport, myelination, regulation of tau phosphorylation, and neurite
outgrowth. These include dynactin (17), protein phosphatase 2a (18), Fyn (19), Pinl (20-22),
forkhead-binding protein 51 (FKBP-51) (23), FKBP-52 (24), and growth arrest-specific
protein 7b (Gas7b) (25). Aberrantly phosphorylated tau cannot effectively bind to
microtubules, which results in abnormal microtubule dynamics, disassembly of
microtubules, and anomalous axonal transport. Whereas hyperphosphorylation and
aggregation of tau contribute to pathology in Alzheimer disease (AD), a recent study
demonstrated that neuronal c-Abl overexpression led to aberrantly phosphorylated soluble
tau, neuronal loss, and neuroinflammation in the forebrain of mice (26). Data from the
brainstem of rats showed axonal damage in EAE that was linked to tau pathology (27).
Furthermore, soluble and abnormal tau phosphorylation was found in pathologic glia in
secondary progressive MS and primary progressive MS (7, 28, 29).

In this study, we examined the contribution of tau to the pathogenesis of EAE by assessing
disease progression and recovery in C57BI/6J mice expressing murine tau (WT), no tau
(Tau™" mice) (30), or excess human tau (hTau) (31, 32). Our goal was to determine whether
changes in tau during EAE-induced inflammation affects EAE in these mice and whether
other proteins involved in neuritogenesis are differentially expressed in Tau™~ versus WT
mice.

MATERIALS AND METHODS

Mice

Tau™~ and hTau male mice were obtained from Dr Peter Davies in collaboration with Dr
Karen Duff at Columbia University Medical Center, New York, NY (30-32) and were
maintained in conventional housing. The human #au gene was inserted into Tau™~ mice
under the control of the tau promoter (31, 32). The mice were backcrossed more than 15
times in the Davies and Shafit-Zagardo Laboratories. Wild-type littermates were used as
controls. All experiments were performed with male mice aged 8 weeks. All animal
procedures were approved by the Institute of Animal Care Committee at Albert Einstein
College of Medicine in complete compliance with the National Institutes of Health Guide
for Care and Use of Laboratory Animals.

M0635_55—Induced EAE

C57BI/6J WT control mice, hTau mice, and Tau™" mice were immunized with MOGas_ss
peptide at 8 weeks of age (15). The MOG3s_s5 (3 mg/mL; Peptides International, Cleveland,
OH) was emulsified in an equal volume of complete Freund’s adjuvant (CFA) composed of
Mycobacterium tuberculosis (10 mg/mL; Difco Laboratories, Detroit, MI) in incomplete
Freund’s adjuvant (Difco Laboratories). Mice were anesthetized with isoflurane, and 100 pL
of emulsion was injected subcutaneously on each flank (200 L total/mouse) on day 0. In

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2013 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weinger et al.

Page 3

addition, 200 p.L of pertussis toxin (2.5 pg/mL, List Biochemical Laboratories, Campbell,

CA) was injected into the tail vein on days 0 and 2. Mice were monitored and graded daily
for clinical signs of disease as follows: 0, no disease; 1, limp tail; 2, limp tail and hind limb
weakness; 3, hind limb paralysis; 4, hind limb and front limb paralysis; and 5, moribund.

Statistical Analysis

The Student #test was performed on clinical indices combined from multiple EAE
experiments for 2 groups.

Spinal Cord Dissection and Tissue Preparation

Mice were anesthetized with ethyl ether (Fisher Scientific, Pittsburgh, PA) and killed by
total body perfusion with 4% paraformaldehyde (Fisher Scientific), Trump fixative (2%
glutaraldehyde (Polysciences, Inc, Warrington, PA) + 4% paraformaldehyde in cacodylate
buffer), or 1x PBS, pH 7.3. Spinal cords were removed and dissected into cervical, thoracic,
and lumbar regions. Sections were placed in fixative for immuno-histochemistry and
toluidine blue studies or sonicated on ice with a tissue master 125 sonicator (Omni
International, Marietta, GA) in protein buffer (140 mM NaCl, 1 mM Tris, pH 7.4)
containing 0.5% Triton X-100 and protease inhibitors (2 pg/mL of leupeptin, 2 mM of
ethylene glycol-bis[B-aminoethylether]-N,N,N",N’-tetraacetic acid, 4 wg/mL of pepstatin, 5
mM of sodium pyrophosphate, 30 mM of B-glycerophosphate, 30 mM of sodium fluoride,
100 mM of sodium orthovanadate, 100 mM of 4-[2-aminoethyl] benzenesulfonyl fluoride
hydrochloride) to yield total protein homogenates. The homogenates were cleared by
centrifugation at 4°C at 7,000 x g for 10 minutes. Aliquots were frozen at -80°C.

Western Blot Analysis

Protein homogenates were loaded in 1x final concentration loading buffer containing 2%
sodium dodecyl sulfate, 0.017% bromophenol blue, and 0.28 M p-mercaptoethanol and
separated by electrophoresis in a 10% sodium dodecy! sulfate polyacrylamide gel (33). After
electrophoresis, proteins were transferred to nitrocellulose (34). Blots were incubated with
5% nonfat dry milk and 5% goat serum in 1x Tris-buffered saline (TBS) for 1 hour at room
temperature. After blocking, membranes were incubated with the respective primary
antibodies followed by horseradish peroxidase—conjugated secondary antibodies (1:20,000;
Jackson ImmunoResearch Laboratories, West Grove, PA). Visualization of all secondary
antibodies was by enhanced chemiluminescence (GE Healthcare, Piscataway, NJ). Bands
were analyzed by calculating the relative densitometric intensity (rdi) of each protein
normalized to B-actin using ImageJ software (National Institutes of Health). Changes in tau
phosphorylation after EAE induction were evaluated using immunoblot and relative
densitometric analysis of protein homogenates prepared from the lumbar spinal cord of
naive, EAE-induced WT, and hTau mice with chronic EAE.

Immunohistochemistry

Paraformaldehyde-fixed sections were stored overnight at 4-C and processed for paraffin
embedding. Ten-micrometer-thick sections were dewaxed with xylenes and rehydrated
through descending alcohols and brought to 1x TBS pH 7.4. All sections were incubated for
30 minutes with 1x TBS containing 0.25% Triton X-100, followed by a 1-hour incubation in
5% goat serum and 5% nonfat dry milk in 1x TBS, then incubated with antibodies diluted in
5% nonfat dry milk in 1x TBS, overnight at 4°C. Sections were washed three times in 1x
TBS and incubated with secondary antibody followed by incubation with the appropriate
staining kit (Vector Laboratories, Inc, Burlingame, CA) and visualized by diaminobenzidine
(Sigma). For triple-label immunofluorescence, sections were incubated for 1 hour with
directly conjugated, fluorescently labeled, isotype-specific secondary antibodies and
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visualized on an Olympus digital fluorescent microscope. In addition, 1-um-thick sections
were prepared from Trump fixed sections and stained with toluidine blue stain in the
Analytical Imaging Facility. Sections of spinal cord were cut and stained for hematoxylin
and eosin and Luxol fast blue in the Histopathology Core Facility.

Antibodies

Unless otherwise noted, all anti-tau antibodies were generated in the Davies Laboratory.
Monoclonal antibodies (mAbs) DA9 and Tau46 (Chemicon, Billerica, MA) recognize
nonphosphorylated sites on native tau. Phosphotau sites studied included sites recognized by
mAbs-CP13 (phospho292), CP9 (phospho?31), and PHF1 (phospho396). The microtubule-
associated protein 2 (MAP2) (clone HM-2, M9942) and B-actin antibodies were purchased
from Sigma. The neurofilament mAb SMI32 and antibody to myelin basic protein (MBP)
were purchased from Covance, Emeryville, CA. The anti-CD45 mAb was from BD
Biosciences (San Jose, CA); antibody to amyloid precursor protein (APP) was purchased
from Invitrogen; anti-Ibal (019-19741) was from Wako Chemicals (Richmond, VA). The
polyclonal antibody (pAb) to high-molecular-weight (HMW) tau (Big Tau) (35) was
generated in the laboratory of Dr Itzak Fischer at Drexel University College of Medicine,
Philadelphia, PA. Dr Lester Binder at Northwestern University Medical School, Chicago,
IL, generously provided the MAP1b mAb 3G5. The anti-Gas7 antibody was purchased from
Novus Biologicals, Littleton, CO. For semiquantitative analysis, Ibal-positive CD45-
positive cells, SMI132-positive and APP-positive axons/lesion in 40x fields were counted.

RESULTS

EAE in hTau and WT Mice

The average day of EAE onset was approximately day 10 in both WT C57BI/6J and hTau
mice, and there were no differences in the clinical courses between hTau and WT mice (Fig.
1a). Because there is ascending paralysis beginning in the lumbar spinal cord in EAE, our
immunohistochemical and immunoblot analysis focused on neurofilament and tau
phosphorylation in the lumbar region. Changes in the state of neurofilament phosphorylation
were assessed by comparing the abundance of nonphosphorylated neurofilament proteins to
phosphorylated neurofilament proteins using the SM132 and SM131 mADs, respectively. At
the time of death, the mean clinical scores indicated recovery (clinical index [CI] <1.5); the
mice had higher clinical scores during the acute phase (Fig. 1A). The WT mice (Fig. 1bA)
and the hTau mice (Fig. 1bE) had similar SM132-positive staining in the lumbar spinal cord
white matter. The SMI31 immunoreactivity in WT and hTau mice also appeared similar
(Figs. 1b: B, F, respectively), indicating that overexpression of hTau did not appear to affect
the extent of axonal damage in MOG-induced EAE. Hematoxylin and eosin sections also
showed no overt differences in the extent of inflammatory cells in WT and hTau spinal cord
(Figs. 1b: C and G, respectively); and Luxol fast blue staining showed no obvious
differences in demyelination at the chronic stage (Figs. 1b: D, H).

Changes in Tau Phosphorylation

The ratio of phosphotau normalized to total tau in MOG-sensitized mice relative to naive
mice was examined. Total tau was determined using the mAb DAY that recognizes all non-
phosphorylated tau isoforms. Although hTau mice expressed more tau protein than WT mice
did, there was no marked difference in the ratio of DA9-positive tau in lumbar spinal cord
homogenates of mice with EAE versus that from naive mice (Fig. 2). For WT mice, the ratio
was 1.2; for hTau mice, the ratio was 1.0. MAP2, another major MAP predominantly
expressed in the dendrites and cell body of neurons and recognized by the anti-HM2 mAD,
was marginally changed in EAE versus the naive mouse homogenates. For WT mice, the
ratio was 1.4; for hTau mice, the ratio was 1.6. Phosphotau immunoreactivity was observed
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in both naive mice and mice with EAE using several anti-tau mAbs. Phosphotau epitopes,
including phosphotau?31, phosphotau?%2, and phosphotau3% (recognized by CP9, CP13, and
PHF1 mADbs, respectively) were detected in lumbar spinal cord protein homogenates isolated
from both naive mice and mice with chronic EAE. After normalization to DAY, the ratio of
phosphotau in MOG-sensitized lumbar spinal cord to phosphotau in naive lumbar spinal
cord homogenate was negligibly altered in hTau mice (0.98-1.5), suggesting that the hTau
overexpression did not negatively contribute to enhancement of abnormal tau
phosphorylation or further impact axonal damage in the samples tested.

The expression of HMW tau was studied in naive mice at 2 and 9 months of age with a
generic tau antibody tau46 (1:1000) and a polyclonal antibody specific for HMW tau (Fig.
3a). The HMW tau is expressed in murine spinal cord at both ages. Using this specific
antibody, 110-kDa tau immunohistochemical staining of WT and hTau spinal cord was
examined. No significant difference in the pattern of staining was observed between the
naive spinal cord of hTau mouse (Fig. 3b) or WT spinal cord (not shown). The HMW
staining was detected predominantly in the substantia gelatinosa of Rolando, with some
staining of neuron cell bodies. Figure 3c shows hematoxylin and eosin and HMW tau
immunostaining for WT (Fig. 3c: A, C, E, G) and hTau (Fig. 3c: B, D, F, H) mice, focusing
on the substantia gelatinosa and adjacent gray matter. During both the acute stage of EAE
(day 15 post-MOG injection; Figs. 3c: A-D) and at the chronic stage (day 47
postimmunization; Figs. 3c: E-H), there was no apparent difference in 110-kDa tau
immunostaining between hTau and WT mice.

Thus, our combined data indicate that overexpression of tau does not contribute to a more
severe course of disease in hTau mice in acute or chronic EAE. Although immunoblot
analysis showed increased phosphotau, we did not observe tau inclusions in gray matter
neurons or glia within the spinal cord in chronic EAE by immunohistochemistry.

EAE in Tau™/~ Mice

To evaluate the consequence of the loss of tau expression during EAE, Tau™~ mice and WT
mice were compared during acute and chronic diseases. A representative experiment is
shown in Figure 4a, and cumulative data for 4 independent experiments are shown in Figure
4b. Because the day of onset was the same for both the Tau™~ and WT mice, we normalized
all data to the first day of clinical signs for each individual mouse. The Tau™" mice had
significantly higher clinical scores during the acute phase of disease, that is, day 14 through
day 20, with the exception of day 17 (days 14, 18, 19, 20, p < 0.05; days 15, 16, p < 0.02 by
unpaired Student #test). The mean clinical scores + SEM from days 14 to 20 for the WT
mice was 1.9 + 0.05 versus 2.4 + 0.06 for the Tau™~ mice (p = 0.0001). Five (11%) of 43 of
the Tau™~ mice became moribund, whereas only 1 (2%) of 46 WT mice became moribund.
During chronic disease, the Tau™~ mice tended to have higher clinical scores, but
differences from WT were not significant.

To determine if clinical score differences between WT and Tau™~ mice during the acute
phase was caused by increased inflammatory cells in the spinal cords, WT (n = 4) and
Tau™~ (n = 6) spinal cords were immunostained for Ibal or CD45. There was no significant
difference in the mean number of inflammatory cells/lesion (40x); all lesions in each section
were analyzed (data not shown). The mean number of Ibal-positive cells was 81.8 + 13.1
for WT mice and 94.5 + 14.2 for Tau™~ mice (p > 0.05). The mean number of CD45-
positive cells was 20.2 + 3.0 for WT mice and 15.9 + 2.7 for Tau™~ mice (p > 0.05) (Table).
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Axonal Damage in White and Gray Matter in Tau™/~ Mice

In contrast to the number of inflammatory cells, the number of SM132-positive and APP-
positive axons/lesion (40x) was significantly higher in Tau™~ mice versus WT mice during
the acute phase at day 19. In lumbar spinal cord sections incubated with antibodies to MBP
(green), SMI32 (red), and Ibal (blue; Fig. 4c), there were fewer SMI32-positive axons in
WT than those in Tau™~ mice (22.4 + 3.0 vs 37.0 + 6.2, p < 0.05). There were also fewer
APP-positive swollen axons in WT versus Tau™~ mice (8.5 + 1.0 vs 20.3 + 4.0, p = 0.002;
Fig. 4d).

Several Tau™"~ mice had hind limb and front limb paralysis during the acute phase of EAE.
In sections prepared from these mice, neurons in the gray matter of lumbar spinal cord
showed neuritic swellings. In Figure 5, the upper panels show gray matter regions from the
lumbar spinal cord of a naive Tau™~ mouse stained with SMI32, Ibal, and APP. There were
no axonal neuritic swellings observed with either APP or SMI32 staining and no Ibal-
positive activated microglia in naive mice. By contrast, the lower panels of Figure 5 show
that, in Tau™~ mice with hind limb and front limb paralysis, there are focal axonal swellings
that stain with SM132 and APP within the gray matter. This damage correlated with the
presence of activated microglia near large motor neurons. The WT mice did not show
SMI32-positive or APP-positive axonal swellings in the gray matter, and there was less
extensive Ibal-positive immunostaining.

Thus, the significant difference in mean clinical scores during acute disease correlated with
more axonal damage in the spinal cords of Tau™" mice than in the spinal cords of WT mice.
In addition to the detectable differences in the mean number of SMI32-positive and APP-
positive swellings/lesion in the white matter of Tau™~ mice, there was evidence of motor
neuron injury in their gray matter.

Cytoskeletal Proteins in WT and Tau~/~ Mice in Chronic EAE

We next examined tau and MAP1b expression in protein homogenates from lumbar spinal
cord of naive mice and WT and Tau™~ mice during chronic EAE to determine whether
MAP1b, a MAP expressed during neural development, was upregulated in Tau™~ mice (Fig.
6a). As expected, tau was not expressed in lumbar spinal cord homogenates from naive
Tau™~ mice (lane 1) or from Tau™~ with chronic EAE (lanes 2-9). Tau expression was
detected in spinal cord homogenates from naive WT (lane 13) and WT mice with chronic
EAE (lanes 10-12). When normalized to p-actin, the total tau expression increased less than
1.5-fold during chronic EAE versus naive WT mice. MAP1b was previously shown to be
reexpressed during EAE and to correlate with a reparative process. With the exception of 1
WT sample that did not have detectable MAP1b (lane 10), MAP1b was present in all WT
and Tau™" spinal cord homogenates. The expression of MAP1b was not elevated in spinal
cord homogenates from chronic WT mice relative to naive WT homogenates; the mean
increase was 1.2-fold after normalization to -actin. Additional WT samples did not show a
significant increase in MAP1b during chronic disease. By contrast, relative to naive Tau™"
mice, MAP1b was increased in homogenates from Tau™~ mice during chronic EAE. Of the
8 homogenates examined, the mean increase of MAP1b was 2.2 + 3.4-fold, with a range of
1.4- to 3.9-fold (p < 0.05) (Fig. 6b).

Although we determined that, during the chronic phase, there were more SMI32-positive
axons within the anterior column in Tau™~ versus WT mice, we did not detect increased
expression by immunoblot analysis (Fig. 6¢). This is likely caused by the abundance of
nonphosphorylated neurofilament proteins normally expressed within neuronal cell bodies
and dendrites. Lumbar spinal cord homogenates probed for SMI32 from 3 naive Tau™~ mice
(lanes 1-3), 3 Tau™" mice with chronic EAE (lanes 4-6), 3 chronic WT mice with chronic
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EAE (lanes 7, 8, 10), and a WT mouse that received CFA plus pertussis toxin but no MOG
peptide (lane 9) are shown in Figure 6c¢. In addition, we examined Gas7, another protein
predominantly expressed in neurons and associated with neuritogenesis and growth arrest.
Two Gas7 isoforms, Gas7a and Gas7h, 45 kDa and 50 kDa, respectively, interact with the
cytoskeleton during process outgrowth. Gas7a colocalizes with the actin network and
physically binds to N-WASP to enhance neurite outgrowth. Gas7b binds to tau and enhances
microtubule polymerization and neurite outgrowth. The physical association of Gas7b with
tau stabilizes Gas7b; therefore, we examined whether Gas7b expression was altered in
Tau™" mice. As shown in Figure 6c, there was no detectable Gas7a (lower band) or Gas7b
(upper band) in homogenates from naive Tau™~ mice (lanes 1-3); we detected faint Gas7a
in WT mice sensitized with CFA (lane 9). As shown in lanes 4 to 6, Gas7a (lower band) was
expressed at higher amounts than Gas7b in spinal cord homogenates from Tau™~ mice with
chronic disease. By contrast, in protein homogenates isolated from chronic WT mice, most
of the Gas7 expression was Gas7b, with minimal Gas7a detected. During chronic disease,
the observed changes in cytoskeletal proteins MAP1b, Gas7a, and Gas7b in Tau™~ mice
suggest a delay in recovery with altered expression of proteins associated with the
cytoskeleton and neurite outgrowth. In combination with increased axonal damage early in
disease in Tau™~ mice, these data suggest a protective role for tau in axons during EAE.

DISCUSSION
The Role of Tau in the CNS

The primary cause of disability in MS is the result of neuronal damage and loss. Because tau
controls neuronal cytoskeletal dynamics and is the major MAP in the axon interacting with
and fine tuning microtubule and actin dynamics, we investigated its role in neuroprotection
in EAE. Tau is a major MAP in the vertebrate nervous system consisting of 6 low-
molecular-weight isoforms and 110-kDa HMW isoforms with 3 or 4 repeats of the
microtubule-binding domain (MTBD). All tau isoforms are generated by alternative splicing
from a single gene. The 6 low-molecular-weight isoforms differ by having none, one, or two
N-terminal insertions at the N-terminus of the protein as well as 3 or 4 repeats of the MTBD
(14).

Several tau-deficient mouse strains develop normally, are healthy, and their fertility and
viability are comparable to those of WT age-matched mice, suggesting that during
development, there is redundancy and compensation by other MAPs. By contrast, abnormal
tau hyperphosphorylation is a major biochemical and pathologic hallmark of AD and other
tauopathies. Hyperphosphorylated tau results in tau dissociation from microtubules, with
disruption of normal neuronal function, axonal transport, and synaptogenesis.
Neurofibrillary tangles, the hallmark of AD, are composed of hyperphosphorylated tau.
Although our study examined young adult hTau mice and the effect of tau overexpression
during MOG-induced EAE, by 5 months of age, hTau mice have abnormal tau
phosphorylation, with neurofibrillary tangles similar to that observed in AD (31).

Robertson et al (36) determined that reducing endogenous tau was beneficial and protected
against excitotoxin-induced neuronal dysfunction in a mouse model of AD. Compared with
WT mice, Tau™~ mice were resistant to seizures induced by intraperitoneal injection of
kainate. Moreover, a transgenic mouse expressing APP with loss of tau expression
ameliorated B-amyloid—-induced behavioral deficits. However, the EAE model differs from
the B-amyloid transgenic models in that there are no paired helical filament formations
resulting in neurofibrillary tangles during EAE. Instead, there is breakdown of the blood-
brain barrier, an influx of immune cells from the periphery, glial activation, demyelination,
and axonal damage that requires a rapid response and remodeling of the axonal
cytoskeleton.
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In addition to binding to tubulin, tau has multiple binding partners that regulate cellular
dynamics. Known tau binding/interacting partners include Fyn, Abl, protein phosphatase 2a,
the prolylpeptidyl isomerases Pinl, FKBP-51, FKBP-52, Gas7b, and actin (17-26). While
tau functions on microtubules to regulate neurite outgrowth, tau also affects actin dynamics,
and independently binds to the neural plasma membrane via its amino-terminal projection
domain (37-39).

Effects of Tau Overexpression in MOG-Induced EAE

Because inflammation and cytokine production may correlate with abnormal tau
phosphorylation, we expected to observe increases in tau hyperphosphorylation during EAE
and worsening of clinical scores in the hTau mice. However, tau overexpression and the
higher level of tau phosphorylation versus controls were not associated with effects on
clinical disease in hTau mice. Both WT and hTau mice sensitized with MOG33_55 had an
approximately 2-fold increase in abnormal tau phosphorylation in lumbar spinal cord by
immunoblotting, but there was no relative difference in the extent of phosphorylation in
mice expressing hTau versus WT mice. The WT and hTau mice also succumbed to disease
by the same day. Thus, the expression of tau with different numbers of MTBP repeats did
not adversely affect disease severity during the course of the disease. The hTau mice express
human tau with both 3 and 4 repeats of the MTBD, whereas WT mice express
predominantly tau with 4 repeats of the MTBD. Whereas 4R tau is purported to enhance
microtubule stability, hTau mice did not have higher mean clinical scores or greater axonal
damage as assessed by SMI132-positive axonal staining. The pathologic loss of SM131
immuno-reactivity in white matter correlates with axonal swellings that are
dephosphorylated and immunoreactive for SM132. The extent of axonal damage and
spheroids induced in the hTau and WT mice during chronic EAE as assessed by SM132
immunoreactivity was not increased in hTau versus WT spinal cord.

Examination of spinal cord sections with an antibody specific to HMW tau determined that
axons were immuno-positive throughout the cord particularly in the substantia gelatinosa of
Rolando. This region, located at the dorsal surface of the dorsal column, extends the entire
length of the spinal cord into the medulla oblongata. This region functions in the
transmission of sensory pain information and pain management caused by injury to the
spinal cord, peripheral nerve lesions, and inflammation associated with MS (40). The
substantia gelatinosa contains small nerve cells with unmyelinated axons and few thinly
myelinated fibers and does not stain for phosphorylated neurofilament proteins. The paucity
of myelinated fibers is consistent with the finding that phosphorylated neurofilament
expression correlates with myelination, and expression of abundant HMW tau in the
substantia gelatinosa of Rolando suggests that HMW tau may stabilize these small axons.

EAE in Tau™/~ Mice

Tau™"~ mice are relatively normal during neurodevelopment and have uncompromised
viability, but in EAE, the absence of tau negatively affected the clinical course and axonal
integrity of these mice compared with WT mice. Spinal cord lesions from Tau™~ mice had
more SMI132-positive and APP-positive axons than were observed in WT spinal cord.
Paraplegic Tau™~ mice with clinical scores of 4.0 had gray matter abnormalities consisting
of APP-positive and SMI32-positive axons surrounded by Ibal-positive glia that were not
observed in the WT mice.

We considered the possibility that the loss of tau during EAE would induce the reexpression
of MAPs expressed during early development to compensate for the loss of tau. MAP1b is
the most abundant and earliest MAP expressed in neurons and oligodendrocytes in the
developing nervous system (41-43). In neurons, MAP1b is downregulated during maturation

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2013 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Weinger et al.

Page 9

when MAP1a is upregulated. In oligodendrocytes, MAP1b expression precedes
morphological differentiation (44). MAP1b binds to microtubules and actin in a
phosphorylation-dependent manner, where it functions in growing axons and is the major
MAP associated with microtubules early in development. The expression of MAP1b is
down-regulated 10-fold in maturing myelinating brain. In EAE, the increased MAP1b
expression observed in the spinal cords of Tau™~ mice likely was the result of immature
oligodendrocytes, and compromised axons undergoing axonal outgrowth and elongation.
The upregulation of MAP1b is likely protective and aids in process stability and outgrowth
caused by the loss of tau. Based on the higher clinical scores during acute and chronic EAE
and the continued expression of MAP1b in Tau™~ mice during the chronic phase of disease,
we suggest that axonal repair is ongoing in the Tau™~ mice. In addition, we considered how
the loss of tau expression might influence tau protein interactions. Gas7b binds Tau, and a
Gas7hb/Tau complex interacts with the microtubules to promote tubulin polymerization (25,
45). Studies determined that tau stabilizes Gas7b and that the brains from patients with AD
had decreased levels of Gas7b. Other studies showed that Gas7b has a role in microtubule
organization (45). We did not detect Gas7b expression in naive WT and Tau™" mice, but in
mice with chronic EAE, we observed more Gas7b expression in WT spinal cord
homogenates than that in Tau™~ spinal cord homogenates. Although all Gas7b values for
WT homogenates were higher than the values for the Tau™~ homogenates, the differences
were not significant because of the high standard deviation resulting from 1 WT homogenate
with high Gas7b values. Our data are consistent with a previous report demonstrating that
tau stabilizes Gas7b and loss of tau reduces Gas7b expression in the CNS (25). Although we
did not show a direct interaction between tau and Gas7b in axonal cytoskeleton stabilization,
it is likely that the reduced expression of Gas7b combined with increased MAP1b
expression and increased SMI32-positive and APP-positive immunoreactivity all contribute
to the delayed recovery in spinal cord of Tau™~ mice during EAE. In addition, the increase
in Gas7a in Tau™" is suggestive of neurite outgrowth as Gas7a colocalizes with the actin
network and, by physically binding to N-WASP, enhances neurite outgrowth (46).

In summary, the combined data show that Tau™~ mice have significantly higher clinical
scores, more axonal damage early in disease, and delayed recovery detected by changes in
the cytoskeleton during chronic disease. The higher mean clinical scores and corresponding
increase in MAP1b and Gas7a and decrease in Gas7b in Tau™~ mice suggest that tau may
help limit axon lesion size during EAE either directly or in combination with microtubule-
associated binding partners.
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FIGURE 1.

Tau overexpression does not alter disease severity in myelin oligodendrocyte glycoprotein
(MOG)-induced experimental autoimmune encephalomyelitis (EAE). In (a) mice were
scored daily for clinical signs of disease, and the clinical scores were charted up to day 43
after immunization. The incidence of disease was 93% for both groups of mice. Gray
squares represent the mean daily clinical score + SEM of wild-type (WT) mice (n = 13);
black triangles represent the mean £ SEM of mice with high levels of human tau (hTau) (n =
8). (b) Histochemical (C, D, G, H) and immunohistochemical (A, B, E, F) stainings of the
spinal cord of hTau mice (E-H) at the chronic stage of disease show that hTau mice are not
more severely affected than WT mice (A-D). Nonphosphorylated neurofilaments were
detected using antibody SMI32 (A, E); phosphorylated neurofilament staining was detected
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using SMI31 (B, F). Arrows (D, H) indicate areas of demyelination. (C, G) Hematoxylin
and eosin; (D, H) Luxol fast blue stain. Original magnification: 50x.
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FIGURE 2.

Minimal relative changes in tau phosphorylation in lumbar spinal cords of mice with high
levels of human tau (hTau) and wild-type (WT) mice during chronic experimental auto-
immune encephalomyelitis (EAE). Monoclonal antibody (mAb) DA9 recognizes
nonphosphorylated tau. The mAb clone HM2 recognizes high-molecular-weight
microtubule-associated protein 2 (HMW MAP2). The mAbs CP9, PHF1, CP13 recognize
phosphorylated tau epitopes. Visualization was by enhanced chemiluminescence. To
visualize tau in hTau or WT mice, both short and long exposures are shown. Lanes 1 and 2,
hTau spinal cord chronic EAE; lanes 3 and 4, naive hTau spinal cord; lanes 5to 7, WT
spinal cord chronic EAE; lane 8, naive WT spinal cord. Fifty micrograms of protein was
loaded in each lane.
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FIGURE 3.

The 110-kDa high-molecular-weight (HMW) tau is expressed in the spinal cord during
experimental autoimmune encephalomyelitis (EAE). (a) Immunaoblot analysis for HMW tau
in mouse spinal cord. Twenty micrograms of protein homogenate from the lumbar spinal
cord of wild-type (WT) mice at 2 months (lanes 1, 3) and 9 months (lanes 2, 4) of age was
loaded per lane. Lanes 1 and 2 were incubated with mAb tau 46 (1:1000); lanes 3 and 4 were
incubated with HMW tau polyclonal antibody (pAb) (1:20,000). (b) Spinal cord section
from a mouse with high levels of human tau (hTau) stained with HMW tau pAb (1:10,000).
(c) Paraffin-embedded sections of WT (A, C, E, G) and hTau (B, D, F, H) mice stained with
hematoxylin and eosin (A, B) or immunostained with anti-HMW tau polyclonal antibody
(C-H). Scale bars = (b, ¢ [A-F]) 250 um; (c [G, H]) 25 pm.
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FIGURE 4.

Tau-deficient (Tau™~) mice have more severe clinical disease and neuronal injury than wild-
type (WT) mice during experimental autoimmune encephalomyelitis (EAE). (a) Mice were
scored for clinical disease beginning on day 10 postsensitization. (b) Data combined from 4
experiments show that Tau™~ mice have higher clinical scores during acute disease. (c) At
day 19, Tau™" mice have more SMI32 staining than WT mice. Paraffin-embedded sections
were stained with an antibody to myelin basic protein ((MBP] 1:1000; green), Ibal (1:400;
blue), and SMI132 (1:20,000; red). (d) The numbers of SMI32-positive or amyloid precursor
protein (APP)—positive axons/lesion in a 40x field were counted. The disease incidence was
94% in both groups. CI = clinical index.
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FIGURE 5.

Neuronal damage in gray matter of tau-deficient (Tau™") mice in acute experimental
autoimmune encephalomyelitis (EAE). Paraffin-embedded sections of lumbar spinal cord
from a naive Tau™~ mouse (upper row), a Tau™~ mouse with EAE (day 19) (middle row),
and a wild-type (WT) mouse with EAE (day 19) (bottom row) were immunostained with
antibodies to amyloid precursor protein (APP), SMI32 and Ibal. (a—c) In Tau™~ mice,
neurons with SM132-positive (a) and APP-positive (c) aberrant neurites (arrows) were near
Ibal-positive activated microglia (b). (d—f) The WT mouse with EAE has no detectable
SMI32-positive (d) or APP-positive (f) swellings and fewer immunostained microglia (e).
Cl = clinical index.
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FIGURE 6.

Expression of cytoskeletal proteins in wild-type (WT) and tau-deficient (Tau™") mice
during chronic experimental autoimmune encephalomyelitis (EAE). (a) Comparison of
microtubule-associated protein 1b (MAP1b) and tau in naive and chronic Tau™~ and WT
mice. Blot was cut, and the upper portion was incubated with the MAP1b monoclonal
antibody (mAb) 3G5 (1:10). The middle section was incubated with tau mAb DA9 (1:5000),
and the lower panel was incubated with A-actin, mAb (1:5000). Lane 1, naive Tau™"
mouse; lanes 2 to 9, chronic Tau™~ mice; lanes 10 to 12, chronic WT mice; lane 13, naive
WT mouse. Clinical index (CI) for individual mice were as follows: lanes 2 and 3, CI = 3.5;
lane 4, Cl = 3; lane 5 and 6, Cl = 2.5; lane 7, Cl = 2; lanes 8 and 9, Cl = 1; lanes 10 and 11,
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Cl = 3.0; lane 12, CI = 1. The lane between lanes 9 and 10 is the molecular weight marker.
(b) Quantification of microtubule-associated protein 1b (MAP1b). Relative densitometric
intensity (RD1) was normalized to naive for WT and Tau™~; MAP1b was significantly
increased in Tau™~ mice versus WT mice (p < 0.05) (c) Tau™~ mice express less Gas7b
during chronic EAE. Three naive Tau™~ mice (lanes 1-3) and 3 chronic Tau™~ mice (lanes
4-6) were compared with chronic WT mice (lanes 7, 8, 10) and a WT mouse injected with
complete Freund’s adjuvant (CFA) and pertussis toxin (no myelin oligodendrocyte
glycoprotein [MOG]) (lane 9). Two Gas7 bands were detected; Gas7b is the upper band
migrating at approximately 50 kDa, and Gas7a is the lower band migrating at approximately
45 kDa. The CI for the mice were as follows: chronic Tau™" lane 4, CI = 2; chronic Tau™~
lane 5, CI = 1.5; chronic Tau™" lane 6, Cl = 1; chronic WT lane 7, CI = 2.5; chronic WT
lane 8, Cl = 1; chronic WT lane 10, CI = 1. CFA without MOG plus pertussis toxin WT,
lane 9, Cl = 0. Gas7 mAb was diluted 1:400. The lane between lanes 6 and 7 is the
molecular weight marker. Twenty micrograms of total protein was loaded in each lane in all
blots.
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TABLE

Summary of Clinical Severity and Immunohistochemical Findings in Tau™~ and Wild-Type Mice in Acute
Experimental Autoimmune Encephalomyelitis

Tau™ Mice Wild-Type Mice p

Average Cl (days 14-20) 2.4 +£0.06 1.9+0.05 <0.0001
CD45-positive cells/lesion 159+27 20.2+3.0 >0.05
Ibal-positive cells/lesion 945+ 14.2 81.8+13.1 >0.05
SMI32-positive axons/lesion  37.0 £ 6.2 224+3.0 <0.05
APP-positive axons/lesion 20.3+4.0 85+1.0 <0.01

All data are mean + SEM. Counts were done in 40x fields.
APP, amyloid precursor protein; ClI, clinical index.
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