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Fig. 1. Nerve ligation of hypoglossal nerves induced a gradual reduction in nuclear TDP-43 and in choline acetyltransferase (ChAT) expression (A)
Immunohistochemistry of lower brainstem slices at the level of area postrema of adult C57BI/6 mice 1, 5, 7 and 14 days after nerve ligation. Sections
were stained with rabbit polyclonal anti-TDP-43 antibody (left columns, a, d, g, j, middle column, b, e, h, k, with higher magnification) and or goat
polyclonal anti-ChAT (right columns, ¢, f, i, I). Nissl staining was conducted for counter-staining (blue). The magnified area was indicated by the dot
line. The occasional cytosolic TDP-43 staining was indicated by arrowheads. Note that loss of TDP-43 staining was preceded by downregulation of
ChAT, and was most prominent on day 7-14. Scale bar=200 um fora, ¢, d, f, g, i, , |; 20 um for b, e, h, k. (B) Quantification of hypoglossal nucleus
with normal TDP-43 staining 1, 5, 7 and 14 days after nerve ligation. Number of hypoglossal neurons harboring normal TDP-43 staining and that of
Nissl-positive neurons were counted from four mice (three slices per mouse). (@) Number of hypoglossal neurons harboring normal TDP-43 staining
and that of Nissl-positive neurons 14 days after ligation were counted from four mice (three slices per mouse), and percentage of TDP-positive per
Nissl-positive neurons were obtained. Graph bars express mean*standard mean of error (SEM; n=3). * P<0.01 by student’s t-test. (b) Time-line of
the redistribution of TDP-43. The percentage of TDP-positive per Nissl-positive neurons of the ligation side to those of the control side were obtained.
Graph bars express mean * standard mean of error (SEM; n=3-4). * P<0.01 vs. Days, 1 and 5 by one way ANOVA of Bonferroni test.

- 330 -



T. Sato et al. / Neuroscience 164 (2009) 1565-1578

RESULTS

Permanent ligation of the hypoglossal nerves
eliminated nuclear TDP-43 in parallel to choline
acetyltransferase (ChAT) expression

Mislocalization of TDP-43 is a pathological characteristic of
sporadic and SOD1-unrelated familial ALS. However, it is
unclear whether the mislocalization or nuclear reduction of
TDP-43 is a primary or a secondary event to an unidenti-
fied cause. We investigated the effect of axonal damage,
which has been implicated in ALS pathogenesis (Julien,
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2001), on the redistribution of TDP-43. The hypoglossal
nerve was chosen for this study because of its pure motor
neuron properties and its exclusive vulnerability in ALS.
Moreover, we simultaneously performed immunostaining
for ChAT, since the relationship between axonal injury and
ChAT expression has been intensively studied. Previous
reports indicated that ChAT expression after axonal injury
is transiently depressed at 7-14 days and returns to nor-
mal one month later (Lams et al., 1988; Matsuura et al.,
1997), supposedly reflecting the regeneration or the func-
tional recovery of adult cholinergic neurons (Maeda et al.,
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Fig. 2. Recovery of nuclear staining of TDP-43 on day 28 after nerve ligation (A) (a, b) Immunohistochemistry (DAB colorization) of brainstem slices
28 days after ligation using antibodies against TDP-43 (Proteintech, a) and ChAT (b) with Nissl counterstain. Scale bar=200 pwm. (c, d) Confocal
micrographs of double immunofluorescence of ligated (c) or untreated (d) side on day 28, using goat polyclonal anti-ChAT (red) and rabbit polyclonal
TDP-43 (green) antibodies. Note that neurons with ChAT immunoreactivity contain normal nuclear TDP-43. Scale bar=50 wm. (B) The population of
the hypoglossal nucleus on day 28 by the number of ChAT-positive neurons (a), TDP-43-positive/ChAT-positive neurons (b), and TDP-43-positive/
Nissl-positive neurons (c). Neurons were counted under the microscope or in confocal micrographs from three slices per mouse (n=3). Data in a
stands for mean+SEM (n=3) of the percentage of counted neurons in comparison with the control side. Each bar in each figure represents
mean=SEM of percentage of ChAT-positive neurons (a), TDP-43-positive neurons per ChAT-positive (b) or per Nissl-positive neurons (c), (n=3).
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2004). As shown in Fig. 1A-a gradual decrease in nuclear
staining of TDP-43 was observed from day 5, and most
prominently on days 7-14 (Fig. 1A, left and middle col-
umns). In these neurons with reduced nuclear TDP-43,
cytosolic staining was occasionally observed (arrow-
heads). However, no obvious aggregates were detected.
In contrast to TDP-43, ChAT staining at the ligation side
began to diminish on day 2 (not shown) and almost disap-
peared from day 7-14 (Fig. 1A, right column), consistent
with a previous report (Matsuura et al., 1997).

The counting of nuclear TDP-43-positive per Nissl-
positive neurons at day 14 after ligation revealed that there
was a significant reduction in TDP-43-positive neurons by
9.7% on the ligation side and 49.0% on the unligated side
after nerve ligation (Fig. 1B-a). It should be noted that
unilateral ligation of the hypoglossal nerve affected nuclear
staining of TDP-43 even on the contralateral side, espe-
cially near the midline, while almost 100% of the hypoglos-
sal nucleus is clearly TDP-43-positive without ligation sur-
gery (not shown). This correlated to a partial loss of ChAT
staining at the contra-lateral side (Fig. 1A-i, I). Next, the
percentage of the neurons with normal TDP-43 (nuc
TDP43) to the control side was obtained. As shown in Fig.
1B, the number of nuclear TDP-43-/Nissl-positive neurons
gradually diminished in a time-dependent manner. On
days 7 and 14, there was a prominent reduction in TDP-
43-positive neurons to 32.7% and 19.8% of the control
side, respectively (Fig. 1B-b). We also confirmed that loss
of nuclear TDP-43 is not related to impaired immunoreac-
tivity related to the injury, since immunostaining with anti-
TGN38 antibody showed similar reactivity between control
and ligation sides (Fig. S1, A).

We further investigated TDP-43 staining at the
chronic stage following axonal ligation together with the
ChAT staining. In accordance with the previous reports,
the number of ChAT-positive neurons returned to 80% of
that on the control side 28 days after ligation (Figs. 2A-b,
2B-a). In addition, most ChAT positive neurons showed
normal TDP-43 staining on day 28 (Fig. 2A-c). The
quantification from double immunofluorescent confocal
micrographs revealed that there is no difference in the
percentage of TDP-43-positive neurons in ChAT-posi-
tive neurons between the ligated and the untreated side
(Fig. 2B-b). Although the percentage of TDP-43 per
ChAT-positive neurons was less than 80% in confocal
analysis (Fig. 2B-b), this is simply because some nu-
cleus are out of vision in the single micrograph depend-
ing on the confocal image level. Indeed, almost 100% of
ChAT-positive neurons showed nuclear TDP-43 staining
by manual observation of confocal microscope. Altematively,
the percentage of TDP-43-positive neurons per Nissl-positive
neurons on the ligated side is slightly lower than that on the
control side (Fig. 2B-c), which implies the incomplete recov-
ery of ChAT under axonal damage in the mice. These results
indicate that redistribution of TDP-43 by axonal ligation cor-
relates with the innervation status and reflect the function of
cholinergic neurons.
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RNA transcription of TDP-43 is not affected by
axonal ligation

To clarify whether aberrant staining of TDP-43 is caused
by impaired RNA transcription or by a post-transcrptional
event, we performed in situ hybridization on day 7 and
quantitative real-time PCR analysis of the hypoglossal nu-
cleus using LCM on day 0 and 7 (three mice in each
experiment). In situ hybridization of TDP-43 revealed that
TDP-43 mRNA was equally expressed on the treated side
and the control side (Fig. 3A-a). The probe specificity was
confirmed by sense probes, which yielded no signal (Fig.
3A-b). We also performed a real-time PCR study to quan-
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Fig. 3. TDP-43 is not downregulated by axonal ligation, but is ex-
cluded from the nucleus (A). In situ hybridization of brainstem slices
using antisense (a) or sense (b) probe for TDP-43. There is no differ-
ence in the TDP-43 mRNA level between ligated and control sides.
The photo is a representative from three mice. Scale bar=200 um. (B)
Quantitative real-time PCR study of TDP-43 and p-actin using cDNA
obtained from the isolated hypoglossal nucleus on day 0 and 7 after
the ligation using laser capture microdissection. TDP-43/actin mRNA
ratio on the ligation side was obtained by comaprtison with the control
side, and expressed as fold-increase vs. the control side. There is no
trend or statistical significance in the TDP-43 mRNA level between the
ligated and control sides (n=3 in each day). N.S., not significant. For
interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.
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Fig. 4. No involvement carboxyl TDP-43 fragments for cytosolic aggregates in the short term after nerve ligation Immunohistochemistry of brainstem
slices subjected to axonal ligation at day 7 with antibodies against the carboxyl terminus of TDP-43. Antibody against the carboxyl terminus of TDP-43
(395-405AA) also showed a similar staining pattern to that against full length or near-amino-terminus of TDP-43. Note that occasional cytosolic
TDP-43 was also detected with this antibody (arrows). (A) Bligated side (B, magnified image of demarcated area in A), (C, D) control side (D, magnified
image of demarcated area in C). (E) Pre-absorption test at the control side. No immunoreactivity is observed when the antibody was absorbed by

antigen peptides (E). Scale bar=100 um for (A, C, E); 20 um for (B, D).

tify TDP-43 mRNA in the isolated hypoglossal nucleus
subjected to the axonal ligation (three mice). The result
shows that the averaged TDP-43 mRNA level, expressed
as a value normalized to actin mRNA, was comparable in
the treated and untreated sides 7 days after ligation com-
pared with that on day O (Fig. 3B), which is in a clear
contrast to mRNA change of importin g (Fig. 5C). Our data
clearly showed that loss of nuclear staining of TDP-43 is
not due to inhibition of gene transcription, but is a nuclear
exclusion.
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Carboxy! fragments of TDP-43 is not detected in the
cytosol at the peak time of nuclear exclusion after
nerve ligation

As shown above, we could not detect obvious cytosolic
staining of TDP-43 in the neuronal somata on the ligated
side using popular rabbit polyclonal antibody (Proteintech)
that was raised against full-length recombinant TDP-43.
We therefore generated polyclonal rabbit antibody against
the carboxyl terminal sequences of TDP-43 (395-414AA)
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Fig. 5. Transient loss of importing 8 staining in neuronal somata correlates with aberrant TDP-43 staining after nerve ligation. (A) Immunohisto-
chemistry and immunofluorescence study of brainstem slices for importin B 7 days after hypoglossal ligation. (a, b, d, e) seven days, (c, f) 28 days
after ligation. (a, d) Immunostaining using anti-importin g antibody with Nissl counterstain. This antibody labels predominantly cytosolic importin 8
(arrowheads in d). Importin § staining is reduced in the neuronal somata on the ligated side (a). Scale bar=50 um. b, ¢, e, f. Confocal micrographs
of brainstem slices double stained with anti-TDP-43 (Proteintech, green) and anti-importin 8 (red) antibodies. Nuclei were stained by DAPI (blue). b,
Weak staining of importin 8 in the neurons on the ligated side was detected (blanked arrowheads). (e) TDP-43 is normally expressed in the nucleus
(arrowheads) surrounded by importin § in the cytoplasm on the untreated side. Scale bar; 200 um. (c, f) On day 28, both TDP-43 and importin B
staining returned to normal (arrows in c). Scale bar=100 um. Blanked arrowheads indicate endogenous IgG in the active microglia. (B). Western
analysis of brainstem hemisections with or without axonal ligation. (a) Western image on the control or the ligation side from three mice 7 days after
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to investigate whether fragmented TDP-43 could be ob-
served in the cytosol after axonal ligation, since the car-
boxy! terminus of TDP-43 has been implicated in cytosolic
aggregates, phosphorylation, and ubiquitinated inclusions
(Igaz et al., 2009). However, immunostaining with this
antibody also showed loss of nuclear TDP-43 with occa-
sional cytosolic staining without overt aggregates (Fig. 4A,
B, arrows). The antibody specificity was confirmed by an-
tigen pre-absorption test, in which excess amount of the
peptide antigen was preincubated with an antibody before
immunoreactions. Preabsorption test successfully elimi-
nated all DAB signals (Fig. 4E). These results indicate that
the participation of fragmental TDP-43 in the cytosolic
aggregates is not an immediate event to nuclear exclusion.

Nuclear exclusion of TDP-43 correlated to aberrant
importin g staining

TDP-43 carries a bipartite nuclear localization signal (NLS;
KRKXXXXXXXXXXXXKR), which is recognized by impor-
tin a/B. In particular, accumulating evidence has clarified a
crucial role of importin 81 in the nuclear transport of most
proteins (Pouton et al., 2007). It is reported that the impor-
tin B functions in neuronal regeneration upon axonal injury,
in which local expression of importin B at the lesion site
promotes neuronal survival via facilitating the nuclear
transport of cytoprotective molecules such as pErk (Hanz
et al., 2003; Perlson et al., 2005). We thus performed
immunohistochemistry of importin B in the hypoglossal
nucleus after nerve ligation. As shown in Fig. 5A-d, mouse
monoclonal antibody detected importin 8 distributing in the
cytosol in the untreated site. Conversely, prominent loss of
importin B was observed in the neuronal somata at the
ligation site (Fig. 5A-a) compared with the control side. Of
note, there is abundant immunoreactivity for importin stain-
ing around the hypoglossal somata (Fig. 5A, blanked ar-
rowheads). Since the available antibody against importin g
is @ mouse monoclonal, the endogenous immunoglobulin
in the active microglia on the ligated side, was unavoidably
detected (Fig. S1-D). Although we tried to eliminate this
background by various blocking protocols, we were unsuc-
cessful. Double immunofluorescent labeling for importin B
and TDP-43 (Proteintech) displayed a marked loss of nu-
clear TDP-43 on the treated side with an accompanied
reduction of importin B staining (Fig. 5A-b). This is a clear
contrast to the untreated side, which showed co-expres-
sion of nuclear TDP-43 and cytosolic importin g (Fig. 5A-
e). As observed in ChAT staining, importin 8 staining on

the ligated side returned to the normal pattern 28 days
after nerve ligation along with the recovery of TDP-43 (Fig.
5A-c, f). Moreover, Western analysis of the brainstem he-
misections revealed that importin 8 was mildly but signifi-
cantly reduced compared with the control side (Fig. 5B).
Furthermore, the mRNA level for importin B in the hypo-
glossal nucleus under nerve ligation on day 0 and 7 was
also assessed by quantitative real-time PCR using the
same protocol as described for TDP-43. Results showed
that there was a clear trend of importin 8 reduction on the
ligated side compared with the control side on day 7 and
with the same side on day 0 (Fig. 5C), although it was not
statistically significant (P=0.11 by Student's t-test).

To investigate whether importin is involved in the nu-
clear transport of TDP-43, we studied the knockdown ef-
fect of importin B on the nuclear transport of TDP-43 using
siRNA in the human neuroblastoma cell-line SHSY-5Y
cells. Human neuroblastoma cell-line, SHSY-5Y was
transfected with three different siRNA oligonucleotides
against importin B, effectively suppressed importin 8 ex-
pression (Fig. 5D). The cells were subsequently trans-
fected with EGFP-fused human TDP-43 for a further 24 h.
Confocal laser microscopy revealed that knockdown of
importin 3 resulted in nuclear exclusion of TDP-43 (Fig.
SE). Western analysis of the subcellularly fractionated cell
lysates of SHSY-5Y cells that were sequentially trans-
fected with SiRNA and TDP-43-FLAG further confirmed the
effect of sSiRNA on the inhibition of nuclear transport of
TDP-43 (Fig. 5F). However, we could not conclude a direct
interaction between importin 8 and TDP-43 by in vitro
binding test because of the weak interaction (not shown).
These results agree with recent evidence that redistribu-
tion of Ran-GTP, which interacts with importin B in the
nucleus for its cytosolic recruitment, prevents the nuclear
transport of TDP-43 (Winton et al., 2008).

Peripheral accumulation of TDP-43 after axonal
injury with disproportional importin g and impaired
axonal autophagy

To further investigate the mechanism of TDP-43 under
axonal injury, we analyzed tissue lysates from hypoglossal
nerves proximal to the ligation site (Fig. 6A). To our sur-
prise, Western analysis revealed that TDP-43, but not
importin 8 began to accumulate 2 days after the ligation
(Fig. 6C, left; 6B, top graph). Although the ratio of TDP-43
orimportin 8to GAPDH is much higher than to actin on day
2, this is simply because of the transient downregulation of

the unilateral ligation. The blot was incubated with antibodies againstimportin 8 and actin. (b) Densitometric analysis showing the significant decrease
in importin /actin ratio by the ligation compared with the control side. n=3. * P<0.05 by student t. (C) Quantitative real-time PCR assay of importin
B in the hypoglossal nucleus. The hypoglossal nucleus was resected from the mice with hypoglossal ligation on day 0 and 7 with laser capture
microdissection and cDNA was synthesized from purified total RNA as described in experimental procedures. Importin B/actin mRNA ratio of the
ligation side was compared with the control side, and was expressed as fold-increase vs. the control. There is a clear trend showing that ligation inhibits
importin 8 expression, although not statistically significant (n=3. P=0.11 by student t). (D) Western blotting of total cell lysates from SHSY-5Y cells
transfected with siRNA against importin 8 using anti-importin B and anti-actin antibodies. Three different siRNAs effectively inhibited expression of
importin B. The knockdown efficiency in comparison with non-transfection control was indicated in each lane. (E) Confocal laser micrographs.
Double-transfected SHSY-5Y cells were fixed with 4% paraformaldehyde after counterstaining with Hoechst33342. Nuclear transport of TDP-43-EGFP
was inhibited in the cells carrying three different siRNA (d-f, g-i, jH) against importin 8. Scale bar=100 um. (F) Western blotting of subcellular fractions
from SHSY-5Y cells co-transfected with RNAI (siRNA-2) and TDP-43-FLAG. Cytosolic importin B is effectively diminished leading to loss of nuclear

TDP-43 by siRNA (lane 8). N means random control oligomers.
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Fig. 6. Western analysis of TDP-43, importin 8 and active autophagy marker in the hypoglossal nerve subjected to ligation (A) Schematic presentation of
the sampling of hypoglossal nerves proximal or distal to the ligation point. Resected hypoglossal nerves were separated into sections 5 mm peripheral and
5 mm central from the ligation point. Three sections from three mice were collected into one tube for Westem analysis. (B) Western analysis of resected
hypoglossal nerves proximal to the tightening lesion 2, 7 or 28 days after ligation, using antibodies against TDP-43 (Proteintech, top), importin 8 (2nd), actin
(3rd) and GAPDH (bottom). Each lane contains a mixture of nerve lysates from three mice. The TDP-43 blot showed a remarkable increase on day 7
compared with the importin § or actin blot. (C) Densitometric analysis of the immunoblot in B. The value for TDP-43 or importin B was normalized to that of
actin or GAPDH. On day 2, the ratio of both TDP-43 and importin 3 to GAPDH showed a marked increase compared with that to actin. This is due to the
transient decrease in GAPDH at this stage under axonal ligation (see Fig. 6B, lane 2 at day 2). Each value was obtained using a pool of nerve pieces of three
mice. (D) Hemisection of the brainstem with or without hypoglossal ligation was homogenized and subcellularly fractionated to obtain the microsome fraction
as described in the materials and methods (left, control; right, ligation). Wester biot using antibodies against TDP-43, LC3 and calnexin after high salt wash
experiment of microsome fraction. At the concentration of 0.5-1.0 M NaCl, considerable amount of TDP-43 and LC3-l was released from microsome
membranes, while calnexin and LC3-I remains unchanged. A significant amount of TDP-43 is detected in the microsome fraction. (E) Westermn analysis of
the hypoglossal nerves on the ligation and control sides using anti-calnexin or anti-LC3 antibody on day 7 or 28 after ligation. The LC3-II, a marker for active
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GAPDH in the acute stage after axonal injury (Fig. 6B lane
2 on the GAPDH biot on day 2, as reported previously;
McKerracher, 1993). On day 7, TDP-43, normalized either
to actin or to GAPDH, accumulated markedly on the ligated
side compared to the control side (Fig. 6B, middle col-
umns, Fig. 6C, middle graph). Importin 8 was slightly in-
creased despite the declining trend in mRNA in real-time
PCR, possibly reflecting regional synthesis of importin 3 as
reported previously (Hanz et al., 2003). These results im-
ply that an impaired nucleocytoplasmic transport system
may underlie the redistribution of TDP-43 after axonal
injury.

Since TDP-43 is a nuclear protein and no evidence has
been provided as to why TDP-43 can be detected in the
peripheral nerves and how it is degraded, we first analyzed
the subcellular distribution of TDP-43 in the brainstem
hemi-sections. The tissue homogenates were subcellularly
fractionated to obtain microsome fractions as described in
the Materials and Methods. In the microsome fraction,
where the two types of LC3 were present, namely, LC3-|
for a cytosolic form and LC3-Hl for a membrane-bound form
(Fig. 6D) as well as an ER marker calnexin, TDP-43 was
clearly detected (Fig. 6D, lanes 1 and 5). We further in-
vestigated if the TDP-43 in the microsome is intraluminal or
membrane-integrated, but not a contaminant from the cy-
loplasm by a high-salt wash experiment. The microsome
fractions were resuspended in 10 mM Tris—HCI buffer with
0, 0.1, 0.5 or 1.0 M NaCl to wash out the contaminant
TDP-43 from the cytosol. After a second ultracentrifugation
and two washes, the resulting pellets were analyzed with
Western blotting using anti-TDP-43, anti-calnexin, and an-
ti-LC3 antibodies. As shown in Fig. 6D, high-salt buffer
washed out a considerable amount of TDP-43 and LC3-I
by 0.5 M NaCl. However, LC3-ll and calnexin, the mem-
brane-integrated proteins remained in the microsome frac-
tions together with a significant amount of TDP-43 even
with 1 M NaCl (Fig. 6D, lanes 3, 4, 7, 8). There was no
obvious difference between control or ligation side on the
expression level of TDP-43, LC3-Il, or calnexin in the
brainstem hemi-section. We performed Western analysis
of the ligated nerves for calnexin and LC3, and found that
the ligation markedly decreased in LC3-Il with a concom-
itant increase in LC3-l on day 7, indicating that active
autophagosome is impaired in the peripheral axon (Figs.
6E-a, b). Conversely, calnexin showed a slight increased
by the ligation. These data indicated that TDP-43, trans-
ported in the axonal flow, was constitutively cleared by
autophagy (Urushitani et al., 2009}, and that the autophagy
dysfunction under axonal damage might be associated
with peripheral accumulation of TDP-43. Finally, to test the
possibility that TDP-43 is carried via trans-Golgi network,
we performed immunoblotting using anti-TDP-43 antibody
using immunoisolated TGN from brainstem hemi-sections

(Urushitani et al., 2006). However, TDP-43 was not
present in the TGN vesicles (Fig. 6F).

DISCUSSION

In this report, we showed that axonal ligation induced
transient nuclear exclusion of TDP-43 in hypoglossal neu-
rons. The aberrant TDP-43 staining correlated with the
ChAT immunoreactivity, indicative of the link between the
subcellular localization of TDP-43 and axonal degenera-
tion/regeneration. Redistribution of TDP-43 was a post-
translational event since the levels of mMRNA of TDP-43
were not affected by the ligation as shown in quantitative
real-time PCR and in situ hybridization. We also demon-
strated that axonal ligation induced aberrant localization of
importin B and defect in active autophagosome, which
accounts for the accumulation of TDP-43 on the injured
axon. Together with our recent finding, showing that
TDP-43 is predominantly decayed in the autophagosomes
(Urushitani et al., 2009), these results explain the missing
link between axonal damage and the redistribution of
TDP-43 as observed by Moisse et al (Moisse et al., 2009)
and us. However, there are several significant differences
between their report and the present study. In their report,
there is an upregulation of TDP-43 by axotomy, whereas
we found no difference in the case of axonal ligation. The
population of motor neurons with nuclear excluded TDP-43
in this paper was less than that in our study. The possible
reasons to explain several discrepancies may include (1) a
surgery strategy, namely axotomy or axonal ligation, (2)
the nerves used for the study; hypoglossal nerve or sciatic
nerve, and (3) the sample preparation for mMRNA quantifi-
cation. First, we studied the effect of axotomy as well as
axonal ligation on the TDP-43 redistribution, and found that
axotomy induced nuclear exclusion to a lesser extent than
axonal ligation (Fig. S2). Our guess to explain the differ-
ence between the two is that the axonal ligation leads to
higher accumulation of the transported molecules than
axotomy does. Second, the hypoglossal nerve is a pure
motor neuron, while the sciatic nerve contains both motor
and sensory neurons, the axotomy of which may induce
the different regulation of TDP-43. Finally, for mRNA quan-
tification, we isolated hypoglossal nucleus using laser cap-
ture microdissection, while they used hemi-spinal cord that
contains abundant non-motor cells. It is possible that glio-
sis induced by axotomy contributed to the result of mMRNA
level of TDP-43 in the hemi-spinal cord. Indeed, we also
observed robust microgliosis and astrogliosis on day 7
after tigation (Fig. 1, C, D). Further investigation of mo-
lecular machineries under different injury types and neuron
types may contribute to uncover the mechanism of redis-
tribution of TDP-43. It should be noted however, it is tech-
nically difficult to precisely adjust the quantity of mRNA

autophagosomes was absent in the operated nerves in both day 7 and 28. (F) TDP-43 is not present in the trans-Golgi network. The supernatant
excluding mitochondrial fraction after 10,000 g« 5 min, was immunoprecipitated with anti-TGN38 antibody which had been cross-linked to Protein
G-magnet beads. The immunoprecipitates were eluted and analyzed by Westem blotting using anti-TDP-43 (top) or anti-TGN38 antibody. There was
no significant bad for TDP-43 showing it presence in the TGN. Each lane or value was obtained from the pooled tissue lysates from three mice. The
ligation experiments were repeated at least twice, and the representative data were presented.
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from hypoglossal neurons by LCM, and actin mRNA was
slightly elevated on the ligation side. Therefore, we cannot
exclude the possibility that mRNA is upregulated in the
neurons at the ligation side as reported by Moisse et ai.
However, in situ hybridization verified that there is no
obvious difference between the control and the operation
side. Most importantly, our resuits indicate that the tran-
sient nuclear loss of TDP-43 was not caused by its
downregulation.

The impact of TDP-43 redistribution in the
pathogenesis of ALS

Despite the marked nuclear exclusion of TDP-43 after the
axonal ligation, transient loss of nuclear TDP-43 was not
lethal to motor neurons. This finding indicates that redis-
tribution itself, at least in a period of short term, is not a
trigger for motor neuron death. This result is consistent
with the previous report using sciatic nerve (Moisse et al.,
2009). However, if sequestration of TDP-43 perpetually
affects normal TDP-43 function, it might cause neurotox-
icity as shown in a siRNA study {(Ayala et al., 2008). We
also investigated another cholinergic neuron, the dorsal
nucleus of vagus, which projects efferent autonomic
nerves to the intestines. The results showed a similar
redistribution of TDP-43 in the dorsal nucleus of vagus
(Fig. S3, A-D), indicating that nuclear exclusion of TDP-43
under axonal damage was not limited to motor neurons. Of
note, increasing lines of evidence have shown that TDP-43
pathology is detected not only in FTLD-U or ALS but also
in Pick disease (Freeman et al., 2008), Lewy body disease
(Nakashima-Yasuda et al., 2007), hippocampal sclerosis
and even in Alzheimer's disease (Amador-Ortiz et al,,
2007), suggesting that TDP-43 pathology is shared in
downstream cascades in a broad spectrum of neurological
diseases.

Interestingly, restoration of TDP-43 is tightly associ-
ated with ChAT expression. Pathophysiological signifi-
cance of the recovery of ChAT staining in the chronic stage
after nerve injury is not fully understood. However,
Bussmann and Sofroniew (1999) substantiated that loss of
ChAT expression is caused by disruption of retrograde
axonal signal, using the various axonal injuries. It is also
reported that expression of vesicular choline acetyltrans-
ferase (VAChT), a cholinergic marker at the nerve terminal
correlates with the regeneration of neuro-muscular junc-
tion, using anterograde or retrograde tracers (Maeda et al
2004). Therefore, it is conceivable that restoration of nu-
clear TDP-43 may reflect axonal regeneration, which is
indicated by ChAT upregulation. Although we have no
clear answer to explain why TDP-43 is partially affected,
one possible explanation would be that hemi-lesion affects
the function of contralateral hypoglossal nucleus mediated
by commissural axons connecting both hypoglossal nu-
cleus (Tarras-Wahiberg and Rekling, 2009). In agreement
with this idea, ChAT staining on day 7 and 14 was partially
reduced on the unlesioned contralateral side as shown in
Fig. 1A.

Unexpectedly, regardless of the marked elimination of
nuclear TDP-43, no typical aggregates were observed in
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the neurong! somata. Carboxyl fragment accumulation is
unlikely since our antibody raised against carboxyl termi-
nus (395414 AA) of TDP-43 demonstrated no aggre-
gedes This result indicates that fragment accumulation of
TDP-43 is time-consuming and a more downstream event
after the neurotoxic pathway commences. Another possi-
hilily might be that nuclear excluded TDP-43 is transported
by axonal flow as shown in this report. It is also possible
that nucleus-excluded TDP-43 is rapidly cleared at protea-
somes or in the autophagy-lysosome system in the soma
4% discussed below.

Importin 8 and nuclear localization of TDP-43

Our study suggests that insufficient expression or altered
distribution of importin 8 under axonal ligation is associ-
ated with mislocalization of TDP-43. At 7 days after nerve
ligation, there was a trend in which importin 8 mRNA
expression in the ligated side was reduced compared with
the untreated side, and immunostaining for importin 8
showed a marked decrease in the cytosol. Conversely,
Western analysis displayed mild accumulation of importin
B in the peripheral nerves proximal to the ligation site
{1.34-fold vs. unlesioned side), followed by recovery in
both the cytosol and peripheral nerve at 28 days after
ligation. Since the accumulation of TDP-43 is extremely
high (5.29-fold higher), this might have overwhelmed ex-
pression level of importin g8 for proper translocation of
TDP-43 to the nucleus. Further evidence is required to
conclude that importin 8 is centrally involved in TDP-43
mislocalization after axonal ligation. Nevertheless, a
siRNA study against importin 8 using a transfected cell-line
clearly indicates that nuclear transport of TDP-43 is impor-
tin B-dependent. This is consistent with previous reports
describing that nuclear localization of TDP-43 is severely
affected by the mislocalization of Ran-GTP, a partner with
importin 3 in the nucleocytoplasmic transport system (Win-
ton et al., 2008). In the light of recent evidence that impor-
tin B is involved in axonal regeneration after peripheral
injury to prioritize the nuclear import of pro-survival tran-
scription factors such as p-Erks (Hanz et al., 2003), we
speculate that TDP-43 is not ranked high in emergent
condition such as axonal injury in the process of axonal
regeneration.

TDP-43 in the axon

To our surprise, there was a marked accumulation of
TDP-43 in the proximal section to the tightened site. By
observing the coronal section of the hypoglossal nerves
proximal to the ligation, we confirmed that there is no cell
proliferation around the analyzed nerve pieces (Fig. S4),
so the accumulation of TDP-43 is an event inside the
hypogiossal nerves. We also showed that increase in
TDP-43 correlated to decrease in LC3-1l, a marker for
active autophagosomes under the axonal ligation. There-
fore, TDP-43 in the peripheral axon might accumulate
because of defective active autophagosome, as well as
importin disproportion. A considerable amount of TDP-43
still accumulated, whereas nuclear TDP-43 restored on
day 28 (Fig. 6E). This can be reasoned by the local defect
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in autophagosomes suffering the axonal ligation. This find-
ing fits the recent notion that an inhibitor of autophagy
induced cytosolic aggregates of TDP-43 (Kim et al., 2008;
Urushitani et al., 2009). Alternatively, the possibility that
TDP-43 distributed with ER in the axon cannot be ex-
cluded. Although ultrastructural analysis suggests that ax-
ons do not have rough ER, recent paper documented ER
components for local protein synthesis in the peripheral
axon (Merianda et al., 2009). Considering the fact that
neurofilament synthesis is regionally regulated in periph-
eral axons (Sotelo-Silveira et al., 2000), TDP-43 might
form the complex with the ER for the protein synthesis of
neurofilament L. This notion agrees with the previous find-
ing that TDP-43 interacts with the mRNA of low molecular
neurofilament (NFL) (Strong et al., 2007). Then, it is temnt-
ing to hypothesize that microsomal TDP-43 may explain a
previcus paper describing that TDP-43 is detected in t1e
cerebrospinal fluid of ALS patients (Steinacker et al.,
2008). However, we found that TDP-43 is not present in
the trans-Golgi network, indicating that TDP-43 is not
present in the post-Golgi transport vesicles.

CONCLUSION

In conclusion, our results revealed that axonal flow dam-
age is associated with the redistribution of TDP-43 through
the combined effects of defective axonal autophagic clear-
ance and impaired importing system. These results pro-
vide huge insights to understand the mechanisms of
TDP-43 accumulations in ALS. There are still many miss-
ing links between TDP-43 redistribution and axonal flow
damage yet to be clarified. Further investigation of the
molecular machineries of nuclear exclusion of TDP-43 will
be helpful in both an understanding of and therapeutic
development against ALS.
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Abstract

Vaccinations targeting extracellular superoxide dismutase 1
(SOD1) mutants are beneficial in mouse models of amyotrophic
lateral sclerosis (ALS). Because of its misfolded nature, wild-type
nonmetallated SOD1 protein (WT-apo) may have therapeutic appli-
cation for vaccination of various SOD1 mutants. We compared the
effects of WT-apo to those of a G93A SODI vaccine in low-copy
G93A SODI transgenic mice. Both SOD!1 vaccines induced antibody
against G93A SODI and significantly delayed disease onset compared
with saline/adjuvant controls. WT-apo SOD]1 significantly extended
the life span of vaccinated mice. The vaccines potentiated Ty;2 devi-
ation in the spinal cord as determined by the ratio of interleukin-4 to
interferon-y (IFNy) or tumor necrosis factor and induced Clq depo-
sition around motor neurons. Transgenic mice had abundant microglial
expression of signal transducers and activators of transcription 4,
an activator of transcription of IFNvy, in the spinal cord implicating
IFNy in the pathogenesis. On the other hand, the sera from G93A
SOD]-vaccinated mice showed higher IFN+y or tumor necrosis factor
and yielded a lower IgG1/IgG2c ratio than the sera from WT-apo-
vaccinated mice. These results indicate that the Ty1/Ty2 milieu is
affected by specific vaccinations and that antigenicity might counteract
beneficial effects by enhancing Tyl immunity. Thus, because of its
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lower Tyl induction, WT-apo may be a therapeutic option and have
broader application in ALS associated with diverse SOD1 mutations.

Key Words: Acquired immunity, Amyotrophic lateral sclerosis,
Superoxide dismutase 1, Transgenic mice, Vaccination.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a lethal neuro-
degenerative disease characterized by progressive muscle
weakness and wasting. Although the precise pathogenetic
mechanisms of ALS remain elusive, diverse genetic mutations
have been identified in familial ALS cases and are risk factors
for both sporadic and familial ALS (1). Mutations in super-
oxide dismutase 1 (SOD1) account for 20% of familial ALS
and have been determined to be the cause of motor neuron
degeneration in many instances (2). Moreover, transgenic (Tg)
mice carrying the human SOD1 mutation represent an excellent
animal model of ALS (3). Importantly, the concept of non—cell-
autonomous motor neuron death was derived from intensive
analyses of mutant SOD1 Tg mice, which has had a major
impact on understanding and treating not only mutant SOD1-
linked ALS but also other neurodegenerative diseases such
as Parkinson, Alzheimer, and Huntington diseases (4-6). There
is also growing interest in the hypothesis of prion-like spread-
ing of disease-causing proteins in such diseases (7, 8).

On the basis of our findings that chromogranin A/B may
act as chaperone-like proteins to promote secretion of mutant
SODI (9), we targeted extracellular SOD1 of G37R SOD1 Tg
mice using a G93A mutant SOD1 vaccine, which resulted in
a significant delay in disease onset and extension of the life
span of the vaccinated mice (10). However, vaccination against
high-copy G93A SODI (G93AGur) mice was not effective.
We ascribed this failure to the extremely high expression level
of the transgene. It is also possible, however, that a combina-
tion of specific antigen and the host immune response can
counteract the beneficial effects of vaccination. For example, in
a report testing amyloid-f (AB) vaccines of wild-type (WT) or
various mutations linked to familial Alzheimer disease, dif-
ferent inflammatory responses and IgG subclasses were elic-
ited depending on the type of AB vaccine used; antibody titer
against AP in each vaccine was high overall (11). Another
approach by Kutzler et al (12) using DNA vaccines encoding
WT or Flemish/Dutch mutant AR showed greater antigenicity
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and Tyl immune response to the mutant than the WT A
peptide. The Tyl cytokines tumor necrosis factor (TNF) and
interferon-y (IFNy) are implicated in motor neuron degener-
ation in ALS (13, 14), whereas the Ty;2 cytokine interleukin-4
(IL-4) provides protective immunity to prevent motor neuron
death (15). Moreover, T cells are present in the spinal cord of
ALS patients (16), and circulating CD4" T cells affect the dis-
ease course of ALS model mice (17-19). In particular, CD4" T
cells stimulate astrocytes or microglia to express neuropro-
tective molecules including glutamate transporter or insulin-
like growth factor 1 (IGF-1) (17). The effects of different types
of acquired immunity induced by different vaccines on the
therapeutic outcome, however, have not been systematically
studied.

More than 120 mutations in SOD! covering overall
domains have been reported. Therefore, it would be desirable
to develop a vaccine that is effective and not dependent on
thespecific SOD1 mutation associated with the disorder. One
approach is to target the core domain of the molecule, i.e.
the dimer interface (20). Another approach is to use apo WT
SOD1, the molecular behavior of which is similar to that of
the mutant molecules (21, 22). We previously reported that
wild-type (WT) SODI1 with posttranslational modifications,
including oxidative modification, gains properties similar to
those of mutant SOD1 (10). Other reports show possible
involvement of WT SODI1 in the pathogenesis of sporadic
ALS. For example WT SOD1 has been detected in cytoplas-
mic aggregates and abnormal dimer formations have been
reported in the spinal cord of sporadic ALS patients (23, 24).
Therefore, the development of SOD1 vaccine based on the
WT sequence deserves investigation because of its potential
broad application not only in mutant SODI-associated but
also in sporadic ALS.

Here, we compared the effects of G93A-apo SOD1 and
WT-apo SODI vaccines on the survival and the life span of
low-copy G93A SOD1 Tg mice (G93AGur") and analyzed
the relationships to the cellular and humoral immune re-
sponses elicited by the vaccinations.

MATERIALS AND METHODS

Materials

All chemicals were obtained from Nacalai Tesque, Inc
(Kyoto, Japan), unless specified otherwise, and were of the
highest grade available.

Purification of Recombinant SOD1 From
Escherichia coli

Recombinant human WT and gly93ala (G93A) mutant
SOD1 were produced in Escherichia coli according to a
previous report (22). The eluates were dialyzed against
endotoxin-free saline and subsequently stored at —80°C until
use. Metallation of the recombinant SOD!1 was performed as
previously described (22). The metallated and nonmetallated
SODIs were designated as holo-SODIs and apo-SODls,
respectively. Control monomeric SOD1 was prepared by
treating recombinant human SOD! chemically modified with
2-mercaptoethanol at Cys111 (2-ME-SOD1 (25). The purity
of the recombinant protein was assessed by sodium dodecyl

© 2010 American Association of Neuropathologists, Inc.

sulfate-polyacrylamide  gel electrophoresis  (SDS-PAGE)
and gel staining with Coomassie brilliant blue. Details
are provided in Methods, Supplemental Digital Content 1,
http://links.lww.com/NEN/A178.

Molecular-Size Filtration Chromatography

A total of 100 pL of SODI proteins (2-3 mg/mL) in
phosphate-buffered saline (PBS) (—) were applied to a
molecular-size filtration high-performance liquid chromatog-
raphy (AKTA Explorer 10S) at a flow rate of 0.5 mL/min on
Superdex 75 10/30 (GE Healthcare, Piscataway, NJ) equili-
brated with 50 mmol/L sodium phosphate buffer containing
0.15 mol/L NaCl, pH 7.4. The calibration of the column for
the estimation of molecular weight was performed using
bovine serum albumin (Intergen, Milford, MA), ovalbumin
(GE Healthcare), and E. coli thioredoxin (Promega, Madison,
WI), as protein standards.

Animal Experiments

Tg mice harboring human G93A SODI! (B6SJL-
TgN[SODI1-G93A]1Gur, hSOD1G93A; Jackson Laboratory,
Bar Harbor, ME) were backcrossed with C57BL/6 strain for
more than 20 generations (G93AGurd'). G93AGur" mice
were vaccinated with apo recombinant human SOD1 (WT
or G93A) or human erythrocyte-derived SOD1 (Sigma) with
Monophosphoryl Lipid A- Trehalose Dicorynomycolate
(MPL-TDM; Ribi) adjuvant, as previously reported (10).
From day 100, motor performance was evaluated for onset
of decreased rotarod retention time (Muromachi, Tokyo,
Japan) and body weight (BW) change to determine the
time of onset (Methods, Supplemental Digital Content 1,
http:/links.lww.com/NEN/A178). The data for the survival
and onset were analyzed by Kaplan-Meyer curve and log-rank
test using Prism software (GraphPad, La Jolla, CA).
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FIGURE 1. Characterization of recombinant human G93A or
wild-type (WT)-apo superoxide dismutase 1 (SOD1) proteins.
The chromatogram profile of SOD1 proteins separated with
a gel filtration column. The native WT-S0OD1, apo-WT, apo-
(G93A, holo-WT, holo-G93A, and monomeric SOD1, were eluted
on Superdex 75 column. The elution profiles were monitored

by the absorbance change at 280 nm. apo- indicates non-
metallated; holo-, metallated.
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FIGURE 2. Effects of vaccination with recombinant human G93A-apo or wild-type (WT)-apo superoxide dismutase 1 (SOD1)
proteins on clinical disease and antibody (Ab) responses in low-copy G93A SOD1 Tg mice (G93AGur®). (A, B) Both the G93A-apo
and the WT-apo vaccines significantly delayed the disease onset of G93AGur® mice. Time of the onset was determined based on
body weight (BW) loss (A) and impaired rotarod performance (B). (€) The WT-apo SODT1 vaccine significantly extended the life
span of G93AGur® mice; the G93A-apo SOD1 vaccine showed a nonsignificant trend. p < 0.05 by Kaplan-Meyer curve and log-
rank test; n = 13 for saline/adjuvant, n = 12 for the WT-apo, n = 9 for G93A vaccinations. (D) Ab titers against G93A SOD1 protein.
Sera from vaccinated mice (day 120 and end point) were analyzed by ELISA. The WT-apo SOD1 vaccine induced Ab against
G93A SOD1 as well as the G93A-apo SOD1 did even at the end point. *p < 0.01 versus saline-injected mice at day 120; *p < 0.01
versus saline-injected mice at end point by T-way analysis of variance with Bonferroni post hoc test. (E, F) Correlation analysis
between Ab titer and clinical score including rotarod performance (E) and life span (F). Antibodies in both the C93A-apo and
the WT-apo vaccination were positively correlated with the onset timing of paralysis (E). The WT-apo SOD1 vaccination was
positively correlated with longevity (p = 0.00441, Spearman r = 0.6768); the G93A-apo SOD1 vaccine displayed a lower value for
Spearman r (0.0887).
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TABLE. Effect of Vaccinations on Days of Disease Onset and Survival of G33A Mice

Vaccine Saline  WT-Apo  G93A-Ape Saline WT-Apo G93A-Apo
Median survival 274 288 287.5 Mean survival (d) 272439 291+79 283 +49
Median onset of rotarod impairment 225 2435 249 Mcan onsct of Rotarod impairment 228+ 54 239475 249+ 6.2
Mecdian onsct BW loss 212 234 228 Mcan onsct BW loss 212462 247 1 10.6 233+59
Effect on survival 14 13.5 Effect on survival — 19 I
Effect on rotarod impairment onsct - 18.5 24 Effect on rotarod impairment onsect 11 21
Effect on onsct BW loss — 22 16 Effect for onset BW - 35 21

The effect of vaccination with recombinant G93A-apo or the WT-apo SODI protein on the delay of the disease onset or extension of the life span of low-copy G93A
SOD1 (G93AGur") mice. The left columns are median survival or median onset determined by Kaplan-Myer curves. Data in the right columns show the mean days from each
vaccination * SEM (n = 13 for saline, n = 12 for WT, and n = 9 for G93A).

Effect on survival or onset of impaired rotarod performance and body weight (BW) loss were obtained by subtracting the date for saline injection from those for the WT-apo or
the G93A-apo SOD1 vaccination. Time of disease onset was determined by BW loss and rotarod performance. All data are days.
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FIGURE 3. Induction of Ty2 deviation in the spinal cord by superoxide dismutase 1 (SOD1) vaccination. (A, a) Real-time poly-
merase chain reaction analysis of mMRNA of interferon-y (IFNy), tumor necrosis factor (TNF), interleukin-4 (IL-4), and transforming
growth factor B (TGFb) in spinal cord tissues from nontransgenic (Tg) wild-type (WT) and nontreated Tg mice at the early pre-
symptomatic stage (day 120). The mean mRNA of each cytokine standardized by actin mRNA is shown. (A, b) The ratio of IL-4 to
IFNy or to TNF in each mouse was averaged in each group to estimate the T2/Ty1 milieu. The mean IL-4/IFN+y or IL-4/TNF ratio
shows a decrease in presymptomatic Tg mice (mean + SEM, n = 3 for non-Tg mice, and n = 4 for Tg mice). (B, a) Real-time
polymerase chain reaction analysis of the same cytokines in the spinal cord of the vaccinated mice with WT or G93A SOD1 proteins
or saline plus Ribi adjuvant and nontreated Tg controls. (B, b) The ratio of IL-4/1FN+y or IL-4/TNF showing that the SOD1 efficiently
induced Ty2 protective immunity by inhibiting IFNy and provoking IL-4. *p < 0.05 versus nontreated Tg controls by 1-way analysis
of variance with Bonferroni post hoc test (mean = SEM, n = 3-4 mice).
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Enzyme-Linked Immunosorbent Assay

At the ages of 120 days, 210 days, or at the end point,
sera were obtained for antibody titration for total IgG, IgG1,
IgG2b, and 1gG2c against G93A SOD! protein by enzyme-
linked immunosorbent assay (ELISA) as previously described
(10), with minor modifications (Methods, Supplemental Dig-
ital Content 1, http:/links.lww.com/NEN/A178).

Immunofluorescent Analysis

The spinal cords at the level of L4-L5 were resected
from 275-day-old mice after perfusion with 4% parafor-
maldehyde. The sections were incubated in the same fix-
ative for 4 hours and subsequently in PBS containing 20%
sucrose and 0.1% sodium azide at 4°C. Cryosections 24 pm
thick were incubated with a mixture of primary antibodies
and subsequently with a mixture of corresponding second-
ary antibodies labeled with Alexa 488 or 594 (lnvitrogen,
Carlsbad, CA). For counterstaining, 4,6-diamidino-2-
phenylindole dihydrochloride (Nacalai Tesque) was used.
The number of remaining motor neurons in the spinal cord
was obtained from averaged count of large NeuN+ cells
(<20 wm of the soma) in the anterior horn from 3 samples
per mouse. Fluorescent images were obtained using a
fluorescent microscope (Keyence, Mississauga, Canada) or
a confocal laser microscope equipped with the software
EZ-C1 (Nikon, Tokyo, Japan). Antibody information
1s provided in Methods, Supplemental Digital Content 1,
http://links.lww.com/NEN/A178.

Serum Cytokine Quantification

Serum concentrations of TNF, IFNv, and IL-4 were de-
termined using suspension array system (Bio-Plex Pro Mouse
Cytokine; BioRad, Hercules, CA) according to the manu-
facturer’s protocol (Methods, Supplemental Digital Content 1,
http://links.lww.com/NEN/A178).

Cytokine Profiling in the Spleen and the Spinal
Cord by Real-Time Polymerase Chain Reaction
Cytokines and transcription factors including IFNvy,
TNF, transforming growth factor B1 (TGFB), IL-4, forkhead
box P3, and RAR-related orphan receptor y were investigated
for their messenger RNA (mRNA) expression level by real-
time polymerase chain reaction (PCR) system, as described
with minor modifications (26). On days 120 and 210, total
RNA was purified using TRIzol and RNA purification kit
(Invitrogen), and an equal amount of total RNA was reacted
with reverse transcriptase (Superscript 1II; Invitrogen) to
generate complementary DNA (cDNA). mRNA of cytokines
or marker molecules for CD4" T lymphocytes was analyzed
by real-time PCR using the SYBR green system (Roche,
Basel, Switzerland). The cDNA level of the target molecules

was normalized to that of actin. Detailed procedures including
primer sequences are in Methods, Supplemental Digital
Content 1, htp:/links.lww.com/NEN/A178.

Statistics

The survival and clinical onset data were analyzed by
Kaplan-Meyer curve and log-rank tests. The effect of a
single factor on the difference among 3 or more groups was
determined by 1-way analysis of vartance {ANOVA) with
Bonferroni post hoc test. Comparisons between 2 groups
were analyzed by unpaired ¢ test. p < 0.05 was judged to be
significant.

RESULTS

Characterization of Recombinant SOD1s

The purities of recombinant SOD1s were more than
95%, as determined by SDS-PAGE (data not shown). To
investigate the precise molecular weight of SOD!1 proteins of
as-isolated and nonmetallated state (i.e. WT-apo or G93A-
apo) versus the holo-state, we performed molecular-size fil-
tration chromatography because it is thought that apo-SOD1s
are constantly monomers (27). However, both apo- and holo-
SODIs are dimeric, although the WT-apo sample appeared to
contain some monomer form (Fig. 1). Moreover, the elution
times of WT-apo and G93-apoA were slightly faster than
those of the holo-types, which could reflect looser structures
of apo-SODs.

Vaccination With Recombinant WT-Apo SOD1
Extends the Life Expectancy and Delays
Disease Onset

G93AGur" mice were immunized with recombinant
G93A-apo SOD!1 or WT-apo SODI using Ribi adjuvant.
Recombinant WT-apo SOD1 was used because of its broader
applications regardless of mutation types in SODI gene
and because, like mutant SOD1, it i1s misfolded (22). The
(G93A-apo vaccine significantly delayed the onset of paralysis
assessed by BW change and rotarod performance tests
(Figs. 2A, B). The WT-apo SODI! vaccination also sig-
nificantly suppressed BW loss and showed a trend to pre-
serving the rotarod performance, although this was not
significant. The difference of onset time was 18 or 22 days in
the WT-apo- and 24 or 16 days in the G93A-apo vaccinated
mice, as assessed rotarod tests or BW change, respectively
(Table). In addition, both vaccines prolonged the life spans
compared with saline/adjuvant-injected controls by 14 and
13.5 days for WT-apo and G93A-apo vaccine, respectively.
The log-rank test determined statistical significance only for
the WT-apo SOD1 vaccinations {p = 0.0183 for the WT-apo;
p = 0.0720 for the G93A-apo). Notably, the mean life span

FIGURE 4. Signal transducers and activators of transcription 4 (STAT4), a transcription factor for interferon-y (IFNy), is abundantly
expressed in active microglia of G93A transgenic (Tg) mice. (A) Double immunostaining for STAT4 (red) and NeuN (green) in the
spinal cord of vaccinated 275-day-old mice. The left 2 columns (a, b, e, f, i, j, m, n) and the right 2 columns (¢, d, g, h, k, |, o, p)
are images obtained from the fluorescent microscope and confocal laser microscope, respectively. Expression of STAT4 does not
merge with NeuN. Scale bar = 50 um. (B, €) Confocal micrographs of double immunofluorescent analysis for STAT and Mac2 or
phospharylated STAT4 and Mac2 in the spinal cord of G93AGur mice. (a—c) Saline/adjuvant-injected G93AGur® mice (30 weeks).

(d) Non-Tg littermate. Scale bar = 30 pm.
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indicated that there were shorter durations of suffering in
G93A-apo—vaccinated mice (Fig. 2C; Table).

We next investigated whether the antibody titer corre-
lated with the therapeutic benefit. The WT-apo and the G93A
vaccination induced high titers of anti-G93A SODI antibody
compared with the native SOD! vaccination or the saline
control (Fig. 2D). The WT-apo vaccine showed a significant
positive correlation between the life span and antibody titer
(r=0.5758, p = 0.0041 by Spearman ) and a trend toward
a positive correlation of rotarod testing (Fig. 2E; r = 0.539,
p = 0.0569 by Spearman r). The G93A-apo vaccine showed
no significant correlation with either the onset timing (rotarod
and BW loss) or survival (Figs. 2E, F). The disease duration
was not associated with antibody titer in either the WT-apo
or G93A-apo vaccine groups (not shown).

SOD1 Vaccination Potentiates Protective
Immunity in the Spinal Cord

mRNA levels of [FNvy, TNF, and IL-4 were determined
in the spinal cords of presymptomatic nontreated G93A
SODI Tg mice (120 days old; n = 3} and non-Tg WT litter-
mates (n = 5). There were slightly higher levels of IFNy and
TNF and lower levels of IL-4 in G93A Tg mice versus non-Tg
age-matched mice (Fig. 3Aa). The ratios of IL-4 to IFNvy
(IL-4/TFNy) or TNF (IL-4/TNF), (termed “Ty2/Tyl ratios™)
were much lower in the Tg mice (Fig. 3Ab). Comparison
between SOD!- or saline plus adjuvant-vaccinated groups
and nontreated Tg mice showed a significant reduction of
IFNv in both SODI vaccinations versus nontreated G93A Tg
controls. Interleukin-4 mRNA was markedly elevated by the
SOD1 vaccinations on both days 120 and 210, but only the
(G93A vaccination on day 120 was statistically significant (by
1-way ANOVA, Bonferroni post hoc test). The saline/adjuvant
injection provided an effect comparable to that of the SODI
vaccination in reducing IFNy and upregulating 1L.-4 (Fig. 3Ba).
The Ty1/Ty2 milieu is critically influenced by the adjuvant
as well as by antigens, and the MPL/TDM adjuvant used has
been reported to favor a T2 rather than Tyl milieu (28).

Signal Transducers and Activators of
Transcription 4 Induction in Active Microglia in
the Spinal Cord

The role of IFNvy in ALS pathogenesis is controversial
(14, 29-31). Therefore, we examined the expression pattern
of IFNYy in spinal cords of mutant SOD| Tg mice. Immuno-
histochemical analysis was performed with an antibody against
signal transducers and activators of transcription 4 (STAT4),
an activator for transcription of IFNvy under the stimulation
of IL-12. There was STAT4 immunoreactivity in the spinal
cord of mutant SOD! Tg mice with or without vaccination
(Fig. 4A). Notably, the lamina I in the dorsal horn, which

recetves nociceplive input, was markedly STAT4+ in both Tg
and non-Tg mice (Fig, 4A, 4, b, ¢, f, 1, j, m, n). These cells
were also NeuNt (not shown), which might imply a role for
IFNy in pamn generation to nociceptive stimulation (32). How-
ever. the STAT4 ¢ cells in other areas, including the anterior
hom are not costained with anti-NeuN antibody (Fig. 4A, ¢, d,
g h k. Lo, p). Therefore, we performed double immuno-
fluorescent staining using antibodies against STAT4 and
Mac2. STAT4 was exclusively expressed in Mac2+ active
microglia (Fig. 4B). Because phosphorylation is required to
activate STAT4 for IFNvy transcription, we examined the
presence of phosphorylated STAT4 (pSTAT4) by double
immunofluorescent study and found that certain populations
of active microglia were pSTAT4+ (Fig. 4C). There was no
difference in STAT4 or pSTAT4 levels between vaccinated
or nonvaccinated mice (not shown), but the presence of STAT4
in microglia provides evidence that spinal motor neurons are
affected by IFNy from activated microglia. Notably, the fluo-
rescent antimouse IgG antibodies showed meningeal enhance-
ment only in SOD! vaccinated mice (Fig. 4A, arrowheads),
suggesting that vaccine-generated antibodies can reach the
spinal cord.

Vaccination With G93A-Apo or WT-Apo SOD1
Attenuates Motor Neuron Loss and induces
Complement C1q Deposition

We next investigated whether the beneficial effect of
the vaccination with the G93A-apo or the WT-apo SOD1 cor-
related with motor neuron protection by counting of NeuN+
remaining anterior horn cells in 275-day-old Tg mice. Both
vaccinations with the G93A-apo and the WT-apo significantly
attenuated motor neuron loss (Fig. 5A), whereas there was no
significant difference in the number of active microglia
cells stained by anti-Mac-2 between saline and SOD1 vacci-
nations was observed (Figure, Supplemental Digital Content 2,
http:/links. lww.com/NEN/A179).

We then studied the activation of the classic pathway
of complement system after vaccination in mice of the same
age. Clq, which binds to antigen-antibody complexes at the
immunoglobulin Fe domain, is upregulated around motor
neurons in SODI mutant models before disease onset, sug-
gesting that “danger molecules” are leaked from degenerating
motor neurons (33). Double immunofluorescent staining with
rat monoclonal anti-Clq and mouse monoclonal anti-NeuN
detected Clq around motor neurons in both SOD1-vaccinated
and saline-control G93AGur" mice, but not in age-matched
non-Tg littermates. More prominent Clq deposition was
detected in SOD1 vaccinated mice than in saline/adjuvant
controls (Fig. 5B). These data indicate that the apo-SODI
vaccination activates the classic pathway in the spinal cord.
Because chromogranin interacts with mutant SOD, promotes

FIGURE 5. Superoxide dismutase 1 (SOD1) vaccination attenuates motor neuron (MN) Joss and induces complement deposition
around MNs. (A) MN count in the spinal cord of vaccinated 275-day-old mice. NeuN+ large anterior horn neurons (>20 um in
size) were counted in 3 slices per mouse; mean numbers per slice are shown. *p < 0.05 by 1-way analysis of variance of Bonferroni
test (n = 9 for transgenic [Tg], n = 4 for non-Tg; WT = wild-type. (B) Induction of complement C1q deposition around MNs by
SOD1 vaccination. Confocal micrographs of the spinal cord slices of the vaccinated mice (30 weeks) stained with antibodies
against NeuN (red, mouse monoclonal) and Clq (green, rat monoclonal). C1q staining surrounding MNs are indicated with
arrowheads; d, h, I, p show negative controls in which primary antibodies were eliminated. Scale bar = 30 um.
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its secretion, and activates microglia (9), the complex for-
mation comprising mutant SOD1-anti-SOD1 antibody-Clq
may be facilitated by the SOD1 vaccination.

WT-Apo SOD1 Vaccination Induces a Higher
Tu2/Ty1 Milieu Than G93A Vaccination

There were differences in the slowing of the progression
in Tg mice between the WT-apo and the G93A SODI1 vac-
cinations. Because the antibody titer in the G93A-apo vacci-
nation unexpectedly showed no correlation with disease onset
or life span as opposed to the WT-apo (Figs. 2E, F), we

A
d e WT 0 G93A

16 =

14 - il NS
— 1

1.2

10 -

08 -

06 -

IgG titer (OD 405nm)

04 -

0.2 -

0.0 o A o) ke - ) S...... L.
(days) 120 210 120 210 120 210

IgG1 1gG2b IgG2c

1gG1/1gG2c ratio

B # TNFa o IFNy ®

5000 ey g

, i )
= 5000 a
£ o
a 4000 : 53
-5 o
3 3000 4 ®
g y=
Z 2000 ]
o 5
- 23
¢ 1000 E

WT G93A wi GO3A

1052

compared the IgG subclasses induced by the WT-apo and
G93A-apo vaccines. Sera of SODI-vaccinated mice were
analyzed on days 120 and 210 by ELISA for [gG1, 2b, and 2¢
titers. Both the WT-apo and the G93A-apo vaccines induced
considerable amounts of each subclass and the G93A vacci-
nation induced more IgG than the WT vaccination. Overall,
the difference between the 2 vaccines was statistically sig-
nificant only on day 120 for IgG1 and day 210 for IgG2b and
IgG2c (Fig. 6A, p < 0.05 by unpaired ¢ test). The mean ratios
of IgG1 to 1gG2¢ (IgG1/1gG2c) (an indicator of the Ty2/Tyl
milieu) were not significantly different between WT and
G93A vaccinations on day 120, but on day 210, this ratio was
significantly higher in the WT-apo vaccination than in the
G93A (Fig. 6Ab, p < 0.05 by 1-way ANOVA).

We further measured the quantity of serum cytokines
induced by these SOD1 vaccinations using a suspension array
system. The antisera from immunized mice with WT or G93A
SOD1 vaccine (n = 3/group) on day 120 was analyzed for
TNF, IFNv, and IL-4. The G93A-apo vaccination induced
more of the Tyl cytokines TNF and IFN+y compared with
the WT-apo vaccination (Fig. 6B). Interleukin-4 levels were
below the detection limit (0.59 pg/mL) in either non-Tg or Tg
mice regardless of the type of the vaccination. The analysis
of the spleen tissues of the same mice for mRNA quantity
of TNF, IFNv, IL-4, and TGF@ by real-time PCR revealed a
clear trend in which IL-4 mRNA in the WT or the G93A vac-
cination was higher than that in the saline control on day 120.
The G93A vaccination tended to induce higher IL-4 than the WT
did on day 120. On day 210, IL-4 mRNA remained high in the
WT but not in the G93A vaccination sera (Figure, part A, Sup-
plemental Digital Content 2, http://links.lww.com/NEN/A179).
No significant differences in expression levels of forkhead
box P3 or RAR-related orphan receptor +yt, a marker for reg-
ulatory T-cell or a Tyl 7 cells, respectively, between control
and vaccinated groups were observed (data not shown).

We then analyzed the relationship between IgG sub-
class and the therapeutic effect of the vaccinations. In the
WT-apo vaccination there was a positive correlation between
IgG2b titer and the date of the onset (Figure, part B, Supple-
mental Digital Content 3, http:/links.lww.com/NEN/A 180, b;

FIGURE 6. Analysis of sera for acquired immunity by super-
oxide dismutase 1 (SOD1) vaccination. (A, a) ELISA for IgG
subclasses induced by the SOD1 vaccination. The titer for
IgG1, 2b, and 2c against the G93A-apo SOD1 was obtained
from sera of wild-type (WT) and G93A SOD1-vaccinated mice
at day 120 and 210 and expressed as optical density (OD)
405 nm (mean £ SEM; each group, n =4 or 5). *p < 0.05, NS
indicates not significant by unpaired ¢ test. (A, b) The ratio
of IgG1 to IgG2c (IgG1/IgG2c) was obtained in each mouse
and the data averaged (mean + SEM for each group, n = 4
or 5). *p < 0.05 by 1-way analysis of variance with Bonferroni
post hoc test. (B) Serum cytokine concentrations. Sera from
WT or G93A SOD1 vaccination (n = 3) were analyzed for the
quantification of interferon gamma (IFNvy) and tumor necrosis
factor (TNF) using a suspension array system. Each bar shows
the mean concentration from 3 mice + SEM. *p < 0.05 by
unpaired t test. ND indicates not detected (under the lowest
value of standard curve (0.17 pg/mL).
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