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TAR DNA-binding protein of 43 kDa (TDP-43) is the major component protein of inclusions found in brains of
patients with amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD-TDP).
However, the molecular mechanisms by which TDP-43 causes neuronal dysfunction and death remain unknown.
Here, we report distinct cytotoxic effects of full-length TDP-43 (FL-TDP) and its C-terminal fragment (CTF) in
SH-SY5Y cells. When FL-TDP was overexpressed in the cells using a lentiviral system, exogenous TDP-43,
like endogenous TDP-43, was expressed mainly in nuclei of cells without any intracellular inclusions.
However, these cells showed striking cell death, caspase activation and growth arrest at G2/M phase, indicating
that even simple overexpression of TDP-43 induces cellular dysfunctions leading to apoptosis. On the other
hand, cells expressing TDP-43 CTF showed cytoplasmic aggregates but without significant cell death, com-
pared with cells expressing FL-TDP. Confocal microscopic analyses revealed that RNA polymerase Il (RNA
pol ll) and several transcription factors, such as specificity protein 1 and cAMP-response-element-binding pro-
tein, were co-localized with the aggregates of TDP-43 CTF, suggesting that sequestration of these factors into
TDP-43 aggregates caused transcriptional dysregulation. Indeed, accumulation of RNA pol ll at TDP-43 inclu-
sions was detected in brains of patients with FTLD-TDP. Furthermore, apoptosis was not observed in affected
neurons of FTLD-TDP brains containing phosphorylated and aggregated TDP-43 pathology. Our results suggest
that different pathways of TDP-43-induced cellular dysfunction may contribute to the degeneration cascades
involved in the onset of ALS and FTLD-TDP.

INTRODUCTION

TAR DNA-binding protein of 43 kDa (TDP-43) has been
identified as a major component protein of the ubiquitinated
inclusions characteristic of amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration with ubiquitin-
positive inclusions (FTLD-U or FTLD-TDP) (1,2). TDP-43 is
a ubiquitously expressed nuclear protein and is implicated in
exon splicing, gene transcription, regulation of mRNA stability
and biosynthesis and formation of nuclear bodies (3-7). It is a
414-amino acid protein with two highly conserved RNA recog-
nition motifs (RRM1 and RRM2) and a glycine-rich region

mediating protein—protein interactions at the C-terminus (§~11).
In TDP-43 proteinopathy, pathological TDP-43 is abnormally
phosphorylated, ubiquitinated and N-terminally cleaved to gen-
erate C-terminal fragments (CTFs) (1,12,13).

As autosomal-dominant missense mutations in the TARDBP
gene were identified in patients with ALS or FTLD-TDP, toxic
gain of function of TDP-43 may be related to neuronal degener-
ation. However, in most cases of TDP-43 proteinopathy, no
TARDBP mutations are identified, suggesting that wild-type
TDP-43 itself is central to the disease cascade. A 2-fold increase
intotal TARDBP mRNA was reported in a 3'-untranslated region
variant carrier (14), which suggests that just an increased level of
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TDP-43 protein (22%) can cause FTLD-TDP. Similarly, overex-
pression of wild-type TDP-43 causes motor neuron degeneration
in yeast, mice and rats (15—17). Moreover, it has recently been
reported that the C-terminal portion of TDP-43 shows sequence
similarity to prion protein (18) and that truncated CTFs of
TDP-43 readily form intracellular aggregates in cultured cells
(19-21), suggesting that not only FL-TDP but also its CTFs con-
tribute to the pathogenesis of TDP-43 proteinopathy. However,
the molecular mechanisms through which FL-TDP or aggre-
gated CTFs cause neuronal dysfunctions leading to cell death
remain unknown. To identify the mechanisms involved, we
examined whether overexpression of FL-TDP or its CTF
induced cell death in human neuroblastoma line SH-SY5Y
cells. We report here that two different pathways lead to cellular
dysfunctions induced by FL-TDP and by its CTF. We observed
striking apoptotic cell death and cell cycle arrest at the G2/M
phase in cells overexpressing FL-TDP. In cells overexpressing
TDP-43 CTF, RNA polymerase II (RNA pol IT) and several tran-
scription factors such as specificity protein 1 (Spl) and cAMP-
response-element-binding protein (CREB) were co-localized
with cytoplasmic aggregates of TDP-43 CTF and their transcrip-
tional activities were decreased, although apoptotic cell death
was not significant. These results suggest that recruitment of
these factors may cause transcriptional dysregulation, thereby
leading to cellular dysfunctions. Dysregulation of FL-TDP ex-
pression and/or cytoplasmic accumulation of TDP-43 CTF
may contribute to the pathogenesis of ALS and FTLD-TDP.

RESULTS

Overexpression of FL-TDP or its CTF causes cellular
dysfunctions in SH-SYSY cells

Gitcho et al. (14) reported a 2-fold increase in total expression of
TARDBP in a 3-untranslated region variant carrier of FTLD-
TDP, and mice or yeasts overexpressing human TDP-43 develop
various abnormalities, including cytotoxicity, neuronal loss and
motor deficits (15,17). These findings suggest that overexpression
of TDP-43 can cause neuronal degeneration in vivo. However, no
striking cell death was detected in cultured SH-SY5Y cells transi-
ently expressing a plasmid encoding FL-TDP (20,22). Therefore,
to examine whether more substantial and stable expression of
TDP-43 is required for induction of its cytotoxic effect in cultured
cells, we used a lentiviral system for expression of TDP-43. We
prepared SH-SYSY cells stably expressing FL-TDP (FL-TDP), a
deletion mutant of the nuclear localization signal [ANLS-TDP;
78—84 residues (23)] and CTF of TDP-43 [C-TDP; 162—414 resi-
dues (20)], by using a lentiviral expression system (Fig. 1A). At3
days after infection, transfected cells were subjected to immuno-
histochemical and biochemical analyses. Confocal microscopic
analyses (Fig. 1B) showed that FL-TDP was expressed mainly in
nuclei, but was not phosphorylated or aggregated. ANLS-TDP
was expressed mainly in cytoplasm, without phosphorylation or
aggregation. In cells expressing C-TDP, phosphorylated and
aggregated C-TDP was detected with phospho-TDP-43 specific
antibody, anti-pS409/410 (Fig. I B). Immunoblot analyses of trans-
fected cell lysates also revealed that FL-TDP and ANLS-TDP were
recovered mainly in Triton X-100 (TX)-sup fraction without phos-
phorylation, while C-TDP was phosphorylated and aggregated in
TX-ppt fraction, as shown in Figure 1C.

We examined the cytotoxic effects of these TDP-43 constructs
in SH-SYS5Y cells. At4 days after lentiviral infection, the viabil-
ity of cells transfected with FL-TDP was strongly suppressed and
striking cell death was observed (Fig. 2A—C), suggesting that
expression of FL-TDP is highly cytotoxic for SH-SYS5Y cells.
As shown in Figure 2D, poly(ADP-ribose) polymerase
(PARP), a well-known substrate for activated caspase-3, was
cleaved in cells expressing FL-TDP. This result clearly indicates
that expression of FL-TDP induces apoptotic cell death. On the
other hand, expression of ANLS-TDP or C-TDP did not influ-
ence the viability at 4—7 days (Fig. 2B). We also found that ex-
pression of the N-terminal fragment of TDP-43 (N-TDP: 1-161
residues) has no cytotoxic effect (Supplementary Material,
Fig. S1). In cells expressing C-TDP, however, the number of
living cells was significantly less than that in mock cells or
cells expressing ANLS-TDP at 7 days (Fig. 2C). These results
suggest that expression of not only FL-TDP but also CTF of
TDP-43 causes cellular dysfunctions in SH-SY5Y cells, and
may indicate that expression of FL-TDP without aggregate for-
mation and expression of CTF with inclusions induce cellular
damage through distinct mechanisms.

Different modes by which FL-TDP and its CTF induce
cellular dysfunctions

To examine this possibility, we performed BrdU incorporation
assay in cells expressing green fluorescent protein (GFP)-tagged
FL-TDP (GFP-FL-TDP) or CTF (GFP-C-TDP) (Fig. 3A). Since
stable expression of TDP-43 using the lentiviral system often
resulted in severe damage to SH-SY5Y cells, we mainly used
cells transiently expressing TDP-43 plasmids in subsequent
work. SH-SY5Y cells were transfected with a plasmid encoding
GFP-FL-TDP or GFP-C-TDP for 3 days, then treated with BrdU.
After 10 h incubation, the cells were fixed and stained with anti-
BrdU antibody and observed with a confocal microscope. As
shown in Figure 3B and C, incorporation of BrdU in cells expres-
sing GFP-FL-TDP was significantly decreased when compared
with that in cells expressing the empty vector (pEGFP), indicat-
ing that DNA synthesis and cell growth were suppressed by over-
expression of GFP-FL-TDP. We also found that cells with
diffuse expression of GFP-C-TDP were stained with anti-BrdU
antibody, while cells including GFP-C-TDP aggregates were not
(Fig. 3B, right). Quantitative analysis showed that BrdU incorp-
oration was almost wholly suppressed in cells with GFP-C-TDP
inclusions (Fig. 3C). These results indicate that suppression of
cell growth owing to formation of GFP-C-TDP inclusions is
more marked than that owing to expression of GFP-FL-TDP or
GFP-C-TDP without inclusions.

Next, we analyzed the cell cycle by measuring the DNA
content of propidium iodide (PI)-stained cells. SH-SYSY cells
were transfected with GFP-FL-TDP or GFP-C-TDP. Three
days after transfection, cells were stained with PI and analyzed
using a flow cytometer. Asshown in Figure 4A and B, cells trans-
fected with GFP-FL-TDP were extensively accumulated in the
G2/M and subG1 phases when compared with those transfected
with empty vector (pEGFP) or GFP-C-TDP. Itis well known that
apoptotic cells are accumulated in the subG1 phase, and an in-
crease of cells in the G2/M phase reflects growth arrest,
leading to apoptosis. This result shows that overexpression of
GFP-FL-TDP induces apoptosis, which is consistent with the
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Figure 1. Overexpression of TDP-43 constructs in SH-SY5Y cells. (A) Schematic representation of FL-TDP, TDP-43 with deletion of the nuclear localization signal
[78-84 residues (23)] (ANLS-TDP) and CTF (C-TDP) constructs in lentiviral expression system. RNA recognition motifs (RRM-1 and RRM-2: blue) and
glycine-rich domain (Gly-rich: red) are shown. (B) SH-SY5Y cells were infected with each TDP-43 virus at 2 x 10 copies/well. At 4 days after infection, the
cells were fixed and stained with anti-TDP-43 and anti-phospho-TDP-43 (anti-pS409/410) antibodies. Scale bars, 10 wm. (C) Transfected cells were also prepared
for western blotting (20, 22). Cell lysates were extracted with 1% Triton X-100 (Tx), and the supernatants (Tx-sup) and insoluble pellets (Tx-ppt) after centrifugation at
100 000g for 20 min were analyzed by immunoblotting. The blots were probed with anti-TDP-43, anti-pS409/410 or anti-tubulin antibody.

result obtained in the case of lentiviral expression of FL-TDP
(Fig. 2D). On the other hand, the cell cycle distribution of cells
expressing GFP-C-TDP was not changed when compared with
that of cells transfected with pEGFP empty vector, indicating
that apoptosis is not induced in cells with formation of GFP-
C-TDP aggregates. Taking these results together, it appears
that overexpression of GFP-FL-TDP caused mild suppression
of DNA synthesis and striking induction of apoptosis, whereas
significant suppression of DNA synthesis and no abnormalities
in the cell cycle were seen in cells including GFP-C-TDP aggre-
gates. These results clearly indicate that cell death is induced via
distinct molecular pathways upon overexpression of different
TDP-43 species.

RNA pol IT and some transcription factors are co-localized
with TDP-43 inclusions and their activities are suppressed

It has been reported that transcriptional dysregulation is one of
the central pathogenic mechanisms in Alzheimer’s disease, Par-
kinson’s disease and Huntington’s disease (24). A number of
transcriptional regulators, such as Spl and CREB, interact
with protein aggregates, resulting in functional disruption of

these transcriptional factors in brain, followed by neurodegen-
eration (25-27). Therefore, to check whether these transcrip-
tional factors are also associated with aggregates of TDP-43
CTF, we examined the localization of these factors as well as
RNA pol II, which is a major enzyme responsible for trans-
cription of protein-encoding genes. SH-SYSY cells were trans-
fected with GFP-C-TDP and incubated for 3 days, followed by
immunohistochemical analyses. As shown in Figure SA, inclu-
sions composed of GFP-C-TDP were found to be positive for
anti-RNA pol II antibody in cells expressing GFP-C-TDP. Fur-
thermore, endogenous Spl and CREB were also co-localized
with these inclusions. This result clearly shows that not only en-
dogenous RNA pol II but also Spl and CREB are recruited to
aggregated GFP-C-TDP. Next, we tried to confirm that endogen-
ous RNA pol II interacts with TDP-43 biochemically. Cells
expressing GFP, GFP-FL-TDP, GFP-N-TDP, GFP-C-TDP
or GFP-ANLS-TDP were lyzed in RIPA buffer and the
lysates were subjected to immunoprecipitation with anti-GFP
antibody-tagged Dynabeads, followed by immunoblotting
using several antibodies. We found that endogenous RNA
pol II bound with phosphorylated form of GFP-C-TDP to a
greater extent than did GFP-FL-TDP, GFP-N-TDP and
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Figure 2. Cytotoxic effects of overexpressed TDP-43 in SH-SYS5Y cells. SH-SY5Y cells were infected with each TDP-43 virus at 2 x 107 copies/well. At 4—7 days
after infection, transfected cells were subjected to microscopic analyses, followed by cell death assay. They were assessed with light microscopy (x 10 objective) at
4 and 7 days after transfection (A), and viability was examined by the trypan blue dye exclusion method (B) and living cells were counted using an automated cell
counter TC10 (Bio-Rad) (C). The experiments were repeated three times; the illustrated results are typical. Data are means + SEM. *P < 0.01 versus ‘mock’ by
Student’s #-test. (D) Transfected cells were also subjected to immunoblot analyses using anti-PARP and anti-tubulin antibodies. Note that PARP was cleaved in
cells expressing FL-TDP, indicating that apoptosis is induced in these cells.

GFP-ANLS-TDP (Fig. 5B). We also examined the transcription-  were transfected with mCherry (mC)-tagged full-length
al activities of Sp1 and CREB in cells containing inclusions of (mC-FL), ANLS (mC-ANLS) or CTF of TDP-43 (162—414 resi-
GFP-C-TDP by means of luciferase assay. SH-SYSY cells dues, mC-C), followed by co-transfection of pFR-Luc together
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Figure 3. Comparison of cytotoxic effects of FL-TDP and its CTF. (A) Schematic representation of GFP-FL-TDP and GFP-C-TDP constructs in transient expression
systems. (B and C) SH-SY5Y cells were transfected with the empty (pEGFP), GFP-FL-TDP or GFP-C-TDP vector for 3 days. After incubation, DNA synthesis was
measured by BrdU uptake assay, using a confocal laser microscope (B). Scale bars, 10 pm. The positions of cells are indicated with broken white lines. Cells with
GFP-C-TDP inclusions are indicated with white lines. The ratio (%) of the numbers of BrdU-positive cells to the numbers of GFP-positive cells was calculated as
the incorporation ratio of BrdU (C). At least eight areas per sample were analyzed (n = 8—16), and the experiments were repeated three times; the illustrated

results are typical. Data are means + SEM. *P < 0.01 by Student’s r-test.

with pGAL4-Sp1 or pGAL4-CREB. At 48 h after transfection,
cells were harvested and the luciferase activity was measured.
Figure 5C shows that the transcriptional activities of Spl and
CREB were significantly suppressed not only in cells transfected
withmC-Chbutalso in cells expressingmC-FL. We also observed
co-localization of GFP-FL-TDP with Spl, as well as
co-localization of GFP-FL-TDP with CREB (Supplementary
Material, Fig. S2). However, transcriptional dysregulation
caused by the expression of GFP-FL-TDP appears to be due to
its high toxicity (Fig. 2B), rather than the co-localization. Alter-
natively, it is possible that cellular damage resulting from

overexpression of GFP-FL-TDP may cause transcriptional sup-
pression of Spl and CREB.

RNA pol II co-localizes with TDP-43 inclusions
in FTLD-TDP brain

To study the association of RNA pol II and transcriptional factors
with TDP-43 aggregates in diseased brains, we carried out
immunostaining of sporadic FTLD-TDP brain with several
antibodies. As shown in Figure 6A and B, dystrophic neurites
(DNs) were immunopositive for both anti-RNA pol II and
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Figure 4. Analyses of the cell cycle distribution of cells transfected with GFP-tagged TDP-43. At 48 hafter transfection of SH-SY5Y cells with GFP-tagged TDP-43
constructs or pEGFP empty vector, cells were stained with PI and analyzed with a flow cytometer. The results of flow-cytometric analyses are shown (A). The propor-
tions of cells in G1, S, G2/M and subG1 phases were calculated using the Watson Pragmatic model (B). Note that growth arrest at G2/M phase was observed in

GFP-FL-TDP-transfected cells, but not in GFP-C-TDP-transfected cells.

anti-pS409/410. In fluorescence-microscopic analyses, RNA
pol II was co-localized with phosphorylated TDP-43 in DNs
(Fig. 6D-F), clearly indicating that RNA pol II is indeed
recruited to TDP-43 inclusions in FTLD-TDP brain as well as
in cultured cells expressing GFP-C-TDP (Fig. 5A). On the
other hand, unfortunately, antibodies to transcriptional factors
Spl, CREB and TAF II p130 failed to stain phosphorylated
TDP-43 inclusions. These antibodies also failed to stain the
nuclei of normal neurons in FTLD brains (data not shown).
These results suggest the possibility that transcriptional activity
is dysregulated in vivo as well as in cultured cells.

Apoptosis is not induced in FTLD-TDP brains

To test whether apoptosis is induced in FTLD-TDP brains, we
performed immunoblot analyses of human brain lysates using
anti-PARP and pS409/410 antibodies. As controls, we analyzed
two control brains without any protein deposition and unaffected
cerebellum of FTLD-TDP, in which no accumulation of TDP-43
and no atrophy has been reported. As shown in Figure 7,
caspase-3-cleaved PARP was not detected in these control
brains and the cerebellum of the FTLD-TDP case as well as in
the temporal cortex of the FTLD-TDP case showing accumu-
lation of TDP-43. This result indicates that apoptosis is not
induced in affected neurons containing phosphorylated and
aggregated TDP-43 in vivo.

DISCUSSION

Aberrant protein aggregates in affected neurons are well-known
hallmarks of neurodegenerative diseases such as Alzheimer’s
disease and Parkinson’s disease, but the mechanisms by which

these aggregates elicit neuronal degeneration remain unclear.
In TDP-43 proteinopathy, inclusion bodies composed of phos-
phorylated, ubiquitinated and fragmented TDP-43 were found
in neuronal cells of brains or spinal cords of patients. Recently,
it was reported that prion-like propagation of aggregated
TDP-43 is associated with the onset and progression of
TDP-43 proteinopathy (22,28). So, in order to clarify the signifi-
cance of TDP-43 inclusions in disease pathogenesis, we tried to
establish cellular models with stable or transient TDP-43 expres-
sion in SH-SYS5Y cells.

When we overexpressed FL-TDP in SH-SY5Y cells, signifi-
cant cell death, suppression of cell growth, cleavage of PARP
and increased cell populations at the G2/M and sub G1 phase
were detected. However, intracellular inclusions of TDP-43
were not observed in these cells. These results suggest that an ab-
normally increased level of TDP-43, but not its aggregates, may
be necessary for induction of cellular damage leading to apoptot-
ic cell death. Indeed, several studies reporting that endogenous
TDP-43 expression is tightly regulated and is critical for survival
are consistent with this idea. For example, overexpression of
wild-type TDP-43 caused motor neuron degeneration in yeast
androdents (15,17), knockout of TARDBP inmice led to embry-
onic lethality (29-32), heterozygous knockout mice develop
motor impairments with age (30), and conditional knockout
mice exhibit rapid postnatal lethality (29). TDP-43 is also regu-
lated at the mRNA level through a negative feedback loop (3).
These studies indicate that cellular TDP-43 levels are under
tight control and perturbation of normal TDP-43 function is det-
rimental. Furthermore, it was reported that wild-type human
TDP-43 expression causes mitochondrial aggregation in trans-
genic mice (33). This result suggests the possibility that apoptotic
cell death found in cells expressing FL-TDP in this study
may be caused by TDP-43-induced mitochondrial dysfunction.
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Figure 5. Co-localization of RNA pol II, Spl and CREB with intracellular inclusions of TDP-43 CTF. (A) At 72 h post-transfection with GFP-C-TDP, SH-SYSY cells
were stained with antibodies for RNA pol II, Sp1 and CREB, and observed with a confocal laser microscope. Scale bars, 5 wm. (B) Immunoprecipitation of cells
transfected with GFP-tagged TDP-43 was performed with anti-GFP, and each sample was subjected to immunoblotting with anti-RNA pol II, TDP-43, pS409/
410 and GFP antibodies. 1: pEGFP; 2: GFP-FL-TDP; 3: GFP-N-TDP (TDP-43 N-terminal fragment of 1-161 residues); 4: GFP-C-TDP and 5: GFP-ANLS-TDP.
(C) SH-SYSY cells were transfected with mCherry (mC)-tagged ANLS-TDP-43 (mC-ANLS) or CTF (mC-C). On the next day, cells were co-transfected with
pFR-Luc together with pGAL4-Spl or pGAL4-CREB. At 48 h after the second transfection, cells were collected and luciferase activity was measured. At least
three points were measured for each sample (n = 3-6), and the experiment was repeated three times; the illustrated results are typical. Data are means + SEM.

*P < 0.01 by Student’s #-test.
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Figure 6. RNA pol II co-localizes with DNs in FTLD-TDP brain. Immunochistochemical stainings of sporadic FTLD-TDP (A and B) and control brain (C) were per-
formed with anti-pS409/410 and anti-RNA pol II antibodies. (A—C) Bright-field images. Scale bars, 200 wm. (D~F) fluorescence images of sporadic FTLD-TDP.
(A and D), anti-pS409/410; (B, C and E), anti-RNA pol II; (F), merge of (D) and (E). Scale bars, 20 pm.
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Figure 7. Apoptosis is not induced in affected neurons of FTLD-TDP brains.
Immunoblot analyses of Tris-soluble (upper) and Sarkosyl-insoluble fraction
(lower) prepared from human brain tissues (C1 and C2: control brains, F1 and
F2: FTLD-TDP brains) were performed using anti-PARP (upper) and
anti-pS409/410 (lower) antibodies. Ce, cerebellum; T, temporal cortex. Bands
of endogenous whole PARP (~120 kDa: arrow) were detected in controls and
patients, but no caspase-cleaved band (~95 kDa) was detected in affected or
non-affected brains.

It remains unclear, however, how TDP-43 induces neuronal
apoptotic cell death.

TDP-43 is a heterogeneous nuclear ribonucleoprotein and
functions in RNA transcription and pre-mRNA splicing (34—
38). In several genes, TDP-43 has been shown to bind directly
to pre-mRNAs and regulate their splicing (36—42). In fact, wide-
spread dysregulation of pre-mRNA splicing has been found in
TDP-43-depleted cultured cells, TDP-43-depleted mouse brain
and affected tissues from ALS patients (36—38, 41-44). These
results suggest that dysregulation of pre-mRNA splicing is asso-
ciated with ALS pathogenesis (38). Pre-mRNA splicing is
mainly regulated by the spliceosome, which is a complex of
small nuclear ribonucleoproteins (snRNPs) (38). The biogenesis
of spliceosomes is regulated in Gemini of coiled bodies (GEMs)
(38, 45—47). TDP-43 is likely to associate with GEMs in cul-
tured cells (7), suggesting that TDP-43 contributes to GEM for-
mation or function (38). Recently, it has been reported that the
number of GEMs and the level of uridine-rich snRNA were
decreased in spinal motor neurons of ALS patients (38, 48), sug-
gesting that abnormal splicing caused by spliceosome disruption
results in motor neuron death in ALS. Furthermore, several RNA
processing genes have been shown to be mutated or genetically
associated with ALS, including not only TDP-43, but also FUS/
TLS, again suggesting that disordered RNA processing may be a
key pathogenic mechanism in development of ALS (49). To our
knowledge, the evidence presented here is the first to show that
the formation of inclusions composed of TDP-43 CTF is cyto-
toxic: in cells with these inclusions, we observed a significant
decrease of BrdU uptake, sequestration of RNA pol II, Spl and
CREB into cytoplasmic aggregates of TDP-43 CTF, and
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decreased transcriptional activities of Spl and CREB. Further-
more, RNA pol II was co-localized with these inclusions both
in cultured cells and FTLD-TDP brain. These results also
support the idea that transcriptional deregulation plays a critical
role in the degenerative cascade in TDP-43 proteinopathy.

Our results have shown that perturbation of the expression of
FL-TDP elicits apoptotic cell death, and intracellular TDP-43
aggregation causes aberrations in RNA metabolism. The overpro-
duction of TDP-43 might also lead to formation of intracellular
TDP-43 aggregates, while decreased levels of TDP-43 protein
could also influence TDP-43 expression, because TDP-43 itself
auto-regulates its mRNA levels through a negative feedback
loop (3). Intracellular TDP-43 aggregate formation may cause ab-
errant TDP-43 mRNA levels due to decreased levels of normal
TDP-43 innuclei, and this isknown to be one of pathological char-
acteristics found in brains of TDP-43 proteinopathy patients. On
the other hand, lacking of apoptosis in FTLD-TDP brains contain-
ing phosphorylated and accumulated TDP-43 observed in this
study suggests that non-apoptotic cytotoxicity induced by
TDP-43 aggregates rather than soluble TDP-43 may be closely
related to the neurodegenerative mechanisms of TDP-43 protei-
nopathy. Therefore, it is likely that the loss of function and the
gain of toxic function of TDP-43 are mutually associated with
the onset of TDP-43 proteinopathy.

We conclude that dysregulation of FL-TDP expression causes
neuronal apoptosis, while formation of intracellular aggregates
of TDP-43 CTF induces defects in RNA metabolism. Our
results suggest that plural pathways lead to TDP-43-induced cel-
lular dysfunction, contributing to the degeneration cascades
associated with onset of TDP-43 proteinopathy.

MATERIALS AND METHODS
Antibodies

A monoclonal antibody specific for TDP-43 (anti-TDP-43) was
purchased from ProteinTech. An antibody specific for phos-
phorylated TDP-43 at both Ser409 and Ser410 antibodies
(anti-pS409/410) were prepared as described (12,50). Anti-
PARP antibody (#9542) was purchased from Cell Signaling.
A monoclonal anti-RNA poly II antibody, which recognizes
both the phosphorylated and non-phosphorylated forms of
the C-terminal heptapeptide repeat region of RNA pol II, was
purchased from Active Motif. A polyclonal anti-Sp1 antibody
was purchased from Bethyl Laboratories and a monoclonal
anti-CREB antibody (M01) was purchased from Abnova. Anti-
GFP antibody was obtained from MBL (Nagoya, Japan). Anti-
tubulin o antibody was purchased from Sigma-Aldrich.
Anti-mouse IgM conjugated with Alexa-568 (A-21043) and
anti-rabbit IgG conjugated with Alexa-568 (A-11011) were
obtained from Molecular Probes.

Viral transduction of TDP-43 constructs

FL-TDP, NTF (1-161 residues: N-TDP) and CTF [162-414
residues: C-TDP (20)] of TDP-43 were subcloned into the
pCL36-C1L-CMp-IRES-GFP lentivirus expression vector (51).
HEK 293T cells were transfected with vector containing the
insert or the empty vector along with Packing Mix (pCAG-
kGP4.1R, pCAG4-RTR2 and pCAGGS-VSV-G vectors) for
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40 h (with medium replacement after 6 h). Virus particles were
pelleted by ultra-centrifugation (5800g, Beckman SE28 rotor,
16 h, 4°C). Viruses were then suspended in Hanks Balanced
Salt Solution and stored at —80°C until use. For transfection,
virus (1 x 107 copies/ml) was added to 2 x 10° SH-SY5Y
cells/ml.

Cell culture and transfection

SH-SYS5Y cells were cultured in DMEM/F12 medium (Sigma) sup-
plemented with 10% fetal calf serum, penicillin—streptomycin—
glutamine (Invitrogen), and MEM non-essential amino acid
solution (Invitrogen). The cells were maintained at 37°C under
a humidified atmosphere of 5% (v/v) CO, in air. They were
grown to 50% confluence in six-well culture dishes for transient
expression, and transfected with expression plasmids using
FuGENE6 (Roche) according to the manufacturer’s instruc-
tions. TDP-43 expression plasmids for FL-TDP and C-TDP
were constructed as previously described (20,23).

Cell proliferation assay

Cell proliferation was determined with a 5-Bromo-2’-deoxy-
uridine Labeling and Detection Kit II (Roche). Transfected
SH-SYS5Y cells were grown on coverslips for 3 days, and then
incubated for 10h at 37°C in culture medium containing
10 wM BrdU. After incubation, cells were washed briefly, fixed
and processed for immunostaining according to the manufac-
turer’s instructions.

Cell cycle analysis

Cells were harvested at 72 h after transfection, fixed in 70%
ethanol, treated with RNase A (1 mg/ml) for 30 min, and then
stained with PI (50 pg/ml). DNA content was analyzed using
an EPICS XL flow cytometer (Beckman Coulter).

Immunohistochemical analysis

SH-SY5Y cells were grown on coverslips and transfected as
described above. After incubation for the indicated times, cells
were fixed with 4% paraformaldehyde and stained with
primary antibody (anti-TDP-43, anti-pS409/410, anti-RNA pol
II, anti-Spl and/or anti-CREB antibody) at 1:1000 dilution.
The cells were washed and further incubated with anti-rabbit
IgG-conjugated Alexa-568 (1:1000), and then with TO-PRO-3
(1:3000, Invitrogen) or Hoechst 33342 (1:2000, Lonza) to coun-
terstain nuclear DNA. Finally, they were analyzed usinga LSM5
Pascal confocal laser microscope (Carl Zeiss).

Human brain tissues were obtained from Tokyo Metropolitan
Institute of Medical Science (Tokyo, Japan). This study was
approved by the local research ethics committee of Tokyo
Metropolitan Institute of Medical Science (approval no. 12-3).
Small blocks of human brain were dissected at autopsy or from
fresh-frozen brain samples and fixed in 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4) for 2 days. Following cryo-
protection with 15% sucrose in 0.01 M phosphate-buffered
saline (pH 7.4), blocks were cut on a freezing microtome at
30 pm thickness. The free-floating sections were incubated
with anti-pS409/410 or anti-RNA pol II antibody for 72 h.
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Following treatment with the appropriate secondary antibody,
labeling was detected using the avidin-biotinylated horseradish
peroxidase (HRP) complex system coupled with diaminobenzi-
dine (DAB) reaction to yield a brown precipitate. In some sec-
tions, the DAB reaction was intensified with nickel ammonium
sulfate to yield a dark purple precipitate. Moreover, the sections
were incubated with secondary antibodies, labeled with FITC for
anti-pS409/410 or with Rhodamine for RNA pol II and then
observed under a fluorescence microscopy.

Immuneoprecipitation and western blotting

SH-SYS5Y cells grown in a six-well plate were transfected with
GFP-tagged TDP-43 expression vectors (20). After incubation
for 3 days, cells were harvested and lyzed in TX buffer [S0 mm
Tris—HCI1 (pH 7.5), 150 mm NaCl, 5 mm ethylenediaminetetraa-
ceticacid, 5 mMethylene glycoltetraacetic acid (EGTA), 1% TX
and protease inhibitor cocktail (Roche)] by brief sonication on
ice. The lysates were incubated with anti-GFP antibody-linked
Dynabeads (Invitrogen) for 4 h at 4°C. The immunoprecipitated
Dynabeads complexes were washed five times with TX buffer.
Proteins were eluted by boiling in SDS sample buffer and then
processed for western blot analysis. Each sample was separated
by 12% (v/v) SDS-PAGE using Tris—glycine buffer system, and
proteins were transferred onto polyvinylidene difluoride mem-
brane (Millipore). The blots were incubated overnight with
each primary antibody at room temperature, followed by incuba-
tion with HRP-conjugated secondary antibody. Signals were
detected using the ECL plus Western Blotting Detection
System (GE Healthcare).

Luciferase assay

In the GAL4-Sp! expression vectors, the 147 N-terminal codons
of the yeast transcription factor GAL4 containing its DNA-
binding domain were fused to fragments coding for the N-terminal
regions of Sp1 and CREB. The expression vectors of pGAL4-Sp1
and pGAL4-CREB, and luciferase reporter plasmid pFR-Luc
were prepared as described previously (52). SH-SY5Y cells
were transfected with mCherry-tagged TDP-43 constructs. Next
day, these cells were co-transfected with pFR-Luc together with
pGAL4-Spl or pGAL4-CREB. At 48 h after the second transfec-
tion, cells were collected and luciferase activity was measured
with a Luciferase Assay kit (Stratagene) according to the manu-
facturer’s instructions. At least three points of each sample were
measured (n = 3-6), and the experiment was repeated three
times; the illustrated results are typical.

Preparation of human brain homogenates

Brain samples for immunoblot analyses were prepared as previ-
ously described (12,22). Briefly, frozen brain tissue from two
controls or two patients with FTLD-TDP (type C) was homoge-
nized in 10 volumes (w/v) of homogenization buffer (HB: 10 mm
Tris—HCI, pH 7.4, 0.8 M NaCl, 1 mm EGTA and 10% sucrose).
Aliquots of the homogenates were ultracentrifuged at 100 000g
for 20 min at 4°C, and the supernatant was recovered as Tris-
soluble fraction for immunoblotting analyses. Remaining
lysate homogenates were incubated at 37°C for 30 min in HB
buffer containing 2% Sarkosyl, and centrifuged at 20 000g for

10 min. The supernatants were ultracentrifuged at 100 000g
for 20 min and the resulting pellets were used as Sarkosyl-
insoluble fraction for immunoblotting analyses.

Statistical analysis

All values in the figures are shown as mean + SEM. Statistical
analysis was performed using the unpaired, two-tailed Student’s
t-test. A P value of 0.01 or less was considered to be statistically
significant.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Motor Neurons in Frontotemporal Lobar Degeneration

or familial neurodegenerative disease that clinically en-

compasses frontotemporal dementia, language disor-
der, and motor symptoms.* Immunohistochemical profiles
show that approximately half of patients with FTLD present
with tau-positive disease, but the other half primarily exhibit
an accumulation of TAR DNA-binding protein of 43 kDa (TDP-
43), referred to as FTLD-TDP.?"> Currently, the cortical TDP-43
pathological changes in sporadic FTLD-TDP are classified into

F rontotemporal lobar degeneration (FTLD) is a sporadic

3 subtypes: A, B, and C.5®

TAR DNA-binding protein of 43 kDa is also a major dis-
ease protein in amyotrophic lateral sclerosis (ALS), which is
characterized by upper motor neuron and lower motor neu-
ron (LMN)involvement.® The pathological features of LMNin-
volvement in ALS include neuronal loss, gliosis, TDP-43-
positive neuronal inclusions with skeinlike or round shapes and

glial inclusions, and Bunina bodies.*®

Some patients exhibit symptoms of both ALS and FTLD,
and the cerebral cortices of patients with FTLD and ALS
almost always show type B TDP-43 changes.”***3 Thus, a
pathological continuity between FTLD and ALS has been pro-
posed based on brain TDP-43 pathological findings. Studies
of the cerebral cortex, including the motor cortex, and sub-
cortical gray matter have shown common TDP-43 pathologi-
cal findings in FTLD, FTLD with ALS, and ALS.*****7 How-
ever, the neuropathological features of LMN systems in
FTLD-TDP have not been investigated comprehensively, par-
ticularly in the spinal cord, although characterization of
these features is necessary to confirm the pathological rela-

tionship between FTLD and ALS.

In this study, we investigated LMN pathological findings
in patients with sporadic FTLD-TDP who clinically demon-
strated FTLD, FTLD with ALS, or ALS. We also investigated the
correlation between TDP-43 pathological subtypes (type A, B,
and C) and LMN involvement to further elucidate the conti-

nuity of FTLD and ALS.

Methods
Study Patients

We enrolled 269 consecutively autopsied patients with spo-
radic and adult-onset FTLD, FTLD with ALS, or ALS in which
pathological aggregation of TDP-43 was confirmed at the
Department of Neuropathology, Institute for Medical Science
of Aging, Aichi Medical University, from 1988 to 2012. All
patients had been clinically evaluated by neurological
experts in the affiliated hospitals of Nagoya University School
of Medicine or Aichi Medical University. Permission to per-
form an autopsy and archive the nervous system tissues for
research purposes was obtained from family members after
death. The clinical data on the included patients were
obtained from case notes made at diagnosis and at an
advanced stage of illness. We initially excluded 216 of the 269
patients because they did not present clinical FTLD symp-
toms. In 53 patients, FTLD or FTLD with ALS was diagnosed
according to the diagnostic criteria of FTLD and ALS.>*®
Moreover, we subclassified FTLD with ALS into FTLD-ALS
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(onset of FTLD symptoms/signs preceded those of ALS) and
ALS-FTLD (onset of ALS symptoms/signs preceded those of
FTLD) groups.

The enrolled patients were categorized into 3 groups:
FTLD without ALS, FTLD-ALS, and ALS-FTLD. The FTLD
symptoms were categorized into 2 groups: behavior-variant
frontotemporal dementia and language impairments.'# The
LMN symptoms/signs were defined by progressive muscular
weakness, muscular atrophy, fasciculation, or electromyo-
graphic findings. We excluded patients with Alzheimer
disease-associated neurofibrillary pathological abnormalities
that were more advanced than Braak stage IV,* those with
argyrophilic grain disease, and those with invalid clinical
data. Finally, 43 patients were included in the clinical analy-
sis (11 with FTLD without ALS, 9 with FTLD-ALS, and 23 with
ALS-FTLD). For comparison, we prepared 13 age-matched
controls (mean [SD] age at death, 68.2 [6.9] years) who had
no diagnosis of any neurodegenerative disease, dementia, or
cerebrovascular disease.

Clinical Analyses

The information regarding sex, age at onset, disease dura-
tion, and duration between onset of FTLD and ALS was col-
lected from clinical notes. Causes of death were classified as
respiratory failure due to respiratory muscle weakness, pneu-
monia, or other. The last category comprised systemic dis-
eases other than respiratory failure or pneumonia, including
cancer, ileus, infections, and renal failure. Information on the
subtypes of dementia, clinical data on motor symptoms, and
electromyographic results were also collected.

Pathological Evaluations

For the neuropathological analysis, we excluded patients who
had received a respirator/tracheotomy (n = 11) or whose spinal
cord was not available (n = 3). In total, 29 patients were
included in the neuropathological analysis and divided into 3
groups: FTLD without ALS (n = 9), FTLD-ALS (n = 8), and ALS-
FTLD (n = 12). The tissues were fixed in 20% neutral-buffered
formalin. The paraffin-embedded tissue blocks were cut at a
thickness of 4.5 pm. We evaluated sections from the spinal
cord and whole brain. The whole spinal cord was examined
at each segmental level, but only the cervical cord was avail-
able in 3 patients and the sacral cord was not available in
another 3.

For routine neuropathological examinations, the sections
were stained with hematoxylin-eosin and Kliiver-Barrera.
Immunohistochemical studies were performed using a stan-
dard polymer-based method with the EnVision Kit or anti-
goat immunoglobulin (Dako). As primary antibodies, we used
antibodies to the following: anti-ubiquitin (ubiquitin, mono-
clonal mouse, 1:250; Millipore), anti-TDP-43 (TARDBP, poly-
clonal rabbit, 1:2500; ProteinTech), anti-phosphorylated
TDP-43 (pTDP-43 ser409/410, polyclonal rabbit, 1:2500;
CosmoBio), anti-phosphorylated tau (AT-8, monoclonal mouse,
1:4000; Innogenetics), anti-B-amyloid (B-amyloid 6F/3D,
monoclonal mouse, 1:100; Dako), anti-CD68 (CD68, monoclo-
nal mouse, 1:200; Dako), anti-cystatin C (cystatin C, poly-
clonal rabbit, 1:200; Dako), p62 N-terminal (p62N, polyclonal

JAMA Neurology February 2014 Volume 71, Number 2

Copyright 2014 American Medical Association. All rights reserved.

Downloaded From: http://archneur.jamanetwork.com/ on 02/16/2015

- 149 -

173



Research Original Investigation

guinea pig, 1:100; Progen), anti-ubiquilin 2 (UBQLN-2 5F5,
monoclonal mouse, 1:5000; Abnova), and anti-choline acet-
yltransferase (ChAT, polyclonal goat, 1:100; Millipore).
Diaminobenzidine (Wako) was used as the chromogen.
Antigens were retrieved with trypsin for anti-CD68
immunohistochemistry and with 95°C 3 mmol/L citrate buf-
fer at 95°C for 20 minutes, followed by 5-minute incubation
in 98% formic acid for anti-p62N, anti-TDP-43, anti-pTDP-43,
and anti-ChAT immunohistochemistry. To confirm the pres-
ence of TDP-43-positive inclusions within the cholinergic
motor neurons, we performed double immunohistochemis-
try using anti-pTDP-43 and anti-ChAT antibodies. Spinal cord
specimens were prepared from 3 patients with type A, 3 with
type B, and 2 with type C. Initially, the specimens were
immunostained with the anti-ChAT and anti-goat immuno-
globulin antibodies and diaminobenzidine. The anti-ChAT
antibody was inactivated in distilled water at 100°C for 20
minutes, followed by immunohistochemistry with pTDP-43
and violet pigmentation using a VIP Peroxidase Substrate Kit

(SK-4600; Vector).

For the semiquantitative neuropathological analysis, 2
investigators (Y.R. and M.Y.) observed the specimens contain-
ing the facial and hypoglossal nuclei and the anterior horn of
the spinal cord. They evaluated the severity of LMN neuro-
pathological changes that are indicative of ALS (neuronal loss,
gliosis, aggregation of macrophages, TDP-43-immunopositive
neuronal inclusions, and Bunina bodies) and graded neuronal
loss and gliosis using Kliiver-Barrera and hematoxylin-eosin
staining. The investigators also evaluated the aggregations of
macrophages rather than rod-shaped microglia using anti-
CD68 immunohistochemistry and identified Bunina bodies
using hematoxylin-eosin staining and anti-cystatin C immu-
nohistochemistry. They scored the severity of neuronal loss
and gliosis as grade 0 (none), 1 (mild), 2 (moderate), or 3 (se-
vere) (eFigure 1 in Supplement. The appearance of TDP-43-
positive inclusions was scored as grade 0 (none), grade 1 (1-5
neuronal inclusions per 5 fields; x20 objective), grade 2 (6-10
inclusions), or grade 3 (=11 inclusions) using anti-pTDP-43

immunohistochemistry.

Pathological cortical TDP-43 subtypes were identified
according to current neuropathological criteria, using speci-
mens from the frontal lobes, temporal lobes, and hippo-
campus.® For FTLD-TDP, type A was defined as the presence
of neuronal cytoplasmic inclusions predominantly in the
neocortex layer 2 and short dystrophic neurites; type B, as a
predominance of neuronal cytoplasmic inclusions in all corti-
cal layers; and type C, as a predominance of long dystrophic
neurites in layer 2 and cytoplasmic inclusions in the dentate
granular cells of the hippocampus. Our patient series did not
include type D, which is characterized by numerous short
dystrophic neurites and neuronal intranuclear inclusions in
association with valosin-containing protein gene mutations.
We also evaluated pathological changes in the upper motor
neuron systems that include the primary motor cortex and
corticospinal tract (CST). We evaluated the presence or
absence of neuronal loss and gliosis in the primary motor cor-
tex and myelin pallor, as well as the aggregation of macro-

phages in the CST.
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Immunohistochemical Screening of Hexanucleotide

Repeat Expansion Sequence in Chromosome 9

Open Reading Frame 72

Our study focused on sporadic FTLD-TDP, and patients with
familial histories of FTLD or ALS, dementia, or other neuro-
degenerative diseases were excluded. However, FTLD or ALS
associated with chromosome 9 open reading frame 72
(C9ORF72) hexanucleotide expansion exhibits pathological
aggregation of TDP-43 and, in some cases, low penetra-
tion,?°-*' although these mutations are extremely rare in
Japan.? It was recently reported that the pattern of ubiquilin
abnormalities in ALS and FTLD corresponds well with the
presence of CQORF72 hexanucleotide expansion.?® The
UBQLN-2-positive, p62-positive, but TDP-43-negative thick
dystrophic neurites are abundantly present in patients with
C9ORF72 hexanucleotide expansion, predominantly in the
hippocampus and cerebellum. Because the materials for a
genetic study were not available for a large proportion of our
patients, we histologically screened CQORF72 hexanucleotide
expansion with the absence of UBQLN-2 and p62N-positive
thick dystrophic neurites in the temporal lobes and cerebella
of all patients.

Statistical Analysis

The Mann-Whitney test was applied to continuous variables
between 2 groups, and the Kruskal-Wallis test was applied to
the analysis of continuous variables among 3 groups. The x*
test was used for categorized variables among 3 groups. Spear-
man rank correlation coefficient analyses were applied to uni-
variate correlations between the clinical groups and severity
of pathological changes. Survival curves were constructed
using the Kaplan-Meier method. The end point of clinical
course was defined as death or the introduction of a respira-
tor or tracheotomy. The significance level for all comparisons
was set at P < .05. All statistical tests were 2 sided and were
conducted using the PASW 18.0 program (IBM SPSS).

jusssssansarrasl
Results

Clinical Analysis

Patient characteristics are summarized in the Table. The mean
(SD) time from symptom onset to death or respirator or tra-
cheotomy administration was 50.5 (58.4) months across all pa-
tients. The survival time from symptom onset did not differ
significantly between the FTLD-ALS and ALS-FTLD groups but
was significantly shorter for the FTLD without ALS group than
for the FTLD-ALS or ALS-FTLD group (Figure 1 and Table;
P <.001). The most common cause of death for the ALS-
FTLD and FTLD-ALS groups was respiratory failure, but pa-
tients with FTLD without ALS commonly died of other sys-
temic diseases (P < .001). Frequencies of dementia subtypes
did not significantly differ between the clinical groups.

With regard to motor symptoms/signs, 3 patients in the
FTLD without ALS group had hyperreflexia, 1 had the Babin-
ski sign, and 1 had spasticity, but none had a clinical diagno-
sis of progressive lateral sclerosis (PLS) according to the pub-
lished diagnostic criteria of PLS.?* Patients with FTLD-ALS or
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Table. Clinical and Demographic Patient Characteristics

ALS-FTLD generally exhibited both upper motor neuron and
LMN symptoms/signs except for 3 who exhibited only LMN
symptoms/signs. Based on the electromyographic data, ac-
tive denervation potentials (positive sharp waves and fibril-
lation potentials*®) were identified in 3 patients with FTLD-
ALS and 12 with ALS-FTLD but not in any of those with FTLD
without ALS.

Pathological Evaluations of the LMN System

The results of semiquantitative pathological evaluations of
the 3 clinical groups are summarized in Figure 2. In the FTLD
without ALS group, 8 of 9 patients (89%) showed pTDP-43-
positive neuronal inclusions. In addition, neuronal loss and
gliosis in the spinal anterior horns were observed in 5 of 11
patients (45%) and Bunina bodies were present in 4 (36%).
The pathological changes in LMN systems were most severe
in the ALS-FTLD group, followed by the FTLD-ALS group,
and were rather mild in the FTLD without ALS group.
Among control patients, 1 had a pTDP-43-positive glial inclu-
sion in the lumbar anterior horn, but this patient did not
show neuronal loss, gliosis, or Bunina bodies (eFigure 2 in
Supplement).

jamaneurology.com

Abbreviations: ALS, amyotrophic
lateral sclerosis; ALS-FTLD, onset of
ALS symptoms/signs preceding those
of frontotemporal lobar degeneration
(FTLD); ellipses, not significant;

FTD, frontotemporal dementia;
FTLD-ALS, onset of FTLD
symptoms/signs preceding those

of ALS.

32 Test.

b Kruskal-Wallis test.

¢ Log-rank test.

¢Mann-Whitney test.

Figure 1. Survival by Clinical Group

1.0

—— FTLD without ALS

o
©

o
o

o
~

Cumutative Survival Rate

I
[N}

O O

0.0 : T T T T T T |
0 50 100 150 200 250 300 350 400

Survival Duration, mo

Kaplan-Meier plot showing the survival rates of patients with frontotemporal
lobar degeneration (FTLD) without amyotrophic lateral sclerosis (ALS) (solid
line; n = 11), those in whom the onset of FTLD symptoms/signs preceded those
of ALS (FTLD-ALS) (dashed line; n = 9), and those in whom the onset of ALS
symptoms/signs preceded those of FTLD (ALS-FTLD) (dotted line; n = 23).
Survival times were significantly shorter in patients with FTLD without ALS than
in those with FTLD-ALS or ALS-FTLD (P < .001).
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Figure 2. Semiquantitative Evaluations of Pathological Changes by Clinical Group

P r
FTLD Without ALS FTLD-ALS ALS-FTLD Values Values
Patients 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Clinical duration, mo 47 66 84 108147360 68 96 122 22 23 28 28 31 36 36 60 7 8 9 10 16 20 22 24 26 54 60 71
Neuronal loss
Facial nuclei <.01 0.730
Hypoglossal nuclei <.01 0.823
Anterior horn of Cx <.01 0.804
Anterior horn of Tx <01 0768
Anterior horn of Lx <01 0.856
Anterior horn of Sx - - NA <.01 0.880
Gliosis
Facial nuclei <.01 0.768
Hypoglossal nuclei <.01 0.828
Anterior horn of Cx <01 0730
Anterior horn of Tx <.01 0.740
‘Anterior horn of Lx <.01 0.878
Anterior horn of Sx <.01 0.904
pTDP-43-positive neuronal inclusions
Facial nuclei <.01 0.729
T—i}fmgo nuclei .08 0.348
Anterior horn of Cx <.01 0.511
Anterior horn of Tx <.05 0.403
Anterior horn of Lx <05 0412
A horn of Sx <05 0.458
<01 0518
<.01 0.634
0.78 0.073
“Anterior horn of Tx <.05 0.435
Anterior horn of Lx <.01 0.721
Anterior hornof Sx <01 0751

B B B B

Findings shown include the severity of neuronal loss, gliosis, phosphorylated
TAR DNA-binding protein of 43 kDa (pTDP-43) pathological changes, and
aggregations of macrophages and the presence of Bunina bodies in the lower
motor neuron systems. The severity of each pathological change was graded as
0 (none [~, not colored]), 1(mild [+, green]), 2 (moderate [++, yellow]), or 3
(severe [+++, red]). Neuropathological changes became increasingly severe in

those in whom amyotrophic lateral sclerosis (ALS) symptoms/signs preceded
those of frontotemporal lobar degeneration (FTLD; ALS-FTLD), as well as the
FTLD-ALS (FTLD symptoms/signs preceding those of ALS) and FTLD without
ALS groups (Spearman rank order). Cx indicates cervical cord; Lx, lumbar cord;
NA, not assessed; Sx, sacral cord; TDP-43, TAR DNA-binding protein of 43 kDa;
and Tx, thoracic cord.

According to cortical TDP-43 pathological findings,® 29
patients were classified into 3 subtypes: A (n = 6), B (n = 20),
or C (n = 3). Patients with FTLD without ALS showed type A
or C disease, whereas those with FTLD-ALS or ALS-FTLD all
showed type B disease (Figure 2 and Figure 3). For all the sub-
types, the LMN system showed neuropathological changes
that were indicative of ALS, including pTDP-43-positive neu-
ronal and glial inclusions, neuronal loss, and gliosis. In
patients with type A disease (Figure 4A-H), the severity of
neuronal loss and gliosis in LMN systems ranged from none
to moderate. Five patients (83%) in this group had pTDP-43-
positive, skeinlike cytoplasmic and/or nuclear inclusions
(Figure 4B and C), and 4 (67%) had Bunina bodies (Figure 4E
and F) in the LMNs.

All 20 patients in the type B group (Figure 4I-L) showed
neuronal loss, gliosis, and pTDP-43-positive skeinlike cyto-
plasmic inclusions in the LMN systems, and 18 (930%) had
Bunina bodies. Among the 3 patients with type C disease
(Figure 4M-P), 1 (33%) had mild loss of the LMNs (Figure 4M),
and all 3 (100%) had pTDP-43-positive skeinlike cytoplasmic
inclusions in the LMNs (Figure 4N). Unlike patients with the

176 JAMA Neurology February 2014 Volume 71, Number 2

other subtypes, those with type C disease lacked Bunina
bodies. Moreover, thick dystrophic neurites were prominent
in the spinal anterior horn in patients with type A or C dis-
ease but rarely present in those with type B disease
(Figure 4G and 0). These dystrophic neurites were larger in
diameter (8-12 pm) than those found in the cortices. In a
double immunohistochemical analysis, pTDP-43-positive
inclusions were found within the cytoplasm of ChAT-
positive neurons in patients with type A, B, and C disease
(Figure 4H, L, and P).

Pathological Evaluations of the Upper

Motor Neuron System

In the primary motor cortex, neuronal loss and gliosis were evi-
dent in 5 patients with FTLD without ALS (56%), 2 with FTLD-
ALS (25%), and 3 with ALS-FTLD (25%). Myelin pallor in the
CST was evident in 6 patients with FTLD without ALS (67%), 1
with FTLD-ALS (12%), and 2 with ALS-FTLD (17%). Aggrega-
tions of macrophages in the CST were evident in 4 patients with
FTLD without ALS (44%), 5 with FTLD-ALS (62%), and 6 with
ALS-FTLD (50%).
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Figure 3. Semimacroscopic Appearances and Brain Pathological Findings in Patients With Type A, B, and C Pathological Changes

Findings in patients with type A (A-D) , B (E-H), and C (I-L) pathological changes.
In a patient with type A pathological change. cerebral coronal sections showed
cortical atrophy of the parasylvian region (A). Transverse section of the cervical
cord showed marked myelin palior in the corticospinal tract (B). Microscopically,
the frontal cortices showed marked neuronal loss (C) and phosphorylated TAR
DNA-binding protein of 43 kDa (pTDP-43)-positive neuronal inclusions and
short dystrophic neurites (D). In a patient with type B pathological change, the
cerebral cortex showed severe temporal atrophy (E), neuronal loss (G), and
pTDP-43-positive neuronal inclusions (H). The corticospinal tract showed mild

myelin pallor (F). In a patient with type C patholgoical change, the frontal and
temnporal cortices showed severe atrophy (1), marked neuronal loss (K), and
pTDP-43-positive long dystrophic neurites (L). The corticospinal tract showed
marked myelin pallor (J). Kliiver-Barrera staining (A, B, E, F, 1, and J),
hematoxylin-eosin staining (C, G, and K), and pTDP-43 immunohistochemistry
(D, H, and L) were performed. Scale bars represent 1cm (A, E, and ), 3mm (B, F,
and J), 100 pm (C, G, and K), and 20 pym (D, H, and L). Original magnifications
are x1(A, B, E, F, 1, and J), x200 (C, G, and K), and x400 (D, H, and L).

Anti-UBQLN-2 and Anti-p62N Immunohistochemistry

No patients showed any cerebellar UBQLN-2-positive or p62N-
positive structures. In the temporal lobes, UBQLN-2-positive
structures were occasionally observed in 8 patients, but abun-
dant, thick, and aggregatelike structures, which are found in
patients with CQORF72 expansions, were not observed (eFig-
ure 3 in Supplement). We presumed that our patients did not
have CQORF72 expansions.

T
Discussion

Our study demonstrated that pTDP-43-associated pathologi-
cal changes were common in the spinal anterior horns of the
FTLD without ALS, FTLD-ALS, and ALS-FTLD groups. Neuro-
nal loss and gliosis were most severe among the ALS-FTLD
group, followed by the FTLD-ALS and then the FTLD without
ALS groups. Our results clearly demonstrated the pathologi-
cal continuum among TDP-43-associated FTLD and ALS, even
at the LMN level.

Although the FTLD without ALS group that lacked LMN
symptoms showed aloss of LMNs, the degree of neuronal loss
and TDP-43 disease were generally mild in this group. Experi-
ment data using ALS mouse models revealed that symptoms
developed when approximately 29% of spinal motor neurons
were lost.?> Further investigation will be needed to clarify
whether LMN involvement occurs in a later stage of illness or
progresses very slowly compared with cerebral involvement
in FTLD without ALS.

Our results revealed that the FTLD-TDP types A, B, and C
were associated with neuropathological changes correspond-
ing to ALS in the spinal motor neurons. The severity of neu-
ronal loss and pTDP-43 disease in the spinal motor neurons

jamaneurology.com

may differ quantitatively among these neuropathological
subtypes. Based on cortical TDP-43 pathological findings,
patients in the type B group had severe neuronal loss and dif-
fuse pTDP-43-positive neuronal inclusions, which were
entirely identical to ALS, whereas these changes were mild in
the type C group. In type A, LMN pathological findings were
diverse regardless of clinical duration; their severity and
extension may be heterogeneous among patients with type A
disease, unlike those with type B or C disease. Indeed, type A
disease has also been identified in the FTLD with ALS pheno-
type in sporadic or familial (COORF72 expansion or progranu-
lin gene mutations) form.>5226 Dystrophic neurites were
prominent in the spinal anterior horn of patients with type A
or C disease. In our patient series, Bunina bodies were
observed in most patients with type A or B disease but were
absent in those with type C disease, findings consistent with
those of previous studies.>*”

Several studies have demonstrated that some patients
with FTLD-TDP, particularly type C, showed marked CST
degeneration.>''7*” We also observed a marked myelin pal-
lor in the CST in 67% of patients with FTLD without ALS, 12%
with FTLD-ALS, and 16% with ALS-FTLD (50% for type A, 15%
for type B, and 100% for type C). Some patients showed neu-
ronal loss or gliosis in the primary motor cortex to varying ex-
tents. Furthermore, patients with FTLD without ALS often ex-
hibited severe degenerative changes in broad areas of the
frontal cortices. The broad involvement of the frontal lobes
might also contribute to the CST degeneration because CST fi-
bers arise not only from the primary motor cortex but also from
the premotor cortex and supplementary motor areas.?®

Two limitations of our study is that the evaluation of
slight or very mild muscle weakness was not completed and
that there were few patients with electromyographic data in
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Figure 4. Pathological Findings of Spinal Motor Neuron in Subtypes of TAR DNA-Binding Protein

of 43 kDa (TDP-43) Pathological Changes

Patients with type A (A-H), type B
(I-L), and type C (M-P) pathological
changes. A patient with type A
pathological change showed mild
neuronal loss (A), phosphorylated
TDP-43 (pTDP-43)-positive skeinlike
cytoplasmic inclusions (B), nuclear
inclusions (C), and glial inclusions (D),
Bunina bodies (E [arrow] and F) in the
spinal anterior horn, and dystrophic
neurites (G). In a patient with type B
pathological change, neuronal loss (1),
pTDP-43-positive skeinlike
cytoplasmic inclusions (J), and
Bunina bodies (K) were markedly
observed. In a patient with type C
pathological change, the spinal
anterior horn showed mild neuronal
loss (M), pTDP-43-positive skeinlike
cytoplasmic inclusions (N), and
dystrophic neurites (O). Double
immunohistochemistry for choline
acetyltransferase (ChAT) and
pTDP-43 revealed cytoplasmic
inclusions (violet [arrows]) present
within the cytoplasm of a
ChAT-positive spinal motor neuron
(brown [asterisks]) of patients with
type A (H), B (L), or C (P) pathological
change. Hematoxylin-eosin staining
(A, E. I, K, and M), pTDP-43
immunohistochemistry (B, C, D, G, J,
N, and O), cystatin-C (F), and double
immunohistochemical analysis for
pTDP-43 and ChAT (H, L, and P) were
performed. Scale bars represent 100
(A, I,and M), 20 (G, L, and 0), and 10
(B-F, H, J, K, N, and P) pm. Original
magnifications are x100 (A, |, and M),
%400 (G, L, and O), and x1000 (B-F,
H,J. K, N,and P).

the FTLD without ALS group. However, our clinical data
demonstrated that patients with FTLD without ALS had sig-
nificantly longer survival times than those with FTLD-ALS or
ALS-FTLD. These prognostic data correspond well to previ-
ous results.?9:3° In addition, the causes of death differed con-
siderably between the FTLD without ALS group and the
FTLD-ALS and ALS-FTLD groups. Respiratory failure was
observed in patients with FTLD-ALS or ALS-FTLD but not in
those with FTLD without ALS, and respiratory failure was

strongly associated with severity of LMN loss. These results
support the view that classification of FTLD based on the
presence of LMN involvement was applicable in this study.

In conclusion, the LMN systems of FTLD-TDP generally
show neuropathological changes that are indicative of ALS, al-
though the severity of pathological changes differs among clini-
cal phenotypes or subtypes of cortical TDP-43 disease. A patho-
logical continuity between FTLD-TDP and ALS is supported by
evidence of LMN involvement.
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