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Abstract
Objective—To see if the distribution patterns of phosphorylated 43-kDa TAR DNA-binding
protein (pTDP-43) intraneuronal inclusions in amyotrophic lateral sclerosis (ALS) permit
recognition of neuropathological stages.

Methods—pTDP-43 immunohistochemistry was performed on 70 μm sections from ALS
autopsy cases (N=76) classified by clinical phenotype and genetic background.

Results—ALS cases with the lowest burden of pTDP-43 pathology were characterized by
lesions in the agranular motor cortex, brainstem motor nuclei of cranial nerves XII-X, VII, V, and
spinal cord α-motoneurons (stage 1). Increasing burdens of pathology showed involvement of the
prefrontal neocortex (middle frontal gyrus), brainstem reticular formation, precerebellar nuclei,
and the red nucleus (stage 2). In stage 3, pTDP-43 pathology involved the prefrontal (gyrus rectus
and orbital gyri) and then postcentral neocortex and striatum. Cases with the greatest burden of
pTDP-43 lesions showed pTDP-43 inclusions in anteromedial portions of the temporal lobe,
including the hippocampus (stage 4). At all stages, these lesions were accompanied by pTDP-43
oligodendroglial aggregates. Ten cases with C9orf72 repeat expansion displayed the same
sequential spreading pattern as non-expansion cases but a greater regional burden of lesions,
indicating a more fulminant dissemination of pTDP-43 pathology.

Interpretation—pTDP-43 pathology in ALS possibly disseminates in a sequential pattern that
permits recognition of four neuropathological stages consistent with the hypothesis that pTDP-43
pathology is propagated along axonal pathways. Moreover, the fact that pTDP-43 pathology
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develops in the prefrontal cortex as part of an ongoing disease process could account for the
development of executive cognitive deficits in ALS.

Introduction
Amyotrophic lateral sclerosis (ALS) is the most frequent adult-onset motor neuron disease
characterized by rapidly progressive paresis leading to death with a mean survival of
approximately 3 years.1 The phosphorylated 43-kDa TAR DNA-binding protein (pTDP-43)
was identified as the major component in ubiquitin-positive neuronal inclusions in sporadic
ALS and the largest subset of frontotemporal lobar degeneration (FTLD), now referred to as
FTLD-TDP.2 TDP-43 is a highly conserved and widely expressed RNA-binding protein that
is a member of the heterogeneous nuclear ribonucleoprotein family of proteins.3 The
defining histopathology of ALS and FTLD-TDP is the presence of pTDP-43 aggregates in
select neurons and glial cells of the central nervous system (CNS).2 Progressive
accumulation of similar protein aggregates is now recognized as a characteristic feature of
many neurodegenerative diseases, including accumulation of abnormally phosphorylated tau
in Alzheimer’s disease (AD) or α-synuclein in Parkinson’s disease (PD).

Importantly, many neurodegenerative diseases show a characteristic spreading pattern of
their underlying pathology across specific brain regions with disease progression. In AD, tau
aggregates develop in the locus coeruleus and advance from the transentorhinal cortex and
entorhinal region through the hippocampal formation into broad areas of the neocortex 4, 5

whereas in PD α-synuclein aggregation in the CNS begins in the lower medulla and
sequentially progresses via the midbrain into cortical regions.6 The cellular mechanisms
underlying this process are incompletely understood, but increasing evidence suggests that
misfolded protein aggregates could spread by a self-perpetuating process that leads to
amplification and spreading of these assemblies.7 Evidence of propagation of Aβ, tau, α-
synuclein and polyQ proteins in vitro, in rodents, or in human grafts has been reported.8-13

Whereas the cell-to-cell transmission of pTDP-43 has not been demonstrated conclusively in
vivo, a recently discovered C-terminal prion-like domain has been implicated in the
aggregation of pTDP-43 in cultured cells. Consequently, observations from other
neurodegenerative diseases raise the possibility that pTDP-43 pathology in ALS could
sequentially disseminate from a focal site of onset and then propagate in a cell-to-cell
manner.14 The detection of disease-specific distribution patterns of pTDP-43 pathology
could help to provide a staging system for standardizing the neuropathological description of
pTDP-43 pathology in ALS and would also constitute a major step for subsequent
elucidation of disease progression mechanisms and neuronal vulnerability in ALS. Here, we
present preliminary evidence for the sequential progression of pTDP-43 pathology in four
stages in a large cross-sectional cohort of phenotypically well-defined ALS autopsy cases.

Materials and methods
Autopsy cohort

We included 76 patients with a clinical diagnosis of ALS (Table 1) in accordance with
modified El Escorial Criteria15 and a confirmed neuropathological diagnosis of ALS, who
underwent autopsy in the Center for Neurodegenerative Disease Research (CNDR) at the
University of Pennsylvania between 1985 and 2012. Informed written consent was obtained
previously from all patients or for autopsy cases from their next of kin. Detailed clinical
characteristics (age at onset, age at death, site of onset, disease duration, ALS global disease
severity as measured by a functional rating score [ALSFRS-R],16 the Mini Mental Status
Examination,17 and gender), were ascertained from an integrated clinical and autopsy
database, as described previously,18 and by retrospective chart review of clinical visits
within the University of Pennsylvania Health System (Table 1).
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The majority of the ALS patients were seen by two neurologists (LE, LM). We excluded all
ALS cases in the CNDR Brain Bank (N=35) for which clinical data relating to site of onset
or disease duration was incomplete or equivocal. Also excluded were 6 cases, for which ≥
3/22 CNS regions examined (see below) were unavailable, and 2 cases lacking pTDP-43
pathology, leaving a cohort of N=76 (N=30 females, N=46 males; age range 42-87 years;
mean age ± SD: 63.0 ± 10.6 years from a total of 119 autopsy cases (Tables 1-2). For the
subjects with missing data, their gender, disease duration, and age of death were compared
to the other cases and no differences were found (data not shown). Different ALS syndromes
were defined according to clinical onset of disease: cervical lower motor neuron (CLMN)
ALS, lumbar lower motor neuron (LLMN) ALS, lumbar upper motor neuron (LUMN) ALS,
bulbar lower motor neuron (BLMN) ALS, and bulbar upper motor neuron (BUMN) ALS.19

None of the cases in the cohort had cervical UMN onset of disease (Table 1). Unless
otherwise specified, results of clinical testing used in this study were from the visits at initial
presentation or disease onset (first occurrence of paresis or bulbar symptoms, e.g.,
dysarthria, dysphagia) as well as the visit most proximate to death, i.e., occurring within 3
months of death. Of the ALS cases included here, 5 (6.6%) had a clinical history of
dementia (ALS-D) (Table 2), and met criteria for FTLD.20-22

Tissue preparation, staining, and immunohistochemistry
Pathology was examined in 22 regions of the CNS: middle frontal gyrus, gyrus rectus and
orbital gyri, agranular motor cortex (Brodmann areas 4 and 6), somatosensory cortex,
superior or middle temporal gyrus, visual cortex (Brodmann areas 17 and 18), anterior
cingulate gyrus, hypothalamus, amygdala, hippocampal formation, striatum and pallidum
(the striatum block included anterior portions of the caudate nucleus and putamen plus the
accumbens nucleus, where the caudate nucleus and putamen merge), thalamus, midbrain
(including substantia nigra and red nucleus), upper pons at the level of the locus coeruleus,
lower pons (including the motor nucleus of cranial nerve VII), medulla oblongata at level of
the hypoglossal nucleus (XII), cerebellum (including both a portion of the cerebellar cortex
and dentate nucleus), cervical spinal cord, thoracic spinal cord, lumbar spinal cord, and
sacral spinal cord. The spinal cord (SC) was sectioned from the brainstem at the level of C2
and extracted in a single block. After removing the dural sac, 0.5 cm thick blocks
representing the cervical SC, thoracic SC, lumbar SC, and sacral SC were selected. The
cervical tissue block was obtained two spinal nerve roots below C2 (corresponding to C4),
Additional blocks were obtained at the level equidistant between the cervical and
lumbosacral enlargements (corresponding to Th7 or Th8). The lumbar block was taken from
the level of the second or third spinal nerve root after the beginning of the lumbosacral
enlargement (corresponding to L3 or L4), and the sacral cord was sampled equidistant
between the filum terminale and the cranial end of the lumbosacral enlargement
(corresponding to S2 or S3).

After fixation, all tissue samples were embedded in paraffin, sectioned at 6-7 μm, and
stained with hematoxylin and eosin (HE). Immunohistochemistry was performed with
antibodies to hyperphosphorylated tau (monoclonal antibody PHF1; 1:1000, gift from Dr.
Peter Davies), α-synuclein (monoclonal antibody Syn303; 1:4000, generated in CNDR),22

pTDP-43 (rat antibody p409/410, 1:1000, gift from Dr Manuela Neumann),24 and amyloid-β
(monoclonal antibody NAB228; 1:15 000; generated in CNDR).25 Neurofibrillary tangle
(NFT) stages and neuritic plaques (CERAD scores) are shown in Table 2. The extent of
pTDP-43 intraneuronal inclusions (dots, wisps, skeins) was rated for each region on a 4-
point ordinal scale (0, none/not detectable; 1, mild; 2, moderate; 3, severe/numerous) as
previously described (data not shown).26, 27

To study each of the 22 CNS regions in greater neuroanatomical detail in all 76 cases, two
additional sets of 70 μm sections were prepared as described previously28 from the same
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paraffin blocks used above. The first set was stained with aldehyde fuchsin-Darrow red for
topographical orientation and evaluation of neuronal loss (lipofuscin pigment deposits,
basophilic Nissl material).4, 6 pTDP-43 pathology was analyzed in the second set using a
commercially available 409/410 rabbit polyclonal antibody (Cosmo Bio, Carlsbad, CA,
USA) at 1:10 000 and assessed according to a semiquantitative rating scale (0, not detectable
or ≤2 aggregates per region; +, mild; ++, moderate; 3, +++ severe/numerous in Table 2). In
assigning cases to a given stage, the extent (topographical distribution pattern) was assigned
more weight than the degree of pTDP-43 pathology.

Genetic analysis
Genomic DNA was extracted from peripheral blood or brain tissue following the
manufacturer’s protocols [Flexigene (Qiagen, Valencia, CA, USA) or QuickGene DNA
whole blood kit L (Autogen, Holliston, MA, USA) for blood, and QIAsymphony DNA Mini
Kit (Qiagen) for brain]. Genotyping for a C9orf72 repeat expansion was performed as
previously described in detail.29 The coding regions of ubiquilin 2 (UBQLN2) and exon 6 of
TDP-43 (TARDBP) were sequenced as described.30, 31 Sequence data were analyzed using
Mutation Surveyor software (SoftGenetics, State College, PA, USA).

Statistical analysis
Data analysis was performed using SPSS (Version 17.0 SPSS Inc., Chicago, IL, USA). The
“average” (and “range”) of data on patient characteristics were described using the median
(and interquartile range). Wilcoxon Mann-Whitney Test was used to test differences
between two clinical subgroups, and Kruskal-Wallis analysis of variance on ranks was
applied in case of three or more groups, followed in the event of significance by Dunn’s
Method. Trend analysis was conducted using the Mantel-Haenszel Chi-square test. All
correlations were studied using Spearman’s rank order correlation coefficient. Bonferroni-
correction for multiple testing was applied when contrasts were not driven by a specific
hypothesis. For all other tests, p-values < 0.05 were considered significant. All statistical
tests were 2-sided.

Results
Aggregated pTDP-43 in neurons and oligodendrocytes

Generally, pTDP-43 pathology presented in the form of intraneuronal dash-like, skein-like,
or dot-like inclusions in the cytoplasm. Remarkably, these lesions were accompanied by
similar changes in oligodendrocytes (Figs. 1h, 2d, 2e). pTDP-43 pathology did not develop
in non-myelinating oligodendrocytes located along the somata of affected cortical pyramidal
cells (satellite cells). pTDP-43-immunoreactive oligodendrocytes were seldom encountered
in the spinal cord posterior funiculi but were seen in 100% of cases in the anterior and lateral
funiculi, particularly within corticospinal projections. By contrast, the medial lemniscus,
medial longitudinal fascicle, and the superior cerebellar peduncle did not display altered
oligodendrocytes. Pontine sections often showed pTDP-43 pathology in oligodendrocytes in
corticobulbar and corticospinal fiber tracts, contrasting with its infrequent appearance in
pontocerebellar pathways. Four stages in the progressive dissemination of pTDP-43
pathology could be distinguished in our ALS cohort, as follows:

Stage 1: Agranular motor cortex, bulbar and spinal somatomotor neurons—
Stage 1 cases (N=6) were characterized by the presence of pTDP-43 immunoreactive
inclusions in projection neurons of the agranular motor neocortex, in α-motoneurons of the
spinal cord ventral horn, and in bulbar motor neurons of cranial nerves XII-X, VII, and V
(Table 2). Within the motor cortex (Brodmann fields 4 and 6), pTDP-43 pathology occurred
in Betz pyramidal cells of layer Vb (Fig. 1a-c) and in smaller projection neurons of layers II,
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III, V, and VI (Fig. 1a). The intraneuronal pathology was accompanied by pTDP-43
immunoreactive inclusions in oligodendrocytes of the cortex and subcortical white matter,
as well as among corticobulbar and corticospinal projections.

In the ventral horn of the spinal cord, pTDP-43 pathology predominantly occurred in α-
motoneurons of layer 9 (Fig. 1e-h), whereby in some instances the lesions were most
extensive in motoneurons localized in lateral portions of the ventral horn (Fig. 1g). Notably,
oligodendrocytes of the anterior and lateral portion of the corticospinal tract were also
immunoreactive for pTDP-43. In the brainstem, pTDP-43 pathology was present bilaterally
in the hypoglossal nucleus (XII) (Fig. 2a-c), in the ambiguus nucleus of the vagal nerve (X),
as well as in motor nuclei of the cranial nerves XI, VII, and V.

In contrast, the motor neurons of cranial nerves III, IV, and VI did not contain pTDP-43
aggregates and were virtually uninvolved even in severe ALS cases. Similarly, bulbar
visceromotor nuclei, i.e., the dorsal motor nuclei of the vagal and glossopharyngeal nerves,
failed to display pTDP-43 inclusions. Additional brainstem nuclei that notably remained free
of pTDP-43 pathology included the noradrenergic locus coeruleus and the serotoninergic
nuclei of the raphe system.

Stage 2: Reticular formation and precerebellar nuclei—Stage 2 cases (N=15)
displayed the pTDP-43 pathology of stage 1, some involvement of the prefrontal neocortex,
as assessed in the middle frontal gyrus, and lesions in the reticular formation (both
parvocellular and magnocellular portions) and in precerebellar nuclei.31 Representative for
the involvement of the large group of precerebellar nuclei was the inferior olivary complex
(Table 2). Within this nucleus, pTDP-43 inclusions mainly occurred in circumscribed groups
of neurons within the upper lamella of the principal olivary nucleus, within the dorsal
accessory olivary nucleus (Fig. 2d), and, somewhat more infrequently, in the medial
accessory olive. Similarly to the inferior olivary complex, pTDP-43 aggregates in the
pontine gray matter were seen in isolated groups of neurons, creating a patchy or insular
pattern. Additionally involved precerebellar nuclei (not essential for neuropathological
staging and therefore not shown in Table 2) included the lateral reticular nucleus,
conterminal nucleus, interfascicular nucleus, nucleus of Roller, vermiform nucleus,
subventricular nucleus, dorsal paramedian reticular nucleus, arcuate nucleus, and the
pontobulbar body.32 Because the neurons in parvocellular portions of the red nucleus also
contained pTDP-43 pathology and project to the inferior olivary complex, we evaluated
them within the context of the precerebellar nuclei. Inasmuch as the available slides did not
include the magnocellular portion, we could not assess it here.

pTDP-43-immunopositive oligodendroglial cells were observed along projections from the
precerebellar nuclei to the cerebellum. These oligodendrocytes were most dense within the
white matter beneath the cerebellar cortex (Fig. 2e). Neuronal types of the cerebellar cortex
did not become involved.

We found isolated neuromelanin-containing cells with pTDP-43 inclusions within the pars
compacta of the substantia nigra, and, in addition, circumscribed areas of the reticulate
portion displayed a punctate pattern similar to that seen in the pallidum (discussed below in
greater detail). Finally, in (and beyond) stage 2, the large neurons of the thalamic nuclei that
project to layer IV of the cerebral cortex developed pTDP-43 aggregates, but we did not
consider them absolutely essential for staging ALS and, thus, these regions do not appear in
Table 2. Finally, no pTDP-43 pathology was detected in the subthalamic nucleus.

Stage 3: Prefrontal neocortex and basal ganglia—Stage 3 cases (N=27) were
characterized by the presence of additional lesions in the prefrontal granular neocortex, as
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assessed in the gyrus rectus and orbital gyri, where the pathology was most extensive in
cortical layers II, III, and V, VI while conspicuously sparing the internal granular layer (IV).
From there, the pathology extended into post-centrally located sensory areas reaching
temporal neocortical areas (as evaluated in the superior and middle temporal gyrus). The
exclusive involvement of long-axoned cortical pyramidal cells was frequently accompanied
by pTDP-43-immunoreactive oligodendrocytes in both the cortex and subcortical white
matter. The occipital cortex (Brodmann areas 17 and 18) rarely showed pTDP-43 inclusions.

Within the subcortical gray matter, pTDP-43 aggregates occurred in large, deep layer
projection cells of the inferior colliculus, but the main subcortical focus of the pathology in
stage 3 cases was the striatum. Within the three subdivisions of the striatum, the accumbens
nucleus (ventral striatum) displayed the heaviest burden of pathology. Striatal lesions were
seen chiefly in the medium-sized projection neurons33 (Fig. 3a-c) together with occasional
involvement of the large cholinergic local circuit neurons (Fig. 3b). Bundles of striato-
pallidal axons contained dust-like insoluble pTDP-43-immunoreactive material. The
diameters of these axons increased gradually, reaching a maximum within the internal
segment of the pallidum. Terminal portions showed numerous globular enlargements.
Inclusions were seldom observed in spindle-shaped pallidal projection neurons. The
projection neurons of the claustrum also developed pTDP-43 pathology.

Stage 4: Anteromedial areas of the temporal lobe and the hippocampal
formation—Stage 4 cases (N=24) displayed the most extensive pTDP-43 distribution
pattern not only in regions typical for the preceding stages 1-3 but also in anteromedial
portions of the temporal lobe. Affected cortical pyramidal cells were seen in the
transentorhinal region (Fig. 3g) and adjoining allocortical entorhinal region, mainly in layers
pre-β and pri-α (Fig. 3f).34 Whereas the small-celled islands of the presubiculum were
devoid of pathology, the hippocampal formation displayed relatively strong involvement
that was helpful for characterizing stage 4 cases. Particularly the granular cells of the dentate
fascia showed marked pTDP-43 pathology accompanied by lesions in pyramidal neurons of
the Ammon’s horn (CA), initially in sectors CA1-CA2 and then in sectors CA3-CA4. In
some ALS cases, the inclusions were confined to isolated dentate granular cells in the
absence of pTDP-43 inclusions in the Ammon’s horn (Table 2, cases 53-55; Fig. 3d). By
contrast, in others, virtually all granular neurons of the dentate fascia were severely involved
(Table 2, cases 64-76; Fig. 3e). Finally and notably, a minority of stage 4 cases (N=4) also
displayed mild involvement of the dentate nucleus in the cerebellum (data not shown) while
the cerebellar cortical gray matter generally remained unaffected by pTDP-43 pathology.

Recommended regions for staging of pTDP-43 neuronal inclusions in ALS
Although we evaluated pTDP-43 pathology in multiple regions of the CNS, we intentionally
limited the regions selected per stage to key sites to make the staging procedure as
practicable as possible. The number of regions examined per stage could be increased, but
the potential benefits of doing so for the sake of completeness need to be weighed against
those of expediency. The ALS staging protocol proposed here requires a minimum of five
tissue blocks (Table 3), the sizes of which fit standard embedding cassettes. Paraffin-
embedded blocks can be sectioned at 6-10 μm or 70-100 μm28: The first block includes the
agranular motor neocortex (Brodmann areas 4 and 6), if possible cut perpendicular to the
central sulcus approximately 2 cm away from the longitudinal fissure (stage 1). The second
block should be made through the medulla oblongata, perpendicular to the brainstem axis
and at the level of the hypoglossal nucleus. This specimen is used to assess the hypoglossal
nucleus bilaterally (stage 1 and following stages) and the possible presence of pTDP-43
pathology in the inferior olive (stage 2 and following stages). Importantly, all stage 1 cases
examined here consistently displayed pTDP-43 pathology not only in the agranular motor
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cortex and spinal cord ventral horn but also in somatomotor nuclei of cranial nerves XII-X,
VII, and V (Table 2). This means that sections from the spinal cord are not absolutely
necessary to assess stage 1 – the rationale for which is that the spinal cord may be
unavailable in some instances where staging is, nonetheless, desirable. The third block
should include a section through the middle frontal gyrus midway between the agranular
areas and the frontal pole; the fourth block includes the striatum to evaluate pTDP-43
pathology in the caudate nucleus and/or putamen (stage 3 and following). The fifth block
represents the conventional slice through the hippocampal formation and includes a portion
of the dentate gyrus (stage 4).

Relation of pTDP-43 lesions to genotype and other pathology
All cases with DNA available (N=75) were tested for C9orf72, TARDBP, and UBQLN2
mutations. No mutations in the TARDBP or UBQLN2 gene were observed. A C9orf72
hexanucleotide repeat expansion was detected in 11 cases (14.7%). Of C9orf72 expansion
cases with family history information available, an expansion was present in 5 of 7 cases
(71%) with a positive family history for FTD or ALS (N=4) or another neurodegenerative
disorder (N=1), whereas 2 (29%) were identified in apparently sporadic cases. Overall, a
family history of FTD and/or ALS was noted in 15.7% (12/76) of the cohort and a family
history of a neurodegenerative disease other than FTD or ALS in 15.7% (12/76). Apparent
sporadic cases made up 48.7% (37/76) of the cohort, and there was insufficient information
to evaluate family history in 19.8% (15/76). The site of onset in the 11 cases with C9orf72
expansion was as follows: extremity onset (N=5), BLMN (N=4), and BUMN (N=2). Cases
with the C9orf72 mutation showed a shorter disease duration (median 24 months,
interquartile range 14-36 months), as compared with non-expansion cases (median 34
months, interquartile range 25-60 months) (p=0.03). While cases with the C9orf72
hexanucleotide expansion showed the same sequential distribution pattern as ALS cases
without the expansion, they displayed a greater regional burden of pathology
(Supplementary figure 1).

A correlation existed between pTDP-43 intraneuronal pathology and neuronal loss across
several of the regions analyzed here (superior and middle temporal gyrus, cingulate gyrus,
cervical spinal cord, amygdala, hippocampal formation, entorhinal cortex, Suppl. Table 1).
pTDP-43 pathology also tended to increase with neuronal loss in the substantia nigra,
although this failed to reach statistical significance. There was no significant correlation of
pTDP-43 with age of onset or disease duration in any of the regions analyzed (Suppl. Table
1). The stages of TDP-43 pathology as defined here did not show a significant difference
regarding age at onset (p=0.25), disease duration (p=0.93), or ALSFRS-R (p=0.59). Data on
the MMSE was available for 43 (56.6%) of our autopsy cases. ALS cases with stage 4
pathology (data available for N= 16 cases, median 29, interquartile range 28-30) showed a
significantly lower score on the MMSE as compared to stage 1 and 2 cases (data available
for N=18 cases, median 26.5, interquartile range 24-28) (p=0.02). Finally, stages of
pTDP-43 pathology did not show a significant difference with regard to clinical subtypes of
ALS (p=0.56).

Discussion
This study presents preliminary evidence for a sequential propagation of pTDP-43 pathology
in a large cohort of clinically characterized ALS autopsy cases. To determine potential
dissemination of pTDP-43 aggregates, we used an approach based on the assumption that
intraneuronal pathological lesions are likely to develop consecutively at different CNS sites
and usually increase in severity with disease progression. This rationale is in line with
previous staging attempts for other neurodegenerative diseases.4, 35, 36 Furthermore, it is
based on the assumption derived from clinical observation that motor neuron degeneration
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in ALS is a focal process that spreads contiguously through the anatomy of the motor
system.37-39 Potential drawbacks to the approach used here are that early (i.e., preclinical)
stage cases are often lacking and the fact that such studies are, by definition, cross-sectional.
This problem is accentuated in a rapidly progressive disease, such as ALS, which leads to
death within a short time after clinical onset. We not only analyzed cases with little overall
pTDP-43 pathology to detect possible sites of onset but we also placed greater emphasis on
sequential changes in the regional distribution pattern of pTDP-43 inclusions than on
grading based on lesion intensities at each stage. An additional drawback is that our analysis
of the brainstem pathology is more detailed than that of the lesions in the far more expansive
cortex. Thus, the staging protocol proposed here for the cortical lesions in ALS is
preliminary, and neuropathological studies of the entire cortex using serial hemisphere
sections are underway now, to map the distribution and progression of pTDP-43 in more
detail in the cerebral cortex.

Neuronal and oligodendroglial pTDP-43 pathology
The presence of selective degeneration of pTDP-43 inclusion-bearing neurons supports the
notion that pTDP-43 aggregates are tightly linked with neurodegeneration.3 Others observed
that the extent of pTDP-43 pathology correlates with neuronal loss across many regions of
the CNS.38, 39 Although mechanisms of pTDP-43-mediated neurodegeneration remain to be
clarified, phosphorylation, aggregation, cleavage, and clearance from the cell nucleus could
result in a loss of physiological pTDP-43 function that then entails neuronal dysfunction and
death.3 However, it also is plausible that increasing accumulation of pTDP-43 aggregates
gradually impairs neuronal function before crossing an indeterminate threshold that leads to
neuronal death. The frequently observed presence of dash-like pTDP-43 immunoreactive
inclusions may represent an early state of pTDP-43 accumulation,40 and neuronal death may
occur only with further aggregation into massive lesions that encompass large portions of
the neuronal cell body and its neurites.

The neuronal pTDP-43 pathology assessed here was accompanied by abnormal changes
within oligodendrocytes. Only a minority of the total number of oligodendrocytes present in
the tissue displayed cytoplasmic pTDP-43-positive aggregates. Involved cells were usually
widely spaced apart and accompanied long fiber tracts, indicating that oligodendroglial cells
could develop the lesions owing to contact with involved axons of diseased nerve cells. The
lesions may result from an uptake of soluble or partially soluble substances (possibly
pTDP-43 aggregates) through axonal contact zones into the oligodendrocytes. Our
observation that lesions did not develop in satellite cells located along the somata of affected
cortical pyramidal cells and that diseased oligodendroglia did not induce additional
pathological changes in nearby (local) but previously uninvolved oligodendrocytes supports
the notion of transmission of pTDP-43 pathology along axonal pathways. Similar to
neurons, severely involved oligodendrocytes are likely to become dysfunctional, which
could then contribute to the observed demyelination of affected axons in ALS.41, 42

Spreading pattern of pTDP-43 pathology in ALS cases
Stage 1—The first of the proposed stages was characterized by the presence of pTDP-43
pathology in the agranular motor cortex, spinal cord α-motor neurons, and brainstem motor
nuclei of cranial nerves XII-X, VII, and V (Table 2). No differences regarding the pattern of
pTDP-43 were observed between different types of onset of disease. Further differentiation
of very early pTDP-43 pathology will require autopsy material from pre-clinical or
“incidental” cases.

In accordance with previous studies, we observed pTDP-43 inclusions in large Betz
pyramidal neurons of layer Vb, which in addition to smaller types of pyramidal cells have
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projections that make up the corticospinal and corticobulbar tracts.2, 27, 43 Moreover, we
could confirm the results reported by other groups 2, 27, 29, 39 with respect to the presence of
extensive pTDP-43 pathology in spinal cord ventral horn α-motoneurons. Interestingly, this
pathology frequently was accentuated in lateral portions of the ventral horn. The motor
nuclei columns of the lateral portion of the ventral horn (i.e., the anterolateral and
posterolateral column of the cervical and lumbar spinal cord) innervate muscles of distal
parts of the extremities, which are often affected by paresis early in the disease course.1

Finally, although the severe bilateral involvement of brainstem somatomotor nuclei seen
here (e.g., hypoglossal nucleus, ambiguus nucleus) is not new,27, 44, 45 it is highly consistent
with the available clinical evidence of early bulbar involvement in ALS.1

The brainstem nuclei of cranial nerves VI, IV, and III were virtually uninvolved, and this
remained true even in cases with greater regional involvement. This observation
corroborates previously published clinical and pathological findings, where involvement of
motoneurons controlling the extrinsic eye muscles in ALS is rare and presents mainly in
patients with prolonged survival rates.45-48 Modulation of the eye movements essentially
takes place via axons that form the medial longitudinal fascicle.49 The nerve cells belonging
to these axons do not become involved in ALS, and this may account for why the
motoneurons that control the extrinsic eye muscles remain largely intact during the course of
the disorder.

Stage 2—This stage was marked by pTDP-43 immunoreactive lesions in precerebellar
nuclei of the brainstem. The inferior olivary complex and the pontine gray matter neurons
receive indirect and direct afferents from layer V of the agranular neocortex,50 as relay
stations of the cortico-pontine-cerebellar or corticorubro-olivary-cerebellar tracts. Clinically,
involvement of precerebellar nuclei would be anticipated to produce symptoms of cerebellar
dysfunction: axial or limb ataxia in association with intention tremor and an impairment of
alternating movements. However, none of the ALS cases here was reported as showing
cerebellar deficits upon clinical examination, and prior reports of cerebellar symptoms in
ALS are limited to small case series.51 As a possible explanation, we observed only patchy
or isolated pTDP-43 pathology in the inferior olivary complex and pontine gray matter at
this point. Accordingly, it is likely that larger portions of these nuclei with increasing
burdens of pathology would be necessary before neuronal dysfunction and clinically
detectable cerebellar deficits gradually evolve in such individuals. Furthermore, clinical
deficits, such as limb ataxia, are difficult to detect in ALS, as they may be eclipsed or
masked by severe pareses owing to α-motoneuron degeneration. In contrast, the well-
preserved function of neurons that control eye movements offers a promising and novel
approach to the diagnosis of cerebellar deficits in ALS via analysis of associated eye
movement abnormalities.52 In fact, several studies have detected impaired smooth pursuit
eye movements in ALS, which are functionally controlled by cerebro-pontocerebellar
pathways.53

Stage 3—During this stage pTDP-43 pathology extended into prefrontal and later,
presumably via direct connections between the frontal agranular region and postcentral
sensory areas, the postcentral neocortex, and it also reached the basal ganglia, including the
caudate nucleus, putamen, and especially the ventral striatum (accumbens nucleus). The
possible spread of pTDP-43 pathology from agranular motor cortex to prefrontal neocortical
areas is consistent with clinical evidence that executive cognitive deficits affecting executive
function up to full-scale FTD occur in up to 50% of ALS patients.54, 55 It is also in line with
imaging correlates of cognitive decline that reveal frontal lobe atrophy and hypometabolism
in the frontotemporal cortex and supports findings by our own group that the extent of
pTDP-43 in the prefrontal neocortex correlates with the presence of executive cognitive
dysfunction.39, 56, 57 Importantly, our data imply that pTDP-43 lesions obligatorily
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disseminate to the prefrontal cortex with ongoing disease, thereby lending support to the
idea that all ALS patients eventually develop “frontal type” cognitive deficits depending on
disease duration and the rapidity of disease propagation. In fact, the ALS cases with
dementia included here all displayed stage 3 or 4 pTDP-43 pathology (Table 2). Inasmuch as
it is known that the extent of pTDP-43 pathology in prefrontal cortical areas correlates with
tests of executive function,38 such test batteries could provide a promising tool to detect
stage 3 pTDP-43 pathology in vivo.

The anatomical correlate of this frontal dissemination of pTDP-43 pathology is still unclear.
Nevertheless, our data suggest that layers V and VI of the motor cortex are early foci of
pTDP-43 pathology. From there, the lesions could reach other cortical layers, particularly
layers II and III, which are closely linked to adjacent cortical areas via association fibers,
thereby providing a potential route for pTDP-43 dissemination within the neocortex.58-63

Furthermore, the main intracortical projections of the primary motor cortex are chiefly
directed towards more frontally localized areas, such as Brodmann area 6 (premotor cortex)
and adjoining prefrontal areas.58-63 These projections could serve as a pre-existing pathway
to canalize dissemination of pTDP-43 pathology from the agranular motor cortex in a frontal
trajectory.58

Although involvement of the sensory neocortex may seem to contradict the perception of
ALS as a motor neuron disease, several earlier studies observed clinical or
neuropathological evidence of mild sensory system involvement.64-66 Furthermore, a
previous study by our own group performed on 6 μm sections detected mild pTDP-43
pathology in the postcentral neocortex.27 We therefore postulate that pTDP-43 could spread
to the postcentral association neocortex by way of long association fibers originating from
prefrontal neocortical areas.67, 68

Cases assigned to stage 3 were also characterized by the presence of severe ALS-associated
pathology in the caudate nucleus, putamen, and ventral striatum, thereby corroborating
previous reports that pTDP-43 pathology and/or ubiquitin-immunoreactive inclusions can
occur in these regions in ALS.27, 64, 69, 70 The involvement of the striatum and medial
pallidum as well as the lack of pTDP-43 inclusions in the subthalamic nucleus favor the
interpretation that the pathology in ALS mainly affects the direct pathway through the
cortico-basal ganglia-cortical circuit.71 However, clinical signs of basal ganglia involvement
(e.g., bradykinesia, rigidity, postural instability) were not reported in our patient cohort and
are, in fact, rare in ALS.1, 51, 70 Similar to potential cerebellar deficits, evolving
extrapyramidal motor symptoms could be eclipsed by severe pareses of later-stage patients.
Furthermore, the occurrence of rigidity may well require the integrity of spinal cord α-
motoneurons72 – and these, as reported here, appear to become involved early. Finally, the
presence of severe pTDP-43 pathology in the ventral striatum, which processes information
coming from the limbic cortical regions,73 could diminish striatal input to the emotional
motor system during ALS by hampering an adequate response to external stimuli associated
with emotionally weighted motor reactions.

Stage 4—The fourth stage was characterized by the dissemination of pTDP-43 pathology
into anteromedial areas of the temporal lobe, including the hippocampal formation. Whereas
hippocampal pTDP-43 pathology has been reported by several groups,2, 27, 39, 70 its clinical
relevance has been questioned because AD-like memory deficits are considered a rarity in
ALS.54, 75 Nonetheless, the extensive and consistent presence of pTDP-43 inclusions
observed in the hippocampal formation of stage 4 cases and the worse performance by such
cases on the MMSE as compared to stage 1 and 2 cases strongly suggests that ALS patients
may inevitably develop amnestic dysfunctions in late phases of the disease. In
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neuropsychological testing, such deficits may be overshadowed by executive dysfunction
already precipitated by pTDP-43 dissemination to prefrontal neocortical areas.

Mechanisms of pTDP-43 propagation
While this study provides neuropathological data in a large cohort that pTDP-43 aggregates
disseminate in a sequential manner in ALS, the underlying mechanisms of the pathological
process are far from clear. Misfolded protein aggregates could induce a self-perpetuating
process that leads to amplification, templating, and propagation of pathological protein
assemblies.7, 76 Although such transmission mechanisms originally were thought to be
uniquely associated with prions, an increasing number of neurodegenerative diseases were
found to spread by “prion-like” mechanisms.8, 9, 11, 19, 77-80 Both SOD1 and pTDP-43 can
form aggregates that seed misfolding of the corresponding wild type protein in vitro,81, 82

and a C-terminal prion-like domain has been identified in TDP-43.14 Importantly, a recent
study has shown that pTDP-43 is actively transported in axons of somatomotor neurons at a
speed consistent with fast axonal transport.83 The sequential spreading pattern of pTDP-43
lesions observed in this study strongly supports the notion that pTDP-43 aggregates
disseminate via axonal transport, but further studies in cell culture and animal models are
needed to establish this with certainty.

A key characteristic of ALS is the presence of pTDP-43 pathology in regions that are far
apart from each other. For instance, the Betz cells of the agranular motor cortex and the α-
motoneurons in the spinal cord ventral horn are not only topographically distant from
another but also interconnected by the corticospinal tract that could help to propagate
pTDP-43 aggregates. That axonal transport may be crucial for pTDP-43 dissemination is
further indicated by our observation that in stage 1-2 cases pTDP-43 pathology occurs
chiefly in regions of the CNS that are closely connected by major axonal pathways. On the
other hand, neurons without major cortical input, such as in nuclei of cranial nerves VI, IV,
and III, are apparently inured to pTDP-43 pathology and spreading mechanisms. The notion
of axonal propagation of pTDP-43 aggregates is furthermore supported by our observations
on oligodendroglial pTDP-43 pathology that affected only cells with potential close axonal
contact, whereas satellite cells located along the somata of diseased neurons remain
uninvolved.

Finally, our data make it possible to speculate that ALS genotypes, like the C9orf72
hexanucleotide repeat expansion,84, 85 might be capable of modifying the potential neuron-
to-neuron propagation of pTDP-43: The high burden and fast progression of pTDP-43
pathology seen in ALS cases with the C9orf72 expansion could have contributed to the
fulminant disease course observed in those individuals.85

Summary
The findings reported here imply that pTDP-43 pathology in ALS may disseminate in a
sequential pattern that permits recognition of four neuropathological disease stages.
However, while such staging protocols can help to further our understanding of disease
progression in ALS, they cannot mimic exactly the underlying pathological process that
continually evolves. Furthermore, while our data indicate that pTDP-43 may disseminate
from one region to the next, the biochemical substrates of this process must be elucidated in
future studies.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. pTDP-43 pathology in the motocortex and spinal cord
a. ALS-associated pTDP-43 pathology was observed in Betz pyramidal cells of layer Vb
and in smaller projection neurons of layers II, III, V, and VI in the primary motor area
(Brodmann area 4) (case 75, stage 4). b. Layer Vb of the primary motor cortex with
affection of Betz pyramidal cells (case 75, stage 4). c. Detail micrograph (framed area in b)
shows single Betz cell in higher resolution with pTDP-43 aggregates detectable in the
somatodendritic compartment and in unmyelinated initial portions of the axon. d. Pigment-
Nissl stain of layer Vb of the motor cortex depicting a Betz pyramidal cell (upper right) and
loss of a Betz cell indicated by lipofuscin pigment remnants in the neuropil (pigment
incontinence, lower left) (case 14, stage 2). e. Pigment-Nissl stain of spinal cord ventral horn
(framed area in f is rotated 90° to the right in e) depicting α-motoneurons alongside neuronal
loss indicated by lipofuscin pigment remnants in the neuropil (case 13, stage 2). f. Pigment-
Nissl overview of spinal cord ventral and dorsal horns. g,h. Spinal cord α-motoneurons of
layer 9 showing pTDP-43 aggregates in neuronal cell bodies as well as in dendrites and
axons (heading towards the ventral root) (case 48, stage 3). Note affected oligodendrocytes
in h (case 38, stage 3). Scale in a applies to g; scale bar in b is also valid for e; scale bar in d
applies to h.
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Figure 2. pTDP-43 pathology in bulbar somatomotor nuclei, precerebellar nuclei, and
cerebellum
a. Medulla oblongata section showing extensive ALS-associated pTDP-43 aggregates in
neurons of both hypoglossal nuclei (XII) as well as within axons of these cells (case 75,
stage 4). b. High resolution micrograph of the intramedullary course of fiber tracts generated
from motoneurons of the hypoglossal nucleus. The tract itself contains intraaxonal pTDP-43
aggregates; in addition, immunoreactive oligodendrocytes are located in close proximity to
the affected axons (case 75, stage 4). c. Cytoplasmic dash-like pTDP-43 aggregates in
motoneurons of the hypoglossal nucleus (case 75, stage 4). d. Section through the medulla
oblongata at the level of the hypoglossal nucleus shows involvement of precerebellar nuclei
characteristic of stage 2 with extensive pTDP-43 pathology in neurons of the inferior olive.
Note the predominant involvement of the superior accessory olivary nucleus and upper
lamella of the principal olivary nucleus (case 34, stage 3). e. Section of cerebellar cortex
demonstrates multiple pTDP-43-immunopositive oligodendrocytes in cerebellar cortical
white matter and deep portions of the cerebellar granular layer (case 10, stage 2). Scale bar
in a. is also valid for d. Paraffin-embedded 70 μm sections.
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Figure 3. pTDP-43 pathology in the striatum, anteromedial fields of the temporal lobe and the
hippocampal formation
a. Severe pTDP-43 pathology in striatum involving mainly medium-sized projection
neurons (case 69, stage 4). b. Micrograph of a group of medium-sized projection neurons
and two large cholinergic local circuit neurons of the striatum showing ALS-associated
lesions (case 70, stage 4). c. Immunoreactive medium-sized spiny projection cells of the
striatum at higher magnification (case 70, stage 4). d. Mild involvement of hippocampal
formation with pTDP-43 pathology in few granular cells of the dentate fascia (case 60, stage
4). e. Marked pTDP-43 pathology in granular cells of the dentate fascia (case 69, stage 4).
Uninvolved plexiform layer and portion of the fourth sector of the Ammon’s horn is seen in
the right halves of d and e. f. pTDP-43 pathology in pyramidal cells of the entorhinal region,
mainly affecting layers pre-β and pri-α. Borders of allocortical entorhinal layers are
indicated at the left (diss – lamina dissecans, pre – layers of the external main stratum, pri –
layers of the internal main stratum) (case 69, stage 4). g. Transition between entorhinal
region (left) and transentorhinal region (right) is indicated by large arrowhead. pTDP-43
pathology in pyramidal cells of the transentorhinal region affects neocortical layers: here,
borders of neocortical layers II-V (at right) (case 69, stage 4). Scale bar in a also applies to d
and e; scale bar in f is also valid for g. Paraffin-embedded 70 μm sections.
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Table 1

ALS autopsy cases (N=76) included in this study; data is shown as median and interquartile range (in
parentheses).

Site of onset ALS (all) BLMN BUMN CLMN LLMN LUMN

N 76 16 6 25 19 10

Gender [f/m] 30/46 5/11 3/3 9/16 9/10 4/6

Duration [mo] 33 (24-60) 30 (23-39) 24 (23-33) 30 (22-46) 34 (30-62) 58 (28-96)*

Age at death [yrs] 63 (56-70) 66 (60-71) 64 (46-72) 62 (55-71) 61 (58-66) 58 (56-74)

ALSFRS-R 18 (14-23) 24 (14-26) 24 (19-30) 18 (15-22) 17 (14-23) 21 (13-27)

MMSE 29 (26-30) 29 (27-30) 25 (24-28) 29 (28-30) 28 (27-29) 29 (28-30)

Brain weight [g] 1353
(1231-
1427)

1359
(1333-
1453)

1352
(11258-
1473)

1365
(1222-
1456)

1323
(1252-
1420)

1233
(1162-
1388)

*
Statistical significance across ALS syndromes in Kruskal-Wallis One Way Analysis of Variance on Ranks, p = 0.02. Abbreviations: ALSFRS-R

– ALS functional rating scale, revised version, BLMN – bulbar lower motor neuron onset of disease, BUMN – bulbar upper motor neuron onset of
disease, CLMN – cervical lower motor neuron onset of disease, duration – duration of disease, f/m – female/male, g – grams, LLMN – lumbar
lower motor neuron onset of disease, LUMN – lumbar upper motor neuron onset of disease, mo – months, yrs – years.
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Table 3

Tissue blocks and regions for staging of pTDP-43 pathology in ALS

Stage 1: block 1: agranular motor neocortex – Brodmann areas 4, 6
block 2: medulla oblongata at the level of N. XII – bulbar somatomotor neurons of N. XII
optional: spinal cord layer 9 – ventral horn α-motoneurons

Stage 2: block 1
block 2: inferior olive, medullary reticular formation
optional: parvocellular portion of the red nucleus

Stage 3: blocks 1 and 2
block 3: prefrontal neocortex (e.g., gyrus rectus, orbital gyri)
block 4: striatum
optional: postcentral neocortex

Stage 4: blocks 1-4
block 5: hippocampal formation, entorhinal region, adjoining temporal neocortex

Staging is based on a minimum of five tissue blocks, additional blocks, e.g., from the spinal cord or midbrain, are optional. When assigning stages,
the extent (topographical distribution pattern) is accorded more weight than the degree (severity) of the pTDP-43 pathology in each region.
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