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Objective: To determine the extent of transactivation
response DNA-binding protein with a molecular weight
of 43 kDa (TDP-43) pathology in the central nervous
system of patients with clinically and autopsy-
confirmed diagnoses of frontotemporal lobar degenera-
tion with and without motor neuron disease and amyo-
trophic lateral sclerosis with and without cognitive
impairment.

Design: Performance of immunohistochemical whole–
central nervous system scans for evidence of pathologi-
cal TDP-43 and retrospective clinical medical record re-
view.

Setting: An academic medical center.

Participants: We included 64 patients with clinically
and pathologically confirmed frontotemporal lobar de-
generation with ubiquitinated inclusions with or with-
out motor neuron disease and amyotrophic lateral scle-
rosis with or without cognitive impairment.

Main Outcome Measure: Neuronal and glial TDP-43
pathology.

Results: We found evidence of neuronal and glial TDP-43
pathology in all disease groups throughout the neuraxis,
albeit with variations in the frequency, morphology, and
distribution of TDP-43 lesions. Moreover, the major clini-
cal manifestations (eg, cognitive impairments, motor neu-
ron signs, extrapyramidal symptoms, neuropsychiatric fea-
tures) were reflected by the predominant distribution and
burden of TDP-43 pathology.

Conclusion: These findings strongly suggest that amyo-
trophic lateral sclerosis, frontotemporal lobar degenera-
tion with amyotrophic lateral sclerosis or motor neuron
disease, and frontotemporal lobar degeneration with ubiq-
uitinated inclusions are different manifestations of a mul-
tiple-system TDP-43 proteinopathy linked to similar
mechanisms of neurodegeneration.
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F RONTOTEMPORAL LOBAR DE-
generation (FTLD) with
ubiquitinated inclusions
(FTLD-U) or “ubiquitin-
only dementia” is character-

ized by degeneration of the neocortex and
hippocampus with ubiquitin-positive but
tau- and �-synuclein–negative inclu-
sions. Using ubiquitin or novel monoclo-
nal antibodies generated from FTLD-U
brains, at least 4 distinct morphological
subtypes of FTLD-U have been de-
scribed.1-3 Subtype 1 is characterized by fre-
quent long neuritic profiles predomi-
nantly in the superficial cortical layers;
subtype 2, by neuronal cytoplasmic inclu-
sions in superficial and deep cortical lay-
ers; and subtype 3, by an abundance of
small neuritic profiles and neuronal cyto-
plasmic inclusions (often ring shaped) pre-
dominantly in the superficial cortical lay-
ers.1 Subtype 4 refers to the unique
neuropathology found in FTLD with valo-

sin-containing protein gene mutations fea-
turing mainly numerous neuronal intra-
nuclear inclusions and no dentate gyrus
inclusions.2 The cardinal clinical fea-
tures of all FTLDs are progressive changes
in executive function and behavior often
with disinhibition and language difficul-
ties. Frontotemporal lobar degeneration is
the second most common cause of early-
onset dementia after Alzheimer disease.
Notably, the neuropathology underlying
FTLD is a tauopathy in approximately 45%
of patients, while in about 50% of pa-
tients, the underlying pathology is
FTLD-U. When FTLD-U is associated with
amyotrophic lateral sclerosis (ALS) or mo-
tor neuron disease (MND) either clini-
cally or pathologically, the term FTLD-
MND is used.2 Further, ALS may be
associated with cognitive impairments
characteristic of FTLD, and it has been
speculated that ALS and FTLD are differ-
ent manifestations of a single disorder.4

Author Affiliations are listed at
the end of this article.

(REPRINTED) ARCH NEUROL / VOL 66 (NO. 2), FEB 2009 WWW.ARCHNEUROL.COM
180

©2009 American Medical Association. All rights reserved.
 at University of Calgary, on June 22, 2009 www.archneurol.comDownloaded from 

http://www.archneurol.com


However, the presence of additional clinical features has
usually led to the exclusion of a diagnosis of classic ALS
and instead is regarded as an ALS-Plus syndrome accord-
ing to El Escorial clinical diagnostic criteria.5 Thus, the
association of typical ALS followed by progressive cog-
nitive impairments culminating in dementia often is re-
ferred to as ALS plus dementia (ALS-D).

In 2006, the ubiquitin inclusions of FTLD-U as well
as those in ALS were shown to be formed by the nuclear
protein transactivation response DNA-binding protein
with a molecular weight of 43 kDa (TDP-43), thereby sup-
porting the notion that FTLD-U and ALS are related
mechanistically and form a new class of neurodegenera-
tive protein misfolding disorders, ie, TDP-43 protein-
opathies.4 Moreover, there is increasing evidence that
pathological TDP-43 affects widespread regions of the
neuraxis as indicated by recent studies of ALS and FTLD
with MND cases.3,6-10

It is known that mutations in the tau (MAPT) gene are
pathogenic for familial tauopathies with FTLD and muta-
tions in the progranulin gene (PRGN) are pathogenic for
TDP-43–associated FTLD-U. Thus, TDP-43 pathology pro-
vides a mechanistic link between sporadic FTLD-U and fa-
milial FTLD-U caused by PGRN mutations, as well as be-
tween these forms of FTLD and sporadic and familial forms
of ALS, some of which have been shown to be caused by
mutations in the TDP-43 (TARDBP) gene.11

Based on these new insights into the pathobiology of
TDP-43, we hypothesized that ALS, ALS-D/FTLD-
MND, and FTLD-U reflect a continuum of a broad clini-
copathological spectrum of a multisystem degeneration
sharing similar disease mechanisms linked to pathologi-
cal TDP-43. To test this hypothesis, we performed im-
munohistochemical whole–central nervous system (CNS)
scans focused on FTLD-U and FTLD-MND and incor-
porated similar data from our recently published large
series of ALS and ALS-D.6,7 Further, we also compared
these pathological findings with the clinical features of
these disorders. We found that TDP-43 pathology af-
fects widespread regions of the CNS in FTLD-MND and
FTLD-U, as well as in ALS and ALS-D, although the pre-
ponderance of the burden and distribution of TDP-43 pa-
thology does reflect the broad clinical manifestations of
each disorder. Thus, taken together as a group, we infer
that these disorders represent a single multiple-system
neurodegenerative disorder that can be designated as a
multisystem TDP-43 proteinopathy.

METHODS

STUDY SUBJECTS

Patients who underwent autopsy in the Center for Neurodegen-
erative Disease Research (CNDR) from 1985 to 2007 and showed
tau- and �-synuclein–negative but ubiquitin-positive inclusions
coupled with signs of degeneration in various CNS regions were
identified in the CNDR Brain Bank at the University of Pennsyl-
vania using the CNDR Brain Bank database. The cases were cat-
egorized based on the clinical manifestations according to pub-
lished clinical diagnostic criteria (ie, El Escorial5 or Neary et al12)
as follows: ALS (with MND but no dementia), frontotemporal de-
mentia (FTD) (with executive behavior or language impair-

ments but no MND), or a combination of both FTD and MND,
defined as the “mixed” group. The subjects were longitudinally
followed up in the University of Pennsylvania AD Center Core,
ALS Center, or Memory Disorder Center; the University of Cali-
fornia at San Francisco Memory and Aging Center; or the Al-
bany Medical Center AD Center. Retrospective clinical medical
record review was performed to obtain clinical information and
to classify the subjects according to clinical criteria. However, a
preference was given for early recognition of any clinical mani-
festation of underlying pathology, and thus, mild symptoms and
signs were considered inclusive for classification and analysis. Sub-
sequently, in the mixed group, 4 of 18 patients who had FTD and
mild motor neuron signs did not meet El Escorial criteria for any
category of ALS, and 5 patients who had ALS and behavioral/
social or language symptoms did not meet criteria for full-blown
dementia. Informed consent for autopsy was obtained in all cases
from the patients or legal representative in accordance with Penn-
sylvania, California, and New York state law as well as protocols
approved by the University of Pennsylvania, University of Cali-
fornia at San Francisco, and Albany Medical Center local insti-
tutional review boards. The presence or absence of a family his-
tory of MND and/or dementia and the clinical involvement of main
functional domains of the patients were obtained from the medi-
cal records (M.M.-L., E.A.Z., L.M., L.E., and F.G.).

All CNS samples studied herein came from the University
of Pennsylvania CNDR Brain Bank following neuropathology
diagnostic assessment, as described.4 The eTable (http://www
.archneurol.com) shows the number of examined brain areas
both according to the clinical diagnosis and FTLD-U subtype.
The data on the whole-CNS scans of TDP-43 pathology in the
ALS with and without cognitive impairment cases and 2 FTD-
MND cases previously published by our group6,7 were included
and supplemented by an additional ALS case. In cases with a suf-
ficient burden of ubiquitinated inclusion, pathology in fronto-
temporal neocortical areas for subtype analysis was classified ac-
cording to Sampathu et al1 (FTLD-U subtypes 1, 2, or 3).

IMMUNOHISTOCHEMISTRY

The cases were fully examined by routine diagnostic tech-
niques, as described.6,7 Briefly, fresh tissues from multiple CNS
areas as available were fixed in 10% neutral buffered formalin
or 70% ethanol with 150 mmol of sodium chloride, paraffin
embedded, and cut into 6-µm sections. Sections were stained
with hematoxylin-eosin followed by immunohistochemistry,
which was performed as previously described using (1) the avi-
din-biotin complex detection method (VECTASTAIN ABC kit;
Vector Laboratories, Burlingame, California) or (2) BioGenex
Super Sensitive MultiLink IHC Detection System Kit (Bio-
Genex Laboratories, San Ramon, California) with 3,3-
diaminobenzidine as the chromogen. The following primary
antibodies were used: anti-tau mouse monoclonal antibody
(mAb) (1:500; Sigma-Aldrich, St Louis, Missouri), mouse an-
tipaired helical filament mAb (1:1000; a gift of Peter Davies,
PhD), mouse antiubiquitin mAb (1510, 1:100 000; Chemi-
con, Temecula, California, and 1:600; Sigma-Aldrich), rabbit
polyclonal antiubiquitin (1:1000; DakoCytomation, Glos-
trup, Denmark), rabbit polyclonal anti–TDP-43 (1:4500; Protein-
Tech Group, Chicago, Illinois), mouse anti–TDP-43 mAb (1:
10 000; Novus Biologicals, Littleton, Colorado), rabbit polyclonal
anti–�-synuclein (1:20; Chemicon), mouse anti–�-synuclein
mAb 303 (1:4000; generated in CNDR), mouse anti–HLA-DR
mAb (1:5000; DakoCytomation), and rabbit polyclonal anti–
glial fibrillary acidic protein mAb (1:5000; DakoCytomation).
Sections stained for ubiquitin, TDP-43, and HLA-DR were pre-
treated by boiling in citrate antigen unmasking solution (Vec-
tor Laboratories) using a pressure cooker and microwave, and
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those stained for �-synuclein were pretreated with formic acid.
Double-labeling immunofluorescence using Alexa Fluor 488
and 594 conjugated secondary antibodies (Molecular Probes,
Eugene, Oregon) was performed as previously described.4,6,7

QUANTITATION OF PATHOLOGY

TDP-43 pathology severity was graded using a 4-point arbitrary
ordinal scale (0=none, 1=rare/mild, 2=occasional/moderate,
3=numerous/severe) by several of us (F.G., K.U., M.M.-L., and
J.Q.T.) without prior knowledge of the clinical diagnosis. Inclu-
sions were also categorized based on their different morpholo-
gies. TDP-43 pathology in white and gray matters was given in-
dividual scores. Neurodegeneration was rated based on
hematoxylin-eosin staining using a similar 4-point scale (ie, 0=no
neuronal loss or gliosis; 1=no apparent neuronal loss, but mild
gliosis; 2=mild to moderate neuronal loss and moderate gliosis;
3=severe neuronal loss and severe gliosis).

STATISTICAL ANALYSES

The data were analyzed using SPSS 11.5 or 15.0 for Windows
(SPSS, Inc, Chicago). The “average” (and “spread”) of data on
patient characteristics or ordinal rating scale was estimated by
calculating the median (and 25th to 75th percentiles). For group
comparison, either the Mann-Whitney U test or the Kruskal-
Wallis H test were used. Further, the medians and 25th to 75th
percentiles of the ratings were calculated from “grouped data”
taking into account that one stage follows continuously into
the other, and therefore, they represent classes rather than clearly
distinguishable values on a numerical scale. When a certain per-
centile was not available from the grouped data, a standard per-
centile was obtained. Contingency tables were analyzed with
either a �2 test (or Fisher exact test) to compare proportions.
Association analyses were performed using Spearman rank cor-
relations. The correlation coefficients were interpreted as fol-
lows: more than 0.6, strong; between 0.3 and 0.6, moderate;
and less than 0.3, weak or negligible correlation. The signifi-
cance level for all comparisons was set at .01 rather than the
usual .05 because multiple statistical tests were done. All sta-
tistical tests applied are 2-sided.

RESULTS

PATIENTS’ CLINICAL CHARACTERISTICS

We examined 64 subjects including 30 women and 34
men. The patients’ characteristics are summarized in

Table 1 and Table 2. Seventeen patients (28.3%) had
a family history of MND and/or dementia. The disease
duration did not differ significantly when comparing the
pure ALS with the mixed group (P=.61) but was shorter
when comparing both of them with the pure FTD group
(Table 1) (P� .001). Accordingly, age at death was simi-
lar in the ALS and mixed groups (P=.92) but higher in
the FTD group (P=.001 and .004, respectively). The most
frequent features other than MND or cognitive dysfunc-
tion (“plus features”) included extrapyramidal signs, affect
disturbances, and depression (Table 2). Whereas 4 mu-
tations and 7 variants in the PGRN gene were found by
genotyping throughout the whole study cohort (see
Table 3 for the respective diagnostic groups), no mu-
tations or variants in the TARDBP gene were detected.
No apparent differences in the frequencies of the “plus
features” between patients with and without PGRN ab-
normalities were present.

HISTOLOGICAL TDP-43 FINDINGS

A characteristic range of TDP-43 pathology was present
differentially in the CNS of various FTLD-U subtypes and
these included neuronal and glial cytoplasmic inclu-
sions, neuronal intranuclear inclusions or pathological
cellular processes (dystrophic cellular processes or axo-
nal swellings), and diffuse granular cytoplasmic stain-
ing (“preinclusions”), as described previously.4,6,7

The cortical pattern of TDP-43– or ubiquitin-
positive inclusions as assessed in gray matter of fronto-
temporal brain areas was consistent with FTLD-U sub-
type 1, 2, or 3 in 11, 10, and 15 cases, respectively.1 The
remaining 28 cases showed either no or a rare/mild de-
gree of frontotemporal pathology, so the TDP-43 pathol-
ogy burden here was not sufficient for subtyping (“un-
classified group”). Cortical involvement with pathological
TDP-43 aggregations was usually accompanied by sub-
cortical white matter TDP-43 pathology that typically was
present to a lesser degree and often found in particular
in the white matter directly adjacent to the gray matter
(ie, cortical-subcortical junction zone).

In all of the disease groups, including both the clini-
cal and pathological categories, evidence of pathologi-
cal TDP-43 was found in multiple brain areas including
the nigrostriatal system and neocortical and allocortical

Table 1. Summary of Patient Characteristics According to Clinical Diagnosis

Clinical
Diagnosis

Sample
Size

Male:
Female
Ratio

Family
History, %

PGRN
Genotyping

Status

Median (IQR)

Disease
Duration, y

Age at
Death, y PMI, h

Brain
Weight, g

ALS 26 1:0.6 7.7 0 Mutations;
1 variant

2.0 (2.0-4.0) 59.5 (52.5-65.8) 14.8 (9.0-19.3) 1419.5 (1312.0-1539.8)

Mixed 18 1:0.6 27.8 1 Mutation;
1 variant

2.0 (1.0-3.3) 57.0 (54.5-67.5) 8.0 (6.3-18.0) 1230.0 (1182.5-1317.8)

FTD 20 1:1.9 62.5 4 Mutations;
4 variants

7.0 (5.0-10.0) 72.0 (64.3-77.0) 13.0 (8.9-19.0) 1010.5 (908.5-1200.0)

P value .15a �.001a �.001b .001b .24b �.001b

Abbreviations: ALS, amyotrophic lateral sclerosis; FTD, frontotemporal dementia; IQR, interquartile range; PMI, postmortem interval.
aP value for any difference: �2 test (or Fisher exact test).
bP value for any difference: Kruskal-Wallis H test.
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brain areas, with varying morphology and degree. The
severity of pathology throughout the various groups is
depicted in the form of heat maps for cases grouped by
subtypes (Figures 1,2, 3, and 4) and by clinical diag-
nosis (Figures 5, 6, and 7). Overall, neocortical pa-
thology was present to a similar high degree throughout
FTLD-U subtypes 1 to 3 and to a mild severity in the un-
classified group, except for the motor cortex (Figures 1,
2, 3, and 4). Pathology in the motor cortex as a whole
was of similar degree in subtypes 1, 2, and 3. Further,
the unclassified group showed rare pathology in white
matter in nonmotor subcortical areas. There was an in-
crease in the degree of subcortical white matter pathol-
ogy from subtypes 1 and 2 toward 3 in some brain areas
(ie, motor gyrus, midfrontal gyrus, orbitofrontal gyrus,
cingulate gyrus, angular gyrus [all P values �.01]). The
CA4-CA1/subiculum region of the hippocampus showed
robust pathology in subtypes 1, 2, and 3 to a similar de-

gree but not in the unclassified group. The striatum or
lentiform nuclei were heavily involved throughout sub-
types 1 to 3, and to a lesser degree, but still robust, pa-
thology was present in the unclassified group (P� .001).
Pathology in the substantia nigra was a consistent find-
ing, usually being more pronounced in subtypes 2 and 3
than in subtype 1 and the unclassified subtype (P values
�.001). Lower motor neurons, including the hypoglos-
sal motor neurons in the medulla and the cervical spinal
cord, were most heavily affected in the unclassified group,
followed by subtype 2 and subtype 3, and less fre-
quently in subtype 1 (P=.002 and �.001, respectively).

Whereas neuronal loss and gliosis were less pro-
nounced than TDP-43 pathology in almost all neocorti-
cal brain areas, in the CA4-CA1/subiculum area of the
hippocampus and cervical spinal cord, neuron loss and
gliosis were present to a similar degree. Further, there
was a moderate to strong correlation between (1) neu-

Table 2. Summary of Clinically Affected Main Domains According to Clinical Diagnosis

Clinical
Diagnosis

Percentage

Pyramidal Limb
Motor Dysfunction Pyramidal

Bulbar
Motor

Dysfunction
Bulbar
Onset

Extrapyramidal
Signs

Cerebellar
Signs

Cognitive
Dysfunction

Overall UMN LMN Overall
Frontal

Dysfunctiona
Memory

Complaints
Language

Impairment

ALS 100.0 96.2 100.0 80.8 32.0 3.8 0 0 0 0 0
Mixed 88.9 82.4 83.3 94.4 38.9 23.5 5.9 100.0 83.3 66.7 64.7
FTD 0 0 0 0 52.6 0 100.0 95.0 78.9 89.5
P valueb �.001 �.001 �.001 �.001 .64 �.001 .28 �.001 �.001 �.001 �.001

Clinical
Diagnosis

Percentage

Affect
Disturbancesc

Other
Neuropsychiatric

Symptomsd
Autonomic

Failure
Sensory

Complaints Anxiety Depression Others

ALS 7.7 0 7.7 3.8 15.4 13.0 3.8
Mixed 44.4 11.8 0 0 0 29.4 16.7
FTD 15.8 5.3 10.5 0 15.8 42.1 15.8
P valueb .02 .11 .56 �.99 .30 .10 .31

Abbreviations: ALS, amyotrophic lateral sclerosis; FTD, frontotemporal dementia; LMN, lower motor neuron; UMN, upper motor neuron.
aBehavioral, social, dysexecutive.
bP value for any difference: �2 test (or Fisher exact test).
c Inappropriate laughing/crying.
dHallucinations, delusions, agitation, apathy.

Table 3. Patients With Progranulin (PGRN ) Abnormalities

Clinical
Diagnosis FTLD-U Subtype

cDNA Location
of Mutation

Predicted
Protein Pathogenic Mechanism

Variants of
Unknown Significance (1, 2)

FTD 3 c.911G�A p.W304X Premature termination c.264�7G�A
FTD 3 c.1009C�T p.Q337X Premature termination c.1070C�G, p.P357R c.903G�A, p.S301S
FTD-MND 3 c.1252C�T p.R418X Premature termination
FTD 3 c.1477C�T p.R493X Premature termination
FTD 3 c.708�6_708�9_delGTGA
FTD-MND 3 c.264�7G�A
FTD 1 c.1253G�A, p.R418Q
ALS Unspecified c.1297C�T, p.R433W

Abbreviations: ALS, amyotrophic lateral sclerosis; cDNA, complementary DNA; FTD, frontotemporal dementia; FTD-MND, FTD with ALS or motor neuron
disease; FTLD-U, frontotemporal lobar degeneration with ubiquitinated inclusions.

(REPRINTED) ARCH NEUROL / VOL 66 (NO. 2), FEB 2009 WWW.ARCHNEUROL.COM
183

©2009 American Medical Association. All rights reserved.
 at University of Calgary, on June 22, 2009 www.archneurol.comDownloaded from 

http://www.archneurol.com


ronal loss and gliosis and (2) TDP-43 inclusion pathol-
ogy in most brain areas assessed (Table 4). Neurode-
generation was usually accompanied by microglial
proliferation based on HLA-DR immunohistochemical
staining in the subset of cases assessed to a various de-
gree in a variety of brain areas.

Double-labeling immunofluorescence studies on ni-
gral and other sections showed that Lewy body–like in-
clusions were TDP-43 and ubiquitin positive but �-
synuclein negative. Antiubiquitin antibody stained
neuronal TDP-43–positive inclusions on a variety of CNS
areas variably, and the TDP-43–positive preinclusions
were largely devoid of ubiquitin immunoreactivity while
glial TDP-43 inclusions were almost totally ubiquitin nega-
tive, as reported previously6,7 (data not shown).

CLINICOPATHOLOGICAL CORRELATIONS
ACCORDING TO CLINICAL DIAGNOSIS

Throughout the 3 groups solely defined by the clinical
syndrome, the frequency of pathology was similar in some
brain areas, but not in others, allowing us to delineate 3
overlapping patterns of vulnerability to TDP-43 pathol-
ogy (Figures 5, 6, and 7). The motor cortex showed ro-
bust pathology similarly throughout all clinical diagnos-
tic groups. As to the other cortical brain areas, including
midfrontal, temporal, parietal, and periamygdaloid cor-
tex, there were generally significant differences in the se-
verity of pathology between the diagnostic groups, with
the ALS group showing the lowest degree of pathology
and the mixed and FTD groups being similar (P� .001).
All but 2 cases in the ALS group showed extramotor neo-
cortical involvement; however, these cases did show
TDP-43 pathology in subcortical areas. TDP-43 pathol-
ogy in the neostriatum or paleostriatum was found in all
groups but was present to a higher degree in the mixed
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Figure 1. Whole-brain heat map of transactivation response DNA-binding
protein with a molecular weight of 43 kDa (TDP-43) pathology in the central
nervous system based on the severity of TDP-43 deposits according to the
frontotemporal degeneration with ubiquitinated inclusions subtype, which is
subtype 1 here. Sagittal, lateral, coronal, and cross sections of central nervous
system regions are shown (not every brain area was available for all cases).
Colors reflect median scores across all cases calculated from grouped data. The
subjacent color scale depicts median scores from zero (green) to highest scores
(red) in each region examined, and blue indicates unexamined regions. Numbers
identify the following: 1, frontal lobe gray matter; 2, orbital gyrus gray matter;
3, motor gyrus gray matter; 4, sensory gyrus gray matter; 5, temporal lobe gray
matter; 6, parietal lobe gray matter; 7, occipital lobe gray matter; 8, cingulate
gyrus gray matter; 9, midbrain; 10, pons; 11, medulla; 12, cervical spinal cord;
13, cerebellum gray matter; 14, cerebellum white matter; 15, dentate nucleus in
the cerebellum; 16, substantia nigra; 17, frontal lobe white matter; 18, temporal
lobe white matter; 19, basal ganglia; 20, amygdala; 21, cingulate gyrus white
matter; 22, motor gyrus white matter; 23, sensory gyrus white matter;
24, parietal lobe white matter; 25, thalamus; 26, entorhinal gray matter;
27, hippocampus (CA4-CA1/subiculum and dentate gyrus); 28, entorhinal white
matter; 29, medulla dorsal motor plate; 30, medulla inferior olive; 31, Broca area
gray matter; 32, Broca area white matter; 33, orbital gyrus white matter;
34, periamygdaloid gray matter; and 35, periamygdaloid white matter.
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Figure 2. Whole-brain heat map of transactivation response DNA-binding
protein with a molecular weight of 43 kDa (TDP-43) pathology in the central
nervous system based on the severity of TDP-43 deposits according to the
frontotemporal degeneration with ubiquitinated inclusions subtype, which is
subtype 2 here. The grading and numbering system are as described in Figure 1.
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Figure 3. Whole-brain heat map of transactivation response DNA-binding
protein with a molecular weight of 43 kDa (TDP-43) pathology in the central
nervous system based on the severity of TDP-43 deposits according to the
frontotemporal degeneration with ubiquitinated inclusions subtype, which is
subtype 3 here. The grading and numbering system are as described in
Figure 1.
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and FTD groups as compared with the pure ALS group
(P� .001). Conversely, lower motor neurons were heavily
affected by TDP-43 pathology in the ALS or mixed group
but less in the FTD group (P� .001). However, 12 of 16
cases in the FTD group showed an overall mild degree
of lower motor neuron pathology. The motor cortex of
the FTD group was affected in all 18 individuals exam-
ined, although to a different degree and reflecting the mor-
phological distribution of each histological subtype. Of
these, 7 patients were found to show cytoplasmic inclu-

sion pathology in the Betz cells, including both “prein-
clusions” and “mature” skeinlike or more compact ag-
gregations. Although corresponding to their clinical
classification as FTD, these patients did not display any
upper motor neuron signs. When including the whole
study cohort and the full thickness of the motor cortex,
there were no significant differences in the degree of
TDP-43 pathology or gliosis in patients with or without
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Figure 4. Whole-brain heat map of transactivation response DNA-binding
protein with a molecular weight of 43 kDa (TDP-43) pathology in the central
nervous system based on the severity of TDP-43 deposits according to the
frontotemporal degeneration with ubiquitinated inclusions (FTLD-U) subtype,
which is FTLD-U unclassified as described in the text. The grading and
numbering system are as described in Figure 1.
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Figure 5. Whole-brain heat map of transactivation response DNA-binding
protein with a molecular weight of 43 kDa (TDP-43) pathology in the central
nervous system based on the severity of TDP-43 deposits according to the
clinical diagnosis, which is frontotemporal dementia here. The grading and
numbering system are as described in Figure 1.
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Figure 6. Whole-brain heat map of transactivation response DNA-binding
protein with a molecular weight of 43 kDa (TDP-43) pathology in the central
nervous system based on the severity of TDP-43 deposits according to the
clinical diagnosis, which is mixed frontotemporal dementia and motor
neuron disease here. The grading and numbering system are as described in
Figure 1.
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Figure 7. Whole-brain heat map of transactivation response DNA-binding
protein with a molecular weight of 43 kDa (TDP-43) pathology in the central
nervous system based on the severity of TDP-43 deposits according to the
clinical diagnosis, which is amyotrophic lateral sclerosis here. The grading
and numbering system are as described in Figure 1. This Figure is similar to
Figure 1B in Geser et al,6 but cases with dementia have been excluded, a new
amyotrophic lateral sclerosis case has been included, and the color code has
been modified.
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clinical evidence of upper motor neuron signs. Pathol-
ogy in the frontal gyrus was more severe in patients with
clinical symptoms or signs consistent with frontal dys-
function, namely behavioral or social deficits and dys-
executive symptoms (P� .001). There was also a signifi-
cant difference in the cortical and subcortical white matter
pathology degree in the temporal cortex (including the
Wernicke area) and the angular cortex between the pa-
tients with and without language dysfunction (P� .001).
When comparing the degree of both TDP-43 pathology
and neuronal loss associated with gliosis in the hippo-
campal formation, including the CA4-CA1/subiculum and
dentate gyrus throughout the whole study cohort, pa-
tients with memory complaints showed a highly signifi-
cant greater degree of TDP-43 pathology and neuron loss
as compared with patients without (P� .001). Further,
there was a trend toward a higher degree of TDP-43 pa-
thology in the amygdala in patients with affect distur-
bances as compared with those without in the whole study
cohort (P=.03). Moreover, there was a difference in the
severity of TDP-43 pathology in the striatum, but not in
the substantia nigra, when comparing subjects with and
without extrapyramidal symptoms (P=.01 and P=.12,
respectively).

CLINICOPATHOLOGICAL CORRELATION
ACCORDING TO FTLD-U SUBTYPES

The disease duration was significantly lower when com-
paring the unclassifiable group with FTLD-U subtype 1
(P� .001), with the subtypes 2 and 3 having intermedi-
ate disease duration (Table 5). The unclassifiable group
had significantly higher brain weights as compared with
the subtypes 1 through 3 (all P� .001). The clinical fea-
tures according to FTLD-U subtyping are depicted in
Table 6. All mutations (n=4) and 5 variants in PGRN

were present in the FTLD-U subtype 3 group, and 1 vari-
ant each was found in the FTLD-U subtype 1 and un-
classified subtype groups. A breakdown of the frequen-
cies of the morphological subtypes according to the clinical
diagnoses is depicted in Table 7. Only 2 ALS cases were
classifiable according to FTLD-U subtypes and they
showed subtype 2 morphology. The mixed group exhib-
ited similar proportions of subtypes 2 and 3 TDP-43 pa-
thology (two-thirds each or more) but fewer unclassifi-
able cases (less than a quarter). The vast majority of
subtype 1 cases were found in the pure FTD group. Fur-
ther, subtypes 1 and 3 TDP-43 distribution patterns of
pathology were present in 40% to 50% of patients in this
group, and subtype 2 was rare (10%).

COMMENT

Since pathological TDP-43 has been recognized as playing
amajor role inhumandiseases thathad longbeenacknowl-
edged as being associated with ubiquitin-positive but tau-
and �-synuclein–negative inclusions,4 there is an increas-
ingnumberofpublicationsonthepresenceof thisalteration
inavarietyofneurodegenerativediseases. Infact,pathologi-
calTDP-43hasbeenshowntobeeither themaindiagnosis-
defining findingor tobepresent as anadditionalpathology
in diseases determined by aggregation of other altered pro-
teinssuchas tauor�-synuclein.9 However, thesestudiesare
heterogeneous in their designs and definite clinicopatho-
logical conclusions are difficult to draw at this time. Based
onthe“clinicopathologicalspectrumidea,”9thepresentstudy
wassettodelineatethemajorTDP-43diseases,coveringana-
tomicallyandfunctionallysalientbrainandspinalcordareas,
to eventually establish the whole-CNS pattern of TDP-43
pathologyfordifferentpathologicalsubtypesandfortheclini-
cal phenotypes studied herein.

Table 4. Neuronal Loss and Gliosis (NL&GL) Compared and Correlated With TPD-43 Inclusion Pathology
Throughout Whole Study Population

Median (IQR)a

MCtx MFCtx OFCtx BCtx SCtx ACtx CCtx

TDP-43 2.2 (1.4-2.8) 1.7 (0.5-2.7) 1.7 (0.3-2.8) 2.7 (2.0-3.0b) 1.8 (1.2-2.5) 1.6 (0.4-2.8) 2.0 (0.8-2.9)
NL&GL 1.0 (0.4-1.7) 0.8 (0.2-1.6) 0.6 (0.0-1.4) 1.3 (0.4-2.7) 0.6 (0.1-1.3) 0.6 (0.0-1.4) 0.8 (0.1-1.8)
P valuec �.001 �.001 �.001 .10 .001 �.001 �.001
r d 0.242e 0.674f 0.697f 0.829g 0.559e 0.642f 0.579f

PACtx TCtx ERCtx CA1-CA4/S OCtx CSC

TDP-43 1.3 (0.2-2.7) 2.0 (0.3-2.9) 1.9 (0.4-2.9) 0.9 (0.2-1.8) 0.6 (0.0-1.4) 1.9 (1.1-2.7)
NL&GL 0.6 (0.0b-1.7) 0.9 (0.2-1.9) 0.7 (0.0-1.7) 0.8 (0.1-1.9) 0.2 (0.0b-0.7) 1.6 (0.7-2.6)
P valuec .001 �.001 �.001 .84 �.001 .57
r d 0.600f 0.726f 0.667f 0.515f 0.354g 0.470g

Abbreviations: ACtx, angular cortex; BCtx, Broca area cortex; CA1-CA4/S, CA4-CA1/subiculum of the hippocampus; CCtx, cingulate cortex; CSC, cervical spinal cord;
ERCtx, entorhinal cortex; IQR, interquartile range; MCtx, motor cortex; MFCtx, midfrontal cortex; OCtx, occipital cortex; OFCtx, orbitofrontal cortex; PACtx, periamygdaloid
cortex; SCtx, sensory cortex; TCtx, temporal cortex; TDP-43, transactivation response DNA-binding protein with a molecular weight of 43 kDa.

aCalculated from grouped data (exceptb).
bNot calculated from grouped data.
cWilcoxon signed rank test, compares degree of TDP-43 pathology with degree of NL&GL.
dSpearman correlation coefficient, correlates degree of TDP-43 pathology with degree of NL&GL.
eNot significant.
fP� .001.
gP� .01.
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Frontotemporal lobar degeneration with ubiquiti-
nated inclusions has long been recognized as being a pri-
marily cortical disease with pathology being located in
frontal and temporal brain areas. We herein show that
the clinical syndrome of FTD with and without MND is
associated with TDP-43 pathology accompanied by vari-
ous degrees of neuronal loss and gliosis throughout the
whole CNS, with no areas as examined being entirely
spared. Although “frontotemporal degeneration” has been
used in the past as the “defining criterion” for FTLD, these
brain areas do not stand out in their pathology as com-
pared with other cortical brain areas. In fact, the degree
of pathology in most neocortical brain areas is very simi-
lar. Subcortical degeneration, such as pathology in the
basal ganglia or amygdala, is usually present to a similar
degree as in cortical regions, thereby suggesting that
FTLD-U is not primarily a cortical degeneration as im-

plied by its designation. All the clinical groups, includ-
ing FTD with and without MND and ALS, showed wide-
spread CNS TDP-43 pathology; however, the presence
of ALS was associated with a higher burden of inclu-
sions in lower motor neuron nuclei. Likewise, the pres-
ence or absence of cognitive dysfunction was associated
with the degree of cortical TDP-43 pathology.

Group comparison of salient clinical domains, includ-
ing cognitive and motor features, as to the severity of neu-
rodegeneration showed a higher degree of pathology in
their functionally related brain areas. Betz cells and an-
terior horn cells were affected to an overall mild degree
in the FTD group relative to the ALS group, and mild pa-
thology in cortical brain areas was present in the ALS
group relative to the FTD group. These findings cor-
roborate the concept of a clinicopathological spectrum
of TDP-43 pathology extending from FTLD at one end

Table 5. Summary of Patient Characteristics According to FTLD-U Subtype

Subtype
Sample

Size
Male:Female

Ratio
Family

History, %

Median (IQR)
PGRN

Genotyping
Status

Median (IQR)

Age at
Death, y

Disease
Duration, y PMI, h

Brain
Weight, g

Type 1 11 1:0.8 25.0 72.5 (65.5-77.0) 7.7 (5.3-10.8) 0 mutations; 1 variant 10.8 (7.0-17.0) 1084.0 (1004.8-1246.5)
Type 2 10 1:0.7 40.0 62.5 (56.0-69.0) 3.5 (1.6-6.7) 0 mutations; 0 variant 12.0 (8.0-21.7) 1200.0 (1130.0-1297.0)
Type 3 15 1:2 57.1 63.5 (53.7-75.0) 4.0 (1.9-6.8) 5 mutations; 4 variants 11.5 (6.5-19.0) 1160.0 (936.8-1294.5)
Type

unclassified
28 1:0.6 10.7 58.3 (53.3-64.7) 2.3 (1.4-3.3) 1 variant 14.0 (8.8-17.6) 1419.5 (1291.5-1533.0)

P value .37a .001a .02b .002b .90b �.001b

Abbreviations: FTLD-U, frontotemporal lobar degeneration with ubiquitinated inclusions; IQR, interquartile range; PMI, postmortem interval.
aP value for any difference: �2 test.
bP value for any difference: Kruskal-Wallis H test.

Table 6. Summary of Clinically Affected Main Domains According to FTLD-U Subtype

Subtype

Percentage

Pyramidal Limb
Motor Dysfunction

Pyramidal
Bulbar
Motor

Dysfunction
Bulbar
Onset

Extrapyramidal
Signs

Cerebellar
Signs

Cognitive Dysfunction

Overall
Frontal

Dysfunctiona
Memory

Complaints
Language

ImpairmentOverall UMN LMN

Type 1 0 0 0 9.1 100.0 36.4 0 100.0 90.9 81.8 100.0
Type 2 80.0 70.0 80.0 70.0 25.0 50.0 10.0 80.0 80.0 70.0 50.0
Type 3 42.9 38.5 35.7 50.0 28.6 38.5 0 100.0 93.3 64.3 76.9
Type

unclassified
100.0 96.4 100.0 82.1 37.0 3.6 0 14.3 7.1 7.1 7.1

P valueb �.001 �.001 �.001 �.001 .506 .007 .16 �.001 �.001 �.001 �.001

Subtype

Percentage

Affect
Disturbancesc

Other Neuropsychiatric
Symptomsd

Autonomic
Failure

Sensory
Complaints Anxiety Depression Others

Type 1 9.1 0 0 0 9.1 45.5 18.2
Type 2 30.0 20.0 0 0 10.0 30.0 20.0
Type 3 35.7 7.7 15.4 0 8.3 38.5 7.7
Type unclassified 14.3 0 7.1 3.6 14.3 12.0 7.1
P valueb .26 .07 .37 .75 .94 .14 .57

Abbreviations: FTLD-U, frontotemporal lobar degeneration with ubiquitinated inclusions; LMN, lower motor neuron; UMN, upper motor neuron.
aBehavioral, social, dysexecutive.
bP value for any difference: Kruskal-Wallis H test.
c Inappropriate laughing/crying.
dHallucinations, delusions, agitation.
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and ALS at the other. Whenever MND was clinically
present, either as pure ALS or ALS-FTD, both disease du-
ration and age at death were shorter as compared with
the pure FTD group, indicating that the involvement of
the motor neuron system is associated with a more ag-
gressive disease course as compared with other dement-
ing illnesses. Conversely, the brain weight was lowest in
the FTD group and highest in the ALS group, with in-
termediate values for the mixed cases, indicating that an
extended disease period allows for the development of
neurodegeneration and related CNS atrophy. Besides the
defining clinical syndromes in the voluntary motor and
cognitive domain, extrapyramidal signs were the most
common feature. These were significantly more fre-
quent whenever dementia was clinically present and are
consistent with the robust pathology found in the stria-
tum. Affect disturbances were common as well and ap-
peared to be associated with severe pathology in the amyg-
dala. Also, depression was frequently encountered,
although the exact neuroanatomical site of pathology in
the brain is less established. Anxiety or other neuropsy-
chiatric symptoms were occasionally reported. Other fea-
tures, such as autonomic failure, sensory complaints, or
cerebellar signs, were rare.

However, there are possible limitations of the
present study because of the retrospective nature of the
acquisition of the clinical data. Additional features other
than the defining syndromes of dementia or MND
might have been present but not evaluated or recorded
or they might have been clinically masked by the pre-
dominating clinical features. Thus, the frequencies of
various clinical signs and symptoms as reported herein
should be regarded as “conservative” estimates. On the
other hand, we were especially interested in detecting
early clinical manifestations of underlying pathology,
and this might have increased the representation of
some features, such as the high frequency of memory
problems in our FTD group, since both patients’ com-
plaints and physician-assessed signs (when available)
were considered. Similarly, any extrapyramidal sign,
even when isolated, was recorded. Unfortunately,
detailed neuropsychological or motor performance
assessments were not available for many cases and thus
were not included in the analysis.

We herein show that all FTLD-U subtypes are associ-
ated with whole-CNS pathology, although there are re-
gional differences in the pathology burden between the sub-
types. The finding that all but 2 cases in the ALS group
showed extramotor cortical TDP-43 pathology, which was
usually present to a rare to mild degree, points toward a
subclinical or preclinical involvement of wide cortical areas,
such as the association cortex, in a disease still clinically
restricted to motor neuron symptoms. Accordingly, in 2
cases, the neocortex involvement was sufficient for a di-
agnosis of FTLD-U subtype 2. The finding of the white mat-
ter TDP-43 pathology being present in particular directly
adjacent to the affected cortex points toward an involve-
ment of subcortical U fibers. Subtype 1 was associated with
less subcortical gray and white matter pathology and less
lower motor neuron pathology as compared with sub-
types 2 and 3. Also, all but one of the subtype 1 cases were
allocated to the clinically pure FTD group. Taken to-
gether with the findings of the lower brain weight and high-
est disease duration or age at death in patients with sub-
type 1, this suggests that FTLD-U subtype 1 represents the
most “cortical variant of degeneration” in comparison with
subtypes 2 and 3, although subcortical pathology, in par-
ticular in the basal ganglia, is present as well, consistent
with the continuous multisystem idea of all these dis-
eases. Subtypes 2 and 3 are more similar and closer to the
motor neuron disease phenotype when compared with sub-
type 1. Similarly, it has been published that patients with
FTLD-U with numerous neuronal cytoplasmic inclu-
sions, as occurring in FTLD-U subtype 2 or 3, have shorter
survival than those with subtype 1.14 Further, it has been
reported that cases with predominantly neuronal intracy-
toplasmic inclusions correspond to FTD-MND clinically,
whereas cases with predominantly dystrophic neurites show
semantic dementia, and when neuronal cytoplasmic in-
clusions and dystrophic neurites are coupled with neuro-
nal intranuclear inclusions, progressive nonfluent apha-
sia is present.3 The whole-CNS map of pathology of the
unclassified subtype is very similar to the ALS whole-CNS
map, given that the degree of frontotemporal cortical pa-
thology was used for subtyping.

The finding of PGRN gene mutations being restricted
to FTLD-U subtype 3 cases is consistent with the litera-
ture,2 as is the presence of a PGRN variant in our ALS
group.15 The lack of apparent clinical or neuropathologi-
cal differences between cases with and without PGRN gene
abnormalities that we report herein is consistent with a re-
cent study showing a distinct phenotype being present only
at the molecular level.16 Our finding that not all cases with
a family history of dementia and/or MND throughout all
clinical or pathological groups were demonstrated to have
PGRN or TARDBP gene mutations as tested suggests a role
for other genetic abnormalities, such as mutations in chro-
mosome 9p or other, as yet unidentified, genetic loci.2,17

In conclusion, we herein show that there is a wide-
spread distribution of pathological TDP-43 throughout
all clinical and pathologically defined groups establish-
ing a whole-CNS disease. The idea of a predominantly
frontotemporal degeneration pattern in FTLD-U and a
primarily pyramidal tract degeneration pattern in MND
should be refined in favor of a broad clinicopathological
spectrum disease involving multiple systems with dif-

Table 7. FTLD-U Type Classification
Across Clinical Diagnosisa

Clinical
Diagnosis

Pathological Diagnosis,
FTLD-U Subtype, No. (%)b

Type 1 Type 2 Type 3
Type

Unclassified

ALS 0 2 (7.7) 0 24 (92.3)
Mixed 1 (5.6) 6 (33.3) 7 (38.9) 4 (22.2)
FTD 10 (50.0) 2 (10.0) 8 (40.0) 0

Abbreviations: ALS, amyotrophic lateral sclerosis; FTD, frontotemporal
dementia; FTLD-U, frontotemporal lobar degeneration with ubiquitinated
inclusions.

aP� .001 (Fisher exact test).
bNumbers are counts, and percentages are proportions of subtype of

clinical diagnosis.
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ferences in the distribution of pathology and clinical symp-
toms being present, at least, at group level. In a given case,
however, a clear allocation into one of the groups might
be difficult or even impossible because of the significant
overlap of the clinical and pathological features and as-
sociated diagnostic terms. These data support the con-
clusions of a number of recent reports9 on pathological
TDP-43 that FTD and ALS linked to TDP-43 pathology
represent a single multiple-system disease, designated as
TDP-43 multisystem proteinopathy.
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