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Frontotemporal lobar degeneration with ubiquitin-
positive inclusions (FTLD-U) is a common neuro-
pathological subtype of frontotemporal dementia. Al-
though this subtype of frontotemporal dementia is
defined by the presence of ubiquitin-positive but tau-
and �-synuclein-negative inclusions, it is unclear
whether all cases of FTLD-U have the same underlying
pathogenesis. Examination of tissue sections from
FTLD-U brains stained with anti-ubiquitin antibodies
revealed heterogeneity in the morphological charac-
teristics of pathological inclusions among subsets of
cases. Three types of FTLD-U were delineated based
on morphology and distribution of ubiquitin-positive
inclusions. To address the hypothesis that FTLD-U is
pathologically heterogeneous, novel monoclonal an-
tibodies (mAbs) were generated by immunization of
mice with high molecular mass (Mr > 250 kd) insol-
uble material prepared by biochemical fractionation
of FTLD-U brains. Novel mAbs were identified that
immunolabeled all of the ubiquitin-positive inclu-
sions in one subset of FTLD-U cases, whereas other
mAbs stained the ubiquitin-positive inclusions in a
second subset of cases. These novel mAbs did not
stain inclusions in other neurodegenerative disor-
ders, including tauopathies and �-synucleinopathies.
Therefore, ubiquitin immunohistochemistry and the
immunostaining properties of the novel mAbs gener-
ated here suggest that FTLD-U is pathologically he-

terogeneous. Identification of the disease proteins
recognized by these mAbs will further advance under-
standing of molecular substrates of FTLD-U neurode-
generative pathways. (Am J Pathol 2006, 169:1343–1352;

DOI: 10.2353/ajpath.2006.060438)

Frontotemporal dementia (FTD) is the second most com-
mon cause of neurodegenerative dementia in those un-
der the age of 65, after Alzheimer’s disease (AD).1,2

Clinical presentations of FTD include several behavioral
variants of FTD, in which patients experience profound
changes in personality and social function, as well as
language disorders of expression and comprehension,
known as progressive aphasia and semantic dementia,
respectively.3 Motor manifestations, including signs and
symptoms of motor neuron disease (MND) or parkinson-
ism, also occur with FTD.4,5 The diagnostic gold standard
for FTD remains neuropathological examination of the
brain. Grossly, the brains of FTD patients are character-
ized predominantly by circumscribed atrophy of the fron-
tal and temporal lobes, hence the pathological designa-
tion frontotemporal lobar degeneration (FTLD), and
neuronal loss and gliosis are apparent on microscopic
examination of affected regions.6,7
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Immunohistochemistry reveals the presence of abnor-
mal proteinaceous inclusion bodies in some of the re-
maining neurons in affected areas of most FTD brains.
Pathological categories of FTD defined by immunohisto-
chemistry include cases without detectable inclusions
(ie, dementia lacking distinctive histology), cases with
tau-positive inclusions as exemplified by Pick’s disease
(PiD), corticobasal degeneration, progressive supranu-
clear palsy, and neurofibrillary tangle dementia, cases
with neurofilament-positive inclusions (neuronal interme-
diate filament inclusion disease), and cases with ubiq-
uitin-positive, tau and �-synuclein-negative inclusions,
known as FTLD with ubiquitin-positive inclusions, or
FTLD-U.6 Recent studies suggest that FTLD-U is the most
common neuropathological subtype of FTD.8–12

Although most FTLD-U cases are sporadic, several
families exhibiting autosomal dominant inheritance pat-
terns of FTLD-U neuropathology have been linked to
chromosomes 9 and 17.13–17 No genetic mutations on
chromosomes 9 and 17 responsible for the disease in
these families, however, have been found to date, and
the molecular pathogenesis underlying FTLD-U remains
unknown. In the present study, examination of ubiquitin-
immunostained sections from 36 postmortem-confirmed
FTLD-U cases was performed to gain insights into the
pathological basis of FTLD-U. Three patterns of FTLD-U
pathology were delineated based on the morphological
characteristics and cortical distribution of ubiquitin-posi-
tive inclusions in these cases. To test the hypothesis that
FTLD-U is pathologically heterogeneous, novel monoclo-
nal antibodies (mAbs) were generated using immuno-
gens consisting of high molecular mass (Mr � 250 kd)
insoluble material from cortical gray matter of two FTLD-U
cases with different patterns of ubiquitin-positive pathol-
ogy. The selective staining of pathological inclusions by
these novel mAbs in subsets of FTLD-U cases corre-
sponded to different patterns of ubiquitin-positive pathol-
ogy, thereby suggesting that there may be multiple path-
ways of neurodegeneration leading to FTLD-U.

Materials and Methods

Brain Tissue Collection and Neuropathological
Assessment

Frozen brain tissues and fixed, paraffin-embedded tissue
blocks were obtained from the Center for Neurodegen-
erative Disease Research brain bank at the University of
Pennsylvania School of Medicine, Philadelphia, PA, and
from the Center for Neuropathology and Prion Research
brain bank at the University of Munich, Munich, Germany.
Diagnostic assessment of frontotemporal lobar degener-
ation with ubiquitin-positive inclusions (FTLD-U), PiD, AD,
dementia with Lewy bodies (DLB), and neuropathologi-
cally normal (NL) cases was performed by a trained
neuropathologist in accordance with published guide-
lines.6,18,19 Although there are no formal consensus cri-
teria for the diagnosis of FTLD-U, cases were pathologi-
cally diagnosed as FTLD-U when the predominant

neuropathological abnormalities were the presence of
ubiquitin-positive but tau- and �-synuclein-negative in-
clusions as well as neuronal loss and gliosis in the frontal
and temporal cortices, based on the recommendations of
the “Work Group on Frontotemporal Dementia and Pick’s
Disease.”6

Antibodies

Anti-ubiquitin antibodies used in this study included the
mouse monoclonal antibody (mAb) 1510 (Chemicon, Te-
mecula, CA), a rabbit polyclonal anti-ubiquitin antibody
(DAKO, Carpinteria, CA), and Ub1B4, a mouse mAb
raised against a synthetic peptide corresponding to
amino acid residues 26 to 54 of human ubiquitin. mAbs
26, 132, 137, 164, 244, and 471 are novel mAbs gener-
ated as described below. Rabbit polyclonal anti-tau an-
tibody 17025 made against human recombinant tau and
rabbit polyclonal anti-�-synuclein antibody (SNL-1) made
against a peptide corresponding to residues 104 to 119
in human �-synuclein were also used.20,21

Immunohistochemical Staining

The harvesting, fixation, and further processing of the
tissue specimens used in this study were conducted as
previously described.22,23 Briefly, tissue blocks from fron-
tal cortex, temporal cortex, hippocampus, and striatum of
FTLD-U brains were fixed with either 70% ethanol in 150
mmol/L NaCl or phosphate-buffered 3.65% formalde-
hyde and infiltrated with paraffin. Immunohistochemistry
was performed using the avidin-biotin complex detection
system (Vector Laboratories, Burlingame, CA) and 3,3�-
diaminobenzidine as described.22 Briefly, sections were
deparaffinized and rehydrated, endogenous peroxidases
were quenched with 5% H2O2 in methanol for 30 minutes,
and sections were blocked in 0.1 mol/L Tris with 2% fetal
bovine serum (Tris/fetal bovine serum) for 5 minutes.
Primary antibodies were incubated either for 1 to 2 hours
at 37°C or overnight at 4°C. After washing, sections were
sequentially incubated with biotinylated secondary anti-
bodies for 1 hour and avidin-biotin complex for 1 hour.
Bound antibody complexes were visualized by incubat-
ing sections in a solution containing 100 mmol/L Tris, pH
7.6, 0.1% Triton X-100, 1.4 mmol/L diaminobenzidine, 10
mmol/L imidazole, and 8.8 mmol/L H2O2. Sections were
then lightly counterstained with hematoxylin, dehydrated,
and coverslipped. Double-labeling immunofluorescence
analyses were performed as previously described24 us-
ing Alexa Fluor 488- and 594-conjugated secondary an-
tibodies (Molecular Probes, Eugene, OR) and cover-
slipped with Vectashield-DAPI mounting medium (Vector
Laboratories).

Sequential Biochemical Fractionation

Gray matter from FTLD-U postmortem cortex was dis-
sected and weighed. Tissue was homogenized in 5
ml/g low-salt (LS) buffer (10 mmol/L Tris, pH 7.5, 5
mmol/L ethylenediaminetetraacetic acid, 1 mmol/L di-
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thiothreitol, 10% sucrose, and a cocktail of protease
inhibitors) and sedimented at 25,000 � g for 30 min-
utes at 4°C. Supernatants were saved as the LS frac-
tion, and pellets were washed by re-extraction in LS
buffer and sedimentation. Resulting pellets were sub-
jected to two sequential extractions in 5 ml/g Triton-X
(TX) buffer (LS � 1% Triton X-100 � 0.5 mol/L NaCl)
and sedimented at 180,000 � g for 30 minutes at 4°C.
Supernatants from the first of these TX buffer extrac-
tions were saved as the TX fraction. An additional step
with homogenization in TX buffer containing 30% su-
crose followed by centrifugation was performed after
the TX buffer extractions to float and remove myelin.
Pellets were then homogenized in 5 ml/g sarkosyl
(SARK) buffer (LS � 1% N-lauroyl-sarcosine � 0.5
mol/L NaCl) and incubated at 22°C on a shaker for 1
hour before sedimentation at 180,000 � g for 30 min-
utes at 22°C. Supernatants were saved as the SARK
fraction. Remaining pellets were extracted in either 1
ml/g sodium dodecyl sulfate (SDS) buffer (2% SDS, 50
mmol/L Tris, pH 7.6, and a cocktail of protease inhib-
itors) or 1 ml/g urea buffer (7 mol/L urea, 2 mol/L
thiourea, 4% 3-[(3-cholamidopro-pyl)dimethylammo-
nio]-1-propanesulfonate (CHAPS), 30 mmol/L Tris-HCl,
pH 8.5) before centrifugation at 25,000 � g for 30
minutes at 22°C. Supernatants were saved as the SDS
and urea fractions, respectively. SDS sample buffer
(10 mmol/L Tris, pH 6.8, 1 mmol/L ethylenediaminetet-
raacetic acid, 40 mmol/L dithiothreitol, 1% SDS, and
10% sucrose) was added to samples followed by heat-
ing at 100°C for 5 minutes, with the exception of the
urea fraction, which was not heated to avoid car-
bamoylation of proteins.

Generation of Novel mAbs

Murine mAbs 26, 132, 137, 164, 244, and 471 were raised
using high Mr (�250 kd) material from the urea fraction
(prepared as described above) of FTLD-U brain (frontal
cortex of case 11 for mAbs 26, 132, 164, and 244; frontal
cortex of case 17 for mAbs 137 and 471) as immunogen.
The urea fraction (100 to 150 �g protein/mouse) was sep-
arated by 5 to 20% gradient SDS-polyacrylamide gel elec-
trophoresis, and the portion of the gel containing proteins
with Mr � 250 kd (including the stacking gel; Supplemen-
tary Figure 1, see http://ajp.amjpathol.org) was minced, ho-
mogenized in phosphate-buffered saline, emulsified with
incomplete Freund’s adjuvant, and injected subcutaneously
into BALB/c mice. Immunogens prepared similarly from the
urea fraction (except using 25 to 50 �g protein/mouse) were
used for subcutaneous boost injections on days 21, 35, and
49, followed by intraperitoneal injection of immunogens
without adjuvant on day 63. On day 66, the spleen was
removed and spleen lymphocytes were fused to Sp2 my-
eloma cells to produce hybridomas. Resulting hybridoma
supernatants were screened by immunohistochemistry on
paraffin-embedded sections of FTLD-U cortex known to
contain ubiquitin-positive inclusions. All of the mAbs that
immunostained FTLD-U inclusions were determined to be
of the IgM class using standard light and heavy chain
antibody subtype analysis.

Results

Ubiquitin Immunohistochemistry Suggests
Pathological Heterogeneity Among FTLD-U
Cases

Tissue sections of hippocampus, frontal cortex, temporal
cortex, and striatum from each of 36 FTLD-U cases (Ta-
ble 1) were stained with an anti-ubiquitin antibody (mAb
1510) and examined by light microscopy. All of the
FTLD-U cases demonstrated ubiquitin-positive, tau- and
�-synuclein-negative inclusions, especially in the dentate
gyrus and frontotemporal cortical regions. Closer exam-
ination of cortical sections, however, revealed heteroge-
neity in the morphology and laminar distribution of neu-
ronal ubiquitin-positive inclusions among the FTLD-U
cases (Figure 1 and Supplementary Figure 2; see http://
ajp.amjpathol.org). Three patterns of inclusion pathology
could be defined based on ubiquitin immunohistochem-
istry as follows: 1) type 1 (cases 1 thru 11, Table 1), cases
with a relative abundance of ubiquitin-positive pathology
in superficial cortical layers (Figure 1A) and a predomi-
nance of long neuritic profiles over cytoplasmic inclu-
sions (Figure 1B and Supplementary Figure 2, A and B;
see http://ajp.amjpathol.org); 2) type 2 (cases 12 thru 17,
Table 1), cases with ubiquitin-positive pathology in both
superficial and deep cortical layers (Figure 1C) with a
predominance of cytoplasmic inclusions and only rare
neuritic inclusions (Figure 1D and Supplementary Figure
2, C and D; see http://ajp.amjpathol.org); and 3) type 3
(cases 18 thru 36, Table 1), cases with a predominance
of ubiquitin-positive pathology in superficial cortical lay-
ers (Figure 1E) and an abundance of cytoplasmic inclu-
sions that were often ring-shaped, short neuritic profiles,
and ubiquitin-positive dots in the gray matter (Figure 1F
and Supplementary Figure 2, E and F; see http://ajp.
amjpathol.org). Thus, ubiquitin immunohistochemistry of
cortical sections suggests that FTLD-U is pathologically
heterogeneous. Of note, most type 2 cases had a positive
family history of dementia or MND but without known
linkage to reported familial FTD genetic loci (Table 1).

Novel mAbs Demonstrate the Existence of
Distinct Patterns of Inclusion Pathology Among
FTLD-U Cases

To gain further evidence for the pathological heterogeneity
of FTLD-U that was observed by ubiquitin immunolabeling,
novel mAbs that could detect FTLD-U inclusions by immu-
nohistochemistry were generated. Ubiquitin immunoblots of
sequential biochemical fractions from an FTLD-U case re-
vealed a relative abundance of high Mr (�250 kd) ubiquitin-
immunoreactive proteins in the urea fraction when com-
pared with the NL control (Supplementary Figure 1, see
http://ajp.amjpathol.org). Based on the assumption that ubi-
quitinated forms of the protein(s) within FTLD-U inclusions
may be accounting for at least some of this immunoreactiv-
ity, attempts were made to generate antibodies against this
high Mr material, with the goal of identifying antibodies that
would be reactive against FTLD-U inclusion pathology.

Pathological Heterogeneity of FTLD-U 1345
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Therefore, for each of the three FTLD-U types, high Mr

material from the urea fraction of FTLD-U cortical gray mat-
ter was used as an immunogen, and hybridoma superna-
tants were screened by immunohistochemistry for their abil-
ity to stain pathological inclusions in ethanol- and formalin-
fixed, paraffin-embedded tissue sections from the same
case used as an immunogen. For some fusions, frozen
sections were used for the immunohistochemical screening
as well. Briefly, for type 1, 12 fusions were conducted from
the spleens of 18 mice immunized using high Mr insoluble
material from case 11 and �37,000 hybridoma superna-
tants were screened, resulting in the generation of 14 mAbs
that detected the inclusions in case 11 by immunohisto-
chemistry. Likewise, for type 2, two fusions were conducted
from the spleens of four mice immunized with material from
case 17, and screening of �5000 hybridoma supernatants
resulted in seven mAbs that detected inclusions in case 17.
Despite screening �10,000 hybridoma supernatants gen-
erated from seven fusions using the spleens of 11 mice

immunized with high Mr insoluble material from an FTLD-U
type 3 case, no mAbs that detected inclusions in type 3
cases were identified.

Four of the mAbs generated from case 11 (mAbs 26,
132, 164, and 244) and two of the mAbs generated from
case 17 (mAbs 137 and 471) were further characterized
for their ability to stain inclusions in a panel of 36 FTLD-U
cases (Table 1). Tissue sections from each FTLD-U case
were stained with an anti-ubiquitin antibody (mAb 1510 or
DAKO anti-Ub) and with mAbs 26, 132, 164, 244, 137,
and 471. Sections of frontal cortex and hippocampus
were examined from all of the FTLD-U cases with all of the
mAbs, whereas temporal cortex and striatum were addi-
tionally examined in some of the cases for confirmation of
the results. Although ubiquitin-positive inclusions were
present in all 36 FTLD-U cases examined, the mAbs 26,
132, 164, and 244 stained all of the pathological inclu-
sions only in 11 of 36 of the FTLD-U cases (cases 1 thru
11, Table 1), which correspond to the cases categorized

Table 1. FTLD-U Patients Used in This Study

Case no. Sex Age Duration FH 26/132/164 244 137/471

Type 1 1 F 62 5 NR Yes Yes No
2 M 71 8 NR Yes Yes No
3 M 92 3 NR Yes Yes No
4 M 77 12 NR Yes Yes No
5 F 69 6 Yes§ Yes Yes No
6 M 77 NR NR Yes Yes No
7 F 76 11 NR Yes Yes No
8 F 68 7 NR Yes Yes No
9 M 64 10 NR Yes Yes No

10 F 81 2 NR Yes Yes No
11 M 54 7 NR Yes Yes †

Type 2 12* M 57 3 Yes§ No † Yes
13* M 54 2 NR No † Yes
14 F 54 7 Yes‡ No † Yes
15 F 61 4 Yes§ No † Yes
16* M 67 10 Yes‡ No No Yes
17 M 41 6 Yes‡ No No Yes

Type 3 18 F NR NR NR No No No
19 F 75 3 NR No No No
20 F 62 5 Yes‡ No No No
21* M 65 6 Yes§ No No No
22* F 79 5 Yes‡ No No No
23 F 76 7 Yes§ No No No
24 F 77 11 Yes‡ No No No
25 F 69 7 Yes§ No No No
26 M 55 2 NR No No No
27 F 73 6 Yes‡ No No No
28 M 76 7 NR No No No
29* F 63 11 NR No No No
30 F 49 3 Yes§ No No No
31 F 68 9 NR No No No
32* M 59 10 NR No No No
33* M 48 2 NR No No No
34* F 53 2 NR No No No
35* M 53 3 NR No No No
36 F 72 3 NR No No No

Frontotemporal degeneration with ubiquitin-positive inclusion (FTLD-U) cases used in this study are numbered in the left-most column. Indicated is
the ability of mAbs 26/132/164, 244, and 137/471 to immunohistochemically stain pathological inclusions in the FTLD-U cases. Sections of frontal
cortex and hippocampus were examined from all of the FTLD-U cases with all of the mAbs, and temporal cortex and striatum were additionally
examined in some of the cases for confirmation of the results. Disease duration and age are given in years. M, male; F, female; FH, family history; NR,
not recorded.

*Cases that exhibited MND in addition to dementia.
†Cases in which the mAbs detected only a small percentage of the ubiquitin-positive inclusions.
‡Two or more first degree relatives with dementia or MND.
§One first degree relative or two or more second degree relatives with dementia or MND.
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as type 1 by ubiquitin immunohistochemistry. In FTLD-U
type 1 cases, mAbs 26, 132, 164, and 244 immunola-
beled cytoplasmic inclusions in the dentate gyrus (Figure
2A) as well as cytoplasmic and neuritic inclusions in the
cortex (Figure 2C) and striatum (Figure 2D); rare intranu-
clear inclusions in small neurons of the striatum were also
seen (Figure 2E). No inclusions were labeled by mAbs

26, 132, and 164 in the remaining 25 FTLD-U cases
belonging to types 2 and 3, but mAb 244 stained a small
subset of the ubiquitin-positive inclusions in dentate
granule cells of the hippocampus (�25%) and in cortical
neurons (�5%) of four type 2 cases (cases 12 thru 15,
Table 1); mAb 244 stained none of the ubiquitin-positive
inclusions present in frontal cortex, temporal cortex, hip-

Figure 1. Patterns of FTLD-U pathology based on ubiquitin immunohistochemistry. Frontal cortex in FTLD-U cases. A and B: Type 1 is characterized by
abundance of long neuritic profiles predominantly in the superficial cortical layers (case 11). C and D: Type 2 is characterized by numerous cytoplasmic inclusions
in superficial and deep cortical layers as well as infrequent neuritic profiles (case 17). E and F: Type 3 is characterized by pathology predominantly in the
superficial cortical layers with numerous, often ring-shaped cytoplasmic inclusions, and frequent small neuritic profiles (case 18). Scale bars: 100 �m (A, C, E);
50 �m (B, D, F).

Pathological Heterogeneity of FTLD-U 1347
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pocampus, and striatum of the remaining 21 FTLD-U
cases examined (cases 16 thru 36, Table 1). The mAbs
137 and 471 stained the ubiquitin-positive pathological
inclusions in all six FTLD-U type 2 cases (cases 12 thru
17), and additionally stained a small subset of inclusions
in case 11, which belonged to type 1 (Table 1). In FTLD-U
type 2 cases, mAbs 137 and 471 labeled cytoplasmic
inclusions in the dentate gyrus (Figure 2G), cortex (Figure
2H), and striatum (Figure 2I), and rare intranuclear inclu-
sions were also seen (Figure 2J). None of the novel mAbs
generated stained the ubiquitin-positive inclusions in
cases demonstrating type 3 pathology (Figure 2, K–M).

Novel mAbs Specifically Detect Ubiquitin-
Positive Inclusions in FTLD-U but Not Inclusions
in Other Neurodegenerative Disorders

Double-labeling immunofluorescence experiments on
FTLD-U tissue sections were performed to verify that the
novel mAbs detect the same pathological structures im-
munolabeled by anti-ubiquitin antibodies (Figure 3, A–F).
In FTLD-U type 1 cases, cytoplasmic and neuritic inclu-
sions in the frontotemporal cortices (data not shown) as
well as cytoplasmic inclusions in hippocampal dentate
granule cells (Figure 3, A–C) were double-labeled by

Figure 2. Immunoreactivity profile for newly generated antibodies in FTLD-U cases with different patterns of inclusion pathology. A–E: Type 1: mAbs 164 and
132 label numerous cytoplasmic and neuritic inclusions in dentate gyrus (A; case 4, mAb 164), frontal cortex (C; case 4, mAb 164), and striatum (D; case 11, mAb
132) as well as intranuclear inclusions in striatal neurons (E; case 11, mAb 132). Inclusions in the dentate gyrus of a type 1 case are not labeled with mAb 137
(B; case 4, mAb 137). F–J: Type 2: Cytoplasmic inclusions are labeled with mAbs 137 and 471 in dentate gyrus (G; case 13, mAb 137), frontal cortex (H; case 13,
mAb 137), and striatum (I; case 14, mAb 471). Intranuclear neuronal inclusion in temporal cortex labeled with mAb 471 (J, case 14). Inclusions in the dentate
gyrus of a case with type 2 pathology are negative with mAb 164 (F, case 13). K–M: Type 3: Ubiquitin-positive inclusions in the dentate gyrus (K) of case 35,
type 3, are negative for mAbs 164 (L) and 471 (M). Scale bars: 50 �m (A–D, F–I, K–M); 10 �m (E, J).
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Figure 3. Specificity of newly generated antibodies for FTLD-U inclusions. A–C: FTLD-U type 1: ubiquitin-positive inclusions in the dentate gyrus (A) stain positive
using mAb 132 (B). D–F: FTLD-U type 2: ubiquitin-positive inclusions in the dentate gyrus (D) stain positive using mAb 137. G–J: �-Synuclein-positive Lewy
bodies (G, I) in DLB are not recognized by mAb 132 (H) or mAb 137 (J). K–R: Tau-positive neurofibrillary tangles, neuropil threads, and dystrophic neurites in
the hippocampus in AD (K, M) as well as Pick bodies in the dentate gyrus in PiD (O, Q) are not labeled by mAb 132 (L, P) or mAb 137 (N, R). Scale bars �
50 �m.
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mAb 132 and a rabbit anti-ubiquitin antibody. Similarly, in
FTLD-U type 2 cases, immunofluorescent staining of cy-
toplasmic inclusions in hippocampal dentate granule
cells and in frontotemporal cortices revealed co-localiza-
tion of mAb 471 staining with ubiquitin immunostaining
(Figure 3, D–F; and data not shown).

Furthermore, to determine the specificity of the novel
mAbs for FTLD-U inclusions, double-labeling immunoflu-
orescence experiments were performed using tissue
sections from other neurodegenerative disorders that ex-
hibit pathological protein inclusions, including DLB, AD,
and PiD. Although Lewy bodies in DLB were labeled with
an anti-�-synuclein antibody, no labeling of these inclu-
sions was seen using any of the novel mAbs (Figure 3,
G–J; and data not shown). Each of the novel mAbs also
failed to label neurofibrillary tangles, neuropil threads,
dystrophic neurites, and senile plaques in AD (Figure 3,
K–N; and data not shown) and Pick bodies in PiD (Figure
3, O–R; and data not shown) in immunofluorescence
experiments.

In addition, the specificity of mAbs 26, 132, 137, 164,
244, and 471 was confirmed in conventional immunohis-
tochemistry experiments using adjacent sections stained
with an anti-ubiquitin antibody. None of the novel mAbs
immunolabeled ubiquitin-positive inclusions in other neu-
rodegenerative diseases, including AD, PiD, DLB, and
multiple system atrophy, nor did the mAbs stain any
structures resembling inclusions in neuropathologically
normal brains (data not shown).

Discussion

FTLD-U, a form of frontotemporal lobar degeneration
characterized by the presence of ubiquitin-positive but
tau- and �-synuclein-negative inclusions, appears to be
the most common pathological subgroup of FTD, ranging
from 26 to 62% in various series of neuropathologically
confirmed FTLD cases.8–12 The purpose of the present
study was to gain more insights into the pathological
basis of FTLD-U. Examination of ubiquitin-immunola-
beled sections from a panel of 36 FTLD-U cases allowed
delineation of these cases into three patterns of pathol-
ogy. To test the hypothesis that these varying patterns of
ubiquitin-positive pathology in FTLD-U cases represent
pathological heterogeneity, novel mAbs that detect
FTLD-U inclusions were generated by immunizing mice
with insoluble high Mr material derived from FTLD-U cor-
tical gray matter. Although the mAbs demonstrated some
overlap in staining of pathological inclusions among the
cases in FTLD-U types 1 and 2, the mAbs generated from
case 11 (26, 132, 164, and 244) predominantly stained
pathological inclusions in FTLD-U cases with type 1 pa-
thology, whereas the mAbs generated from case 17 (137
and 471) more predominantly stained inclusions in type 2
FTLD-U cases. The existence of cases in which all of the
inclusions were stained by mAbs from case 11 (26, 132,
164, and 244) but none of the mAbs from case 17 (137
and 471), and vice versa, in addition to the fact that none
of the pathological inclusions in FTLD-U cases with type
3 pathology were detected by any of the novel mAbs,

indicates that FTLD-U is pathologically heterogeneous.
The selective staining by these novel mAbs of patholog-
ical inclusions in subsets of FTLD-U cases, all of which
exhibit ubiquitin-positive pathology, as well as failure of
the mAbs to detect free ubiquitin and ubiquitinated pro-
teins by immunoblot, indicates that the mAbs are not
anti-ubiquitin antibodies (Supplementary Figure 3, see
http://ajp.amjpathol.org). These mAbs do not stain ubiq-
uitin-positive inclusions in other neurodegenerative disor-
ders, including AD, DLB, and PiD, further reinforcing that
these antibodies are not recognizing ubiquitin and that
they demonstrate specificity for FTLD-U pathology.

The molecular basis of the pathological heterogeneity
among FTLD-U cases is unclear. One possibility is that
each of the FTLD-U types is characterized by inclusions
with a distinct protein composition. Alternatively, the
pathological inclusions in all FTLD-U cases may be com-
posed of the same protein building block, with the varia-
tion among types reflecting differences in the structural
properties of the protein within the inclusions. Such struc-
tural variation may represent different stages of inclusion
formation and/or may be the result of different posttrans-
lational modifications occurring in the three FTLD-U
types. There was some overlap in staining characteristics
in a few type 1 and 2 cases, raising the possibility that
inclusions in FTLD-U types 1 and 2 share a common
protein component, although this is speculative.

The ubiquitin-positive inclusions now regarded to be
characteristic of FTLD-U were first identified in patients
with clinical and pathological MND, and FTLD-U is com-
monly referred to as FTLD with MND-type inclusions
or MND-inclusion dementia.6,25 Okamoto and col-
leagues26–28 first described the presence of ubiquitin-
positive tau-negative intraneuronal inclusions in the den-
tate gyrus and cortex of several MND patients, and
subsequently, ubiquitin-positive inclusions were de-
scribed in the brains of patients with both FTD and MND,
as well as in patients who suffered from FTD but without
any clinical or pathological signs of MND. These findings
of pathological overlap suggest that FTLD-U and MND
may be part of a clinicopathological spectrum in which
the same molecular pathogenesis occurs in different
populations of neurons (ie, frontal and temporal cortical
neurons in FTD, motor neurons in MND) to cause different
clinical presentations. The existence of families with ubiq-
uitin-positive inclusions in which first-degree relatives
have presented with FTD, MND, or both FTD and MND,
lends support to this concept.29

Recent studies have closely examined the ubiquitin-
positive pathology of FTLD-U, FTLD-U with MND, and
MND, and have demonstrated pathological heterogene-
ity as well as overlap among these three disease entities.
A previous report suggested that the morphological char-
acteristics of neuronal inclusions in the dentate gyrus
may help in differentiating FTLD-U (described as having
Pick body-like, or crescentic/ring-shaped inclusions)
from FTLD-U with MND (described as having granular
inclusions).30 Although the number of cases with MND is
limited in the present cohort (three cases from type 2 and
seven cases from type 3), the dentate gyrus inclusions
immunostained by ubiquitin and novel mAbs (type 2
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cases) in the cases with MND did not appear significantly
different from the inclusions in cases without MND. An-
other recent report suggested that FTLD-U, FTLD-U with
MND, and MND represent a clinicopathological spec-
trum, based on the degree of overlap seen in these
entities by ubiquitin immunohistochemistry, with the only
finding restricted to a subset of patients being the pres-
ence of neuronal intranuclear inclusions in some familial
FTLD-U cases.31 In the present study, extremely rare
neuronal intranuclear inclusions were observed in several
sporadic FTLD-U cases, suggesting that intranuclear pa-
thology is not a specific marker for familial FTLD-U.

Familial forms of FTD with genetic linkage and in which
FTLD-U is the underlying pathology have been recently
reported, and identification of specific mutations in these
families may provide insights into the pathogenesis of
FTLD-U. Several reports have suggested linkage for au-
tosomal dominantly inherited FTLD-U to a region within
chromosome 17q21-22 in some of these families.14–17

Although this is the same chromosomal region in which
the tau gene is located, no tau mutations have been
found in any of these families, and patients from these
families have not been found to have tauopathy on neu-
ropathological examination.15–17 To date, no genetic mu-
tation responsible for FTLD-U in these chromosome 17-
linked families has been found. Three genetic loci on
chromosome 9 have also been linked to familial forms of
FTD. Families linked to chromosome 9p13.3-p12 have
been reported to exhibit autosomal dominant inheritance
of a unique disorder that clinically presents with a vari-
able combination of FTD, Paget disease of bone, and
myopathy,32 and responsible mutations have been iden-
tified in the gene that encodes valosin-containing protein
(VCP).33 Neuropathological examination of one patient
with a VCP mutation has revealed the presence of ubiq-
uitin-positive intranuclear inclusions, with an absence of
cytoplasmic inclusions, suggesting that cases with VCP
mutations may represent an atypical form of FTLD with
ubiquitin-positive inclusions.34 Two distinct loci on chro-
mosome 9 (9q21-22 and 9p13.2-21.3) have been linked
to autosomal dominantly inherited disease in families in
which patients develop both FTD and MND.13,35 Genetic
mutations on chromosome 9 have not yet been identified
in these families, but neuropathological examination of
patients with linkage to 9p13.2-21.3 has revealed the
presence ubiquitin-positive tau-negative inclusions.13 Of
note, most type 2 cases in the current study had a family
history positive for dementia or MND, although the signif-
icance of this is unclear.

In summary, this study demonstrates that FTLD-U is a
pathologically heterogeneous entity. Ubiquitin immuno-
histochemistry allowed categorization of FTLD-U into
three types based on the morphology and cortical distri-
bution of ubiquitin-positive inclusions. Novel mAbs, gen-
erated by immunization of mice with insoluble high Mr

material from FTLD-U cortical gray matter, selectively
immunostained inclusions in subsets of FTLD-U cases,
providing further objective evidence for pathological het-
erogeneity in FTLD-U. Additional studies are required to
determine the basis for this pathological variation in
FTLD-U as well as the precise molecular nature of patho-

logical lesions in FTLD-U, which may be clarified using
the novel mAbs developed here as probes in protein
biochemical approaches currently underway.

Note Added in Proof

Since the submission of this article, mutations in the
PRGN gene-encoding progranulin were shown to be
pathogenic for familial FTLD-U.36,37 However, progranu-
lin is not found in the ubiquitin inclusions of FTLD-U
syndromes caused by PRGN mutations, so the dis-
ease protein in the inclusion of FTLD-U remains to be
indentified.
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