
Summary. Mutations of the progranulin (GRN) gene are
a major cause of familial frontotemporal lobar
degeneration with transactive response (TAR) DNA-
binding protein of 43kDa (TDP-43) proteinopathy
(FTLD-TDP). We studied the spatial patterns of TDP-43
immunoreactive neuronal cytoplasmic inclusions (NCI)
and neuronal intranuclear inclusions (NII) in histological
sections of the frontal and temporal lobe in eight cases of
FTLD-TDP with GRN mutation using morphometric
methods and spatial pattern analysis. In neocortical
regions, the NCI were clustered and the clusters were
regularly distributed parallel to the pia mater; 58% of
regions analysed exhibiting this pattern. The NII were
present in regularly distributed clusters in 35% of
regions but also randomly distributed in many areas. In
neocortical regions, the sizes of the regular clusters of
NCI and NII were 400-800 µm, approximating to the
size of the modular columns of the cortico-cortical
projections, in 31% and 36% of regions respectively.
The NCI and NII also exhibited regularly spaced
clustering in sectors CA1/2 of the hippocampus and in
the dentate gyrus. The clusters of NCI and NII were not
spatially correlated. The data suggest degeneration of the
cortico-cortical and cortico-hippocampal pathways in
FTLD-TDP with GRN mutation, the NCI and NII
affecting different clusters of neurons.
Key words: Frontotemporal lobar degeneration with
TDP-43 proteinopathy (FTLD-TDP), TAR DNA-binding
protein (TDP-43), Progranulin (GRN) mutation, Spatial
topography

Introduction

Frontotemporal lobar degeneration (FTLD) is the
second most frequent form of cortical dementia of early-
onset after Alzheimer’s disease (AD) (Tolnay and
Probst, 2002). The disorder is associated with a
heterogeneous group of clinical syndromes including
frontotemporal dementia (FTD), FTD with motor neuron
disease (FTD/MND), progressive non-fluent aphasia
(PNFA), semantic dementia (SD), and progressive
apraxia (PAX) (Snowden et al., 2007). 

FTLD with transactive response (TAR) DNA-
binding protein of 43kDa (TDP-43) proteinopathy
(FTLD-TDP), previously called FTLD with ubiquitin
positive inclusions (FTLD-U), is characterized by
variable neocortical and allocortical atrophy principally
affecting the frontal and temporal lobes. Histologically,
there is neuronal loss, microvacuolation in the
superficial cortical laminae, and a reactive astrocytosis
(Cairns et al., 2007a; Armstrong et al., 2010). A variety
of TDP-43 immunoreactive changes are present in
FTLD-TDP including neuronal cytoplasmic inclusions
(NCI) (Davidson et al., 2007), neuronal intranuclear
inclusions (NII) (Pirici et al., 2006), dystrophic neurites
(DN) and, oligodendroglial inclusions (GI). 

A proportion of cases of FTLD-TDP cases are
familial (Cairns et al., 2007a); the majority of cases
being caused by mutations of the progranulin (GRN)
gene (Baker et al., 2006; Cruts et al., 2006; Mukherjee et
al., 2006; Behrens et al., 2007; Rademakers and Hutton,
2007). A less prevalent disorder, FTLD with valosin-
containing protein (VCP) gene mutation (Forman et al.,
2006), also has TDP-43 immunoreactive inclusions and
recently, variants in the ubiquitin associated binding
protein 1 (UBAP1) gene (Rollinson et al., 2009) were
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shown to have TDP-43 inclusions. Several different
frame-shift and premature termination mutations have
been identified in FTLD-TDP with GRN mutation (Beck
et al., 2008). Abnormal protein products may accumulate
within the endoplasmic reticulum of the cell due to
inefficient secretion or mutant RNA may have a lower
expression within the cell at least in some mutants
(Mukherjee et al., 2006). TDP-43 is a nuclear protein but
in FTLD-TDP, TDP-43 is redistributed from the nucleus
to the cytoplasm, is ubiquinated, hyperphosphorylated,
and then cleaved to generate C-terminal fragments
(Neumann et al 2007). These fragments accumulate to
form the NCI and NII which may cause cell death. 

Inclusions incorporating abnormal protein
aggregates are a common histological feature of
neurodegenerative disease; the majority characterised by
tau (tauopathies) or α-synuclein (synucleinopathies)
immunoreactivity (Goedert et al., 2001). In the
neocortex of the tauopathies (Armstrong et al., 1998,
1999), synucleinopathies (Armstrong et al., 1997, 2004)
and neuronal intermediate filament inclusion disease
(NIFID) (Bigio et al., 2003; Cairns et al., 2003, 2004;
Josephs et al., 2003; Armstrong and Cairns, 2006; Cairns
and Ghoshal, 2010), the NCI occur in clusters which
exhibit a regular periodicity parallel to the pia mater.
suggesting the inclusions develop in relation to specific
cortico-cortical and cortico-hippocampal projections.
The objectives of the present study were to determine in
cases of FTLD-TDP with GRN mutation: 1) whether the
NCI and NII exhibit a similar spatial pattern, 2) the
relative importance of the NCI and NII, and 3) whether
the NCI and NII are spatially correlated.
Materials and Methods

Cases 

Eight cases of familial FTLD-TDP (see Table 1)
with GRN mutation were obtained from the Departments
of Neurology and Pathology and Immunology,
Washington University, School of Medicine, St. Louis,
Mo., USA. All cases exhibited frontotemporal lobar
degeneration with neuronal loss, microvacuolation

affecting the superficial cortical laminae, and reactive
astrocytosis (Cairns et al., 2007b). None of the cases had
coexisting motor neuron disease (FTLD-MND) (Josephs
et al., 2005; Kersaitis et al., 2006) or hippocampal
sclerosis (HS). Braak stage of the cases was based on the
density and distribution of neurofibrillary tangles (NFT)
(Braak et al., 1993).
Histological methods 

After death, the consent of the next of kin was
obtained for brain removal, following local Ethical
Committee procedures (Washington University School
of Medicine, Human Studies Committee) and the 1995
Declaration of Helsinki (as modified Edinburgh, 2000).
Tissue blocks were taken from the frontal cortex at the
level of the genu of the corpus callosum to study the
middle frontal gyrus (MFG) and the temporal lobe at the
level of the lateral geniculate body to study the inferior
temporal gyrus (ITG), parahippocampal gyrus (PHG),
CA1/2 sectors of the hippocampus, and dentate gyrus
(DG). Tissue was fixed in 10% phosphate buffered
formal-saline and embedded in paraffin wax.
Immunohistochemistry (IHC) was performed on 4-10
µm sections with a rabbit polyclonal antibody that
recognizes TDP-43 (dilution 1:1000; ProteinTech Inc.,
Chicago, IL). Sections were also stained with
haematoxylin. A low power view of the inclusions in the
ITG is shown in Figure 1.
Morphometric methods

In neocortical regions, the NCI and NII were
counted along strips of tissue (1600 to 3200 µm in
length) located parallel to the pia mater, in 250x50 µm
sample fields arranged contiguously. The sample fields
were located in the upper (II/III) and lower (V/VI)
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Fig. 1. Low power view of the inclusions in the temporal cortex (lamina
II) in famil ial frontotemporal lobar degeneration with TDP-43
proteinopathy (FTLD-TDP) with progranulin (GRN) mutation. TDP-43
immunohistochemistry, haematoxylin. Scale bar: 30µm.

Table 1. Demographic features and gross brain weight of the eight
cases of familial frontotemporal lobar degeneration with TDP-43
proteinopathy (FTLD-TDP) caused by progranulin (GRN) mutation.

Case Gender Age Onset Duration Brain weight Braak score

A F 74 68 6 975 0
B F 84 69 15 570 4
C M 67 52 15 960 0
D F 67 58 9 880 2
E M 63 57 6 1080 1
F M 66 55 11 1050 1
G M 79 71 8 1150 -
H F 82 73 9 800 6

Braak score based on density and distribution of neurofibrillary tangles.
M: male; F: female.



laminae; the short edge of the sample field being
orientated parallel with the pia mater and aligned with
guidelines marked on the slide. In the hippocampus, the
NCI and NII were counted from sector CA1 to CA2, the
short dimension of the contiguous sample field being
aligned with the alveus. NCI also occur in the dentate
gyrus fascia in FTLD-TDP (Woulfe et el., 2001; Kovari
et al., 2004; Mackenzie et al., 2006) and were counted
with the sample field aligned with the upper edge of the
granule cell layer. The number of NCI and NII were
counted in each sample field. The majority of the NCI
conformed to the C-type (Yaguchi et al., 2004) (Fig. 2)
comprising large, intensely stained circular or crescent-
shaped inclusions while the NII were present in nuclei
with little normal TDP-43 immunolabelling (Pirici et al.,
2006). 
Data analysis

The data were analysed by spatial pattern analysis
(Armstrong, 1993a, 1997, 2006). This method uses the
variance-mean ratio (V/M) of the data to determine
whether the inclusions were distributed randomly
(V/M=1), regularly (V/M<1), or were clustered (V/M>1)
along the strip of tissue studied. Counts of inclusions in
adjacent sample fields were then added together
successively to provide data for increasing field sizes,
e.g., 50x250 µm, 100x250 µm, 200x250 µm etc., up to a
size limited by the length of the strip sampled. V/M is
plotted against field size to determine first, whether the
clusters of inclusions were regularly or randomly
distributed and second, to estimate the mean cluster size
parallel to the tissue boundary. A V/M peak indicated the
presence of regularly spaced clusters (Armstrong, 1993a,
1997, 2006). The statistical significance of a peak was
tested using the ‘t’ distribution. Pearson’s correlation
coefficient ‘r’ was used to test the degree of correlation

between the densities of NCI and NII (Armstrong,
2003).
Results

Examples of the spatial patterns exhibited by the
NCI and NII in individual brain regions are shown in Fig
3. In the upper laminae of the MFG, there was a V/M
peak at a field size of 400 µm suggesting the presence of
clusters of NCI, 400 µm in diameter, regularly
distributed parallel to the pia mater. In the upper laminae
of the PHG, the NII exhibited a V/M peak at a field size
of 200 µm suggesting the presence of clusters of NII,
200 µm in diameter, also regularly distributed parallel to
the pia mater. 

A summary of the spatial patterns observed in all
regions and cases is shown in Table 2. In the neocortex,
the commonest spatial pattern exhibited by the NCI was
the presence of clusters of lesions regularly distributed
parallel to the pia mater, a pattern observed in 11/19
(58%) of regions analysed. In neocortical regions
exhibiting regular clustering, the cluster size of the NCI
was in the size range 400-800µm in 4/13 (31%) regions,
less than 400 µm in 8/13 (62%) regions, and greater than
800 µm in 1/13 (8%) of regions. In remaining regions,
lesions were distributed at random, were regularly
distributed, or were present in larger clusters. Similarly,
the NII were present in regularly distributed clusters in
the neocortex in 11/31 (35%) regions. The regularly
distributed clusters of the NII were in the size range 400-
800 µm in 4/11 (36%) of regions, less than 400 µm in
6/11 (55%) of regions, and greater than 800 µm in 1/11
(9%) of regions. A random distribution of the NII was
present in 12/31 (39%) of analyses. Regularly spaced
clustering of NCI and NII was also present in sectors

187
TDP-43 inclusions in FTLD-TDP

Fig. 3. Examples of the spatial patterns exhibited by neuronal
cytoplasmic inclusions (NCI) in the upper laminae of the middle frontal
gyrus (MFG) and neuronal intranuclear inclusions (NII) in the upper
laminae of the parahippocampal gyrus (PHG) in familial frontotemporal
lobar degeneration with TDP-43 proteinopathy (FTLD-TDP) with
progranulin (GRN) mutation *: Peak significant at P<0.05.

Fig. 2. Neuronal cytoplasmic inclusions (NCI) (double arrow) and
neuronal intranuclear inclusions (NII) (single arrow) in the upper laminae
of the parahippocampal gyrus (PHG) in familial frontotemporal lobar
degeneration with TDP-43 proteinopathy (FTLD-TDP) with progranulin
(GRN) mutation. TDP-43 immunohistochemistry, haematoxylin. Scale
bar: 10 µm.



CA1/2 of the hippocampus and in the dentate fascia.
Chi-square (χ2) contingency tests suggested that the NCI
and NII exhibited a similar range of spatial patterns
(χ2=2.73, 3DF, P>0.05). 

In a total of 41 regions, there were positive
correlations between the densities of the NCI and NII in
only 2/41 (5%) of regions. Hence, the clusters of NCI
and NII were distributed independently of each other in

the majority of regions.
Discussion

The NCI were clustered and the clusters frequenctly
exhibited a regular periodicity parallel to the tissue
boundary. The NII were present in regularly clustered in
about a third of regions but were also randomly
distributed in many areas. The spatial patterns of the
NCI are similar to those of comparable inclusions in the
tauopathies (Armstrong, 1993b; Armstrong et al., 1998,
1999) synucleinopathies (Armstrong et al., 1997, 2004),
and in NIFID (Armstrong and Cairns, 2006) suggesting
a common pattern of degeneration in these disorders
(Armstrong et al., 2001). 

In the tauopathies, synucleinopathies, and in NIFID,
the spatial patterns of the NCI suggest degeneration of
specific cortico-cortical and cortico-hippocampal
projections (Hiorns et al., 1991; De Lacoste and White,
1993; Armstrong et al., 2001; Delatour et al., 2004). The
cells of origin of these projections are approximately
500-800 µm in width, traverse the laminae in columns,
and are regularly distributed along the cortex (Hiorns et
al., 1991). In FTLD-TDP with GRN mutation, the NCI
and NII were regularly distributed parallel to the pia
mater in 58% and 35% of cortical regions respectively
consistent with their development in relation to the
cortico-cortical pathways. Moreover, the estimated size
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Table 2. Spatial pattern of the TDP-43 immunoreactive neuronal cytoplasmic inclusions (NCI) and neuronal intranuclear inclusions (NII) in areas of the
frontal and temporal lobe in eight cases of frontotemporal lobar degeneration with TDP-43 proteinopathy (FTLD-TDP) caused by progranulin (GRN)
mutation.

Brain region and lamina

Case FC ITG PHG HC DG
II/III V/VI II/III V/VI II/III V/VI

A NCI 400 - - - - - - -
NII R Reg 50,200 R 200 Reg - -

B NCI 400 - - - - - R >400
NII R - - - >400 - - -

C NCI - R - - - - - 50,400
NII >800 R R Reg 200 Reg 200 100

D NCI 400 400 200 R - - - -
NII 50,400 400 200 100 - - R -

E NCI R 200 - - - - - >800
NII R 100 - - - - - -

F NCI 100 Reg 100 - - - - R
NII 400 R R - - 200 - 50

G NCI >800 - R - 100 - - 50
NII R - Reg R - - - -

H NCI 100 100 100 Reg - - 200 200
NII R Reg - - - R 100 -

Data represent the dimensions (µm), measured parallel to the tissue boundary, of regularly distributed clusters of NCI and NII with the following
exceptions: R: Random distribution; RG: Regular distribution of individual inclusions. Data preceded by ‘>’ indicate large scale clustering of at least the
dimension indicated and without regular spacing. Where two figures are present, clustering occurred at two scales, i.e., smaller clusters were
aggregated into larger ‘superclusters’. (-) indicates that density of inclusions was too low to determine spatial pattern. Chi-square (χ2) contingency
tables: Comparison of totals for cortical regions versus CA1/2 and DG; NCI (χ2=2.88, P>0.05); NII (χ2=2.79, P>0.05), Comparison between histological
features: χ2=2.73, 2DF, P>0.05. familial frontotemporal lobar degeneration with TDP-43 proteinopathy (FTLD-TDP) with progranulin (GRN) mutation.
MFG: Middle frontal gyrus; ITG: Inferior temporal gyrus; PHG: Parahippocampal gyrus; HC: sectors CA1/2 of the Hippocampus; DG: Dentate gyrus.

Table 3. Comparison of the abundance and distribution of inclusions in
regions of frontal and temporal cortex, in the tauopathies,
synucleinopathies, neuronal intermediate filament inclusion disease
(NIFID) and frontotemporal lobar degeneration with TDP-43
proteinopathy (FTLD-TDP).

Disorder Inclusion FC ITG PHG HC DG

Pick’s disease NCI + + + + ++
Corticobasal degeneration NCI + ++ ++ + +
Progressive supranuclear palsy NCI + + + ++ +
Dementia with Lewy bodies NCI ++ ++ ++ + 0
Multiple system atrophy GCI + + + + 0
NIFID NCI ++ ++ ++ ++ ++
FTLD-TDP NCI ++ ++ ++ 0 ++

NCI: neuronal cytoplasmic inclusions; GCI: Glial cytoplasmic inclusions;
FC: Frontal cortex; ITG: Inferior temporal gyrus; PHG: Parahippocampal
gyrus; HC: sectors CA1/2 of the Hippocampus; DG: Dentate gyrus; ++:
frequent; +: moderately frequent; O: rare or absent



of the NCI or NII clusters approximated to the assumed
dimension of the cells of origin of these projections in
31% and 36% of regions respectively. 

In some neocortical regions, the NCI and NII
occurred in clusters 50-200µm in diameter; smaller than
the size of the cortico-cortical columns and a similar size
to the clusters of NCI in NIFID (Armstrong and Cairns,
2006). Hence, in some regions, TDP-43 pathology
appears to affect only a subset of the neurons within a
column. In some neocortical regions, the smaller clusters
of NCI and NII were aggregated into larger
‘superclusters’ and in other areas, clusters >800 µm in
diameter were present. Hence, smaller clusters may give
rise to larger accumulations of lesions as the disease
develops (Armstrong, 1993b). In addition, in the
majority of regions, the clusters of NCI and NII were not
spatially correlated with each other suggesting they
affect different clusters of neurons. 

In conclusion, the spatial patterns of the TDP-43
immunoreactive NCI and NII in FTLD-TDP with GRN
mutation are similar to those reported in the tauopathies
(Armstrong, 1993, Armstrong et al., 1998, 1999),
synucleinopathies (Armstrong et al., 1997, 2004), and
NIFID (Armstrong and Cairns, 2006). Both NCI and NII
contribute to the degeneration of cortical columns in the
frontal and temporal lobes in FTLD-TDP. The similarity
in the spatial pattern of inclusions in the neocortex of
different dementias suggests cortico-cortical breakdown
is a feature common to these disorders and result in the
formation of aggregated inclusions within neurons
incorporating various molecular residues (Armstrong et
al., 2008). Differences in clinical syndromes between
disorders may depend on the selective vulnerability of
different neocortical regions and the pattern of spread of
the pathology (Table 3). Hence, tauopathies such as
Pick’s disease (PD) together with NIFID and FTLD-
TDP have high densities of inclusions in the DG while
PD, corticobasal degeneration (CBD), multiple system
atrophy and FTLD-TDP have few or no inclusions in the
CA sectors of the hippocampus.
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