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Abstract 

 

Aims: To further characterize the neuropathology of the heterogeneous molecular 

disorder frontotemporal lobar degeneration (FTLD) with transactive response (TAR) 

DNA-binding protein of 43kDa (TDP-43) proteinopathy (FTLD-TDP). Methods: We 

quantified the neuronal cytoplasmic inclusions (NCI), glial inclusions (GI), neuronal 

intranuclear inclusions (NII), dystrophic neurites (DN), surviving neurons, 

abnormally enlarged neurons (EN), and vacuoles in regions of the frontal and 

temporal lobe using a phosphorylation independent TDP-43 antibody in thirty-two 

cases of FTLD-TDP comprising sporadic and familial cases, with associated 

pathology such as hippocampal sclerosis (HS) or Alzheimer’s disease (AD), and four 

neuropathological subtypes using TDP-43 immunohistochemistry. Analysis of 

variance (ANOVA) was used to compare differences between the various groups of 

cases.  Results: These data from FTLD-TDP cases demonstrate quantitative 

differences in pathological features between: (1) regions of the frontal and temporal 

lobe, (2) upper and lower cortex, (3) sporadic and progranulin (GRN) mutation cases, 

(4) cases with and without AD or HS, and (5) between assigned subtypes. 

Conclusions: The data confirm that the dentate gyrus is a major site of 

neuropathology in FTLD-TDP and that most laminae of the cerebral cortex are 

affected. GRN mutation cases are quantitatively different from sporadic cases while 

cases with associated HS and AD have increased densities of dystrophic neurites 

(DN) and abnormally enlarged neurons (EN) respectively. There is little correlation 

between the subjective assessment of subtypes and the more objective quantitative 

data.  
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List of abbreviations 

AD   Alzheimer’s disease 

ANOVA  Analysis of variance 

CA   Cornu Ammonis 

CBD   Corticobasal degeneration 

DN   Dystrophic neurites  

DG   Dentate gyrus 

EN   Abnormally enlarged neurons 

FTD   Frontotemporal dementia 

FTLD   Frontotemporal lobar degeneration 

FTLD-U Frontotemporal lobar degeneration with ubiquitin positive 

inclusions   

GI   Glial inclusions 

GRN   Progranulin (protein) 

GRN   Progranulin (gene) 

HDDD   Hereditary dysphasic disinhibition dementia 

IHC   Immunohistochemistry 

HS   Hippocampal sclerosis 

ITG   Inferior temporal gyrus 

MFG   Middle frontal gyrus 

MND   Motor neuron disease 

NCI   Neuronal cytoplasmic inclusion 

NII   Neuronal intranuclear inclusion 

NFT Neurofibrillary tangle 

PAX Progressive apraxia 

PHG Parahippocampal gyrus 

PNFA Progressive non-fluent aphasia 

PiD Pick’s disease 

SD Semantic dementia 

SP Senile plaque 

STG Superior temporal gyrus 

TDP-43 Transactive response (TAR) DNA-binding protein of 43kD  

UBAP1 Ubiquitin-associated binding protein 1 

VCP Valosin-containing protein 
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Introduction 

 

Frontotemporal lobar degeneration (FTLD) is the second most frequent form of 

cortical dementia of early-onset after Alzheimer’s disease (AD) [1]. 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) [2].  

 

FTLD with transactive response (TAR) DNA-binding protein of 43kDa (TDP-43) 

proteinopathy (FTLD-TDP), previously called FTLD with ubiquitin immunoreactive 

inclusions (FTLD-U) [3,4], is characterized by variable neocortical and allocortical 

atrophy principally affecting the frontal and temporal lobes. In addition, there is 

neuronal loss, microvacuolation in the superficial cortical laminae, and a reactive 

astrocytosis [5]. A variety of TDP-43 immunoreactive lesions are present in FTLD-

TDP including neuronal cytoplasmic inclusions (NCI), neuronal intranuclear 

inclusions (NII), dystrophic neurites (DN), and oligodendroglial inclusions (GI).  

 

FTLD-TDP is a heterogeneous molecular disorder [6]. First, there are sporadic and 

familial forms of the disease; the majority of the latter being caused by mutations in 

the progranulin (GRN) gene [7-14]. In addition, cases with valosin-containing 

protein (VCP) gene mutation [15], variants in the ubiquitin-associated binding 

protein 1 (UBAP1) gene [16,17], and common variants at the 7p21 locus have also 

been shown to be associated with FTLD with TDP-43 inclusions [18].  Second, 

FTLD can occur in combination with either MND (FTLD-MND), such cases often 

being associated with a more localized pattern of frontal lobe atrophy [19] or with 

hippocampal sclerosis (HS) [20], in which there is neuronal loss in the subiculum and 

sector CA1 of the hippocampus [21]. Some cases within the age range of FTLD-TDP, 

and especially those of later onset or expressing apoplipoprotein E (APOE) allele 4, 

exhibit varying degrees of AD pathology, viz. AD-type senile plaques (SP) and 

neurofibrillary tangles (NFT). A proportion of cases exhibit a degree of AD 

pathology greater than expected from normal aging [6]. Third, several attempts have 

been made to subtype FTLD-TDP [22-24]. Most schemes define four pathological 

subtypes, based originally on ubiquitin immunohistochemistry (IHC) but extended to 
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cases of FTLD-TDP, and which utilize the distribution and density of the 

pathological changes in neocortical regions. The same descriptors have been used to 

define subtypes but the numbering of each subtype varies between different schemes. 

Using a composite system proposed by Cairns et al. [24]: type 1 cases (Mackenzie-

type 2) are characterized by long DN in superficial cortical laminae with few or no 

NCI or NII, type 2 (Mackenzie-type 3) by numerous NCI in superficial and deep 

cortical laminae with infrequent DN and sparse or no NII, type 3 (Mackenzie-type 1) 

by pathology predominantly affecting the superficial cortical laminae with numerous 

NCI, DN and varying numbers of NII, and type 4 by numerous NII, and infrequent 

NCI and DN especially in neocortical areas.  

 

A previous study quantified the pathology in 94 cases of FTLD-TDP obtained from 

several academic centres [6] and principal components analysis (PCA) was used to 

compare the degree of similarity and dissimilarity between individual cases. To 

further characterize the neuropathology of this heterogeneous molecular disorder we 

quantified, in detail, the pathological changes in various regions of the frontal and 

temporal lobe in a subset of these cases, viz.,  thirty-two cases of FTLD-TDP 

obtained from a single academic centre (Alzheimer’s Disease Research Centre, 

Washington University School of Medicine, St Louis, Missouri, USA). The specific 

objectives were to compare the densities of the pathological changes between: (1) 

brain regions, (2) upper and lower cortex, (3) familial and sporadic cases, (4) cases 

with and without associated HS or AD pathology, and (5) assigned disease subtypes. 

In this study, analysis of variance (ANOVA) was used to compare the mean densities 

of histological features between the various groups of cases. 

. 

Materials and Methods 

 

Cases  

 

Thirty-two cases of clinically and neuropathologically well-characterized FTLD-TDP 

(16 male, 16 female) (see Table 1) were obtained from the Departments of Neurology 

and Pathology & Immunology, Washington University School of Medicine, St. 

Louis, MO., USA. All cases exhibited FTLD with neuronal loss, varying degrees of 

microvacuolation in the superficial cortical laminae, and a reactive astrocytosis 
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consistent with proposed diagnostic criteria for FTLD-TDP [24]. A variety of TDP-

43 immunoreactive lesions were present in these cases including NCI, NII, GI, and 

DN. Of the 32 cases, 20 were identified as familial (at least one or more first degree 

relatives affected) and of these, 10 cases were identified as having GRN mutations 

[7,8], one had a VCP gene mutation [15], and one case was associated with UBAP1 

[17], a presumptive gene on chromosome 9p21. The majority (N = 7) of the GRN 

cases come from a single hereditary dysphasic disinhibition dementia (HDDD) family 

(HDDD2) [9] and the remainder (N = 3) from the HDDD1 family. The genetic 

defects in the remaining familial cases (N = 8) have not been identified to date. None 

of the cases had coexisting MND (FTLD-MND) [25,26] but six were identified as 

having associated HS [20]. Identification of cases with additional AD pathology 

greater than that observed in normal aging [6] was based on Braak’s amyloid and 

NFT scores [27] which are themselves based on the topographical distribution of 

lesions in circumscribed areas of the limbic system and higher cortical areas. Cases 

with either an amyloid or NFT score of 4 or greater were considered to have 

associated AD pathology. Nine such cases were identified, five of which had both 

amyloid and NFT scores greater than 4 while four cases had only an NFT score 

greater than 4. Cases were assigned to the four subtypes of FTLD-TDP by an 

experienced neuropathologist, blind to cases details, based on the composite scheme 

of Cairns et al. [24]. To provide baseline data for comparison of the densities of 

surviving neurons, eight control cases, with no neurological or psychiatric histories, 

within the age range of the FTLD-TDP cases (61-80 years) were also studied. 

 

Histological methods  

 

After death, the consent of the next of kin was obtained for brain removal, following 

local Ethical Committee procedures (Human Studies Committee, Washington 

University School of Medicine) 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. Following formic acid (95%) pretreatment for 5 minutes, 
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IHC was performed on 4 - 10µm sections with a rabbit polyclonal antibody (that 

recognizes TDP-43 (dilution 1:1000; ProteinTech Inc., Chicago, IL). Sections were 

also stained with haematoxylin. 

 

Both phosphorylation-dependent (pTDP-43) and independent (iTDP-43) antibodies 

have been used to study the TDP-43 immunoreactive pathological changes in FTLD-

TDP [28-31]. Initially we and many other groups used iTDP-43 which immunolabels 

normal physiological TDP-43 as well as pathological inclusions. This is a particularly 

useful attribute as this antibody shows clearly that in most neurons there is reduced 

staining in the nucleus and increased staining of the cytoplasm leading to the 

hypothesis that the protein is abnormally translocated in disease. However, it is often 

difficult to distinguish the presence of an abnormal inclusion, or pre-inclusion, in the 

nucleus, or even the cytoplasm where normal and abnormal staining may admix. The 

advantage of pTDP-43 antibodies is that they do not immunolabel normal 

physiological TDP-43 [28,31], especially in the nucleus, thus enabling the TDP-43-

immunoreactive lesions to be more clearly visualized and quantified. Nevertheless, 

studies suggest that the pTDP-43 immunoreactive lesions do not always co-localize 

with those revealed by iTDP-43 antibodies [30]. To address this question, we 

compared the densities of iTDP-43- and pTDP-43 immunoreactive lesions in sectors 

CA1/2 of the hippocampus using the Bland and Altman method [32] to compare the 

extent of the agreement between the two antibodies. 

 

Morphometric methods 

 

In the MFG, ITG, and PHG of each case, histological features were quantified along 

strips of tissue (1600 to 3200µm in length), located parallel to the pia mater, using 

between 32 and 64, 250 x 50µm sample fields arranged contiguously [33]. The 

sample fields were located both in the upper (approximating to laminae II/III) and 

lower (approximating to laminae V/VI) cortex; the short edge of the sample field 

being orientated parallel to the pia mater and aligned with guidelines marked on the 

slide. In the hippocampus, the features were counted in the cornu ammonis (CA) in 

sectors CA1 and CA2; the short dimension of the contiguous sample field being 

aligned with the alveus. NCI have been commonly observed in the DG fascia in 

FTLD-TDP [3,4,22] and a smaller sample field (50 x 50m) was aligned with the 
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upper edge of the granule cell layer. The data were then expressed per 250 x 50m 

sample field so that they were directly comparable with those from the other brain 

regions. The NCI [34,35, GI [36-41], NII [42] and DN [43] were counted in each 

sample field. Pre-inclusions were not included in the quantification.  Surviving 

neurons were identified as cells containing at least some stained cytoplasm in 

combination with larger shape and non-spherical outline [44]. By contrast, small 

spherical or asymmetrical nuclei without cytoplasm, but with the presence of a 

thicker nuclear membrane and more heterogeneous chromatin, were identified as glial 

cells. Abnormally enlarged neurons (EN) are a common feature of several 

neurodegenerative diseases. They are an important aspect of the pathology of 

tauopathies such as Pick’s disease (PiD) [45], corticobasal degeneration (CBD) [46], 

and argyrophilic grain disease (AGD) [47], and have also been described in 

Alzheimer’s disease (AD) [48]. EN in FTLD-TDP  were quantified according to the 

following criteria: (1) enlarged perikarya lacking NCI, (2) a shrunken nucleus 

displaced to the periphery of the cell, and (3) a maximum cell diameter of at least 

three times the diameter of the nucleus [44]. The EN in FTLD-TDP are not tau-

immunoreactive but it is not currently known whether they are immunoreactive to 

beta-crystallin. The number of discrete vacuoles greater than 5m in diameter was 

also recorded in each sample field [49,50].  

 

Data analysis 

 

The data were analyzed by analysis of variance (ANOVA) with subsequent 

comparisons between groups using Fisher’s ‘protected least significant difference’ 

(PLSD) post-hoc procedure (STATISTICA software, Statsoft Inc., 2300 East 14th St, 

Tulsa, Ok, 74104, USA). First, the densities of each histological feature in the upper 

cortical laminae of neocortical regions were compared with those in sectors CA1/2 

and the DG using a one-way ANOVA. A similar analysis was then carried out but 

substituting densities in the lower cortical laminae. Second, densities of each 

histological feature were compared between the upper and lower cortex using two-

factor, split-plot ANOVA with brain region as a main-plot factor and cortical laminae 

as the sub-plot factor. Third, the densities of each histological feature were compared 

initially between the sporadic cases and all familial cases using unpaired ‘t’ tests, and 

then between the cases divided into four subgroups, viz., 1) sporadic cases, 2) cases 
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with GRN mutation, 3) cases with other mutations (VCP, CH9), and 4) the remaining 

undetermined familial cases; the groups being compared by a one-way ANOVA. 

There were no differences between GRN mutation cases originating from the HDDD1 

and HDDD2 families and these cases were analyzed as a single group. Fourth, 

densities were compared between cases divided into three subgroups based on the 

presence of associated pathology, viz., 1) FTLD-TDP with HS, 2) FTLD-TDP with 

AD pathology, and 3) FTLD-TDP without any apparent associated pathology. In 

addition, densities were compared between the four subtypes of the disease based on 

the composite scheme of Cairns et al. [24]. 

 

Results 

 

Typical examples if the TDP-43-immunoreactive inclusions are shown in Figs 1a-c. 

The NCI (Fig 1a) were round or spicular in shape[34,35], while the GI (Fig 1a) 

morphologically resembled the ‘coiled bodies’ reported in various tauopathies such as 

corticobasal degeneration (CBD) [36,37], progressive supranuclear palsy (PSP) [37-

39], and argyrophilic grain disease (AGD) [41]. The NII (Fig 1b) were often 

lenticular, spindle-shaped, or circular in shape [42] and the DN (Fig 1a) were 

characteristically long and contorted [43]. A typical example of EN in FTLD-TDP is 

shown in Fig 1c. 

 

A comparison of the densities of TDP-43-immunoreactive inclusions in sectors 

CA1/2 of the hippocampus in sections immunolabelled with iTDP-43 and pTDP-43 

antibodies is shown in Table 2. For the NCI, the overall mean bias was +0.22 (SD = 

0.31, CV 0.62). Hence, on average the pTDP-43 antibody revealed +0.22 more NCI 

per sample field than iTDP-43. For the GI, the mean bias was +0.09 and thus pTDP-

43 revealed slightly more GI per plot. For the NII, the mean bias was –0.12 and thus 

on average pTDP-43 revealed 0.12 fewer lesions than the iTDP-43 antibody. For the 

DN, the errors were symmetrically distributed approximately around zero (mean bias 

was –0.04) and therefore very similar densities of DN were revealed by both 

antibodies. 

 

The densities of the TDP-43-immunoreactive lesions in each brain region, averaged 

over the thirty-two cases, are shown in Fig 2. Significant differences in density of 
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NCI were observed between regions when both the upper (F = 7.43, P < 0.001) and 

lower (F = 9.46, P < 0.001) cortex data were included in the analysis. When densities 

of NCI in the upper cortex were compared with sectors CA1/2 and the DG, densities 

were greater in the DG compared with all other regions. In addition, the density of 

NCI was significantly greater in the MFG compared with CA1/2. Results were 

similar when lower cortex data were substituted in the analysis. Apart from the DG, 

in which no GI were recorded, there were no significant differences in GI density 

between regions. Significant differences in the density of NII were observed between 

regions in the upper (F = 2.91, P < 0.05) and lower (F = 3.23, P < 0.05) cortex. When 

densities in the upper cortex were compared with sectors CA1/2 and the DG, 

densities were significantly lower in the DG compared with the CA1/2 and the MFG. 

There were significant differences in the density of DN between regions in the upper 

cortex only (F = 3.14, P < 0.05). In addition, the density of DN was significantly 

lower in the DG compared with all neocortical regions.  

 

The mean densities of the vacuolation, surviving neurons, and EN in each brain 

region, averaged over cases, are shown in Fig 3. There were significant variations in 

the density of vacuoles between regions in the upper (F = 8.34, P < 0.001) and lower 

(F = 2.95, P < 0.05) cortex. There were no significant differences in the density of 

surviving neurons between neocortical gyri. There were significant variations in the 

density of EN between regions in the upper (F = 7.18, P < 0.001) and lower (F = 

10.52, P < 0.05) cortex. When densities in the upper cortex were analyzed, the 

density of the EN was lower in the MFG than the ITG but greater than in the DG.  In 

addition, densities of the EN were greater in CA1/2 compared with the ITG, PHG, 

and DG. Similar results were obtained when lower cortical data were substituted in 

the analysis except that the density of vacuoles was significantly lower in the DG but 

only when compared with the MFG. 

 

The mean densities of surviving neurons in regions of frontal and temporal lobe in the 

control cases studied are shown in Table 3. Compared with controls, the FTLD-TDP 

cases collectively show approximately similar reductions in neurons in each of the 

brain regions examined. 
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A comparison of the densities of histological features between upper and lower cortex 

using two-factor ANOVA is shown in Table 4. In all regions, the densities of NCI (F 

= 7.41, P < 0.01), DN (F = 10.27, P < 0.01), and vacuoles (F = 35.24, P < 0.001) were 

greater in the upper cortex while the density of NII (F = 6.35, P < 0.01) was greater in 

the lower cortex. There were no significant differences in the densities of the GI or 

surviving neurons between the upper and lower cortex. The distribution of EN was 

more complex; a significant cortical laminae/region interaction (F = 5.59, P < 0.01) 

suggesting that densities of EN were greater in the upper cortex in the MFG but in the 

lower cortex in the ITG. 

 

A comparison of familial and sporadic FTLD-TDP cases is shown in Table 5. There 

were no significant differences in the density of histological features between 

sporadic cases and the familial cases taken as a whole. When cases were divided into 

four subgroups, however, the density of NCI was greater in the MFG of the GRN 

mutation cases and in cases caused by VCP and CH9, compared with the sporadic and 

undetermined familial cases (F = 3.12, P < 0.05). Moreover, the densities of the 

vacuoles (F = 4.03, P < 0.05) and DN (F = 3.47, P < 0.05) were greater in the GRN 

cases compared with the other familial cases and the sporadic cases. In the DG, there 

were greater numbers of surviving granule cells in the GRN mutation cases compared 

with the other patient groups (F = 4.31, P < 0.05).  

 

A comparison of the densities of histological features in FTLD-TDP cases with and 

without associated HS or AD pathology is shown in Table 6. In the upper cortex of 

the MTG, there were greater densities of EN (F = 4.62, P < 0.05) in cases with 

significant AD pathology. In addition, in the upper cortex of the ITG, there were 

greater densities of DN (F = 3.84, P < 0.05) in cases with associated HS and in 

sectors CA1/2 of the hippocampus, greater densities of NCI in cases with associated 

AD pathology (F = 4.05, P < 0.05). 

 

A comparison of the densities of histological features in the FTLD-TDP cases 

assigned to the four subtypes is shown in Table 7. There were no significant 

differences between subtypes in the densities of GI or DN in any of the brain regions 

studied, and in sectors CA1/2 and the DG, no differences in density of any of the 

pathological features with subtype. There were, however, significant differences in 
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the density of NCI between subtypes in three regions. Hence, in the upper cortex of 

the MFG (F = 3.25, P < 0.05), greater densities of NCI were present in subtype 2 

compared with subtype 1, in the upper cortex of the ITG (F = 4.49, P < 0.05), greater 

densities in subtypes 2 and 3 compared with subtypes 1 and 4, and in the lower cortex 

of the ITG (F = 6.16, P < 0.01), the greatest densities were observed in subtype 2.  In 

addition, there were significant differences in the density of NII between subtypes in 

three brain regions. In the lower cortex of the MFG (F = 3.38, P < 0.05) and PHG (F 

= 5.57, P < 0.01), and the upper cortex of the ITG (F = 3.53, P < 0.05), the greatest 

densities of NII were observed in subtype 4. There were also significant differences 

in vacuolation between subtypes in 3 regions, with greater densities of vacuoles in 

subtype 1, and of surviving neurons, EN and subtype each in a single brain region. 

 

Discussion 

 

The objective of this study was to characterize quantitatively the neuropathological 

differences between brain regions, upper and lower cortex, familial and sporadic 

cases, cases with and without associated HS or AD pathology, and to further consider 

the validity of disease subtyping in a group of 32 FTLD-TDP cases obtained from a 

single academic centre. This particular group of cases contained an unusually high 

percentage of familial cases and the majority of these were from the HDDD2 family. 

 

Some differences were observed in the densities of lesions in sectors CA1/2 of the 

hippocampus observed using iTDP-43 and pTDP-43 antibodies. Lesions are easier to 

observe using the pTDP-43 antibody and therefore the densities of NCI and GI may 

have been underestimated using the iTDP-43 antibody. By contrast, fewer NII were 

recorded using the pTDP-43 antibody suggesting that they have been overestimated 

using iTDP-43. However, whether or not all TDP-43 immunoreactive lesions are 

phosphorylated and the significance of phosphorylation in the development of TDP-

43 pathology in FTLD-TDP remains to be established [29]. 

 

In the FTLD-TDP cases as a whole, there were quantitative differences in the density 

of several histological features between brain regions. First, the greatest densities of 

NCI were observed in the DG, densities often being significantly lower in the 

adjacent sectors CA1/2 of the hippocampus and the PHG; thus confirming the DG as 
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a significant site of temporal lobe pathology in FTLD-TDP [3,4,22]. By contrast, 

densities of the NII were usually greater in the frontal and temporal neocortex and in 

sectors CA1/2 of the hippocampus while DN were most abundant in the neocortex; 

densities of both lesions being low in the DG. The GI exhibited the lowest densities 

of the TDP-43-immunoreactive inclusions recorded and apart from the DG, exhibited 

no apparent regional preference. The density of EN was low in the FTLD-TDP cases 

generally and significantly lower than reported in various tauopathies such as 

corticobasal degeneration (CBD) [37], and Pick’s disease (PiD) [51]. By contrast, 

vacuolation [49,50] was a consistent feature of neocortical regions, especially of the 

upper cortex, densities being significantly lower in the lower cortex and in the 

hippocampus.  

 

Differences in the density of various pathological features were also observed 

between upper and lower cortical laminae. The NCI and DN, for example, were 

present at higher densities in the upper cortex and NII in the lower cortex suggesting 

that degeneration occurs across the cortex in FTLD-TDP; the NCI/DN and NII 

affecting different populations of neurons. The relative distributions of the vacuoles 

and surviving neurons suggest it is the upper cortex that is affected to the greatest 

extent. In addition, there were no significant differences in the density of surviving 

neurons in the upper and lower cortex. In association cortex of normal brain, the 

distribution of the larger pyramidal neurons across the cortex is often double-peaked 

(bimodal); the two peaks of density corresponding spatially to laminae II/III and V/VI 

with the larger of the two density peaks in the upper cortex [37]. Hence, the similarity 

in the density of neurons in the upper and lower cortex in our cases is also consistent 

with a greater neuronal loss affecting the upper laminae in FTLD-TDP. 

 

Differences in density of various pathological features were observed between 

familial and sporadic cases of FTLD-TDP. The majority of the familial cases in the 

present study had GRN mutations from the HDDD2 family [9]. These GRN cases had 

consistently higher densities of NCI, DN, and vacuoles in the MFG compared with 

the sporadic cases. Previous studies report that DN were more frequent in the frontal 

cortex and less frequent in the DG in GRN cases consistent with our data [43,52]. In 

addition, cases lacking GRN mutations may have a less severe pathology affecting the 

neocortex and striatum while NII are usually absent or infrequent [10]. The density of 
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NII, however, was statistically similar in our sporadic and familial cases but greater 

neuronal preservation was suggested within the DG in the GRN cases. 

 

In FTLD-TDP cases with HS, significantly higher densities of DN were recorded in 

the ITG, while cases with significant AD pathology had higher densities of EN in the 

MTG and NCI in sectors CA1/2 of the hippocampus. HS is usually associated with 

enhanced neuronal loss in the subiculum and sector CA1 of the hippocampus [21] but 

there were no differences in the density of surviving neurons in these regions in the 

present cases with or without HS. Moreover, the density of EN was low in our FTLD-

TDP cases [6] but the data did suggest that increased densities of EN could be 

associated with the presence of enhanced AD pathology. The increase in the density 

of TDP-43-immunoreactive NCI in sectors CA1/2 of the hippocampus in cases with 

associated AD pathology is also of interest as large numbers of NFT occur in these 

sectors in ‘pure’ AD [53]. Hence, in FTLD-TDP with associated AD pathology, a 

proportion of the NCI in sectors CA1/2 could be AD-NFT but with the inclusions 

having acquired TDP-43 immunoreactivity [54].  

 

Several authors have attempted to divide FTLD-TDP cases into pathological 

‘subtypes’ [22-24] and many continue to find the classification sufficiently robust to 

differentiate cases effectively. In the multicentre study of Cairns et al. [5], for 

example, the majority of the GRN mutation cases were assigned to subtype 3 and 

VCP to subtype 4. In the present study, in which subtypes were assigned blind to the 

details of the cases, although some GRN mutation cases were assigned to subtype 3, 

subtypes 1, 2 and 4 were also represented. Quantitative differences were observed 

between the cases assigned to the various subtypes and especially greater densities of 

NCI in subtype 2 and NII in subtype 4, but these are subtle quantitative differences 

rather than the large qualitative variations necessary for ease of subtyping. In 

addition, quantitative differences between subtypes were not consistently present in 

different brain regions. The previous quantitative study of 94 FTLD-TDP cases from 

several centres, and which included the present cases, showed that apart from the 

subtype 1 cases which did appear to more distinct, the FTLD-TDP cases formed a 

‘continuum’ and there was broad overlap between the subtypes, especially between 

subtypes 2 and 3. The original classification schemes were based on ubiquitin IHC, 

on the relative numbers of lesions, and on their laminar distribution. Hence, although 
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the classification scheme has been extended to include TDP-43 IHC, quantitative 

pathological information based on TDP-43 IHC may have added complexity or noise 

to the data. Overall there remains little correlation between the subjective assessment 

of subtypes assigned blind to the details of the cases and the more objective 

quantitative data. This discrepancy may depend on (1) the cases studied may have 

been especially difficult to assign to subtype, (2) a restricted number of brain regions 

were sampled and hence, a better correlation might have been obtained if the 

quantitative study was extended to the motor cortex, basal ganglia, amygdala, 

midbrain, and medulla, (3) the skill and experience of neuropathologists involved in 

subtyping, and (4) the use of the iTDP-43 antibody. To clarify this question further, it 

would be useful to conduct a large-scale study of FTLD-TDP cases to assess inter-

rater reliability in assigning the four subtypes.  

 

In conclusion, significant variations in TDP-43 pathology were observed between 

regions in the frontal and temporal lobe; the greatest densities of NCI being recorded 

in the DG, NII in the lower cortex and in sectors CA1/2 of the hippocampus, and DN 

in the upper cortex. Cases caused by GRN mutations may be associated with greater 

densities of NCI, DN, and vacuoles in some areas while cases with associated HS or 

with significant AD pathology also show differences in density. There are some 

differences in density of NCI and NII between disease subtypes but these do not 

provide an objective basis for subtyping. The classification of FTLD-TDP cases as a 

whole is under review and new variations and subtypes of the disease are likely to be 

proposed and therefore, detailed quantitative data and analysis may be of value in 

elucidating this complex molecular pathology. 

 

Acknowledgements 

 

We thank clinical, genetic, pathology, and technical staff for making information and 

tissue samples available for this study and we thank the families of patients whose 

generosity made this research possible. Support for this work was provided by the 

National Institute on Aging of the National Institute of Health, P50-AG05681. The 

authors report no conflicts of interest. 

 



 

16

References 

 

1 Tolnay M, Probst A. Frontotemporal lobar degeneration- tau as a pied piper? 

Neurogenetics 2002; 4: 63-75. 

 

2 Snowden J, Neary D, Mann D. Frontotemporal lobar degeneration: clinical and 

pathological relationships. Acta Neuropathol 2007; 114: 31-38. 

 

3 Woulfe J, Kertesz A, Munoz DG. Frontotemporal dementia with ubiquinated 

cytoplasmic and intranuclear inclusions. Acta Neuropathol 2001; 102: 94-102. 

 

4 Kovari E, Gold G, Giannakopoulos P, Bouras C. Cortical ubiquitin positive 

inclusions in frontotemporal dementia without motor neuron disease: a quantitative 

immunocytochemical study. Acta Neuropathol 2004; 108: 207-212. 

 

5 Cairns NJ, Neumann M, Bigio EH, Holm IE, Troost D, Hatanpaa KJ, Foong C, 

White CL III, Schneider JA, Kretzschmar HA, Carter D, Taylor-Reinwald L, 

Paulsmeyer K, Strider J, Gitcho M, Goate AM, Morris JC, Mishra M, Kwong LK, 

Steiber A, Xu Y, Forman MS, Trojanowski JQ, Lee VMY, Mackenzie IRA. (2007a) 

TDP-43 familial and sporadic frontotemporal lobar degeneration with ubiquitin 

inclusions. Am J Pathol 2007a; 171: 227-240. 

 

Armstrong RA, Ellis W, Hamilton RL, Mackenzie IRA, Hedreen J, Gearing M, 

Montine T, Vonsattel J-P, Head E, Lieberman AP, Cairns NJ. Neuropathological 

heterogeneity in frontotemporal lobar degeneration with TDP-43 proteinopathy: a 

quantitative study of 94 cases using principal components analysis. J Neural Transm 

2010; 117: 227-239. 

 

7 Baker M, Mackenzie IR, Pickering-Brown SM, Gass J, Rademakers R, Lindholm 

C, Snowden J, Adamson J, Sadovnick AD, Rollinson S, Cannon A, Dwosh E, Neary 

D, Melquist S, Richardson A, Dickson D, Berger Z, Eriksen J, Robinson T, Zehr C, 

Dickey CA, Crook R, McGowan E, Mann D, Boeve B, Feldman H, Hutton M. 

Mutations in progranulin cause tau-negative frontotemporal dementia linked to 

chromosome 17. Nature 2006; 442: 916-919. 



 

17

 

8 Cruts M, Gijselink I, van der ZJ, Engelborgs S, Wils H, Pirici D, Radamakers R, 

Vandenberghe R, Dermaut B, Martin JJ, van Duijn C, Peeters K, Sciot R, Santens P, 

De pooter T, Mattheijssens M, van den BM, Cuijt I, Vennekens K, De Deyn PP, 

Kumar-Singh S, Van Broeckhoven C. Null mutations in progranulin cause ubiquitin-

positive frontotemporal dementia linked to chromosome 17q21. Nature 2006; 442: 

920-924. 

 

9 Mukherjee O, Pastor P, Cairns NJ, Chakraaverty S, Kauwe JSK, Shears S, Behrens 

MI, Budde J, Hinrichs AL, Norton J, Levitch D, Taylor-Reinwald L, Gitcho M, Tu 

PH, Grinberg LT, Liscic RM, Armendariz J, Morris JC, Goate AM. HDDD2 is a 

familial frontotemporal lobar degeneration with ubiquitin-positive tau-negative 

inclusions caused by a missense mutation in the signal peptide of progranulin. Annals 

of Neurology 2006; 60: 314-322. 

 

10 Mackenzie IRA, Baker M, Pickering-Brown S, Hsinng GYR, Lindholm C, Dwosh 

E, cannon A, Rademakers R, Hutton M, Feldman HH. (2006a) The neuropathology of 

frontotemporal lobar degeneration caused by mutations in the progranulin gene. Brain 

2006a; 129: 3081-3090. 

 

11 Rademakers R, Hutton M. (2007) The genetics of frontotemporal lobar 

degeneration. Curr Neurol Neurosci Rep 2007; 7: 434-442. 

 

12 Behrens MI, Mukherjee O, Tu PH, Liscic RM, Grinberg LT, Carter D, Paulsmeyer 

K, Taylor-Reinwald L, Gitcho M, Norton JB, Chakraverty S, Goate AM, Morris JC, 

Cairns NJ. Neuropathologic heterogeneity in HDDD1: a familial frontotemporal lobar 

degeneration with ubiquitin-positive inclusions and progranulin mutation. Alz Dis 

Assoc Disord 2007; 21: 1-7. 

 

13 Van der Zee J, Gyselinck I, Pirici D, Kumar-Singh S, Cruts M, van Broeckhoven 

C. Frontotemporal lobar degeneration with ubiquitin-positive inclusions: A molecular 

genetic update. Neurodegen diseases 2007; 4: 227-235. 

 



 

18

14 Van Deerlin VM, Wood EM, Moore P, Yuan W, Forman MS, Clark CM, 

Neumann M, Kwong LK, Trojanowski JQ, Lee VMY, Grossman M. Clinical, genetic 

and pathologic characteristics of patients with frontotemporal dementia and 

progranulin mutation. Arch Neurol 2007; 64: 1148-1153. 

 

15 Forman MS, Mackenzie IR, Cairns NJ, Swanson E, Boyer PJ, Drachman DA, 

Jhaveri BS, Karlawish JH, Pestrvik A, Smith TN, Tu PH, Watts GDJ, Markesbery 

WR, Smith CD, Kimonis VE. Novel ubiquitin neuropathology in frontotemporal 

dementia with valosin-containing protein gene mutations. J Neuropathol Exp Neurol 

2006; 65: 571-581.  

 

16 Luty AA, Kwok JBJ, Thompson EM, Blumsbergs P, Brooks WS, Loy CT, 

Dobson-Stone C, Panegyres PK, Hecker J, Nicholson GA, Halliday GM, Schofield 

PR. Pedigree with frontotemporal lobar degeneration-motor neuron disease and Tar 

DNA binding protein-43 positive neuropathology: genetic linkage to chromosome 9. 

BMC Neurology 2008; 8: 32. 

 

17 Rollinson S, Rizzu P, Sikkink S, Baker M, Halliwell N, Snowden J, Traynor BJ, 

Ruano D, cairns N, Rohrer JD, Mead S, Collinge J, Rossor M, Akay E, Gueireiro R, 

Rademakers R, Morrison KE, Pastor P, Alonso E, Martinez-Lage P, Graff-Radford N, 

Neary D, Henlink P, Mann DMA, Van Swieten J, Pickering-Brown SM. Ubiquitin 

associated protein 1 is a risk factor for frontotemporal lobar degeneration. Neurobiol 

Aging 2009; 30: 656-665. 

 

18 Van Deerlin VM, Sleiman PMA, Martinez-Lage M, Chen-Plotkin A, Wang LS, 

Graff-Radford NR, Dickson DW, Rademakers R, Boeve BF, Grossman M, Arnold 

SE, Mann DMA, Pickering-Brown SM, Seelaar H, Heutink P, van Swieten JC, 

Murrell JR, Ghetti B, Spina S, Grafman J, Hodges J, Spillantini MG, Gilman S, 

Lieberman AP, Kaye JA, Woltjer RL, Bigio EH, Mesulam M, al-Sarraj S, Troakes C, 

Rosenberg RN, White CL, Ferrer I, Lado A, Neumann M, Kretzschmar HA, Hulette 

CM, Welsh-Bohmer KA, Miller BL, Alzualde A, de Munain AL, McKee AC, 

Gearing M, Levey AI, Lah JJ, Hardy J, Rohrer JD, Lashley T, Mackenzie IRA, 

Feldman HH, Hamilton RL, Dekosky ST, van der Zee J, Kumar-Singh S, Van 

Broeckhoven C, Mayeux R, Vonsattel JPG, Troncoso JC, Kril JJ, Kwok JBJ, 



 

19

Halliday GM, Bird TD, Ince PG, Shaw PJ, Cairns NJ, Morris JC, McLean CA, 

DeCarli C, Ellis WG, Freeman SH, Frosch MP, Growdon JH, Perl DP, Sano M, 

Bennett DA, Schneider JA, Beach TG, REiman EM, Woodruff BK, Cummings J, 

Vinters HV, Miller CA, Chui HC, Alafuzoff I, Hartilainen P, Seilhean D, Galasko D, 

Masliah E, Cotman CW, Tunon MT, Martinez MCC, Munoz DG, Carroll SL, Marson 

D, Riederer PF, Bogdanovic N, Schellenberg GD, Hakonarson H, Trajanowski JQ, 

Lee VMY. Common variants of 7p21 are associated with frontotemporal lobar 

degeneration with TDP-43 inclusions. Nature Genetics 2010; 42: 234-U34. 

 

19 Whitwell JL, Jack CR, Serijeni ML, Josephs KA. (2006) Patterns of atrophy in 

pathologically confirmed FTLD with or without motor neuron degeneration. 

Neurology 2006; 66: 102-104. 

 

20 Amandor-Ortiz C, Lin WL, Ahmed Z, Personett D, Davies P, Duara R, Graff-

Radford NR, Hutton ML, Dickson DW. TDP-43 immunoreactivity in hippocampal 

sclerosis and Alzheimer’s disease. Ann Neurol 2007; 61: 435-445. 

 

21 Josephs KA, Whitwell JL, Jack CR, Parisi JE, Dickson DW. Frontotemporal lobar 

degeneration without lobar atrophy. Arch Neurol 2006; 63: 1632-1638. 

 

22 Mackenzie IR, Baborie A, Pickering-Brown S, Du Plessis D, Jaros E, Perry RH, 

Neary D, Snowden JS, Mann DMA. Heterogeneity of ubiquitin pathology in 

frontotemporal lobar degeneration: classification and relation to clinical phenotype. 

Acta Neuropathol 2006b; 112: 539-549. 

 

23 Sampathu DM, Neumann M, Kwong LK, Chou TT, Micsenyi M, Truax A, Bruce 

J, Grossman M, Trojanowski JQ, Lee VM. Pathological heterogeneity of 

frontotemporal lobar degeneration with ubiquitin-positive inclusions delineated by 

ubiquitin immonohistochemistry and novel monoclonal antibodies. Am J Pathol 

2006; 189: 1343-1352. 

 

24 Cairns NJ, Bigio EH, Mackenzie IRA, Neumann M, Lee VMY, Hatanpaa KJ, 

White CL, Schneider JA, Grinberg LT, Halliday G, Duyckaerts C, Lowe JS, Holm IE, 

Tolnay M, Okamoto K, Yokoo H, Murayama S, Woulfe J, Munoz DG, Dickson DW, 



 

20

Ince PG, Trojanowski JQ, Mann DMA. Neuropathologic diagnostic and nosological 

criteria for frontotemporal lobar degeneration: consensus of the Consortium for 

Frontotemporal Lobar Degeneration. Acta Neuropathol 2007b; 114: 5-22. 

 

25 Josephs KA, Knopman DS, Whitwell JL, Boeve BF, Parisi JE, Petersen RC, 

Dickson DW. Survival in the two variants of tau negative FTLD: FTLD-U versus 

FTLD-MND. Neurology 2005; 65: 645-647. 

 

26 Kersaitis C, Holliday GM, Xuereb JH, Pamphlett R, Bak TH, Hodges JR, Kril JJ. 

Ubiquitin-posiitve inclusions and progression of pathology in FTD and MND 

identifies a group with mainly early pathology. Neuropathol Appl Neurobiol 2006; 

32: 83-91. 

 

27 Braak H, Alafuzoff I, Arzberger T, Kretzschmar H, Del Tredici K. Staging of 

Alzheimer disease-associated neurofibrillary pathology using paraffin sections and 

immunocytochemistry. Acta Neuropathol 2006; 112: 389-404. 

 

28 Neumann M, Kwong LK, Lee EB, Kremmer E, Flately A, Xu Y, Forman MS, 

Troost D, Kretzschmar HA, Trojanoswki JQ, Lee VMY. Phosphorylation of 

S409/410 of TDP-43 is a consistent feature in all sporadic and familial forms of TDP-

43 proteinopathies. Acta Neuropathol 2009;117: 137-149. 

 

29 Hasegawa M, Arai T, Nonaka T, Kametani F, Yoshida M, Hashizume Y, Beach 

TG, Buratti E, Baralle F, Morita M, Nakano I, Oda T, Tsuchiya K, Akiyama H. 

Phosphorylated TDP-43 in frontotemporal lobar degeneration and amyotrophic lateral 

sclerosis. Annals of Neurol 2008; 64: 60-70. 

 

30 Olive M, Janve A, Moreno D, Gamez J, Torrejon-Escritano B, Ferrer I. TAR 

DNA-binding protein 43 accumulation in protein aggregate myopathies. J 

Neuropathol Exp Neurol 2009; 68: 262-273. 

 

31 Schwab C, Arai T, Hasegawa M, Akiyama H, Yu S, McGeer PL. TDP-43 

pathology in familial British dementia. Acta Neuropathol 2009;118: 303-311. 

 



 

21

32 Bland JM, Altman DG. Statistical methods for assessing agreement between two 

methods of clinical measurement. Lancet 1996; i: 307-310. 

 

33 Armstrong RA. Quantifying the pathology of neurodegenerative disorders: 

quantitative measurements, sampling strategies and data analysis. Histopathol 2003; 

42: 521-529. 

 

34 Yaguchi M, Fujita Y, Amari M, Takatama M, Al-Sarraj S, Leigh PN, Okamoto K. 

Morphological differences of intraneural ubiquitin positive inclusions in the dentate 

gyrus and parahippocampal gyrus of motor neuron disease with dementia. 

Neuropathol 2004; 24: 296-301. 

 

35 Davidson Y, Kelley T, Mackenzie IRA, Pickering Brown S, Du Plessis D, Neary 

D, Snowden JS, Mann DMA. Ubiquinated pathological lesions in frontotemporal 

lobar degeneration contain TAR DNA-binding protein, TDP-43. Acta Neuropathol 

2007; 113: 521-533. 

 

36 Matsumoto S, Udaka F, Kameyama M, Kusaka H, Itoh H, Imai T. Subcortical 

neurofibrillary tangles, neuropil threads and argentophilic glial inclusions in 

corticobasal degeneration. Clin Neuropath 1996; 15: 209-214. 

 

37 Armstrong RA, Cairns NJ, Lantos PL. A quantitative study of the pathological 

lesions in neocortex and hippocampus of 12 patients with corticobasal degeneration. 

Exp Neurol 2000; 163: 348-356. 

 

38 Yamada T, McGeer PL, McGeer EG. Appearance of paired nucleated tau-positive 

glia in patients with progressive supranuclear palsy brain tissue. Neurosci Lett 1992; 

135: 99-102. 

 

39 Ikeda K, Akiyama H, Kondo H, Haga C, Tanno E, Tokuda T, Ikeda S. Thorn-

shaped astrocytes: possibly secondarily induced tau-positive glial fibrillary tangles. 

Acta Neuropathol 1995; 90: 620-625. 

 



 

22

40 Komori T. Tau positive glial inclusions in progressive supranuclear palsy, 

corticobasal degeneration and Pick’s disease. Brain Pathol 1999; 9: 663-679. 

 

41 Probst A, Tolnay M. (2002) Argyrophilic grain disease, a frequent and largely 

underestimated cause of dementia in old patients. Rev Neurol 2002; 158: 155-165. 

 

42 Pirici D, Vandenberghe R, Rademakers R, Dermant B, Cruts M, Vennekens K, 

Cuijt I, Lubke U, Centerick C, Martin JJ, Van Broeckhoven C, Kumar-Singh S. 

Characterization of ubiquinated intraneuronal inclusions in a novel Belgian 

frontotemporal lobar degeneration family. J Neuropath Exp Neurol 2006; 65: 289-

301. 

 

43 Hatanpaa KJ, Bigio EH, Cairns NJ, Womack KB, Weintraub S, Morris JC, Foong 

C, Xiao GH, Hladik C, Mantanona TY, White CL. TAR DNA-binding protein 43 

immunohistochemistry reveals extensive neuritic pathology in FTLD-U: A Midwest-

Southwest Consortium for FTLD-U study. J Neuropathol Exp Neurol 2008; 67: 271-

279. 

 

44 Armstrong RA. Correlations between the morphology of diffuse and primitive -

amyloid (A) deposits and the frequency of associated cells in Down’s syndrome. 

Neuropath Appl Neurobiol 1996; 22: 527-530. 

 

45 Tomlinson BE (1992) Ageing and the dementias. In: JH Adams & LW Duchen 

(eds) Greenfield’s Neuropathology, Edward Arnold, London, 1284-1410. 

 

46 Mori H, Oda M. Ballooned neurons in corticobasal degeneration and progressive 

supranuclear palsy. Neuropathology 1997; 17: 248-252. 

 

47 Probst A, Tolnay M. Agyrophilic grain disease, a frequent and largely 

underestimated cause of dementia in old patients. Rev Neurol 2002; 158: 155-165. 

 

48 Fujino Y, Delucia MW, Davies P, Dickson DW. Ballooned neurons in the limbic 

lobe are associated with Alzheimer-type pathology and lack diagnostic specificity. 

Neuropathol Appl Neurobiol 2004; 30: 676-682. 



 

23

 

49 Armstrong RA, Lantos PL, Cairns NJ. Spatial correlations between the 

vacuolation, prion protein deposits, and surviving neurons in the cerebral cortex in 

sporadic Creutzfeldt-Jakob disease. Neuropathol 2001; 21: 266-271. 

 

50 Armstrong RA, Ironside J, Lantos PL, Cairns NJ. A quantitative study of the 

pathological changes in the cerebellum of 15 cases of variant Creutzfeldt-Jakob 

disease. Neuropathol Appl Neurobiol 2009; 35: 36-45. 

 

51 Armstrong RA, Cairns NJ, Lantos PL. Quantification of pathological lesions in the 

frontal and temporal lobe of ten patients diagnosed with Pick’s disease. Acta 

Neuropathol 1999; 97: 456-462. 

 

52 Davion S, Johnson N, Weintraub S, Mesulam MM, Engberg A, Mishra M, Baker 

M, Adamson J, Hutton M, Rademakers R, Bigio EH. Clinicopathologic correlations 

in PGRN mutations. Neurology 2007; 69: 1113-1121. 

 

53 Armstrong RA, Myers D, Smith CUM. The distribution of senile plaques, 

neurofibrillary tangles and /A4 protein in the hippocampus in Alzheimer’s disease. 

Neurosci Res Comms 1992; 10: 87-94. 

 

54 Armstrong RA, Lantos PL, Cairns NJ. What determines the molecular 

composition of abnormal protein aggregates in neurodegenerative disease? 

Neuropathol 2008; 28: 351-365. 

 

Table 1. Summary of demographic features (M/F = Male/female, Dur = Disease 

duration, Death = Age at death), gross brain weight (BW), familial/sporadic status 

(Fm/S) (GRN = FTLD-TDP with progranulin gene mutations, (1) indicates HDDD1 

family and (2) HDDD2 family; VCP = FTLD-TDP with valosin-containing protein, 

CH9 = FTLD-TDP linked to a putative gene on chromosome 9), associated pathology 

(AP) (N = no associated pathology, HS = hippocampal sclerosis, AD = significant 

Alzheimer’s disease pathology), pathological subtype (ST) (ND = subtype could not 

be determined, 1/2 = case intermediate between subtype 1 and 2) of the 32 cases of 
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frontotemporal lobar degeneration with TDP proteinopathy (FTLD-TDP), (- data not 

available). 

_____________________________________________________________________ 

Case  M/F Onset Dur Death BW Fm/S  AP ST 

  

1.  M 57 8 65 960 S  N 2  

2.  F 72 12 84 900 S  HS 2  

3.  F 61 16 77 950 S  N 3  

4.  F 68 6 74 975 GRN (2) N 4  

5.  M 52 13 65 1300 Fm  AD 1  

6.  M 66 16 82 - S  HS 3  

7.  F 69 15 84 970 GRN (1) AD 3  

8.  M 60 6 66 - GRN (1) AD 1  

9.  F 65 12 77 810 GRN (1) N 1  

10.  M 52 15 67 960 GRN (2) N 4  

11.  M 74 6 80 1270 GRN (2) AD 4  

12.  F - - 67 990 S  N 2  

13.  F 59 9 68 650 Fm  N 2  

14.  M 74 1 75 1360 S  N 1  

15.  M 60 11 71 1450 Fm  HS 4  

16.  M 43 7 50 1060 Fm  N 3  

17.  M 55 11 66 1005 S  HS 2  

18.  F 63 3 66 950 S  N 1  

19.  F 58 9 67 880 GRN (2) HS 2  

20.  F 64 19 83 720 Fm  N 1/2  

21.  F 69 4 71 1070 S  N 4  

22.  M 38 9 47 1185 VCP  N 4  

23.  F - - 73 720 S  N 1  

24.  M 50 18 68 1170 S  HS 1  

25.  M 58 8 66 1080 Fm  AD 4  

26.  F 65 13 78 960 Fm  N ND  

27.  M 57 6 63 1080 GRN (2) N 3  

28.  M 51 11 62 880 CH9  AD 2  

29.  F 71 13 84 960 S  AD 1  
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30.  F 73 9 82 - GRN (2) AD 2  

31.  F 58 8 66 - Fm  N 4  

32.  M 71 8 79 1150 GRN (2) AD 3  

_____________________________________________________________________
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Table 2. Summary of the degree of agreement between the densities of the TDP-43 

immunoreactive lesions (NCI = Neuronal cytoplasmic inclusions, GI = Glial 

inclusions, NII = Neuronal intranuclear inclusions, DN = Dystrophic neurites) in the 

CA sectors of the hippocampus using phosphorylation-dependent (pTDP-43) and 

phosphorylation-independent (iTDP-43) antibodies using the Bland and Altman 

graphical method (SD = Standard deviation, CV = Coefficient of variation). 

_____________________________________________________________________ 

Lesion  Bias  SD CV  Limits of agreement 

      

NCI  +0.22  0.31 0.62  -0.39 to 0.84 

GI  +0.09  0.24 0.48  -0.39 to 0.57 

NII  -0.12  0.21 0.42  -0.54 to 0.29 

DN  -0.04  0.34 0.66  -0.70 to 0.63 

_____________________________________________________________________ 
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Table 3. Mean densities of surviving neurons (250 x 50m field) in regions of the 

frontal and temporal lobe (MFG = Middle frontal gyrus, ITG = Inferior temporal 

gyrus, PHG = Parahippocampal gyrus, CA1/2 = Sectors CA1/2 of the hippocampus, 

DG = Dentate gyrus) in control cases (SE = Standard error of the mean) 

 

    Brain region 

_____________________________________________________________________ 

 MFG  ITG  PHG  CA1/2  DG 

 

Mean 9.55  8.33  8.14  4.89  18.18 

SD 1.08  2.07  1.30  1.06  3.09 

_____________________________________________________________________
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Table 4. Summary of the results of two-factor analyses of variance (ANOVA) of the 

densities of histological features (NCI = neuronal cytoplasmic inclusions, GI = 

oligodendroglial inclusions, NII = neuronal intranuclear inclusions (NII), EN = 

abnormally enlarged neurons, SN = surviving neurons, V = vacuolation, DN = 

dystrophic neurites) in the upper and lower cortex in cases of frontotemporal lobar 

degeneration with TDP-43 proteinopathy (FTLD-TDP) (Data are ‘F’ ratios from two 

factor, split-plot analysis of variance  (ANOVA) * P < 0.05; ** P < 0.01; *** P < 

0.001). 

 

    Factorial effect 

_____________________________________________________________________ 

Histological Brain region  Upper/Lower cortex Interaction 

feature 

 

NCI  F = 0.62  F = 7.41**  F = 0.11  

GI  F = 1.50  F = 1.82  F = 0.12  

NII  F = 0.56  F = 6.35**  F = 0.20  

EN  F = 0.54  F = 1.15  F = 5.59**  

SN  F = 2.68  F = 3.79  F = 0.38 

V  F = 1.12  F = 35.24***  F = 1.56  

DN  F = 0.27  F = 10.27**  F = 0.85 

_____________________________________________________________________ 
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Table 5. Comparison of the densities (per 50 x 250m field, standard errors in 

parentheses) of the pathological changes (NCI = neuronal cytoplasmic inclusions, DN 

= dystrophic neurites) between familial (GRN = cases caused by progranulin 

mutations) and sporadic cases of frontotemporal lobar degeneration with TDP-43 

proteinopathy  (FTLD-TDP). Data show brain areas (MFG = Middle frontal gyrus, 

DG = dentate gyrus) and pathological features that exhibit a significant difference 

between groups. 

 

      FTLD-TDP group 

_____________________________________________________________________ 

Brain  Histological Sporadic GRN  Other  Other 

region  feature  cases  mutation mutation familial 

      cases  cases  cases 

 

MFG  NCI  0.12 (0.05) 0.36 (0.06) 0.22 (0.13) 0.14 (0.06) 

(upper  

cortex) 

  Vacuoles 8.87 (1.82) 16.75 (2.02) 5.38 (4.26) 9.26 (1.91) 

 

  DN  0.29 (0.15) 0.78 (0.17) 0  0.08 (0.16) 

 

DG  Surviving  13.42 (0.86) 17.49 (0.09) 14.12 (2.02) 13.4 (0.91) 

  neurons 

_____________________________________________________________________ 

ANOVA (1-way): MFG, NCI F = 3.12 (P < 0.05); Vacuoles F = 4.03 (P < 0.05); DN, 

F = 3.47 (P < 0.05); DG, Surviving neurons F = 4.31 (P < 0.01). 
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Table 6. Comparison of the densities (per 50 x 250m field, standard errors in 

parentheses) of the pathological changes (NCI = neuronal cytoplasmic inclusions, DN 

= dystrophic neurites, EN = abnormally enlarged neurons) between cases with and 

without associated pathologies (AP) (AD = with significant Alzheimer’s disease 

pathology, HS = Hippocampal sclerosis) in cases of frontotemporal lobar 

degeneration with TDP-43 proteinopathy  (FTLD-TDP). Data show brain regions 

(MFG = Middle frontal gyrus, ITG = Inferior temporal gyrus) and pathological 

features that exhibit a significant difference between groups. 

 

      Patient group 

_____________________________________________________________________ 

Brain Region  Pathological No AP  FTLD/AD FLTD/HS 

feature 

 

MFG (upper  EN  0.08 (0.03) 0.24 (0.04) 0.07 (0.05) 

cortex)   

  

ITG (upper  DN  0.33 (0.14) 0.17 (0.19) 0.99 (0.23) 

cortex) 

   

Sectors CA1/2  NCI  0.03 (0.02) 0.13 (0.03) 0.03 (0.04) 

_____________________________________________________________________ 

ANOVA (1-way): MFG, EN: F = 4.62 (P < 0.05); ITG, DN: F = 3.84 (P < 0.05); DN: 

F = 3.47 (P < 0.05), CA1/2, NCI: F = 4.05 (P < 0.05). 
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Table 7. Comparison of the densities (per 50 x 250m field, standard errors in 

parentheses) of the pathological changes (NCI = neuronal cytoplasmic inclusions, NII 

= neuronal intranuclear inclusions, SN = surviving neurons, EN = abnormally 

enlarged neurons) between the four subtypes of frontotemporal lobar degeneration 

with TDP-43 proteinopathy  (FTLD-TDP) based on the composite scheme of Cairns 

et al (2007b). Data show brain regions (MFG = Middle frontal gyrus, ITG = Inferior 

temporal gyrus, PHG = parahippocampal gyrus) and pathological features that exhibit 

a significant difference between groups. 

      Subtype 

_____________________________________________________________________ 

Brain region Pathological 1  2  3  4 

feature 

 

MFG (upper NCI  0.06 (0.04) 0.37 (0.06) 0.28 (0.08) 0.15 (0.07) 

cortex) 

MFG (lower NII  0.19 (0.06) 0.18 (0.06) 0.13 (0.06) 0.39 (0.06) 

cortex)    

ITG (upper NCI  0.08 (0.05) 0.29 (0.05) 0.28 (0.06) 0.10 (0.05) 

cortex)  NII  0.04 (0.02) 0.08 (0.03) 0.09 (0.06) 0.32 (0.07)

  SN  5.03 (0.71) 6.45 (0.73) 7.82 (0.93) 3.67 (0.71) 

  Vacuoles 10.53 (1.24) 8.46 (1.24) 10.11 (1.57) 5.30 (1.24) 

ITG (lower NCI  0.06 (0.03) 0.31 (0.05) 0.02 (0.01) 0.04 (0.02) 

Cortex  Vacuoles 10.26 (0.70) 2.30 (0.69) 6.21 (0.77) 5.45 (0.69) 

PHG (upper Vacuoles  16.31 (1.78) 6.36 (1.75) 10.34 (2.27) 6.81 (1.80) 

cortex) 

PHG (lower NII  0.05 (0.03) 0.20 (0.06) 0.26 (0.08) 0.42 (0.06) 

cortex) 

Sectors CA1/2  EN  0.15 (0.04) 0.05 (0.04) 0.22 (0.04) 0.07 (0.04) 

____________________________________________________________________ 

ANOVA (1-way): MFG-upper, NCI: F = 3.35 (P < 0.05) Subtype 2 > 1 and 2 > 4; 

MFG-lower NII F = 3.40 (P < 0.05), Subtype 4 >1,2,3; ITG-U, NCI: F = 4.51 (P < 

0.05), Subtype 2,3 > 1,4; NII F = 3.53 (P < 0.05), Subtype 4 >1,2,3; SN F = 4.35 ( P < 

0.05), Subtype 2,3 > 1,4; Vacuoles F = 3.46 (P< 0.05), Subtype 1,3 > 4; ITG-lower 

NCI F = 7.21 (P < 0.01), subtype 2 > 1,3,4; Vacuoles F = 5.46 (P < 0.01), Subtype 1 
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> 2,4; PHG-upper Vacuoles F = 5.01 (P < 0.01), Subtype 1 > 2,4; PHG-lower NII F = 

5.57 (P < 0.01), Subtype 4 > 1,2; CA1/2 EN F = 3.77 (P < 0.05), Subtype 3 > 2,4. 
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Legends to figures 

 

Fig 1a. Frontotemporal lobar degeneration with TDP-43 proteinopathy  (FTLD-

TDP). TDP-43 immunoreactive lesions in the frontal cortex showing neuronal 

cytoplasmic inclusion (NCI) (arrow), dystrophic neurite (DN) (double arrow), and 

glial inclusion (GI) (arrow head) (TDP-43 immunohistochemistry, bar = 50m). 
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Fig 1b. Frontotemporal lobar degeneration with TDP-43 proteinopathy  (FTLD-

TDP). Neuronal intranuclear inclusion (NII) in lamina III of the superior temporal 

gyrus (TDP-43 immunohistochemistry, bar = 10m). 
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Fig 1c. Frontotemporal lobar degeneration with TDP-43 proteinopathy  (FTLD-TDP). 

Abnormally enlarged neuron (EN) (arrows) in lamina III of the superior temporal 

gyrus (H/E, bar = 20m). 



 

36

 

 

Fig 2. Mean densities (error bars indicate standard errors) of the TDP-43 

immunoreactive pathological features (NCI = neuronal cytoplasmic inclusions, GI = 

oligodendroglial inclusions, NII = neuronal intranuclear inclusions (NII), DN = 

dystrophic neurites,) in the frontal and temporal lobe (MFG = Middle frontal gyrus, 

ITG = Inferior temporal gyrus, PHG = Parahippocampal gyrus, CA1/2 = Sectors 

CA/2 of the hippocampus, DG = Dentate gyrus), U = Upper cortex, L = lower cortex) 

of cases of frontotemporal lobar degeneration with TDP-43 proteinopathy (FTLD-

TDP). Analysis of variance (1-way): 1) Comparing upper cortex, CA1/2, and DG 

data: NCI, F = 7.43 (P < 0.001); GI, F = 3.71 (P < 0.01); NII, F = 2.91 (P < 0.05); 

DN, F = 3.14 (P < 0.05); 2) Comparing lower cortex, CA1/2, and DG data: NCI, F = 

9.46 (P < 0.001); GI, F = 3.54 (P < 0.01); NII, F = 3.23 (P < 0.05); DN F = 2.08 (P > 

0.05).  
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Fig 3. Mean densities (error bars indicate standard errors) of the vacuolation, 

surviving neurons, and enlarged neurons (EN) in the frontal and temporal lobe  (MFG 

= Middle frontal gyrus, ITG = Inferior temporal gyrus, PHG = Parahippocampal 

gyrus, CA1/2 = Sectors CA/2 of the hippocampus, DG = Dentate gyrus), U = Upper 

cortex, L = lower cortex) of cases of frontotemporal lobar degeneration with TDP-43 

proteinopathy (FTLD-TDP). Analysis of variance (1-way): 1) Comparing upper 

cortex, CA1/2, and DG data, Vacuoles F = 8.34 (P < 0.001), Surviving neurons = 

131.97 (P < 0.001), EN F = 7.18 (P < 0.001); 2) Comparing lower cortex, CA1/2, DG 

data: Vacuoles F = 2.95 (P < 0.05), Surviving neurons F = 166.89 (P < 0.001), EN F 

=10.52 (P < 0.001).  

 

 


