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Abstract TDP-43 immunoreactive (TDP-43-ir) pathologi-
cal changes were investigated in the temporal cortex and
hippocampus of 11 patients with autosomal dominant familial
forms of Alzheimer’s disease (FAD), 169 patients with spo-
radic AD [85 with early onset disease (EOAD) (i.e before
65 years of age), and 84 with late onset after this age
(LOAD)], 50 individuals with Down’s Syndrome (DS) and 5
patients with primary hippocampal sclerosis (HS). TDP-43-ir
pathological changes were present, overall, in 34/180 of AD
cases. They were present in 1/11 (9%) FAD, and 9/85 (10%)
EOAD patients but were significantly more common
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(p = 0.003) in LOAD where 24/84 (29%) patients showed
such changes. There were no demographic differences, other
than onset age, between AD patients with or without TDP-43-
ir pathological changes. Double immunolabelling indicated
that these TDP-43-ir inclusions were frequently ubiquitinated,
but were only rarely AT8 (tau) immunoreactive. Only 3
elderly DS individuals and 4/5 cases of primary HS showed
similar changes. Overall, 21.7% of AD cases and 6% DS cases
showed hippocampal sclerosis (HS). However, only 9% FAD
cases and 16% EOAD cases showed HS, but 29% LOAD
cases showed HS. The proportion of EOAD cases with both
TDP-43 pathology and HS tended to be greater than those in
LOAD, where nearly half of all the cases with TDP-43
pathology did not show HS. The presence of TDP-43-ir
changes in AD and DS may therefore be a secondary
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phenomenon, relating more to ageing than to AD itself.
Nevertheless, a challenge to such an interpretation comes
from the finding in AD of a strong relationship between TDP-
43 pathology and cognitive phenotype. Patients with TDP-43
pathology were significantly more likely to present with an
amnestic syndrome than those without (p < 0.0001), in
keeping with pathological changes in medial temporal lobe
structures. HS was also associated more commonly with an
amnestic presentation (p < 0.005), but this association dis-
appeared when TDP-43-positive cases were excluded from
the analysis. TDP-43 may, after all, be integral to the pathol-
ogy of AD, and to some extent determine the clinical
phenotype present.

Keywords Alzheimer’s disease - Down’s syndrome -
TDP-43 - Hippocampal sclerosis

Introduction

The transactive response DNA-binding protein 43 (TDP-43)
was first identified as a 414 amino acid (molecular mass
43 kDa) binding partner to the TAR regulatory element in
the human immunodeficiency virus type 1. Its structure
resembles that of a heterogeneous nuclear ribonucleoprotein,
and it may function as a transcription repressor or an initia-
tor of exon skipping in the alternative splicing of mRNA
[8, 35].

Accumulations of TDP-43 proteins in the form of neu-
ronal cytoplasmic inclusions (NCI) and/or neuritic changes
[dystrophic neurites (DN)] in the cerebral cortex and hip-
pocampus are the signature lesions of patients with
different forms of Frontotemporal Lobar Degeneration
(FTLD) with TDP-43 pathology (FTLD-TDP) and in those
with MND alone (see [5, 20, 25] for recent reviews).
Nonetheless, TDP-43 immunoreactive (TDP-43-ir) patho-
logical changes have been reported in various other
neurodegenerative disorders such as Alzheimer’s disease
(AD) [1, 6, 18, 19, 21, 22, 34], Lewy body dementia (DLB)
[2, 29, 36], parkinsonism-dementia complex of Guam
(Guam PDC) [15, 17], dementia pugilistica [22], cortico-
basal degeneration (CBD) [34], progressive supranuclear
palsy (PSP) [22, 37] and Perry syndrome [13], with a fre-
quency of up to 40% or more of the cases being affected.
Most studies investigating TDP-43-ir pathological changes
in AD have focussed upon the prevalence and morpho-
logical appearance of such changes as largely seen in the
temporal cortex, and in the hippocampus and amygdala
[1, 6, 18, 19, 21, 22, 34], although Hu et al. [18] investi-
gated the wider topographical brain distribution of TDP-43
pathological changes in 23 patients with AD.

However, it is not clear whether the onset and evolution
of TDP-43 pathology in AD is associated with longevity,
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and perhaps reflective of coincidental ‘ageing’ changes, or
is a fundamental aspect of the neurodegenerative process of
AD per se. In some studies [1, 6] AD patients with TDP-43
pathology were older than those without such pathology.
However, all patients were drawn from an elderly cohort.
In order to address directly the effect of ageing, we have
compared the presence and severity of TDP-43-ir changes
in cohorts of patients with early onset sporadic AD
(EOAD), late onset sporadic AD (LOAD), and early onset
familial AD (FAD) associated with mutations in APP and
PSEN-1 genes, or with duplication of APP locus as in
individuals with Down’s syndrome (DS) (in whom the full
pathological changes of AD develop predictably by the
5th—6th decades of life [26]). If the development of TDP-
43-ir changes is a fundamental part of the process of AD
per se, then it might be anticipated that similar proportions
of EOAD and LOAD individuals would be affected, as
well as those with FAD, and individuals with DS.

Hippocampal sclerosis (HS) is a relatively common
pathology, occurring in 0.4-26% of elderly individuals,
including ones with AD [4, 9, 10, 12, 23, 30, 31, 38], and
continues to increase in prevalence into extreme old age,
even at a time when prevalence of AD is diminishing [30].
HS in AD is defined by a selective, severe neuronal loss
with gliosis in CA1l and/or subiculum regions of the hip-
pocampus with sparing of CA2-CAS5 regions, and is
ascertained as such when the extent of neuronal loss out-
weighs the density of extracellular neurofibrillary tangles
in that region [1]. The pathogenesis of HS remains poorly
understood, though it appears to be unrelated to AD neu-
rofibrillary pathology or cerebrovascular insufficiencies
[30], and probably has multiple underlying causes. The
relationship between TDP-43 and HS is complex. Both
pathologies are more frequently seen in older, than in
younger, individuals with or without AD (see also [1, 19]),
but the relationship between them remains unclear.

There is also another potentially confounding factor:
clinical phenotype. AD is known to be clinically hetero-
geneous [14, 32, 33]. Memory impairment is regarded as
the hallmark of AD. Yet, in some AD patients memory loss
is the dominant presenting feature, and is severe before
other deficits emerge (amnestic presentation). In other
patients, memory loss is more modest, but is accompanied
early in the course by cortical features of aphasia and
visuospatial disorientation (multidomain presentation). In
other patients, memory loss is not a presenting symptom
at all, and patients present with problems in language
(language presentation), perception or spatial impair-
ment (visual presentation/posterior cortical atrophy). Very
occasionally patients present with a behavioural disorder
indicative of frontal lobe dysfunction. These cognitive
profiles are mirrored by differences in topographical dis-
tribution of atrophy. Greater temporal and hippocampal
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atrophy has, for example, been demonstrated in amnestic
patients and greater temporoparietal or parietal atrophy in
patients with multidomain and visual presentations, while
the amnestic clinical presentation is associated with an
older age at onset; multidomain and visual presentations
with younger onset disease [32]. Furthermore, Bigio et al.
[6] noted that while half of 27 patients with amnestic AD
had concomitant TDP-43 pathology, only 3 of 26 other AD
cases with language or behavioural changes showed TDP-
43 pathology [6]. Nonetheless, there was good correlation
between TDP-43 pathological changes and the presence of
HS when all 53 patients were considered together [6].

In the current neuropathological series some patients,
predominantly in the EOAD cohorts, had previously been
classified according to cognitive phenotype at the time of
their initial presentation, thereby providing the opportunity
to examine the influence of cognitive phenotype on TDP-
43 pathology. If the TDP-43 pathology in AD is simply a
by-product of ageing then there ought to be no effect of
cognitive phenotype within a patient group matched for
age. By contrast, if cognitive phenotype is pertinent to the
presence of TDP-43 pathology then one would expect to
see phenotypic differences in AD patients with and without
TDP-43 pathology. We have also been able to investigate
the relationship between TDP-43 pathology and HS, and to

ascertain whether clinical phenotype is driven by the
presence of TDP-43 or HS alone, or whether these have
additive effects.

Materials and methods
Patients

The study group consisted of 180 patients with pathologi-
cally proven AD. Ninety-six patients had EOAD (i.e onset
of illness before 65 years of age), and 84 had LOAD (i.e
onset of illness on or after this age) (Table 1). The early
onset group was further stratified into 85 patients with
sporadic EOAD and 11 patients with familial early onset
AD (FAD) (Table 1). The FAD cases comprised 4 with
APP mutations (1 with APP692 mutation and 3 with
APP717 mutation, 2 Val717Ile and one Val717Gly) and 7
had PSEN-I mutations (3 with M139V, 2 with Delta 4, 1
with E120K, and 1 with E280G mutations).

Clinical diagnosis of AD was according to the Man-
chester Neuropsychological Inventory [32, 33] which
contains elements such as the Clinical Dementia Rating and
is consistent with International consensus clinical criteria
[27]. Neuropathological diagnosis of definite AD was made

Table 1 Selected demographic details of cases, with Apolipoprotein E €2 and €4 allele frequencies in TDP-43 and HS positive and negative
cases, and overall frequencies of TDP-43 pathology and hippocampal sclerosis (separately and in combination) in the various cohorts

FAD (n = 11) EOAD (n = 85) LOAD (n = 84) DS (n = 50) HS (n =5)
M/F 7/4 45/40 36/48 31/19 2/3
Onset age (y) 46 £ 9 56 £ 6 74 £ 6 na 81 £9
Age at death (y) 56 £ 9 65+ 6 83+ 6 47 £ 20 89 +£ 4
Duration (y) 10£5 9+3 8+3 na 9+6
APOE ¢4
TDP+ na 039 (n=09) 0.39 (n = 22) na na
TDP— na 0.33 (n = 62) 0.40 (n = 52) na na
APOE €4
HS+ na 0.41 (n = 13) 0.53 (n =19) na na
HS— 029 (n=17) 0.30 (n = 60) 0.36 (n = 54) na na
APOE €2
HS+ na 0.0 (n = 13) 0.03 (n =19) na na
HS— 00(n="17 0.04 (n = 60) 0.06 (n = 54) na na
Number of TDP-43 positive cases 1 (9%) 9 (11%) 24 (28.6%) 3 (6%) 4 (80%)
Number of HS positive cases 1 (9%) 14 (16.5%) 24 (28.6%) 6 (12%) 5 (100%)
Number of cases
TDP+ HS+ 1 (9%) 8 (10%) 13 (16%) 3 (6%) 4 (80%)
TDP— HS+ 0 (0%) 6 (7%) 11 (13%) 3 (6%) 1 (20%)
TDP+ HS— 0 (0%) 1 (1%) 11 (13%) 0 (0%) 0 (0%)
TDP— HS— 10 (91%) 70 (82%) 49 (58%) 44 (88%) 0 (0%)

FAD Familial Alzheimer’s Disease; EOAD early onset sporadic Alzheimer’s disease; LOAD late onset sporadic Alzheimer’s disease; DS Down’s
syndrome; HS hippocampal sclerosis; APOE €4 apolipoprotein E €4 allele; APOE €2 apolipoprotein E €2 allele; TDP TDP-43; na not applicable
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according to CERAD criteria [28]. All AD patients were
demented in life. All AD cases showed numerous diffuse
amyloid and neuritic plaques within all neocortical brain
regions, and tau (AT8) and ubiquitin (UBQ) immunoreac-
tive NFT within pyramidal neurones of CA1 and subiculum
of the hippocampus, and within layer 3 and 5 pyramidal
neurones of the temporal, frontal and parietal neocortex
indicative of Braak stage 5, or stage 6 when the occipital
cortex was also significantly affected [7]. In some patients,
occasional dentate gyrus (DG) granule cells were also AT8/
UBQ immunopositive. Three of the FAD cases showed
occasional Lewy bodies in frontal and temporal cortex, or
parahippocampal and insular gyri, and occasionally in
midbrain (substantia nigra and locus caeruleus). None of the
patients with sporadic AD displayed Lewy bodies within the
substantia nigra, amygdala, hippocampus or cerebral cortex.
Many of the patients, especially those in the LOAD group,
showed variable degrees of cerebrovascular disease, chiefly
involving arteriosclerotic changes in small arteries of the
deep white matter and within subcortical grey matter
regions. In none of the cases however were these changes
associated with major infarction or haemorrhage, though
local regions of microinfarction or ischaemic change were
not uncommon. The numerical differences in gender com-
position of the EOAD and LOAD groups did not reach
statistical significance (3* = 1.92, p = 0.165).

Additionally, 50 individuals with DS ranging from
newborn to 70 years were investigated (Table 1). Where
karyotyping had been performed, all were trisomy 21.
Forty-one of these individuals were over the age of
30 years and all displayed some degree of AD-type path-
ological changes. Finally, 5 cases of primary HS, in which
concomitant AD-type pathological changes were absent or
failed to meet neuropathological diagnostic criteria for
definite AD [28] were also investigated (Table 1). Four of
these patients were demented, one showed mild cognitive
impairment. Two patients were essentially free of AD-type
pathology (one with otherwise normal brain, one with
cerebrovascular pathology) with Braak score I/II and
CERAD rating of no AD, while the other 3 patients had
Braak score III/IV and possible AD.

Two of the FAD cases, all of the EOAD and LOAD
cases, and 9 of the DS cases were drawn from the Man-
chester Brain Bank. The other 9 cases of FAD and 5 with
DS were obtained from Institute of Psychiatry Brain Bank,
London. Twenty-one of the remaining 36 individuals with
DS were obtained from the Thomas Willis Brain Bank,
Oxford with the rest being obtained through Professor V P
Prasher in Birmingham. The 5 cases with primary HS were
also obtained from the Thomas Willis Brain Bank, Oxford.
All brains had been obtained at autopsy through appro-
priate consenting procedures with Local Ethical Committee
approval.
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Pathological methods

Brains had been fixed in 10% buffered formalin for a
period of between 1 and 3 months at least, after which,
blocks of tissue were cut from the temporal cortex (Brod-
mann areas 21/22) and hippocampus (at the level of the
geniculate bodies) and processed routinely into paraffin
wax. Sections were cut at a thickness of 6um from all
cases, and immunostained by a standard ABC method for
TDP-43 using a phospho-independent polyclonal TDP-43
antibody (10782-1-AP, Protein Tech Inc, Chicago, IL) at a
dilution of 1:1000 [11]. In those instances where TDP-43
pathological changes had been revealed using the phospho-
independent polyclonal TDP-43 antibody (see later), a
phospho-dependent rabbit polyclonal antibody pS409/410-2
(Cosmobio Co, Tokyo, Japan) was used, again at a dilution of
1:1000. All cases were also immunostained for phosphory-
lated tau [mouse monoclonal antibody AT8 (Innogenetics,
Ghent, Belgium) 1:750], amyloid B protein [4G8 mouse
monoclonal antibody (Covance Research Products Inc.,
Dedham, MA) 1:3000] and ubiquitin [rabbit polyclonal
antibody Z0458 (Dako Cytomation, Ely, UK) 1:750]
employing a standard ABC Elite kit (Vector, Peterborough,
UK) with DAB as chromogen, as we have described previ-
ously [11].

For selected AD cases, double immunolabelling was
performed. In one instance, TDP-43 immunoreaction was
firstly performed (using the phospho-independent TDP-43
antibody) with DAB as the chromogen. This was followed
by UBQ immunoreaction employing mouse monoclonal
UBQ antibody (NCL-UBIQm, Vision Biosciences, New-
castle, UK, 1:50), with Vector Elite secondary antibody kit
with very intense purple (VIP) as the chromogen. In the
second instance, TDP-43 immunoreaction was firstly per-
formed, as above, with DAB as revealing agent. This was
followed by AT8 immunoreaction with VIP as the chro-
mogen. In both instances, sections were again lightly
counterstained with haematoxylin.

In some of these latter AD cases double immunofluo-
rescence microscopy was performed using TDP-43 and
ATS8 antibodies sequentially. TDP-43 signal was visualised
using tetramethyl rhodamine labelled secondary antibody
and ATS8 with the fluorescein signal amplification kit
(Perkin Elmer, UK). Sections were washed thoroughly in
phosphate buffered saline and mounted in aquamount
(Merck, UK). Control sections incubated without primary
antibody exhibited no significant background staining.
Fluorescent signals from sections were scanned using a
Leica SP2 laser confocal microscope with Leica LCS
software.

Using the phospho-independent TDP-43 antibody, the
severity of TDP-43 pathological changes in the DG, CAl,
CA2/3, CA4/5 and subiculum regions of the hippocampus,
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and in the entorhinal cortex, fusiform gyrus (FG) and
temporal neocortex was rated in each area according to
0 = absent; 0.5 = rare; 1 = mild; 2 = moderate; 3 =
severe; 4 = very severe. Individual scores in each area
were then summated to give an overall pathology score for
each case.

All cases were examined for the presence of HS, this
being graded semiquantitatively according to 0 = absent;
1 = mild; 2 = moderate; 3 = severe.

Apolipoprotein E genotyping

DNA was extracted from frozen brain tissue (cerebellar
cortex or frontal cortex) where this was available using a
standard phenol—chloroform procedure, and genotyped for
Apolipoprotein E (APOE) genotypes as described previ-
ously [32].

Classification of cognitive phenotype

Seventy-eight patients, mostly those presenting before
65 years, had previously been ascertained, and prospec-
tively assessed, through the Cerebral Function Unit at
Salford Royal Hospitals Foundation Trust. They had been
classified according to their cognitive profile at the time of
clinical presentation, based on clinical history and findings
on neuropsychological examination presentation, and
included amnestic, multidomain, visual, language and
frontal/behavioural phenotypes [32]. All classifications
were carried out prior to and without knowledge of path-
ological findings. The relationship between TDP-43
pathology and clinical phenotype was examined using
these classification data.
All statistical tests were performed using SPSS 15.0

Results
Single label immunohistochemistry

Investigations of the temporal cortex and hippocampus
using the phospho-independent TDP-43 antibody showed
no TDP-43 immunostaining in 142 (79%) of the AD
patients except for a variable degree of physiological
nuclear staining. However, some degree of TDP-43-ir
pathological changes was observed in the other 38 patients.
In 34 of patients (19% of the total), there were a few,
ranging to many, small clusters of TDP-43-ir granules, or
sometimes more solid, rounded inclusions, present in DG
granule cells of the hippocampus (Fig. 1a). In these same
patients, TDP-43-ir inclusions were sometimes, but not
often, seen within pyramidal cells in areas CA1, CA2/3 and
CA4/5, or more commonly within the subiculum, these

usually resembling extracellular, rather than intracellular,
NFT (Fig. 1b). However, in these 34 patients, the most
striking TDP-43-ir pathology was seen in the FG where
variable numbers of rounded TDP-43-ir cytoplasmic
inclusions, or more diffuse granular TDP-43 deposits, were
observed in small neurones of layer II (Fig. 1c). Similar
structures were less commonly seen in neurones of deeper
layers of the FG and occasionally NII were also observed
(Fig. 1d). Such changes within the FG were moderate to
severe in 26 patients but mild or rare in 8 patients. Similar
changes were also present, but usually to a lesser extent, in
the lateral extent of the entorhinal cortex and the most
medial part of the inferior temporal gyrus, but these
gradually petered out in frequency within the rest of the
inferior temporal gyrus, becoming rare or absent in middle
and superior temporal gyri. This pattern of TDP-43-ir
pathological changes has been well described previously in
AD [1, 6, 18, 19, 21, 22, 34] and other disorders [2, 13, 15,
17, 22, 29, 34, 36, 37] and is considered here to represent
‘typical” TDP-43 changes for comparative purposes.

In 4 other AD patients, no neurones within the DG,
entorhinal cortex, FG or temporal neocortex were affected,
though incidental TDP-43-ir pyramidal neurones (one or
two cells per section) were very occasionally seen within
area CAl, CA2/3, CA4/5, or (usually) subiculum alone in
these cases. Similar changes were noted on equivalent
sections from the same cases using the phospho-dependent
TDP-43 antibody, pS409/410 (Fig. le, f), but without the
physiological staining of nuclei. No TDP-43-ir changes
were observed within glial cells in either grey or white
matter in any of the 38 patients with neuronal TDP-43
pathology.

UBQ immunostaining showed similar (to TDP-43)
appearing UBQ-ir inclusions in the FG and adjoining parts
of the inferior temporal gyrus and entorhinal cortex, with
approximately the same level of frequency as those which
were TDP-43-ir (Fig. 1g). AT8 (tau) immunopositive
(AT8-ir) neurones were rare within this region (Fig. lh).

Of the 50 individuals with DS, 7 showed no AD-type
pathological changes; all were aged <20 years. Two
individuals, aged 23 and 27 years, showed rare to moder-
ate numbers of diffuse amyloid plaques within the
temporal neocortex (but not in the hippocampus) but no
neurofibrillary changes. All of the 41 persons over
30 years of age showed some degree of plaque and tangle
formation, this being similar or greater in degree of
severity to that seen in AD in 35 individuals, all of whom
were over 50 years of age. In the other 6 individuals
(35-50 years) numerous diffuse and some neuritic amyloid
plaques were seen within the temporal neocortex and
hippocampus, but neurofibrillary changes were uncommon
and usually seen only within the hippocampus and/or en-
torhinal cortex. Only 3 individuals (aged 54, 59 and
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Fig. 1 Neuronal cytoplasmic
inclusion (NCI) pathology in the
hippocampus in AD. TDP-43
immunostaining using
Proteintech anti TDP-43
antibody reveals densely
granular TDP-43-ir NCI within
granule cells of the dentate
gyrus (DG) (a) and within small
pyramidal cells of the entorhinal
cortex (EC)/fusiform gyrus (FG)
(¢) where occasional
intranuclear inclusions are seen
(d). Some pyramidal cells of
area CAI are also TDP-
immunoreactive but these are
mostly extracellular (b). Use of
phosphodependent anti TDP-43
antibody, pS409/410 shows
similar NCI within the DG

(e) and FG (f). These are also
ubiquitinated (g), but not
immunoreactive to AT8
antibody to phosphorylated tau
proteins, though occasional tau-
positive neurones are present

(h)

61 years) (7%) of the 41 with ‘evolving’ or ‘fully devel-
oped’ AD pathology showed (minor) TDP-43-ir patho-
logical changes, having the same topographic distribution
within the hippocampus and temporal cortex as was seen
in the 34 affected AD patients referred to previously.
These 3 individuals also showed HS.

Of the 5 patients with primary HS, 4 showed TDP-43-ir
pathological changes of the kind seen in AD within a
similar topographic location in the hippocampus and tem-
poral cortex. These were mild in 2 cases, moderate in one
case and severe in one case. Three of the 4 positive cases
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had possible AD by CERAD, but the other was normal.
The TDP-43 negative case had cerebrovascular lesions.

Double labelling immunohistochemistry

Double labelling immunohistochemistry showed that most
of the TDP-43-ir inclusions within the DG granule cells
were also UBQ-ir (on line supplementary Fig. 1a) but not
AT8-ir (on line supplementary Fig. 1b). Likewise, most
of the TDP-43-ir inclusions within the outer layer of the
FG were also UBQ-ir, but none was AT8-ir (not shown).
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ATS8-ir neurones in the deeper layers of the FG were UBQ-
ir, but not TDP-43-ir (not shown). The occasional TDP-43-
ir inclusions within CA1 and subiculum were not AT8-ir.
Double immunofluoresce microscopy confirmed that most
of the TDP-43-ir inclusions within either the DG granule
cells (on line supplementary Fig. 2a), or the outer layer of
the FG (on line supplementary Fig. 2b), were not AT8-ir,
though partial colocalisation did occur in rare cells in both
regions (on line supplementary Fig. 2a).

Comparisons between TDP-43 positive and TDP-43
negative early and late onset AD patients

Twenty-four out of 84 (29%) LOAD patients, but only 9/85
(10%) EOAD cases, 1/11 (9%) FAD and 3/41 (7%) of the
older DS cases, showed topographically ‘typical’ TDP-43
pathological changes (as defined above). The prevalence of
TDP-43 pathology in LOAD was significantly higher than
in EOAD (3 = 891; p = 0.003), and DS (3* = 6.21;
p = 0.013), but did not reach significance when compared
to FAD (p = 0.278, Fisher’s exact test), presumably due to
lack of statistical power resulting from low numbers.
Within the EOAD group, TDP-43 positive and TDP-43
negative cases did not differ in terms of gender composi-
tion (xz = 0.182, p = 0.670), mean age at onset of disease
(p = 0.174) or the mean duration of illness (p = 0.222),
Similarly, within the LOAD group TDP-43 positive and
negative cases did not differ in terms of gender composi-
tion (3* = 0.122, p = 0.727), mean age at onset of disease
(p = 0.314) or mean duration of illness (p = 0.397).

In the total group of 34 ‘typical’ TDP-43 positive cases,
measurements of severity of TDP-43 pathological changes
showed no correlation with age at onset of disease
(p = 0.652) or duration of illness (p = 0.714).

Relationship between TDP-43 pathology
and hippocampal sclerosis

Overall, 21.7% AD cases and 6% DS cases showed HS.
However, within the AD group, only 1 (9%) FAD cases
and 14 (16.5%) EOAD cases, but 24 (28.6%) LOAD cases,
showed HS (Table 1). The proportion of patients in the
LOAD with HS tended to be greater (X2 = 3.55,
p = 0.067) than that in EOAD (Table 1).

The proportion of patients in both EOAD and LOAD
with TDP-43 pathology that also had HS (i.e 8/9 (89%)
cases in EOAD and 13/24 (54%) cases in LOAD) was
significantly greater than that in both these groups that
were without TDP-43 pathology but still had HS (i.e 6/76
(8%) cases in EOAD and 11/60 (18%) cases in LOAD)
(x> = 38.3, p = 0.000 and %> = 10.8, p = 0.003, respec-
tively) (Table 1).

There was also a trend for the proportion of cases in
EOAD that had TDP-43 pathology and HS [8/9 (89%)
cases] to be greater than the proportion in LOAD, where
only 13/24 (54%) such cases also had HS (x2 =341,
p = 0.065). Conversely, the proportion of cases in the
EOAD without either TDP-43 pathology or HS (70/85
cases, 82%) was significantly greater than that in LOAD
(49/84 cases, 58%) (Xz =117, p = 0.001). Moreover,
10/11 (90%) FAD cases and 44/50 (88%) DS showed
neither TDP-43 pathology nor HS. However, the propor-
tion of cases in LOAD group with HS, but without TDP-43
pathology (11/24 cases, 46%), did not differ from that in
EOAD (6/14 cases, 43%) (x> = 0.032, p = 0.859).

In other words, cases of EOAD with TDP pathology are
more likely also to show HS than are cases of LOAD with
TDP-43 pathology; in LOAD nearly half of all cases with
HS were TDP-43 negative. However, cases of both EOAD
and LOAD without TDP-43 pathology are equally likely to
show HS. Cases of EOAD (irrespective of cause) and DS
are, therefore, more likely to be without either TDP-43
pathology or HS than are cases of LOAD.

Although the severity score for HS in those cases that
also had TDP-43 pathology (mean score = 2.12) was
numerically greater compared to those cases without TDP-
43 pathology (mean HS score = 1.9) this difference was
not statistically significant (p = 0.307). The severity score
for HS did not correlate significantly (p = 0.877) with that
for TDP-43 pathology in those 22 combined EOAD and
LOAD cases showing both TDP-43 pathology and HS.

As mentioned 4/5 cases of primary HS showed TDP-43
pathological changes, though the severity of the TDP-43
pathology did not obviously relate to the extent of HS
(which was very severe in all 4 cases).

Relationship between TDP-43 pathology, hippocampal
sclerosis and APOE &4

As found by others [6], the APOE &4 allele frequency in the
TDP-43 positive group was not significantly different from
that in the TDP-43 negative group in either EOAD or
LOAD (x> = 0.31, p = 0.576 and x> = 0.039, p = 0.843,
respectively) (Table 1). Likewise, comparisons between
APOE ¢4 allele frequency in EOAD and LOAD TDP-43
positive groups, and between APOE &4 allele frequency in
EOAD and LOAD TDP-43 negative groups were non-
significant (x* = 0.0, p =0.985 and ¥*=1.62, p =
0.203, respectively) (Table 1). Nevertheless, the severity of
TDP-43 pathological changes in FG in patients with APOE
€4 allele was significantly greater (Mann—Whitney U =
12.5, p = 0.032) than that in those patients without APOE
€4 allele. Similar comparisons within the FAD and
DS groups were not performed as there was only a single
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TDP-43 positive case in the former group and 3 such cases
in the latter group.

As reported by others [23] the APOE ¢4 allele frequency
in HS positive cases was significantly greater than that in
HS negative cases both overall [31/66 alleles (0.47) vs.
79/242 alleles (0.33); X2 =4.64, p=0.031] in both
EOAD and LOAD (Table 1). The APOE €2 allele fre-
quency in HS positive cases was numerically less than that
in HS negative cases but there were too few €2 alleles in
the HS positive group for meaningful statistical analysis.

Relationship between TDP-43 pathology, hippocampal
sclerosis and cognitive phenotype

Cognitive phenotypic information at the time of patients’
clinical presentation was available for 78 AD cases. 11
(14%) of cases were classified as ‘amnestic’ and 59 (76%) as
multidomain. Rarer, focal presentations accounted for 10%:
4 (5%) visual, 2 language (2.5%) and 2 frontal (2.5%). The
high proportion of multidomain presentations reflects the
high prevalence of this phenotype in EOAD [32].

Comparisons between patients with and without TDP-43
pathology revealed a striking finding. 7/11 (64%) of TDP-43
positive cases had an amnestic presentation, but only 4/67
(6%) of TDP-43 negative cases had this presentation. The
difference is highly significant (x> = 25.9, p < 0.0001).
Conversely, the multidomain presentation accounted for
only 2/11 (18%) of TDP-43 positive cases but 57/67 (85%) of
TDP-43 negative cases, the difference again being highly
significant (3* = 22.9, p < 0.0001). Non-amnestic focal
presentations (language, visual, frontal) were rare in both
groups, so were non-discriminatory. TDP-43 positive and
negative cases did not differ in age at onset of illness.

HS too was more common in cases with amnestic than non-
amnestic presentations (x> = 8.00, p = 0.005). However,
when TDP-43 positive cases were removed from the analysis,
the effect of HS on phenotype was no longer significant. By
contrast when HS positive cases were removed from the
analysis the effect of TDP-43 on phenotype continued to be
highly significant, TDP-43 positivity being strongly associ-
ated with amnestic presentation: amnestic versus multidomain
comparison (x* = 20.76, p < 0.001). There was no statisti-
cally significant additive effect of TDP-43 and HS on
likelihood of an amnestic presentation. There were particular
features regarding the presentation of the TDP-43-negative,
HS positive cases, which on the whole tended to be associated
with the more common ‘multidomain presentation.

Discussion

Intracellular accumulations of TDP-43 have been reported
as characterising the pathological changes of many cases of
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FTLD and MND [5, 20, 25]. In the present study such
changes were present in 21% of AD cases. In most (19%),
TDP-43-ir granules, or sometimes more solid, rounded NCI
were seen in the DG granule cells. However, the most
striking TDP-43 pathology was seen in the FG and medial
parts of the ITG and lateral parts of the EC where
numerous, rounded TDP-43-ir NCI, or more diffuse gran-
ular TDP-43 deposits, were observed in small neurones of
layer II. Occasional TDP-43-ir lentiform NII were also
observed. Double labelling microscopy showed that while
the majority of these TDP-43-ir pathological changes in
both the DG and FG were UBQ immunopositive, there was
little or no colocalisation with tau proteins. Conversely, in
the CAl and subiculum, and temporal neocortex only
occasional tau/NFT containing pyramidal cells showed
TDP-43 colocalisation. These anatomical and morpholog-
ical observations are similar to those reported by others
[1,2, 6,18, 19, 21, 22, 34].

Previous studies of AD have typically found a higher
proportion of patients with TDP-43 pathological changes
than in the present study. For example, Amador-Ortiz et al.
[1] noted TDP-43 pathological changes in the brains of
23% of 74 patients with AD (mean age at death, 79 years).
Uryu et al. [34] reported such changes in 26% of 182
patients (mean age at death, 77.5 years). Arai et al. [2]
found 36-56%, respectively, of a Japanese (53 patients,
mean age at death 83, years) and Canadian (25 patients,
mean age at death, 81 years) series of patients to be
affected by TDP-43 pathological changes. Kadokura et al.
[21] noted 31% of 16 patients (mean age 75 years) to be
affected. King et al. [22] observed TDP-43 pathology in
58% of 19 cases of AD (mean age 77.4 years). Finally,
Bigio et al. [6] noted TDP-43 pathological changes in 14 of
27 cases of AD (mean age 78.6 years). A plausible
explanation for variations in findings lies in differences in
age composition of the various cohorts. In previous studies
the mean age at death (77.5-83 years) was higher than in
the present study (71.6 years), suggesting that they are
likely to represent older cohorts. The finding in the present
study of a significantly higher prevalence of TDP-43-ir
pathological changes in LOAD, compared to EOAD, draws
attention to the potential importance of age as a deter-
mining factor. Our observations are in keeping with those
of Josephs et al. [19] who found an effect of age on TDP-43
pathology in AD. They are also consistent with the report
by Geser et al. [16] of TDP-43 pathology in 29% of brains
of healthy controls and people with psychiatric illnesses
over 65 years of age, but no such changes in younger
people.

To our knowledge, there has been only one previous
study investigating the presence and distribution of TDP-
43-ir pathological changes in FAD and in DS [24] In that
study, 42 patients with FAD [30 with PSEN-I mutations
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(including 7 with A246E, 13 with C410Y, 3 with L286V
and 4 with M146L mutation), 3 with PSEN-2 mutations,
3 with an APP mutation (Val717Ile) and 6 others where
no mutation (in these genes) was found though all 6 cases
showed autosomal dominant inheritance] and 14 with DS
due to trisomy 21. TDP-43-ir changes of the kind seen in
sporadic AD were found in the hippocampus and tem-
poral lobe (but none in the frontal cortex) of 6/42 (13%)
cases of FAD, and in 2/14 (13%) individuals with DS.
TDP-43-ir changes did not colocalise with tau tangle-
bearing neurones. Present observations of TDP-43-ir
changes in temporal lobe structures of 1/11 (9%) FAD
cases and 3/37 (8%) DS cases are consistent with the
earlier report [24], and show that such changes are rela-
tively rare in younger persons with AD irrespective of
genetic aetiology.

HS is a relatively common finding, occurring in 0.4 to
26% of elderly individuals, including ones with AD [5, 6,
9, 10, 12, 23, 30, 31, 38], and continues to increase in
prevalence into extreme old age, even at a time when
prevalence of AD is diminishing [30]. The pathogenesis of
HS remains poorly understood, though it appears to be
unrelated to AD neurofibrillary pathology or cerebrovas-
cular insufficiencies [30], and probably has multiple
underlying causes. The relationship between TDP-43 and
HS is complex. As shown here, both pathologies are more
frequently seen in older, than in younger, individuals with
or without AD (see also [l, 19]), but the relationship
between them remains unclear. In a study of 306 elderly
cases (including some with AD), TDP-43 pathology was
significantly more common in cases with HS than in cases
without HS [30]. Similar findings were reported by
Amador-Ortiz et al. [1]. We also find that TDP-43
pathology is more common in cases of AD with HS than
those without HS, especially in EOAD cases where this
distinction is more strongly observed.

To our knowledge, there have been no previous studies
which have specifically investigated the relationship
between TDP-43 pathology and HS. In the present study, in
EOAD, it seems that TDP-43 pathology and HS co-occur
in most patients, though in LOAD, only about half of the
patients with TDP-43 pathology also show HS. Bigio et al.
[6] also noted that only 9 of 14 elderly cases of AD also
displayed HS. This suggests that, as in EOAD, HS may
relate to presence of TDP-43 pathology only in about half
of the patients with LOAD, and there would appear to be
other biological reasons for HS to occur in the remainder.
Present and other [6] observations showing discordancy
between the presence of TDP-43 pathology and HS might,
therefore, argue that when TDP-43 and HS do occur
together, this represents a coincidence of two relatively
common pathologies in a single patient, rather than there
being a direct causal link between the two. The relative

paucity of TDP-43-ir neurones in CAl and subiculum in
cases where HS is not seen, even when florid TDP-43
changes are present in EC and FG, would support this
argument of coincidence rather than causality. This dis-
cordancy is further illustrated by the present observations
that only 4/5 cases of primary HS showed TDP-43
pathology. In another study, Amador-Ortiz et al. [1] simi-
larly noted that only 13/21 (63%) cases of primary HS
showed TDP-43 pathology. Moreover, the finding that 3 of
the present 4 HS cases with TDP-43 pathology also had
minor degrees of AD-type pathology, is possibly indicative
of an evolving AD, and would emphasise that association
between TDP-43 and AD in the majority of the elderly,
rather than reflecting a causal relationship between HS and
TDP-43 per se.

However, on the other hand, HS is usually seen in cases
of FTLD with TDP-43, rather than tau, based pathology
[1, 3], suggesting a direct linkage. Nonetheless, this rela-
tionship is imperfect with only about 75% of such TDP-43
positive cases showing HS and, as with AD, HS is again
more commonly seen in older, than in younger, patients
with FTLD [3].

The converging evidence from this and other studies is
in keeping with the notion that age influences the devel-
opment of TDP-43 pathology. Yet, age per se appears to
provide an insufficient explanation for the available data.
Why do some patients develop TDP-43 pathology whereas
others of a similar age do not? The examination in this
study of clinical phenotype in a subset of patients, mainly
with early onset, is revealing. There was a strong bias
towards an amnestic clinical presentation in patients with
TDP-43 pathology and a non-amnestic, multidomain pre-
sentation in patients without TDP-43 pathology. These
TDP-43 positive and negative cases did not differ in age of
onset. Bigio et al. [6] also noted a strong bias towards an
association between the presence of TDP-43 pathology and
an amnestic presentation of AD. It is also pertinent that the
amnestic presentation has previously been found [32] to be
associated with predominant temporal/hippocampal atro-
phy—precisely those brain regions most affected here by
TDP-43 pathology. By contrast, the multidomain presen-
tation is associated with greater involvement of the
temporoparietal cortex. The findings are in keeping with a
previous report of greater hippocampal atrophy in AD
patients with TDP-43 pathology compared to those without
[19]. Clinical phenotype appears to be a strong predictor of
TDP-43 pathology. We have previously found that
amnestic presentations of AD become more prevalent with
increasing age [32]. Thus, it may not be age per se that
accounts for the observed ‘age effects’ in predicting TDP-
pathology, but rather the dominance of memory loss as the
presenting feature in elderly AD patients compared to
younger-onset patients.
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Interestingly, HS was also associated more commonly
with an amnestic presentation of AD, a finding in keeping
with reports of an association between HS and memory
loss [30]. However, the effect was less robust than that seen
for TDP-43, and disappeared when TDP-43-positive cases
were excluded from the analysis. Cases with HS alone
showed mostly the multidomain presentation.

The similarities in appearance and distribution of TDP-
43 pathological changes in AD and a wide range of other
neurodegenerative disorders might reasonably lead to the
conclusion that such changes are not specific to any par-
ticular disease. Moreover, it is tempting to infer, from the
increased frequency of such changes in older individuals
with AD, that their presence reflects a pathological process
associated with ageing or longevity, and one that is inde-
pendent of the principal (AD) pathological changes. A
challenge to such an interpretation, however, comes from
the strong relationship reported here between clinical
phenotype and TDP-43 pathology. The presence of prom-
inent amnesia associated with a pathology that largely
affects medial temporal lobe structures provides a coherent
account, which suggests that TDP-43 may, after all, be
integral to the pathology of at least some forms of AD.
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