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of TDP-43 pathology that was most often Type A morphol-
ogy and distribution, while typical AD and lP-AD had a 
significantly lower frequency of TDP-43 pathology that 
was most often Type B. These results suggest that HpScl 
and AD are pathologically and genetically distinct and non-
synergistic neurodegenerative processes that present with 
amnestic dementia. Pure HpScl and HpScl with concomi-
tant AD occur most often in elderly individuals.
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Introduction

The differential diagnosis of late-onset amnestic dementia 
includes both Alzheimer’s disease (AD) and hippocampal 
sclerosis of the elderly (HpScl) [4, 31]. The neuropatho-
logic diagnosis of AD requires the presence of neurofi-
brillary tangles (NFT) and senile plaques (SP) [16]. These 
lesions are usually abundant in hippocampus and neocor-
tex; however, atypical distribution of AD pathology pre-
senting with focal cortical atrophy and focal clinical pres-
entations is increasingly recognized [1, 14]. AD can be 
neuropathologically classified into three subtypes based on 
the relative density of NFTs in the hippocampus and cor-
tex: hippocampal-sparing AD, typical AD, and limbic-pre-
dominant AD (lP-AD) [17, 23]. In contrast to typical AD, 
which follows the Braak NFT staging scheme [5], lP-AD 
has disproportionately greater NFTs in the hippocampus 
than in the neocortex.

HpScl can be difficult to distinguish from lP-AD by 
neuroimaging and pathologic analysis given that the medial 
temporal lobe is severely affected in both diseases. HpScl 
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is characterized by neuronal loss in the hippocampal CA1 
sector and the subiculum that is disproportionate to the 
number of NFT, if any, in these regions [10]. Furthermore, 
HpScl of the elderly is not associated with epilepsy or his-
tory of hypoxic/ischemic injury. HpScl cases can be diffi-
cult to identify because the brains usually have confound-
ing pathology, which often includes NFT and SP due to the 
advanced age of patients.

In an effort to distinguish late-onset amnestic demen-
tias, we have investigated the neuropathologic, genetic, and 
clinical characteristics of a large cohort of autopsy-con-
firmed cases with typical AD, lP-AD, HpScl, and HpScl 
with concomitant AD (HpScl-AD). This study design also 
allowed us to determine if AD and HpScl are synergistic or 
separate disease processes.

Materials and methods

Study samples

research protocols described in this report were approved 
by the Mayo Clinic Institutional review Board. All brains 
were acquired and autopsied after informed consent by the 
legal next-of-kin. The Mayo Clinic Jacksonville brain bank 
was queried to identify the following study groups: typi-
cal AD (AD), limbic predominant AD (lP-AD), HpScl-
AD, and HpScl of the elderly. The exclusion criteria for 
all cases were: unavailable tissue blocks, absence of NFT 
or SP counts, known pathogenic mutations, and history of 
epilepsy or seizure. All Alzheimer’s disease groups (AD, 
lP-AD, and HpScl-AD) were required to have a Braak 
stage ≥IV. The AD subtypes were classified using a math-
ematical algorithm that assesses NFT density in hippocam-
pus and neocortex, as previously described [23]. Briefly, 
thioflavin-S fluorescent microscopy was used to assess den-
sity and distribution of NFTs in three neocortical regions 
and two hippocampal sectors in the original study popula-
tion of 889 AD cases. lP-AD cases were identified if the 
hippocampal NFTs were disproportionately greater than 
cortical NFTs. Additionally, a ratio of hippocampal to cor-
tical NFTs greater than the 75th percentile was used to 
avoid classifying mild cases. All HpScl (HpScl and HpScl-
AD) had (1) disproportionate neuronal loss compared to 
NFT accumulation in the hippocampus (Fig. 1) and (2) 
TDP-43 neuropathology (Fig. 2). TDP-43 neuropathology 
was a requirement so that HpScl due to causes other than 
a neurodegenerative process would be excluded. Cases in 
the HpScl-AD group not only had a primary diagnosis of 
AD, but also neuronal loss disproportionate to extracellular 
NFT in the hippocampus. Cases in the HpScl group had no 
other significant coexisting pathology. Applying inclusion 
and exclusion criteria led to a sample size of 30 HpScl, 132 

HpScl-AD, 151 lP-AD, and 807 typical AD. Study source 
can be found in Supplementary methods.

Procedures

gross and macroscopic neuropathologic assessment was 
performed by standardized procedures. Formalin-fixed, 
paraffin-embedded tissue samples from the primary motor 
and visual cortices, inferior parietal lobule, mid-frontal 
gyrus, superior temporal gyrus, amygdala, and posterior 
hippocampus were cut at 5 μm thickness, mounted on 
glass slides and stained with H&e. Thioflavin-S fluorescent 
microscopy was performed to evaluate SP (10× objective) 
and NFT densities (40× objective). Primitive, neuritic, 
and cored type plaques were included in the SP counts and 
were truncated at 50, which is twice the number required 
to meet Khachaturian’s criteria for AD diagnosis [20]. NFT 
distribution was assessed to determine Braak stage. Intra-
cellular and extracellular NFT counts from two hippocam-
pal regions (CA1 and subiculum) and three association 
cortices (inferior parietal, mid-frontal, and superior tempo-
ral) were used to determine AD subtypes. Additional sec-
tions previously underwent immunohistochemical staining 
and were processed using the DAKO Autostainer (DAKO 
Auto Machine Corporation, Carpinteria, CA, USA) with 
DAKO envision+ HrP System. The posterior hippocam-
pus was stained with an antibody that detects the 25 kDa 
C-terminal fragment of TDP-43 (a generous gift from 
leonard Petrucelli, Mayo Clinic, Fl, USA). Assessment of 
TDP-43 pathology was performed as previously described 
[2]. Cerebrovascular disease was assessed using a simple 
scheme proposed by Jellinger and Attems [18], as previ-
ously reported. lewy body disease (lBD) pathology was 
assessed by use of immunohistochemistry [34], as previ-
ously described.

For genotyping, genomic DNA was extracted from fro-
zen brain by standard procedures. genotyping for MAPT 
H1/H2 (SNP rs1052554 A/g, A = H1, g = H2), APOE 
alleles (SNP rs429358 C/T and rs7412 C/T), GRN (SNP 
rs5848 C/T), and TMEM106B (SNP rs1990622 C/T) was 
performed using a Taqman SNP genotyping assay (Applied 
Biosystems, Carlsbad, CA, USA). genotype calls were 
obtained with SDS v2.2 software (Applied Biosystems). 
Although there is overlap in the HpScl-AD group between 
previous genetic studies [9, 32], genetic information on the 
HpScl group has not been previously reported. genotyping 
availability can be found in Supplementary methods.

Clinical reports were reviewed blind to pathologic diag-
nosis to collect education, family history, age of onset, 
disease duration, and Mini Mental State examination 
(MMSe) scores. Family history was noted as positive if at 
least one first-degree relative had dementia. Age of onset 
was recorded as the age of initial cognitive abnormalities, 
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as opposed to age of diagnosis. Disease duration was 
ascertained as the number of years elapsed between age 
of death and age of onset. longitudinal decline was cal-
culated as a slope of three or more MMSe scores, where 
the MMSe score was the dependent variable and elapsed 
years between testing and death were the independent vari-
able. Antemortem clinical diagnosis of probable AD, pos-
sible AD and mild cognitive impairment was considered an 

amnestic diagnosis. Availability of clinical information can 
be found in Supplementary methods.

Statistical methods

All statistical analyses and graph generation were per-
formed in SigmaPlot 11.0 (San Jose, CA, USA). A 
Kruskal–Wallis one-way analysis of variance on ranks was 

Fig. 1  Histologic features by hippocampal sclerosis and AD sub-
type. H&e staining of the hippocampus (a, d, g, j) and especially the 
CA1 region (b, e, h, k) revealed neuronal loss. Thioflavin-S fluores-
cent microscopy of the CA1 region (c, f, i, l) was performed to detect 
senile plaques (SP) and neurofibrillary tangles (NFT). Cases with typ-
ical AD (a–c) usually have hippocampal neuron loss (a, b), many SPs 
and NFTs in hippocampal (c) and cortical regions. Cases with lP-AD 
(d–f) commonly have hippocampal neuron loss (d, e) with abundant 
NFTs relatively restricted to the hippocampus (f), without an apparent 

effect on SP distribution. Cases with HpScl-AD (g–i) have extensive 
hippocampal neuron loss (g, h), NFTs (i) and SPs in hippocampal 
and cortical regions. Cases with HpScl (j–l) have extensive hip-
pocampal neuron loss mainly in the CA1 and subiculum regions (j, 
k), few SPs and NFTs in hippocampal (l) and cortical regions. Scale 
bar 1,000 microns (a, d, g, j), and 50 microns (b, c, e, f, h, i, k, l). 
AD Alzheimer’s disease, LP-AD limbic-predominant AD, HpScl hip-
pocampal sclerosis, H&E hematoxylin&eosin, Thio-S Thioflavin-S
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performed for group comparisons of continuous variables 
and a post hoc pairwise comparison was performed with 
Mann–Whitney rank sum test. A χ2 test was performed for 
group comparisons of categorical data. Six multivariable 
logistic regression models were built for each combina-
tion of pathologic groups using the significant clinical and 
genetic variables from univariate analyses (Supplementary 

Table 1). longitudinal decline on MMSe was not included 
given the limitation of sample size. An odds ratio <1 indi-
cates that the independent variable (e.g., clinical or genetic 
feature) has a greater odds associated with the dependent 
pathologic “0” group. To facilitate interpretation of the 
odds, the inverse of the odds ratio (1/odds ratio) was cal-
culated and used for interpretation in the “results” section.

Fig. 2  TDP-43 immunohistochemistry of the hippocampus was 
performed to detect TDP-43-positive inclusions and to determine 
the TDP-43 pathology classification. To illustrate differences across 
cases, the dentate fascia (a, d, g, j,), CA1 (b, e, h, k), and the super-
ficial layer of the parahippocampal cortex (c, f, i, l) is shown. Of the 
subset of typical AD (a–c) and lP-AD (d–f) that are TDP-43 posi-
tive, there is a higher frequency of Type B TDP-43 pathology, char-
acterized by a predominance of cortical NCIs (c, f) throughout corti-
cal layers. Both NCIs and NIIs (a, center) were found in the dentate 
fascia granule cells (a, d). Neurofibrillary tangle-associated TDP-43 

could be found in both typical AD (b) and lP-AD (e), with few NCIs 
observed. HpScl-AD (g–i) and HpScl (j–l) have a higher frequency 
of Type A TDP-43 pathology, characterized by cortical NCIs and 
neuritic pathology typically localized to superficial cortical layers (i, 
l). NCIs, NIIs, and rare neurites were found in the dentate fascia of 
HpScl-AD (g) and HpScl (j). Abundant neuritic pathology in the CA1 
was observed in both HpScl-AD (h) and HpScl (k), as well as vascu-
lar TDP-43 (k, inset). Scale bar 50 microns. AD Alzheimer’s disease, 
LP-AD limbic-predominant AD, HpScl hippocampal sclerosis
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Results

Prior to implementing exclusion criteria, we assessed the 
frequency of HpScl in the Mayo Clinic brain bank in cases 
whose postmortem diagnosis was considered to underlie a 
dementing disorder (n = 5,074). There were 285 cases with 
concomitant HpScl or about 6 % of the “dementia” cases. A 
total of 30 autopsy-confirmed TDP-43 positive HpScl with-
out significant coexisting pathology were included in the 
study. An additional 132 cases of HpScl with concomitant 
AD pathology were ascertained. A validated classification 
algorithm identified 807 typical AD and 151 lP-AD [23]. 
Of the 471 males and 649 females in the study, the lP-AD 
had the highest proportion of women (70 %; Table 1). The 
age at death was significantly later in HpScl (90 years) 
compared to typical AD (80 years, p < 0.001; Table 1), 
which is similar to previous findings [7, 27]. Both HpScl-
AD and lP-AD had an average age of death of 86 years, 
midway between HpScl and typical AD. The median HpScl 
brain weight (1,160 g) was significantly higher than the AD 
groups (1,040 g, p < 0.001), with HpScl-AD having the 
lowest brain weight (1,010 g, p < 0.001; Table 1).

Neuropathologic findings

To determine if the study groups had distinct pathologic 
characteristics, we examined various pathologic parame-
ters. We first investigated the characteristic lesions found in 
AD: NFTs and SPs (Fig. 1). The median Braak NFT stage 
for AD, lP-AD, and HpScl-AD was VI, while the HpScl 
Braak stage was II (Table 1). The NFTs in HpScl were 
sparse or absent in all regions examined. As expected, the 
lP-AD exhibited the highest NFT density within the hip-
pocampal regions [17, 23]. NFT density within the cortical 
regions was highest in typical AD. The SP density within 
the cortical and hippocampal regions was similar across the 
typical AD, lP-AD, and HpScl-AD groups (Supplementary 

Table 2). In comparison, SP density in the HpScl group was 
significantly lower than all other groups (p < 0.001).

Focal hippocampal atrophy can be associated with a 
range of medical conditions including cardiovascular dis-
ease and traumatic brain injury [12]; therefore, to ensure 
atrophy was a result of a neurodegenerative process we 
only included HpScl and HpScl-AD that were positive for 
TDP-43. Although TDP-43 positivity was used as inclusion 
criteria for HpScl and HpScl-AD, we examined the relative 
frequency of cerebrovascular disease pathology across the 
groups given evidence of an association with certain forms 
of vascular pathology [28]. There were significant group-
wise differences in cerebrovascular disease [18], with the 
highest frequency observed in HpScl cases and lowest fre-
quency in typical AD cases; however, pairwise comparisons 
only revealed significant differences between typical and 
lP-AD (Table 1). lBD pathology was also found to sig-
nificantly differ when a group-wise analysis was performed 
(Table 1), where HpScl had a much lower frequency of 
concomitant lBD pathology. Amygdala-predominant 
lewy body disease was over-represented in lP-AD [17], 
but interestingly was far less in HpScl-AD compared to 
both typical AD and lP-AD.

TDP-43 pathology is strongly associated with HpScl and 
to a lesser extent with AD [2, 3, 19, 27], but the type of 
TDP-43 pathology has not been characterized between AD 
subtypes. Thus, we evaluated the TDP-43 frequency and 
subtype in our study groups (Fig. 2; Table 1). Only a sub-
set of typical AD and lP-AD groups were TDP-43-positive 
(30 and 35 %, respectively) and usually exhibited a Type 
B [formerly Mackenzie type 3, with predominantly neu-
ronal cytoplasmic inclusions (NCI) and sparse or no dys-
trophic neurites] pattern of TDP-43 distribution and mor-
phology. In contrast, HpScl and HpScl-AD predominantly 
exhibited a Type A [formerly Mackenzie type 1, with NCI, 
dystrophic neurites and usually neuronal intranuclear inclu-
sions (NII)] pattern. In total, these neuropathologic findings 

Table 2  Comparison of genetic findings

All data are displayed as number genotyped with proportion positive in parentheses. A Chi-square test was used for statistical evaluation

AD Alzheimer’s disease, LP-AD limbic-predominant Alzheimer’s disease, HpScl hippocampal sclerosis, MAPT microtubule-associated protein 
tau, APOE apolipoprotein e, GRN granulin

* p < 0.05 vs. HpScl

Typical AD lP-AD HpScl-AD HpScl p value

Overall HpScl-AD vs.  
lP-AD

HpScl-AD vs.  
typical AD

lP-AD vs.  
typical AD

MAPT, H1H1 377 (60 %) 97 (71 %) 75 (69 %) 18 (75 %) 0.025 0.748 0.158 0.022

APOE, ε4 allele 355 (58 %)* 87 (67 %)* 65 (61 %)* 9 (33 %) 0.008 0.561 0.486 0.082

GRN, T allele 294 (53 %) 58 (48 %) 70 (70 %) 15 (62 %) 0.003 0.002 0.001 0.513

TMEM106B, C 
allele

418 (70 %)* 94 (75 %)* 51 (48 %) 11 (48 %) <0.001 <0.001 <0.001 0.357
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demonstrate that lP-AD neuropathology is more analogous 
to typical AD than the other study groups, and HpScl-AD 
exhibits features of both typical AD and HpScl.

genetic analyses

We performed multiple genetic analyses to ascertain any 
differences in our study groups (Table 2). Assessment of 
MAPT revealed that lP-AD (71 %) had significantly more 
H1H1 homozygotes than typical AD (60 %, p = 0.022), 
but no other significant differences were found. We did not 
detect any APOE ε4 allele effects between the AD groups 
(58–67 %); however, the HpScl group had a significantly 
lower APOE ε4 allele frequency than all other groups 
(33 %, p < 0.05). We also examined the progranulin (GRN) 
rs5848 variant, where the T allele is associated with lower 
grN expression and is reported to be a risk factor for fron-
totemporal lobar degeneration (FTlD), HpScl, and AD [9, 
21, 30, 36]. Both the HpScl and HpScl-AD groups appeared 
to have a higher proportion of the GRN T allele (62 and 
70 %, respectively), but only the HpScl-AD group achieved 
significance over the typical AD and lP-AD groups (53 
and 48 %, respectively; p < 0.002). Furthermore, 21 % of 
the HpScl were homozygous for the T risk allele, which is 
higher than the frequency reported in FTlD (16 %) [32]. 
In comparison, the TMEM106B rs1990622 variant, where 
the C allele regulates grN expression [11], is reported to 
be protective for AD with HpScl [32]. The TMEM106B C 
allele was found significantly less often in the HpScl and 
HpScl-AD groups (48 % for both) than the typical AD and 
lP-AD groups (70 and 74 %, respectively). Of note, none 
of HpScl cases were homozygous for the C allele. These 
findings imply APOE ε4 allele status is the best genetic 
indicator for AD, regardless of AD subtype (i.e., typical AD 

vs. lP-AD) or HpScl comorbidity, and the absence of the 
TMEM106B C allele is the best genetic indicator for HpScl, 
regardless of AD comorbidity.

Clinical and cognitive assessments

Table 3 summarizes all clinical findings. The age of disease 
onset was oldest in HpScl (79 years) and the youngest in 
typical AD (71 years). Disease duration was similar among 
AD, lP-AD, and HpScl (9–10 years), but was appreci-
ably longer in HpScl-AD (12 years, p < 0.001) compared 
to AD and lP-AD. Family history of dementia was vari-
ably reported and ranged from 22 % in typical AD to 67 % 
in HpScl-AD. The percentage of cases given an amnestic 
clinical diagnosis was similar among lP-AD, HpScl-AD, 
and HpScl (88–93 %) but was somewhat lower in typical 
AD (78 %). To determine if cognitive tests could distin-
guish between study groups, we performed a retrospective 
analysis on a subset of cases with available MMSe scores. 
longitudinal progression of cognitive decline was calcu-
lated for cases with at least three MMSe scores. longitudi-
nal decline was significantly slower in HpScl (−0.3 points/
year) compared to all other groups (p ≤ 0.003), with typi-
cal AD exhibiting the steepest decline (−2.5 points/year, 
Fig. 3). These antemortem results show that HpScl patients 
are significantly older and present with a considerably 
slower cognitive decline than patients with AD, irrespec-
tive of AD subtype. To predict which of the significant 
clinical and genetic variables might improve the differential 
diagnosis of these late-life amnestic dementias, six logis-
tic regression models were built (Supplementary Table 1). 
Detailed descriptions can be found in Supplementary 
results. Separately the presence versus absence of the GRN 
T allele and the presence versus absence of the TMEM106B 

Table 3  Clinical comparison by neuropathologic diagnosis

All data are displayed as median (25th–75th range), unless noted as a Χ Chi-square test. longitudinal decline was measured by calculating the 
number of Mini Mental State examination points lost per year in cases where three or more test scores were available

AD Alzheimer’s disease, LP-AD limbic-predominant Alzheimer’s disease, HpScl hippocampal sclerosis

* p < 0.05 or ** p < 0.001 denotes statistical evaluation vs. HpScl

Typical AD lP-AD HpScl-AD HpScl p value

Overall HpScl-AD vs.  
lP-AD

HpScl-AD vs.  
typical AD

lP-AD vs.  
typical AD

Age onset, year 71 (64–77)** 77 (72–81) 75 (68–80)* 79 (71–84) <0.001 0.073 <0.001 <0.001

Disease duration,  
year

9 (6–12) 9 (7–12) 12 (8–16)* 10 (5–13) 0.001 <0.001 <0.001 0.298

Family history, %  
positive

169 (22 %)* 59 (54 %) 66 (67 %) 9 (43 %) <0.001Χ 0.076Χ <0.001Χ <0.001Χ

Amnestic diagnosis 601 (78 %) 126 (90 %) 110 (87 %) 23 (88 %) 0.002Χ 0.739Χ 0.024Χ 0.003Χ

longitudinal  
decline, points/ 
year

−2.5  
(−4.1, −1.1)**

−1.5  
(−4.2, −1.1)**

−2.1  
(−4.2, −1.1)*

−0.3  
(−0.6, 0.1)

0.006 0.695 0.332 0.755



418 Acta Neuropathol (2014) 128:411–421

1 3

C allele were investigated in HpScl and HpScl-AD for clin-
ical and neuropathologic differences. No significant differ-
ences were found for age onset, disease duration, longitudi-
nal decline on MMSe, family history, age at death, Braak 
NFT stage, or brain weight.

Discussion

By examining a large cohort of autopsy-confirmed cases 
with typical AD, lP-AD, HpScl-AD, and HpScl, we have 
identified substantial differences in clinical, genetic, and 
pathologic characteristics. The primary goal of this study 
was to directly compare HpScl and lP-AD because both 
diseases have focal medial temporal lobe atrophy and a 
similar age of onset, which can be difficult to distinguish. 
We also included typical AD as a comparison, as well as 
cases with concomitant AD and HpScl. Our results show 
that patients with HpScl tend to be very old at death, 

significantly older than typical AD. Furthermore, HpScl 
patients had a much slower rate of cognitive decline, which 
was significantly slower than the AD groups (AD, lP-AD, 
and HpScl-AD). genetic comparison of our study groups 
demonstrated that MAPT H1 haplotype was not different 
between any of the study groups, except typical AD and 
lP-AD. However, all AD groups, including HpScl-AD, 
exhibited an over-representation of APOE ε4 carriers, while 
HpScl did not. In contrast, cases with HpScl and HpScl-
AD had the increased risk allele in GRN and decreased pro-
tective allele in TMEM106B. Neuropathologic assessment 
revealed that HpScl tends to have less brain atrophy com-
pared to the other groups, consistent with selective neuronal 
loss in medial temporal lobe. In keeping with the gestalt 
diagnosis, HpScl displayed minimal Alzheimer pathology 
compared to AD groups. The frequency of cerebrovascu-
lar disease pathology was highest in HpScl, but concomi-
tant lBD pathology was rare. HpScl and HpScl-AD were 
selected for TDP-43 positivity [2, 24], which was most 

Fig. 3  longitudinal progression of cognitive decline in typical AD 
(a), lP-AD (b), HpScl-AD (c), and HpScl (d). A moving average 
(bolded black line) was plotted to illustrate the overall longitudinal 

decline in MMSe for each study group. AD Alzheimer’s disease, LP-
AD limbic-predominant AD, HpScl hippocampal sclerosis
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often Type A––confirming our earlier findings [2]. Typical 
AD and lP-AD, however, had a significantly lower fre-
quency of TDP-43 pathology that is most often Type B [17, 
23]. Although AD and HpScl are both late-onset dementias, 
it is apparent that AD and lP-AD share similar phenotypes 
that are often in sharp contrast to HpScl, whereas concomi-
tant HpScl and AD exhibit features of both diseases. In dis-
tinguishing HpScl from lP-AD, we found significant dif-
ferences in rate of decline on MMSe that will need to be 
followed up in a larger cohort. encouragingly, both APOE 
and TMEM106B genotypes may be useful in the differen-
tial diagnosis.

The neuropathologic characteristics of typical AD and 
HpScl can be distinguished by brain weight, the regions 
affected, and the presence of pathologic proteins. Concomi-
tant AD and HpScl, however, blur this distinction [4, 31]. 
HpScl-AD exhibits a similar NFT distribution and severity 
as typical AD in both the cortex and hippocampus. HpScl-
AD also exhibits similar TDP-43 pattern and morphology 
as HpScl. Prior studies have demonstrated that 70–90 % of 
hippocampal sclerosis cases have TDP-43 lesions that are 
similar in morphology to those seen in FTlD [2, 24, 27]. 
We, and others, have also reported TDP-43 pathology in 
23–56 % of AD cases [2, 3, 7]. Our current results suggest 
that the previously reported AD cohorts with high TDP-43 
frequencies may have concomitant hippocampal sclerosis. 
Altogether, it appears that HpScl-AD brains are undergoing 
two distinctive neurodegenerative processes and, impor-
tantly, comorbidity of these diseases does not result in a 
synergistic effect [6, 15].

Prior studies have shown that HpScl and AD may share 
similar genetic risk factors as FTlD. rademakers and col-
leagues [30] demonstrated that FTlD patients have an 
increased frequency of the homozygous T allele of GRN 
rs5848. This variant is located in a mirNA binding-site that 
regulates grN expression. Homozygous T allele carriers 
have decreased grN expression that is similar to FTlD 
patients with loss-of-function GRN mutations; therefore, 
this variant is considered a risk factor for FTlD. Subse-
quent reports have shown that the rs5848 variant is asso-
ciated with hippocampal sclerosis in cases with a primary 
pathologic diagnosis of FTlD or AD [9, 29]. Here, we 
show for the first time that both HpScl-AD and HpScl with-
out other significant pathology exhibit an increased fre-
quency of the T allele. Surprisingly, 21 % of our HpScl are 
homozygous for the risk allele, which is higher than that 
observed in FTlD cases (16 %) [30]. Our typical AD group 
had a frequency similar to elderly controls that have been 
published [30]. A few contradictory reports have described 
an increased frequency of this genotype in clinical AD pop-
ulations [21, 36]; however, these cases were not autopsy-
confirmed and may include cases with HpScl. In contrast to 
the GRN rs5848 variant, the TMEM106B rs1990622 variant 

is protective against FTlD by regulating grN levels or 
function [8, 11, 13, 35]. The protective CC genotype was 
only observed in 2.6 % of FTlD cases compared to 19 % 
of controls. A follow-up study showed that cases with both 
AD and HpScl had a decreased CC genotype frequency 
(6.8 %), but not AD alone [32]. Our current study cor-
roborates those findings and additionally shows that none 
of our HpScl cases have the protective genotype. A recent 
genome-wide association study investigating hippocampal 
sclerosis as an endophenotype identified a novel polymor-
phism in the ATP-binding cassette, sub-family C member 
9 (ABCC9) [26]. The study validated previous associations 
of GRN and TMEM106B as risk genes in hippocampal scle-
rosis, and did not find any association with APOE. Further 
genetic assessment of our cohort revealed APOE ε4, the 
strongest genetic risk factor for AD, is over-represented in 
the AD groups, including HpScl-AD. In contrast, APOE 
status was independent of risk for HpScl, which is consist-
ent with previous reports [22, 27, 33]. In total, it appears 
that APOE status strongly influences AD neuropathology 
while GRN and TMEM106B genotypes strongly influ-
ence hippocampal sclerosis neuropathology. In the case 
of HpScl-AD, all of these genetic factors contribute to the 
mixed neuropathology. Furthermore, the HpScl-AD group 
exhibited the strongest family history of dementia that may 
be due to the combination of these genetic risk factors asso-
ciated with two separate, yet similar, dementias.

Clinical detection of HpScl from other dementias like 
AD is needed for proper patient management, but this 
is a particularly difficult task. We determined that 93 % 
of HpScl were given a clinical amnestic diagnosis after a 
single neurologist (Nrgr) reviewed available clinical 
notes. However, it should be noted that only 72 % of our 
HpScl were originally given an amnestic clinical diagno-
sis. Original non-amnestic diagnoses included dementia/
mixed dementia (n = 3), frontotemporal dementia (n = 1), 
cerebrovascular accident (n = 1), and normal (n = 1). We 
have also demonstrated that slowly progressing longitudi-
nal decline is a strong clinical indicator for HpScl. Others 
have reported that the cognitive decline in HpScl assessed 
by MMSe was similar to AD without HpScl, while AD 
with concomitant HpScl had a faster rate of decline than all 
other groups [25, 27]. These differing results may be due 
to different methodological approaches regarding number 
of tests or inclusion/exclusion of atypical AD cases. More 
detailed analyses are still needed to determine the sig-
nificance of distinguishing HpScl using cognitive testing. 
Additionally, more work is needed to determine whether 
genotyping GRN and TMEM106B or measuring grN in 
blood plasma may be useful in the differential diagnosis 
of HpScl with and without significant coexisting patholo-
gies. Our neuropathologic findings lend strong evidence 
that topographic differences in tau, amyloid, and TDP-43 
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would be ideal targets for molecular imaging probes with 
positron emission tomography to visualize brain pathology. 
Of course, comprehensive assessments including cognitive 
testing, genetic profiling, and neuroimaging may provide 
the best ability to clinically discriminate late-onset amnes-
tic diseases.

An inherent limitation of this study is that it is retrospec-
tive; therefore, only a subset of cases underwent the same 
clinical and cognitive assessments. Prospective longitu-
dinal studies are needed to further define the clinical and 
neuropsychological characteristics of late-onset amnestic 
diseases. The major strength of this study includes a large 
sample size of autopsy-confirmed cases that were evaluated 
by a single neuropathologist for diagnostic and quantitative 
measures (i.e., TDP-43 typing and Thioflavin-S counts). 
Furthermore, neuropathologic classifications of AD sub-
types were determined by an unbiased mathematical algo-
rithm. These methods enabled us to determine that AD and 
HpScl are distinct amnestic diseases that occur in individu-
als of similar age.
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