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Abstract

Frontotemporal dementia and amyotrophic lateral sclerosis are the main syndromes of the
chromosome 9 ORF72 (C9ORF72) hexanucleotide repeat expansion, but studies have shown a
substantial phenotypic diversity that includes psychiatric presentations. This study describes
hippocampal sclerosis dementia (HSD) in carriers of the C9ORF72 mutation. We compared
clinical and neuropathological features of HSD in carriers and non-carries autopsied at Johns
Hopkins. Carriers presented with amnesia, agitation, dissocial behavior and impaired self-care,
whereas non-carriers showed little agitation. The groups were not dissimilar in cognitive or motor
dysfunction. Neuropathological examination of carriers showed cerebellar neuronal inclusions
positive for ubiquitin, p62, and ubiquilin-2, and negative for TAR DNA-binding protein 43. Non-
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carriers did not have cerebellar inclusions. COORF72 repeat-associated non-ATG (RAN)
translation was confirmed by immunohistochemistry.

These observations broaden the COORF72 phenotype and place HSD in the FTD spectrum. The
amnesic phenotype of HSD, which is consistent with the focal hippocampal atrophy, should be
included in clinical categorizations of FTD.

Keywords

C90RF72 hexanucleotide repeat expansion; hippocampal sclerosis; dementia; frontotemporal

dementia

1. INTRODUCTION

Hippocampal sclerosis is defined by marked loss of pyramidal neurons and gliosis in CA1
and subiculum of the hippocampus (Dickson et al., 1994). It has been found in up to 5% of
brain bank cases of dementia (Zarow et al., 2008), and in 12% of autopsy cases from a
community series of elders who fit clinical criteria for Alzheimer disease (AD) (Leverenz et
al., 2002). Hippocampal sclerosis has been observed amid various neurodegenerative states
(Probst et al., 2007; Zarow et al., 2008), whereas focal hippocampal sclerosis with dementia
has not. Our group has proposed that hippocampal sclerosis dementia (HSD) may fit into the
frontotemporal dementia (FTD) classification, based on clinical (Blass et al., 2004) and
neuropathological (Hatanpaa et al., 2004) similarities; this is consistent with observations
that hippocampal sclerosis is found in >75% of tau-negative FTD with ubiquitin-positive
inclusions (Amador-Ortiz et al., 2006; Attems and Jellinger, 2006; Josephs and Dickson,
2007), and that TAR-DNA binding protein 43 (TDP-43) inclusions are found in nearly 90%
of dementia cases showing hippocampal sclerosis (Pao et al., 2011). Cases of ‘pure’ HSD
with tauopathy have also been reported (Beach et al., 2006; Probst et al., 2007), but it is not
clear if these fit in the neuropathological classification of FTD. Interestingly FTD carrying
the chromosome 9 open reading frame 72 (CO9ORF72) hexanucleotide (GGGGCC) repeat
expansion mutation (DeJesus-Hernandez et al., 2011; Renton et al., 2011) have hippocampal
sclerosis amid widespread cortical and subcortical pathology in some series (Bigio et al.,
2012; Murray et al., 2011). This report describes clinical and neuropathological
characteristics in our TDP-43 positive ‘pure’ HSD series, comparing features in carriers and
non-carriers of the COORF72 mutation.

2. METHODS

Ten cases of TDP-43 positive and tau-negative hippocampal sclerosis with dementia were
identified from the Johns Hopkins University Brain Resource Center. None had progranulin
mutation. Demographic variables and clinical variables were abstracted from medical
records. The Johns Hopkins IRB approved this study.

The brains were fixed in 10% buffered formaldehyde. Tissue sections were stained with
hematoxylin-eosin and with silver (Hirano method) and assessed for histopathologic features
of AD using the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD)
score for neuritic plaques (Mirra et al., 1991) and the Braak’s method for staging
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neurofibrillary change (H. Braak and E. Braak, 1995). Tissue sections underwent
immunohistochemical (IHC) staining with antibodies for ubiquitin (DakoCytomation, rabbit
polyclonal, 1:500), ubiquilin-2 (Novus Biologicals, hnRNP F (5F5) mouse monoclonal,
1:500), TDP-43 (ProteinTech Group, TARDBP rabbit polyclonal, 1:500), nucleoporin p62
(BD Transduction Laboratories, mouse anti-p62 Ick ligand, 1:100), phosphorylated tau (gift
of Dr. Peter Davies, Albert Einstein College of Medicine, PHF-1 monoclonal, 1:100), and a-
synuclein (BD Transduction Laboratories, Syn-1 mouse monoclonal, 1:500).
Immunoreactivity was visualized using the diaminobenzidine reaction.

Repeat-primed PCR was performed (Renton et al., 2011) on brain tissues; 100 ng of
genomic DNA was amplified using a reverse primer consisting of ~four GGGGCC repeats
with an anchor tail, a 6FAM-fluorescent labeled forward primer located 280 bp telomeric to
the repeat sequence, and an anchor primer corresponding to the anchor tail of the reverse
primer. Fragment length analysis was undertaken on an ABI 3730xI genetic analyzer
(Applied Biosystems, Foster City, CA, USA), and data analyzed using GeneMapper
software (version 4, ABI). Repeat expansion were identified by the characteristic saw tooth
pattern showing a 6 bp periodicity (Figure 2A). Cases were classified as having pathogenic
repeat expansions (defined as >30 repeats) or wild-type alleles (< 20 repeats). Isolation of
genomic DNA (gDNA) from post-mortem brain tissue was performed using the DNeasy kit
(Qiagen) and 8-10 ug of DNA was digested with Xbal (New England Biolabs). Samples run
on a 0.7% agarose gel were transferred to an N+ Hybond membrane (Amersham) for
Southern analysis. Blots were probed with an a-32P-dCTP labeled fragment corresponding
to a region just upstream of the COORF72 repeat region. IHC staining was performed on
tissue sections using antibody 3154 (Center for NeuroGenetics, University of Florida, rabbit
polyclonal), which recognizes sense and antisense repeat-associated non-ATG (RAN)
translated GP RAN proteins expressed across the C9ORF72 mutation (Zu et al., 2013).
Brain tissues screened negative for progranulin mutations.

3. RESULTS

Three of the 10 cases (see Table) were carriers of the COORF72 mutation. One carrier had a
relative with neuropsychiatric disorder, whereas non-carriers had no relatives with
neuropsychiatric disorder or dementia. Median age (years) at onset (66.9 IQR 66.5-71.1 vs.
69.9 interquartile range (IQR) 66.5-78.6, p=1.00 (Fisher’s exact test) and median duration
(years) of illness were similar (11.2 IQR 7.6-12.8 vs. 9.2 IQR 7.3-13.7, p=0.524 (Fisher’s
exact test).

Symptoms appearing in the first three years of illness defined the presentation. Carriers
presented with amnesia, and two showed irritability/agitation, dissocial behavior and/or
neglect of self-care. This compares with 4/7 of non-carriers presenting with amnesia, 1/7
with irritability/agitation, 5/7 with dissocial behavior, and 2/7 with neglect of self-care.
Disorientation, executive dysfunction, aphasia, agnosia and apraxia were uncommon in both
groups at onset, but present in all later. All cases — carriers and non-carriers — developed
depression, irritability or agitation during the illness. None showed motor dysfunction at
illness onset; tremor, rigidity and abnormal gait developed beyond the fifth year of illness.
Cerebellar signs were not seen in any case. Carriers did not show hyperphagia at onset, and
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developed anorexia, hypophagia and dysphagia later. Incontinence also developed late in all
cases. The initial clinical diagnosis in 9 of the 10 HSD cases was AD; in three cases FTD
became the final clinical diagnosis. None of the cases had amyotrophic lateral sclerosis
(ALS).

Mean brain weight was 946 grams (range 830-1,050) in carriers and 1196 grams (range
970-1,390) in non-carriers (p=0.055, two-tailed T test). All cases showed atrophy and
degenerative changes predominantly in hippocampus, amygdala and entorhinal cortex, and
relatively modest changes in the frontal cortex. Carriers had mild to severe atrophy of the
caudate and mild neuronal loss in the substantia nigra, whereas half the non-carriers showed
caudate atrophy and nigral degeneration. Gross atrophy of cerebellum or brainstem was not
observed in either group. Ubiquitin-, TDP-43-, p62-positive and tau-negative cytoplasmic
inclusions were present in granule cells of the hippocampal dentate gyrus in both groups
(Figure 1A). Neocortical TDP-43 inclusions were also observed in all of the carriers and in
4/7 non-carriers. The TDP-43 inclusions corresponded to type A in the harmonized
classification (Mackenzie et al., 2011) in all carriers, whereas the morphology was more
varied in non-carriers. The main difference between the two groups were the cytoplasmic
ubiquitin, P62, and ubiquilin-2 positive inclusions seen in the granule cells of the cerebellum
in all carriers (Figure 1B and C), but absent in non-carriers. Cerebellar neurons did not have
cytoplasmic TDP-43 inclusions in either group, and showed normal nuclear TDP-43 staining
in all cases. We did not observe loss of cerebellar neurons in either group.

Our Southern blot analyses were successful for COORF72 mutation positive and negative
control lymphoblastoid cell lines and peripheral blood lymphocyte samples, but not in our
cases — the limited quantity and poor quality of genomic DNA extracted from the brain
tissues of the carriers prevented estimation of the sizes of these repeat expansions. On the
other hand, IHC staining identified repeat-associated non-ATG (RAN) proteins in the CA1
field of the hippocampus in carriers (Figure 2C), and not in control samples (Figure 2D),
confirming that the COORF72 mutation is expressed.

4. DISCUSSION

Notwithstanding the small sample and retrospective design, this study links the COORF72
mutation with focal hippocampal sclerosis and an amnesic dementia and confirms
translation of COORF72 RAN proteins in the carriers. Thus it broadens the COORF72
phenotype beyond the FTD, ALS and psychiatric states (psychosis (Floris et al., 2012;
Snowden et al., 2012) and affective disorder (Floris et al., 2013; Synofzik et al., 2012)) with
which this mutation is already associated. During peer review of this paper, another case of
amnesic dementia with positive COORF72 RAN IHC was published (Murray et al., 2013).
Two earlier clinical-pathologic studies of COORF72 carriers (Bigio et al., 2012; Murray et
al., 2011) described hippocampal sclerosis amid widespread cortical and subcortical
pathology. One (Murray et al., 2011) noted amnesic presentation, pre-mortem AD diagnosis
and older age at death in some cases, in contrast to cases who had behavioral presentation
and FTD diagnosis. It is possible some of those cases had focal hippocampal sclerosis and
amnesic dementia. Hippocampal sclerosis has also been associated with rs5848;¢.*78C>T
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(Dickson et al., 2010; Pao et al., 2011), the T-allele of a common genetic variant in the 3’
region of the progranulin gene linked to TDP-43 positive FTD (Rademakers et al., 2008).

Amnesic presentation is also seen in patients who do not carry the C9ORF72 mutation; this
phenomenon matches previous descriptions of HSD as an amnesic condition that typically is
presumed to be AD (Ala et al., 2000; Leverenz et al., 2002; Probst et al., 2007). A
community study (Leverenz et al., 2002) showed that 12% of elders whose symptoms fit
diagnostic criteria for AD were found at autopsy to have HSD. On the other hand, clinical
differences between HSD and AD have been described: an earlier report from our group
showed higher cumulative prevalence during the illness (than in AD) of behavioral features
reminiscent of FTD (Blass et al., 2004), suggesting differences facilitate differential
diagnosis. Also HSD cases have also shown less executive dysfunction than AD in the early
phase of illness (Corey-Bloom et al., 1997; Leverenz et al., 2002). However the clinical
reliability and utility of these behavioral and cognitive differences are unclear. Therefore, it
is not yet possible to identify a clinical phenotype that reliably distinguishes HSD from AD.
Hence the recent suggestion for screening for the C9ORF72 mutation in clinical and
research populations of AD (Majounie et al., 2012).

The function of COORF72 is still unknown, but recent studies point to a few non-exclusive
pathological mechanisms for the expansion mutation: 1) RNA gain-of-function via
sequestration of RNA-binding proteins (Almeida et al., 2013; Mori et al., 2013a; Xu et al.,
2013; Zu et al., 2013); 2) loss of function of the COORF72 protein, which is possibly
involved in vesicular trafficking (Lashley et al., 2013; Levine et al., 2013); 3) abnormal
proteasome processing has been inferred from observations that ubiquilin-2 IHC correlates
more tightly with the COORF72 expansion (Brettschneider et al., 2012) and cortical
degeneration (Irwin et al., 2013) than p62 and TDP-43; and 4) a recently described
mechanism, RAN translation of antisense RNA transcripts (Ash et al., 2013; Mori et al.,
2013b; Zu et al., 2013; 2011), gives rise to novel aggregating proteins. The discovery of
RAN translation in C9ORF72, which mirrors other repeat expansion diseases, suggests
sense and antisense proteins as targets for treatment development in FTD (Cleary and
Ranum, 2013).

HSD in COORF72 carriers and non-carriers shows histopathologic characteristics consistent
with FTD. Since histopathologic diversity in FTD was described some 40 years ago
(Constantinidis et al., 1974), it has become widely recognized that variation in the
morphology and distribution of pathology undergirds the protean nature of FTD phenotypes
(Boeve, 2007). The amnesic phenotype of HSD, which is consistent with the focal
hippocampal atrophy and sometimes behaviorally congruent with FTD, can be understood in
this sense — and requires accommodation in our clinical categorizations. An amnesic
presentation makes HSD difficult to distinguish from AD on clinical grounds, so it will be
important to determine which technologies — from psychometry, bioassays, genetics, and
radiology (such as amyloid PET) — can facilitate its detection in the clinic.
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A: Hippocampus immunostained with TDP-43 antibody. Paranuclear TDP-43-positive
inclusions are seen in granule cells of the fascia dentata (arrows). The cells lack nuclear
TDP-43 immunoreactivity. B and C: Cerebellum granule cell layer, Cytoplasmic inclusions
are abundant and immunoreactive for ubiquitin (B) and p62 (C). These inclusions are not

TDP-43 immunoreactive (not shown).
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Figure 2.
Repeat-primed PCR analysis of genomic DNA from the brain tissue of a C9ORF72 mutation

carrier demonstrates the characteristic saw tooth pattern associated with the GGGGCC
hexanucleotide repeat expansion (A), which the control sample does not show (B).
Immunohistochemical staining of the hippocampus CAL region of a carrier (C) with
polyclonal antibody 3154 (GP), which recognizes the GP repeat motif that is expressed in
both the sense and the antisense directions. Multiple pyramidal neurons display cytoplasmic
inclusions containing RAN proteins, with no similar staining seen in controls (D).

Neurobiol Aging. Author manuscript; available in PMC 2015 October 01.



Page 11

Pletnikova et al.

"(D) suounau Jejjagalad pue (H) redwesoddiy ui saipog uoisnjoul zgd pue (Hgn) z-uljinbign o1wsedolA)

"apew ag Jouued (g 40 D 'g ‘v) adAl e 01 Juswubisse pue asJeds 10 JUSsGe aJe SUOISN|OUI [BO1LI0J03U 3J3yMm $ased Ul ('pul) sreulwssiapul = adAl eydal

"abeis are| = |A/A ‘QV delapow-Alies AL/l ‘fewolpoid = ||/] ‘Buibers

a16ue) Arejjriqiyoinau seelg "ybiy = O ‘sreipawlsiul = g ‘(Qy) aseasip Jawiayz|y Jo pooyl|axi] mo| = v ‘Buibels anbejd piojAwe (Qwy3D) aseasiq S.Jawiayz|y oy Ansibay e ysijgeis3 01 Wniuosuo)

“13pJ0sip ourelydAsdoinau Jo A10isiy Ajiuey e pey T# 958D ‘UMOUS aJe SasouBelp [ealulfo euly pue [eniu|

-0+H -O+H pul 1T 0 atd av Ly €'€8 9'8L W oot -
-0+H -O+H pul 0 v av av 00T 28 zeL i 6 -
-0+H -O+H 2 I 0 av av LeT 6'96 €€ i 8 -
-0+H -O+H g I 0 ald av eVl 818 929 WL -
-O+H -O+H pul 0 0 av av '8 6€L 5’59 W9 -
-0+H -O+H 2 I 0 av av - 0'69 - W s -
-0+H -O+H v 0 0 av av €L 0'ss L'y Ny -
+D+H  +0+H v n 0 av 13U AN 28 0TL i ¢ +
+O+H  +0+H v I 0 ald av 8zl ¥'6L 9'99 iz +
+O+H  +O+H v I 0 av av 9L 9hL 0'L9 R +
290 208N sdfyeydal  ebersseerg  ebels AvyIO  sisoubelp [euld  sisoubeip [eUl  SSBU|IIJOSIEBA  Upesple by 1esuOTesBy  XeS QI UOmeINW Z/44060

NIH-PA Author Manuscript

NIH-PA Author Manuscript

ellUBWaQ SIS019jas [edweooddiH aanisod -4 JO SonsLIsIdRIRYD 3|qe.L

T alqel

NIH-PA Author Manuscript

Neurobiol Aging. Author manuscript; available in PMC 2015 October 01.



