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Abstract

Frontotemporal lobar degeneration (FTLD) is the second most common neurodegenerative disease
leading to early-onset dementia (< 65 years), next to Alzheimer’s disease. FTLD is substantially a
genetic disorder with up to 50% of cases having a positive family history. Mutations in the genes
microtubule-associated protein tau (MAPT) and progranulin (PGRN) account for about 10–20% of
all cases of FTLD. Hexanucleotide repeat expansion mutation within the gene C9ORF72 has
recently been identified as the major cause of FTLD, FTLD with amyotrophic lateral sclerosis
(ALS) and pure ALS. During this study, hexanucleotide repeat expansion within the C9ORF72
gene was shown to explain nearly 50% of familial and 30% of all FTLD cases in the Finnish
population. Otherwise, the genetic background of Finnish FTLD is largely unknown. 

The object of the present work was to disentangle the genetic aetiology of FTLD in the Finnish
population. We studied a cohort of patients with a clinical diagnosis of FTLD from the province of
Northern Ostrobothnia, Finland. Sequencing analysis of the genes MAPT, charged multi-vesicular
body protein 2B (CHMP2B) and TAR DNA binding protein (TARDBP) were performed and the
MAPT haplotypes were analysed. Correlations between genotype and phenotype were studied in
patients with C9ORF72 repeat expansion mutation. 

C9ORF72 expansion mutation explained nearly 30% of cases of FTLD in our cohort.
Concomitant ALS and positive family history of the disease increased the possibility of carrying
expanded C9ORF72. The clinical phenotype of C9ORF72 expansion carriers varied at
presentation: both behavioural and language variants were detected with or without ALS. The
behavioural presentations included prominent psychotic features, although psychiatric
presentations were not overrepresented in expansion carriers. No pathogenic mutations were
identified in the MAPT, CHMP2B and TARDBP genes in our series of FTLD patients. The H2
MAPT haplotype was associated with FTLD in the series. 

Our findings emphasise the importance of C9ORF72 expansion mutation in FTLD. While
mutations in MAPT and PGRN cause a significant proportion of cases of FTLD worldwide, they
seem to be rare causes of FTLD in the Finnish population. Besides being infrequent in other
populations, mutations in CHMP2B and TARDBP are rare causes of FTLD in the Finnish
population as well. Our findings have clinical implications for recognising phenotypic features
characteristic of expanded C9ORF72 as well as for genetic counselling of Finnish patients with
FTLD. Even though a considerable proportion of our cases of familial FTLD is caused by the
C9ORF72 expansion, over 50 % of our familial cases are without a molecular genetic diagnosis,
suggesting that there are other unidentified causal genes to be found. 

Keywords: C9ORF72, charged multi-vesicular body protein 2B, dementia, frontotemporal
dementia, frontotemporal lobar degeneration, genetics, haplotype, microtubule-associated protein
tau, molecular genetics, mutation, phenotype, polymorphism, repeat expansion, TAR DNA binding
protein
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Tiivistelmä

Otsa-ohimolohkorappeumat on toiseksi yleisin työikäisten dementiaa aiheuttava etenevä aivojen
rappeumasairaus. Toisinaan otsa-ohimolohkorappeumat esiintyvät yhdessä liikehermorappeu-
man, amyotrofisen lateraaliskleroosin (ALS), kanssa. Perinnöllisillä tekijöillä on todennäköises-
ti keskeinen merkitys taudin taustalla. Mutaatiot microtubule-associated protein tau (MAPT)- ja
progranulin (PGRN) geeneissä aiheuttavat yhteensä 10–20 % otsa-ohimolohkorappeumista maa-
ilmalla. C9ORF72-geenissä sijaitsevan toistojaksomonistuman on vastikään todettu olevan ylei-
sin otsa-ohimolohkorappeumia ja ALS:a aiheuttava mutaatio. Mutaatio on erityisen yleinen suo-
malaisessa väestössä selittäen lähes 50 % suvuittaisista ja 30 % kaikista otsa-ohimolohkorappeu-
mista. Oireyhtymän perinnöllisyys on muutoin huonosti tunnettu suomalaisessa väestössä. 

Tutkimuksen tavoitteena oli selvittää otsa-ohimolohkorappeumien geneettisiä syitä aineistos-
sa, joka koostui vuosina 1999–2010 Oulun yliopistollisessa sairaalassa tutkituista potilaista. Tut-
kimuksessa selvitettiin MAPT-, charged multi-vesicular body protein 2B (CHMP2B)- ja TAR
DNA-binding protein (TARDBP) geenien mutaatioiden esiintyvyyttä ja määritettiin MAPT-gee-
nin haplotyypit. Lisäksi tutkittiin taudin kliinisiä erityispiirteitä C9ORF72-mutaation kantajilla. 

C9ORF72-mutaatio selitti lähes 30 % otsa-ohimolohkorappeumista aineistossamme. Tutki-
muksessa havaittiin, että suvuittain esiintyvä tautimuoto ja ALS yhdistyneenä otsa-ohimolohko-
rappeumaan liittyivät merkittävästi C9ORF72-mutaatioon. Monistuman kantajien fenotyyppi oli
moninainen – ensioireina oli sekä käytösongelmia että kielellisiä vaikeuksia. Vaikka C9ORF72-
mutaation kantajilla on kuvattu runsaasti psykoottisia oireita, psykoottiset oireet eivät olleet sel-
västi yliedustettuna mutaation kantajilla aineistossamme. Tutkimuksessa ei löydetty tautia aihe-
uttavia mutaatioita MAPT-, CHMP2B- tai TARDBP-geeneistä. Havaitsimme kuitenkin tilastolli-
sesti merkittävän yhteyden MAPT-geenin H2-haplotyypin ja otsa-ohimolohkorappeumien välil-
lä. 

Tuloksemme antavat uutta tietoa C9ORF72-mutaation kantajien kliinisistä erityispiirteistä.
MAPT-geenin mutaatioiden merkitys otsa-ohimolohkorappeumien synnyssä ei näyttäisi olevan
suomalaisessa väestössä niin merkittävä kuin muissa väestöissä. CHMP2B- ja TARDBP-mutaati-
ot ovat harvinainen oireyhtymän syy myös suomalaisessa väestössä. Tuloksiamme voidaan hyö-
dyntää suomalaisten otsa-ohimolohkorappeumapotilaiden perinnöllisessä neuvonnassa. Huomat-
tavista edistysaskelista huolimatta yli puolet suvuittain esiintyvistä tautitapauksistamme on vail-
la geneettistä diagnoosia, mikä antaa aihetta jatkotutkimuksille. 

Asiasanat: dementia, geenit, geneettinen assosiaatioanalyysi, genetiikka, genotyyppi,
molekyyligenetiikka, mutaatiot, otsa-ohimolohkorappeumat
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aFTLD-U atypical frontotemporal lobar degeneration with ubiquitin-only 

immunoreactive inclusions  

ALS amyotrophic lateral sclerosis 

APOE apolipoprotein E 

bp base pairs 

bvFTD behavioural variant frontotemporal dementia 
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fALS familial ALS 
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1 Introduction 

Dementia is one of the most burdensome chronic conditions worldwide. With the 

changing population structure and increased life expectancy, the prevalence of 

global dementia will double every twenty years during the first half of this 

century, increasing from approximately 35 million in 2010 to over 115 million in 

2050 (Alzheimer's Disease International 2009). While dementia and its increasing 

prevalence rate mainly affect people in the oldest age-groups, there is a growing 

awareness of early-onset dementia (EOD) affecting persons < 65 years of age, 

with a prevalence of 50–100 per 100 000 persons (Ratnavalli et al. 2002, Harvey 

et al. 2003, Ikejima et al. 2009, Borroni et al. 2011a). The incidence rate of EOD 

for the age range 45–64 years is estimated to be 11.5–22.8 cases per 100 000 

person-years (Mercy et al. 2008, Garre-Olmo et al. 2010). Due to its multi-

aetiology and, in many cases, unusual presentation, EOD poses a significant 

diagnostic challenge for clinicians, often leading to diagnosis delay. Persons with 

EOD and their caregivers are more vulnerable to the social and economic burdens 

of dementia than those with late-onset dementia (Rossor et al. 2010). Population-

based studies on EOD have not been conducted in Finland. 

During the last two decades, frontotemporal lobar degeneration (FTLD) has 

been recognised as a significant neurodegenerative disease, particularly at an 

early age (< 65 years). Next to Alzheimer’s disease (AD), FTLD is the second 

most frequent neurodegenerative disease leading to EOD (Ratnavalli et al. 2002). 

FTLD is a clinically and pathologically heterogeneous syndrome, characterised 

by a progressive decline in behaviour and/or language associated with 

degeneration of the frontal and anterior temporal lobes (Neary et al. 1998). 

Various concomitant movement disorders are also frequently encountered in these 

patients, from parkinsonism to amyotrophic lateral sclerosis (ALS) (Lomen-

Hoerth et al. 2002, Lomen-Hoerth et al. 2003, Kertesz et al. 2005). FTLD shows 

a strong familial component, with up to 50% of cases having a positive family 

history (Goldman et al. 2005, Seelaar et al. 2008, Rohrer et al. 2009). So far, 

mutations in seven genes are known to cause autosomal dominant FTLD (Cruts et 

al. 2012). Mutations in the genes microtubule-associated protein tau (MAPT) and 

progranulin (PGRN) each account for about 5–10% of all cases of FTLD (Hutton 

et al. 1998, Baker et al. 2006, Cruts et al. 2006, van Langenhove et al. 2012). 

Recently, hexanucleotide repeat expansion within the gene C9ORF72 has been 

identified as a major cause of FTLD (~12%), particularly in patients within the 
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FTLD-ALS disease spectrum (DeJesus-Hernandez et al. 2011, Renton et al. 2011, 

Majounie et al. 2012c). 

Recent advances in the molecular genetics and pathology of FTLD have 

provided valuable insights into the pathogenesis of the disease. However, the 

molecular mechanisms behind neurodegeneration and subsequent cognitive 

decline are largely unknown. At present, there is no preventive or delaying 

treatment available for FTLD. The clinical and pathological heterogeneity of 

FTLD pose a significant challenge for accurate diagnosis as well as for future 

drug trials. Development of more specific and sensitive clinical, imaging and 

biochemical biomarkers is of utmost importance as this will allow accurate in vivo 

prediction of underlying pathology. As FTLD is substantially a genetic condition, 

revealing its genetic background has implications both for understanding disease 

pathogenesis as well as for genetic counselling. 

The aim of the present work was to disentangle the genetic aetiology of 

FTLD in the Finnish population. The roles of the genes MAPT, charged multi-

vesicular body protein 2B (CHMP2B) and TAR DNA binding protein (TARDBP) 

were studied in a cohort of patients with a clinical diagnosis of FTLD. In addition, 

another aim was to study correlations between genotype and phenotype in 

patients with the C9ORF72 repeat expansion mutation.  
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2 Review of the literature 

2.1 Historical aspects and definition 

Frontotemporal lobar degeneration was first described by the Czech neurologist 

and psychiatrist Arnold Pick in 1892 (Pick 1892). He reported a patient with a 

history of progressive behavioural symptoms and aphasia who at post-mortem 

had marked left frontotemporal atrophy. In 1911, microscopic changes in such 

patients, distinct from those found in Alzheimer’s disease (AD), were first 

described by Alois Alzheimer, who recognised silver-staining intraneuronal 

inclusions (Pick bodies) and swollen neurons (Pick cells) (Alzheimer 1911). It 

was assumed that Pick’s case and other similar cases were ‘focalized variants’ of 

senile dementia. Since 1926, the term Pick’s disease (PiD) has been used to 

describe frontal and temporal dysfunction and focal lobar atrophy (Onari & Spatz 

1926), but it was a rare curiosity for decades. 

Interest in focal dementias, including the frontal type of dementia rose again 

in the 1980s with both Lund and Manchester groups identifying a substantial 

group of patients with post-mortem frontal and anterior temporal lobe 

degeneration without changes specific to AD and with only a minority bearing 

Pick bodies and cells. FTLD was recognised as a distinct disease entity with its 

characteristic personality and behaviour disturbances as well as occasional 

aphasia, and subsequently it was named frontal-lobe degeneration of non-

Alzheimer type (Neary et al. 1986, Brun 1987, Gustafson 1987). In 1994, Lund 

and Manchester consensus criteria for clinical and neuropathological diagnoses of 

frontotemporal dementia were first published (Lund and Manchester Groups 

1994). Meanwhile, cases of progressive aphasia, both of non-fluent and fluent 

(semantic) type, with frontotemporal atrophy were described in the literature 

(Warrington 1975, Mesulam 1982, Snowden et al. 1989, Hodges et al. 1992), and 

furthermore, some of the cases presented with mixed syndromes, i.e. both 

behavioural and language symptoms, and these different symptoms could be seen 

even within the same family (Neary et al. 1993). During the same period, 

occasional clinical and pathological overlaps between dementia, particularly of 

frontotemporal-type, and amyotrophic lateral sclerosis (ALS) were reported 

(Neary et al. 1990). 

In 1998, as phenotypic heterogeneity became evident among cases of 

frontotemporal degeneration, Neary et al. (1998) revised the Lund and 
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Manchester consensus criteria to include primary progressive aphasia (PPA) 

syndromes, i.e. progressive non-fluent aphasia (PNFA) and semantic dementia 

(SD), beside the classic behavioural variant frontotemporal dementia (bvFTD) 

(Fig. 1). Concomitant ALS was recognised as a supportive feature of FTLD 

(Neary et al. 1998). Since the 1990s, advances achieved in neuroimaging, 

immunohistochemistry and particularly in molecular genetics, have substantially 

increased understanding of the heterogeneous nature of FTLD. 

Throughout the literature, the nomenclature of FTLD is confusing, as both 

FTLD and FTD are used as superordinate labels to describe the entire syndrome, 

and for the behavioural variant, both FTD and bvFTD are used. Some preserve 

FTLD only to describe pathologically confirmed disease and FTD for the 

clinically diagnosed disease. In this thesis, the terminology follows that used in 

the 1998 consensus criteria by Neary et al. (1998). FTLD is used as a general 

label for this spectrum of disorders, which can then be subdivided into the three 

main clinical variants: frontal or behavioural variant FTD (bvFTD), semantic 

dementia (SD) and progressive non-fluent aphasia (PNFA) (Fig. 1). 

 

Fig. 1. Classification of frontotemporal lobar degeneration by clinical syndrome. 
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2.2 Epidemiology 

2.2.1 Incidence and prevalence 

With increased recognition and more accurate clinical diagnoses of FTLD, it has 

become evident that FTLD is in fact a common cause of early-onset dementia 

(EOD) (age < 65 years). FTLD accounts for approximately 5–10% of all cases of 

dementia and 10–20% of EOD cases (Ratnavalli et al. 2002, Stevens et al. 2002, 

Harvey et al. 2003, Yokota et al. 2005). In the age range of 45 to 64 years old, the 

prevalence of FTLD in population-based studies has varied considerably, with a 

range of 2 to 15 cases per 100 000 people in Japan, the Netherlands and the UK 

(Ratnavalli et al. 2002, Harvey et al. 2003, Rosso et al. 2003a, Ikejima et al. 

2009), whereas a prevalence of 29 per 100 000 has been reported in Italy (Borroni 

et al. 2011a). In comparison, the reported prevalence rates for early-onset AD 

(eoAD) have been identical or slightly higher, with a range of 15–35 per 100 000 

(Ratnavalli et al. 2002, Harvey et al. 2003, Ikejima et al. 2009, Borroni et al. 

2011a). The annual incidence rates for FTLD have varied from 2.5 to 3.5 cases 

per 100 000 person-years for ages 45–65 years, while the rate for eoAD has been 

reported to be 4.2–11.9 per 100 000 person-years (Mercy et al. 2008, Garre-Olmo 

et al. 2010). Maximum prevalence rates for FTLD have been reported in the age 

group of 66–75 years, with a prevalence of 78 per 100 000 population (Borroni et 

al. 2010a). The cut-off point of 65 years in studies of EOD is artificial, but it 

emphasizes the social impact of EOD on work and social relations. 

In elderly individuals, AD, dementia with Lewy bodies (DLB) and vascular 

dementia (VaD) are recognised as the major causes of dementia (Stevens et al. 

2002, Ikejima et al. 2012). While mainly affecting the pre-senile population, 

FTLD is largely understudied in elderly populations. It is considered to be under-

recognised in elderly individuals, maybe because of a more ‘atypical’ FTLD 

presentation, i.e. fewer behavioural features and occasional anterograde memory 

loss (Baborie et al. 2012). The few studies with prevalence estimates for late-

onset (age > 65 years) FTLD have provided very conflicting results, from a 

prevalence of 0.07% in Italy to 0.6% reported in the UK (Stevens et al. 2002, 

Borroni et al. 2010a). Yet, in a population-based cohort of Swedish 85-year-olds, 

the prevalence of bvFTD was high, namely 3% (Gislason et al. 2003). It is 

estimated that individuals over the age of 65 years account for 20–25% of all 

FTLD cases (Rosso et al. 2003a, Johnson et al. 2005, Baborie et al. 2011). 
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The wide variation in prevalence and incidence figures is in part explained by 

different study settings and different criteria used in the definition of FTLD. 

Currently, there is no epidemiological data available on FTLD in the Finnish 

population. 

2.2.2 Sex and age distribution 

FTLD appears to affect the sexes equally (Rosso et al. 2003a, Chow et al. 2005, 

Borroni et al. 2011a, Ioannidis et al. 2012), although male predominance has also 

been suggested (Ratnavalli et al. 2002). Age at onset is most commonly in the 

sixth decade, with a mean age at onset most commonly reported at around 59 

years (Hodges et al. 2003, Rosso et al. 2003a, Johnson et al. 2005, Roberson et al. 

2005, Kang et al. 2010), although there is a considerable range, from as young as 

21 years to as late as 85 years (Gislason et al. 2003, Snowden et al. 2004). 

Among the clinical subtypes, patients with bvFTD and SD have been suggested to 

have earlier age at onset than those with PNFA (Johnson et al. 2005). In general, 

age at onset in familial vs. sporadic cases does not differ significantly (Piguet et al. 

2004, Godbolt et al. 2005), although different FTLD-associated genes seem to be 

associated with slightly different mean ages at onset, though with a wide range. 

(For genetics, see section 2.5 and Table 2.) 

2.2.3 Prognosis 

The average survival time from symptom onset is estimated at 6.0 to 11.0 years 

(Hodges et al. 2003, Rascovsky et al. 2005, Roberson et al. 2005, Kang et al. 

2010, Borroni et al. 2011b), with a range of 2–20 years (Hodges et al. 2003). 

Among clinical subtypes, there are no consistent differences in survival when 

concomitant ALS is excluded (Hodges et al. 2003, Roberson et al. 2005, Kang et 

al. 2010). However, bvFTD is associated with a poorer prognosis in terms of 

progression rate and functional loss (Mioshi et al. 2007, Mioshi et al. 2010). 

Patients with comorbid ALS have the shortest survival, on average 2.4–4.9 years 

(Hodges et al. 2003, Seelaar et al. 2008, Kang et al. 2010, Coon et al. 2011), and 

within the FTLD-ALS group, language-dominant FTLD-ALS is associated with 

an even shorter survival period than the behavioural variant (Coon et al. 2011). 

Patients with simultaneous onset of cognitive and motor symptoms have the most 

rapid progression, whereas patients with delayed emergence of motor symptoms 

survive longer (Hu et al. 2009). For ALS, see section 2.3.4. 
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Underlying neuropathology and genetic background may have some effect on 

survival (Borroni et al. 2011b) (see sections 2.4.1 and 2.5.3). However, besides 

concomitant ALS, there are currently no widely recognised predictors of survival 

in FTLD. However, overall, survival is shorter and cognitive and functional 

decline seem to be more rapid in cases of FTLD than in AD (Rascovsky et al. 

2005, Roberson et al. 2005). 

2.2.4 Risk factors 

Studies on dementia risk factors have largely been concentrated on AD, and, 

currently, there are no prospective studies available on modifiable risk factors of 

FTLD, e.g. comorbidities and education. Non-modifiable risk factors of FTLD, i.e. 

age, gender, family history and risk genes, are discussed in sections 2.2.2 and 2.5 

of this thesis. A subtle association between FTLD and a low rate of heart disease 

compared with VaD and AD has been reported (Kalkonde et al. 2012). At post-

mortem, cerebrovascular lesions are rare in FTLD brains (De Reuck et al. 2012b, 

De Reuck et al. 2012a), even in elderly patients with the condition (Baborie et al. 

2011), suggesting that FTLD develops independently of cerebrovascular 

pathology. 

Two studies have revealed an increased risk of FTLD in patients with 

traumatic brain injury when compared with controls and non-FTLD dementia 

(Rosso et al. 2003b, Kalkonde et al. 2012). It has been suggested that frontal and 

temporal lobes are more susceptible to trauma due to their location (De Kruijk et 

al. 2001). Interestingly, in patients with chronic traumatic encephalopathy 

following repetitive brain trauma, neuropathology has revealed deposition of both 

microtubule-associated protein tau (MAPT) and transactive response DNA 

binding protein with Mr 43 kDa (TDP-43), i.e. proteins known to be aggregated in 

FTLD (McKee et al. 2009, McKee et al. 2010) (for MAPT and TDP-43 

pathology see sections 2.4.1 and 2.4.2). This indicates that at least partly similar 

disease mechanisms may operate in both FTLD and brain injury. Prior psychiatric 

manifestations are encountered relatively frequently in the history of FTLD 

patients. While it is possible that psychiatric diseases are independent risk factors 

of FTLD, it is more likely that prior psychiatric presentation is in fact part of the 

disease continuum of FTLD, thus representing prior misdiagnosis (Woolley et al. 

2011) (see section 2.3.6). 
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2.3 Clinical syndromes 

The classification of FTLD into three clinical syndromes depends on the early and 

predominant symptoms: a behavioural variant (bvFTD) and two language variants 

(SD and PNFA) (Neary et al. 1998). The two language variants are grouped under 

the label of primary progressive aphasia (PPA) (Gorno-Tempini et al. 2011) (Fig. 

1). Each clinical variant is associated with a distinct regional pattern of frontal 

and/or temporal atrophy, and to a varying degree, with a certain type of 

histopathology (see sections 2.3.5, 2.4.1–2.4.3 and Fig. 2). BvFTD is the most 

common diagnostic subgroup and accounts for at least two thirds of all FTLD 

diagnoses, while PNFA and SD are less common (Johnson et al. 2005, Seelaar et 

al. 2008). The disease typically progresses from an insidious onset to more 

generalised dementia, with the insidious onset distinguishing the disease from 

non-degenerative neurological diseases and the progressive nature from 

psychiatric diseases (Neary et al. 1998, Rossor et al. 2010). However, a minority 

of patients presenting with FTLD symptoms seem to follow a more benign 

disease course, i.e. they are slow-progressors (Davies et al. 2006) (see section 

2.3.6). 

Overlap between the three syndromes can occur and this is more common as 

the disease progresses to involve the frontal and temporal lobes more diffusely. 

With increasing disease duration, the symptom profiles become less distinct 

(Kertesz et al. 2005); symptoms of aphasia can emerge later in the course of 

bvFTD (Blair et al. 2007), and PPA patients often become behaviourally more 

similar to bvFTD patients (Banks & Weintraub 2008). Besides the overlap within 

the three clinical variants, FTLD patients can develop non-cognitive symptoms in 

keeping with ALS or parkinsonian disorders (Lomen-Hoerth et al. 2002, Lomen-

Hoerth et al. 2003, Kertesz et al. 2005) (see section 2.3.4). The behaviour-

language-motor connection is further strengthened by the finding that patients 

within the wide clinical spectrum of FTLD also share similar pathological and 

genetic backgrounds to some extent (Fig. 2). 
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Fig. 2. Clinical, genetic and neuropathological correlations in FTLD. The grey 

background of the genetics box represents the genetically unexplained fraction of all 

cases of FTLD. bvFTD, behavioural variant frontotemporal dementia; C9ORF72, 

chromosome 9 open reading frame; CBS, corticobasal syndrome; CHMP2B, charged 

multi-vesicular body protein 2B; FTLD-ALS, frontotemporal lobar degeneration with 

amyotrophic lateral sclerosis; IBMPFD, inclusion body myopathy with Paget’s disease 

of the bone and frontotemporal dementia; MAPT, microtubule-associated protein tau; 

PGRN, progranulin; PNFA, progressive non-fluent aphasia; PSPS, progressive 

supranuclear palsy syndrome; SD, semantic dementia; VCP, valosin-containing 

protein. Adapted from Sieben et al. (2012). 

2.3.1 Clinical diagnosis 

In the absence of definitive biomarkers, the diagnosis of FTLD is based on 

accurate clinical diagnosis following clinical diagnostic criteria (Neary et al. 1998, 

Gorno-Tempini et al. 2011, Rascovsky et al. 2011) (Table 1). Comprehensive 
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neurologic examination of the patient should include an evaluation of behavioural 

and/or language symptoms. Especially in cases of bvFTD, disturbances in social 

appearance should be evaluated by observing the patient’s bearing and 

interactions with others. As insight is often impaired, it is important to record the 

symptoms from the carer as well. Additionally, activities of daily living (ADL) 

should be evaluated. Currently, there is no standard method of determining 

disease stage in FTLD. Frontotemporal Rating Scale, a novel staging tool, has 

been shown to reliably reflect functional decline (Mioshi et al. 2010), however it 

is not yet in wide clinical use. Cognitive testing should be based on a complete 

standard neuropsychological assessment, as bedside cognitive tests, such as Mini-

Mental State Examination, often focus on memory, orientation and language 

items, which can be preserved in the early phase of FTLD (Gregory et al. 1997). 

Physical examination results are usually normal early on in the course of the 

disease, but with progression of the disease, parkinsonism and primitive reflexes 

may develop. Gait abnormalities, eye movement abnormalities or muscle wasting 

can be found in overlap syndromes (see section 2.3.4). 
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2.3.2 Behavioural variant frontotemporal dementia 

Progressive, gradual deterioration of personality and behaviour is the core feature 

of bvFTD (Neary et al. 1998, Rascovsky et al. 2011). The Neary criteria, which 

include a set of core and supportive features for the diagnosis of bvFTD (Neary et 

al. 1998), have been the widely used standard criteria for over a decade. In 

specialist centres, use of the criteria has resulted in excellent ante-mortem 

diagnostic accuracy, with a sensitivity of 85–100% and specificity of 97–99% 

(Knopman et al. 2005). However, strict application of the Neary criteria has been 

demonstrated to lead to the missing of a significant proportion of cases with 

bvFTD, especially in the early phases of the disease (Mendez & Perryman 2002, 

Mendez et al. 2007b, Rascovsky et al. 2007, Piguet et al. 2009). Therefore, the 

International Behavioural Variant FTD Consortium has recently proposed revised 

criteria for bvFTD (Rascovsky et al. 2011) (Table 1). The first evaluation of the 

revised criteria resulted in sensitivity of 85% and 75%, for possible and probable 

bvFTD, respectively, while in comparison, use of the Neary criteria resulted in 

sensitivity of only 52% (Rascovsky et al. 2011). 

According to Rascovsky et al. (2011), the five early behavioural hallmarks of 

bvFTD are: behavioural disinhibition; apathy/inertia; loss of sympathy or 

empathy; perseverative, stereotyped or compulsive/ritualistic behaviours; and 

hyperorality and dietary changes (Table 1). Additionally, insight is generally 

impaired in bvFTD (Neary et al. 1998, Eslinger et al. 2005, Banks & Weintraub 

2009). The earliest symptoms of bvFTD may be subtle and likely to be dismissed 

or mistaken for psychiatric problems, such as depression, bipolar disorder or 

personality disorders, or even psychosis (Mendez et al. 2007b). Thus, psychiatric 

evaluation is often required to differentiate bvFTD from psychiatric conditions. 

Although most patients with bvFTD present with a variety of neuropsychiatric 

symptoms (Banks & Weintraub 2008), more florid psychotic symptoms, such as 

delusions, paranoia and hallucinations have generally been considered relatively 

rare in bvFTD (Mendez et al. 2008). (For differential diagnosis, see section 2.3.6). 

In bvFTD, neuropsychological assessment most typically reveals deficits in 

executive tests, a term encompassing complex cognitive abilities such as working 

memory, planning, generation, abstraction, problem solving and mental flexibility 

(Rascovsky et al. 2011). While performing cognitive tests, patients with bvFTD 

typically show rule violations, perseverative errors and confabulations 

(Rascovsky et al. 2011). In contrast to AD, episodic memory and visuospatial 

skills are usually relatively spared (Rascovsky et al. 2011), although there is 
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increasing recognition of occasional occurrence of episodic memory impairment 

in FTLD (Hodges et al. 2004, Graham et al. 2005, Knopman et al. 2005, Piguet et 

al. 2009, Rascovsky et al. 2011) (see section 2.3.6). 

2.3.3 Primary progressive aphasia 

Primary progressive aphasia is primarily a clinical dementia syndrome of speech 

and language. Other cognitive domains remain relatively preserved, at least in the 

early stages of the disease. Originally PPA was divided into two subtypes, PNFA 

and SD, according to the nature of the principal language deficit, and these two 

variants were recognised as belonging to the clinical spectrum of FTLD according 

to the Neary criteria (Neary et al. 1998, Mesulam 2001). However, not all PPA 

patients could fit either of the two diagnoses and thus a third variant, logopenic 

progressive aphasia (LPA) was described (Gorno-Tempini et al. 2004). In 2011, 

Gorno-Tempini et al. published novel criteria for PPA, and accordingly, the 

criteria now cover three variants, namely semantic (SD), non-fluent/agrammatic 

(PNFA) and logopenic (LPA). In the spectrum of FTLD syndromes, the role of 

LPA remains obscure. LPA is mostly associated with a neuropathological 

diagnosis of AD (Mesulam et al. 2008) and therefore, is not considered part of the 

FTLD group of disorders. 

To diagnose PPA, the patient should first meet the basic PPA criteria 

described by Mesulam (2001) (Table 1). To assess speech and language function 

in more detail, the following tasks should be evaluated: speech production by 

grammar and by motor speech, confrontation naming, repetition, sentence 

comprehension, single-word comprehension, object/people knowledge, and 

reading/spelling (Gorno-Tempini et al. 2011). Each of the variants has a typical 

profile of deficits in the tasks, allowing clinical subtyping of PPA (Table 1), 

though a portion of PPA patients with isolated or mixed features will probably 

remain as PPA unclassifiable (Gorno-Tempini et al. 2011). As in the revised 

bvFTD criteria, the current PPA criteria also include hierarchical categories for 

the diagnosis, i.e. clinical diagnosis and imaging-supported diagnosis (Gorno-

Tempini et al. 2011) (Table 1). 

All three PPA variants have been shown to progress substantially over a two-

year period, and during the interval, the variants lose their sharp distinctions, 

reflecting the spreading of cortical atrophy from the initial distinctive locations to 

involve the language network more diffusely (Rogalski et al. 2011a). In the early 

stages of the disease, patients with PPA show more mood symptoms than 
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personality or behavioural changes (Banks & Weintraub 2008). As the disease 

progresses, neuropsychiatric symptoms become common in PPA as well, and in 

later stages, the number of neuropsychiatric symptoms matches those in bvFTD 

and the symptoms are more similar to those in bvFTD (Banks & Weintraub 2008). 

Semantic dementia 

Patients with SD are characterised by a fluent, grammatically correct speech with 

progressive impairment of single-word comprehension and loss of semantic 

knowledge about words, objects and concepts, a syndrome often termed anomic 

aphasia (Table 1). Gradually, speech content becomes impoverished and 

circumlocutory with paraphasic speech errors. Loss of meaning typically follows 

a hierarchical pattern; for example, low-familiarity and subcategorical words are 

lost first, and later, loss of knowledge extends beyond language into multimodal 

agnosia. (Hodges et al. 1992, Neary et al. 1998, Gorno-Tempini et al. 2011). In 

neuropsychological assessment, patients perform poorly in tests of confrontation 

naming, word-to-picture matching and category fluency, while episodic memory, 

spatial abilities and executive functions are usually spared (Hodges et al. 1992, 

Edwards-Lee et al. 1997, Gorno-Tempini et al. 2004). Patients with SD show 

significantly more behavioural dysfunction than those with other variants of PPA 

(Rosen et al. 2006). 

Progressive non-fluent aphasia 

The PNFA variant is characterized by ‘laboured’ speech, impaired production and 

comprehension of grammar (agrammatism) and motor speech deficits defined by 

halting speech with speech sound errors and distortions (apraxia of speech) in the 

presence of relatively spared single-word comprehension and object knowledge 

(Table 1). Reading is non-fluent and effortful, while writing is agrammatic. 

(Neary et al. 1998, Gorno-Tempini et al. 2004, Gorno-Tempini et al. 2011). 

Neurologic examination of a PNFA patient may reveal supranuclear gaze palsies, 

parkinsonism and limb apraxia reflecting its frequent association with 

overlapping parkinsonian disorders, i.e. corticobasal syndrome (CBS) and 

progressive supranuclear gaze palsy syndrome (PSPS) (Kertesz et al. 2000b, 

Kertesz et al. 2005, Josephs et al. 2006b) (see overlap syndromes in section 2.3.4). 

Apart from aphasia, cognitive tests may show mild deficits with working memory 

and executive function (Gorno-Tempini et al. 2004). Although not as common as 
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in bvFTD and SD, behavioural disturbances can occur during the disease course 

(Rosen et al. 2006). 

Logopenic progressive aphasia 

As LPA is generally not included in the clinical continuum of FTLD, very little is 

known about its frequency. In one study, LPA was diagnosed in 2.6% of the total 

clinical FTLD cohort (Ioannidis et al. 2012). Differential diagnosis of LPA should 

be made cautiously, since it could be a PPA variant related to FTLD or AD, and 

AD seems to be the most common underlying pathology of LPA (Mesulam et al. 

2008, Rabinovici et al. 2008). The characteristic features of LPA are deficits in 

word retrieval (in spontaneous speech and confrontation naming) and sentence 

repetition. In LPA, the slow rate of speech is caused by significant word-finding 

problems, whereas in PNFA, halting speech results from motor speech errors or 

agrammatism. Compared with SD, confrontation naming impairment is usually 

less severe in LPA, and also, single-word comprehension and object knowledge 

are relatively spared in LPA patients. In imaging studies, LPA has been associated 

with the left temporoparietal junction area. (Gorno-Tempini et al. 2004, Gorno-

Tempini et al. 2008, Gorno-Tempini et al. 2011). 

2.3.4 Overlap syndromes 

The clinical spectrum of FTLD significantly overlaps with ALS and atypical 

parkinsonian syndromes, corticobasal syndrome (CBS) and progressive 

supranuclear palsy syndrome (PSPS) (Lomen-Hoerth et al. 2002, Lomen-Hoerth 

et al. 2003, Kertesz et al. 2005). Amyotrophic lateral sclerosis is the most 

common motor neuron disease (MND) and is neuropathologically characterised 

by a progressive loss of upper and lower motor neurons (Brooks et al. 2000). Its 

incidence is among the highest in Finland, i.e. 2.4 per 100 000 person-years 

(Cronin et al. 2007). Approximately 10% of ALS cases are familial (fALS), 

whereas the majority appear to be sporadic (sALS). ALS has a devastating course 

with an onset typically at the sixth decade followed by progressive muscular 

weakness, atrophy, paralysis and eventual death due to respiratory failure within 3 

to 5 years (Rowland & Shneider 2001). The site of onset is prognostically 

relevant, as patients with bulbar onset ALS have a more malignant phenotype 

than those with spinal onset (Zoccolella et al. 2008). 
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Currently, there is increasing recognition that ALS is in fact a multisystem 

disorder affecting not only the pyramidal motor system, but also other areas in the 

central nervous system (CNS), such as non-motor cortical areas and the 

hippocampus (Geser et al. 2008). Nowadays, it is recognised that there are 

clinical, pathological and genetic overlaps between ALS and FTLD. Concomitant 

dementia, most commonly consistent with FTLD (Strong et al. 2009), is found in 

approximately 15% of ALS cases (Lomen-Hoerth et al. 2003, Ringholz et al. 

2005, Phukan et al. 2012). Even more common than overt dementia are subtle 

syndromes of cognitive and/or behavioural impairment in conjunction with ALS, 

occurring in up to 40 to 50% of ALS patients (Lomen-Hoerth et al. 2003, 

Ringholz et al. 2005, Phukan et al. 2012). Conversely, amongst patients 

presenting with FTLD, approximately 15% will develop ALS (Lomen-Hoerth et 

al. 2003). Co-occurrence of ALS and FTLD has been described most consistently 

in connection with bvFTD (Phukan et al. 2012). An association with PNFA has 

been reported less commonly (da Rocha et al. 2007) and only very rarely is there 

an association with SD (Kim et al. 2009). ALS comorbidity predicts poorer 

survival in FTLD patients (see section 2.2.3), and, vice versa, ALS patients 

developing FTLD have shorter survival periods than those with pure ALS (Olney 

et al. 2005). Currently, it is not known why some patients with FTLD develop 

ALS and some not, even if they have similar neuropathological and genetic 

backgrounds. 

Corticobasal syndrome and PSPS are both atypical, progressive parkinsonian 

syndromes that have much in common clinically, pathologically and genetically. 

Both PSPS and CBS are commonly considered sporadic disorders, although some 

familial aggregation has been encountered. Interestingly, the majority of PSPS 

and CBS patients have been associated with a certain haplotype of the MAPT 

gene and very few cases have been associated with known FTLD gene mutations 

(Espay & Litvan 2011). (For MAPT and PGRN genes, see sections 2.5.1 and 

2.5.2.) Histopathologically, both disorders are characterised by tau-positive 

inclusions in their most classical forms. CBD and PSP are multisystem 

degenerations affecting both cortical and subcortical regions (Dickson et al. 2011), 

and as a consequence, patients with CBS and PSPS show various signs and 

symptoms, from motor symptoms to cognitive dysfunction. As PSPS and CBS 

progress, cognitive and/or behavioural dysfunction as well as language 

impairment similar to that in FTLD may occur, and, vice versa, patients 

presenting with either bvFTD or PNFA may develop movement disorders 

characteristic of CBS or PSPS over the disease course (Kertesz et al. 2005). 
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Of note, the term Pick’s disease (PiD), previously used to denote the entire 

frontotemporal dementia spectrum, is currently preserved only for describing a 

certain type of tau pathology in the context of frontotemporal atrophy (Dickson et 

al. 2011) (see section 2.4.1). PiD may present with a variety of clinical syndromes 

such as bvFTD, PNFA, CBS and, less commonly, SD (Josephs et al. 2011). 

2.3.5 Diagnostic biomarkers 

Ante-mortem, clinical diagnosis is still the gold standard for FTLD diagnosis. 

That being said, there are concerns about the accuracy of diagnoses made 

following clinical criteria (Mendez & Perryman 2002, Mendez et al. 2007b, 

Rascovsky et al. 2007, Piguet et al. 2009). Additionally, within the FTLD disease 

spectrum itself, it is challenging to predict the subtype of FTLD pathology at an 

individual patient level, although certain phenotypes have been suggested to 

predict the pathological subtype at a group level (Josephs et al. 2011, Rohrer et al. 

2011, Snowden et al. 2011b) (Fig. 2). Brain imaging, and especially certain 

biochemical biomarkers, might better reflect the underlying FTLD pathology. The 

revised diagnostic criteria for bvFTD and PPA reflect progress in the field of 

biomarkers, as structural and functional neuroimaging consistent with 

bvFTD/PPA now allow diagnosis of probable bvFTD/PPA (Gorno-Tempini et al. 

2011, Rascovsky et al. 2011) (Table 1). Furthermore, diagnosis of probable 

bvFTD may be withheld if biomarkers are strongly indicative of AD (Rascovsky 

et al. 2011). 

Structural brain imaging 

Traditionally, imaging has been directed at ruling out treatable and reversible 

causes of dementia; currently, however, it has become an integral part of the 

clinical assessment of patients with dementia. Magnetic resonance imaging (MRI) 

is currently the modality of choice for both excluding other causes of dementia 

and obtaining a positive diagnosis (Sorbi et al. 2012). FTLD is classically defined 

by frontal and/or temporal lobe atrophy with sparing of posterior cortices. Each 

clinical subtype of FTLD generally displays a characteristic pattern of atrophy 

(Table 1) which can be related to the specific symptoms of each subtype. BvFTD 

is traditionally considered to be associated with atrophy of the frontal, insular, 

and/or anterior temporal lobes, usually symmetrically, although right-predominant 

atrophy has also been reported (Whitwell et al. 2009b). SD cases typically show 
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atrophy of ‘knife-edge’-type in the ventral and lateral portions of the anterior 

temporal lobes bilaterally, although degeneration is usually greater on the left 

(Rosen et al. 2002, Gorno-Tempini et al. 2004). The anatomical basis for PNFA 

lies in asymmetric, predominantly left hemispheric, atrophy of the perisylvian 

region, involving the inferior frontal gyrus, the anterior portion of the insula and 

the middle frontal gyrus (Gorno-Tempini et al. 2004, Josephs et al. 2006c). 

In research settings, quantitative, i.e. volumetric and voxel-based MRI 

methods have proven useful in distinguishing FTLD subtypes as well as FTLD 

patients from healthy controls (Rosen et al. 2002, Gorno-Tempini et al. 2004, 

Chow et al. 2008, Lindberg et al. 2009), but the methods have proven difficult to 

translate into routine clinical practice (Chow et al. 2011). Visual rating of 

frontotemporal atrophy has proven unreliable, especially in bvFTD cases, with a 

sensitivity of 50–75% and a specificity of 70% (Knopman et al. 2005, Kipps et al. 

2007, Mendez et al. 2007b, Koedam et al. 2010). The range of atrophy due to 

normal aging, especially in right fronto-cortical regions, may overlap with the 

atrophy detected in FTLD (Chow et al. 2008). Therefore, imaging is currently 

applicable only as a supportive feature of the FTLD diagnosis. 

As structural changes, i.e. neuronal loss and brain atrophy, become detectable 

by MRI only after the functional changes and symptoms have emerged, more 

sensitive imaging modalities are needed to enable early diagnosis. Such 

promising candidates include diffusion tensor imaging and resting state functional 

MRI (reviewed in Tartaglia et al. 2011). 

Functional brain imaging 

Functional brain imaging modalities are based on neurodegenerative diseases 

causing alterations in brain metabolism and/or perfusion. Currently, single-photon 

emission computed tomography (SPECT) and positron emission tomography 

(PET) are the two most commonly used techniques. In both techniques, various 

radioactively labelled compounds can be used to measure a variety of 

biochemical and physiological processes in vivo. PET is most frequently used 

with 18F-fluorodeoxyglucose (FDG) to measure cerebral metabolism, while 

SPECT can be used to study cerebral perfusion with compounds such as the 
99mTc-hexamethylpropylamine oxime (HMPAO) (reviewed in Tartaglia et al. 

2011). As both techniques can reveal the underlying functional changes before the 

structural ones, they have been shown to be more sensitive than structural MRI in 

the detection of patients with FTLD (Mendez et al. 2007b). In FTLD, PET and 
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SPECT typically show characteristic patterns of hypometabolism or 

hypoperfusion, respectively, in frontal and/or anterior temporal cortices. Each 

clinical variant has its typical profile of hypoperfusion and hypometabolism and it 

correlates with the structural changes (Ishii et al. 1998, Diehl et al. 2004, Josephs 

et al. 2006c) (Table 1). The regional pattern of predominantly frontal impairment 

usually allows clear distinction from AD, although there may be overlap, as AD 

can involve frontal regions and FTLD may not spare the temporoparietal cortex 

(Womack et al. 2011). With more than 70% sensitivity and 98% specificity, 18F-

FDG-PET is a useful, but not an infallible tool in the differential diagnosis of 

FTLD from AD (Foster et al. 2007, Sorbi et al. 2012). 

The PET ligand 11C-Pittsburgh Compound B (11C-PIB) is an agent with a 

high affinity for fibrillar beta-amyloid (Aβ), and thus 11C-PIB-PET allows in vivo 

Aβ plaque detection (Klunk et al. 2004). It is considered a valuable tool in 

discriminating AD from FTLD, since Aβ is not a pathological hallmark of FTLD 

and the cases with diagnostic uncertainties between AD and FTLD are usually 

early-onset, in whom age-related Aβ changes are usually less common 

(Rabinovici et al. 2007). It has been demonstrated that 11C-PIB-PET slightly 

outperforms 18F-FDG-PET in discriminating AD from FTLD (Rabinovici et al. 

2011). Although invaluable in discriminating frontal and logopenic AD variants 

from FTLD, positive 11C-PIB-PET scans may also represent cases with comorbid 

Aβ plaques with FTLD as a primary pathology. Specific binding tracers for FTLD 

would enable early positive diagnosis of FTLD and differentiation of its 

pathological subtypes in vivo. 

Biochemical biomarkers 

Increasingly, assay of specific proteins in cerebrospinal fluid (CSF) has proven to 

be of good diagnostic value in cases of neurodegenerative diseases, being most 

successful in AD. In AD, the concentrations of total tau (t-tau) and 

phosphorylated tau (p-tau) are increased, whereas that of Aβ1-42 (42-amino acid 

form of Aβ), is decreased. This combined algorithm differentiates AD patients 

from controls with a sensitivity and specificity of 80–90% (Bloudek et al. 2011). 

Current CSF biomarkers are of limited use in reliable identification of FTLD. 

Development has proven difficult, as FTLD is a far more heterogeneous 

syndrome pathologically than AD. In FTLD, a wide range of CSF tau 

concentrations has been found, with significant overlaps with both controls and 

AD patients (van Harten et al. 2011). The concentration of Aβ1-42 varies between 
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normal and low values (Schoonenboom et al. 2012). The wide variation in levels 

of CSF biomarkers in FTLD might partly reflect mixed brain pathologies, 

misdiagnosis or inclusion of PPA variants with underlying AD pathology, or 

additionally, intermediate tau concentrations in FTLD may reflect the disease 

process and neurodegeneration itself (van Harten et al. 2011, Schoonenboom et al. 

2012). 

As AD biomarkers do not differentiate FTLD and AD specifically enough, a 

CSF biomarker positively predictive of FTLD would be useful. Some studies 

have suggested that increased levels of total or phosphorylated TDP-43 in CSF or 

plasma would correlate with the extent of TDP-43 brain pathology in FTLD 

(Steinacker et al. 2008, Foulds et al. 2009). Interestingly, reduced progranulin 

(PGRN) plasma levels seem to predict underlying PGRN mutation reliably as 

early as in the presymptomatic stage (Coppola et al. 2008, Ghidoni et al. 2008, 

Finch et al. 2009). Assay of plasma PGRN would be a relatively inexpensive way 

to screen early-onset dementia populations and asymptomatic at-risk individuals 

for PGRN mutations prior to confirmation by sequencing. To enable reliable 

detection, an optimal PGRN plasma cut-off value has recently been proposed 

(Ghidoni et al. 2012). (For PGRN mutations, see section 2.5.2.) 

2.3.6 Differential diagnosis 

Several other disorders may present with frontotemporal lobe symptoms, such as 

frontal and temporal lobe tumours as well as vascular and traumatic lesions. 

Additionally, CNS infections, alcohol-associated dementia, metabolic and 

nutritional deficiencies as well as Creutzfeldt-Jakob and Huntington’s diseases 

may mimic FTLD (Rossor et al. 2010). However, these disorders can usually be 

excluded by careful diagnostic work-up. Additionally, there are some rare genetic 

disorders relevant to the differential diagnosis of FTLD, e.g. Nasu-Hakola disease 

(polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy, 

PLOSL), a disease characterised by a combination of frontal lobe syndrome and 

bone cystic lesions (Paloneva et al. 2001). 

Occasionally, psychiatric presentations with onset at mid- and later-life may 

result in prior diagnosis of a primary psychiatric disorder and a diagnostic delay 

as regards neurodegenerative diseases (Woolley et al. 2011). Patients with bvFTD 

are especially prone (~50%) to receive a prior psychiatric diagnosis, such as 

depression, bipolar disorder, personality disorder or schizoprenia (Woolley et al. 

2011). The absence of atrophy in MRI speaks against FTLD diagnosis, yet it is 
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not uncommon that in the early phases of bvFTD no structural changes are seen 

(see section 2.3.5). Psychotic symptoms are generally considered relatively rare in 

FTLD (3%) (Mendez et al. 2008), yet a higher prevalence of delusions has also 

been proposed (14%) (Omar et al. 2009), being particularly common in patients 

developing FTLD-ALS (Lillo et al. 2010). 

During the last few years, there have been many reports describing patients 

presenting with bvFTD, yet either remaining stable or even improving (Davies et 

al. 2006, Kipps et al. 2007, Hornberger et al. 2009). These cases are now 

designated as slowly progressive bvFTD (bvFTD-SP) or phenocopy cases. ADL 

functions are usually relatively well preserved and these patients seem not to 

develop a frank dementia stage (Hornberger et al. 2009). At baseline, overt 

atrophy is lacking in MRI, and PET imaging is normal (Davies et al. 2006, Kipps 

et al. 2007, Kipps et al. 2009). Currently, the aetiology of the syndrome is 

unknown. 

Clinically, the most frequent diagnostic difficulty involves the differentiation 

of FTLD from AD. A significant minority of patients presenting with FTLD are 

found to have AD pathology even when atypical AD presentations are accounted 

for (Knopman et al. 2005, Forman et al. 2006a, Knibb et al. 2006, Snowden et al. 

2011b). In general, the most discriminating cognitive tests seem to be those 

measuring orientation, memory, language, visuomotor function and general 

cognitive ability (Hutchinson & Mathias 2007). However, there is a grey area, 

where the symptoms mix: anterograde amnesia has been reported as a presenting 

symptom in up to 10% of pathology-confirmed bvFTD cases (Hodges et al. 2004, 

Graham et al. 2005, Knopman et al. 2005, Piguet et al. 2009, Rascovsky et al. 

2011), and some patients with AD have a more atypical, FTLD-like presentation, 

such as executive, behavioural and language dysfunction (Alladi et al. 2007). In 

cases of problematic differential diagnosis of FTLD and AD, biomarkers such as 
11C-PIB-PET and CSF biomarkers for AD may prove invaluable. 

2.3.7 Treatment 

Currently, there are no disease-modifying treatments available for FTLD, nor are 

there any approved therapies available for symptomatic treatment either. 

Therefore, management of FTLD symptoms relies on ‘off-label’ medications 

borrowed from treating AD and psychiatric disorders, clinical trials being very 

few and inadequate (i.e. open-label trials and case reports) as regards FTLD. 

Altogether, AD or psychiatric medications are used widely in the treatment of 
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bvFTD patients (Bei et al. 2010, Lopez-Pousa et al. 2012). However, there is 

evidence of AD drugs, i.e. acetylcholinesterase inhibitors and memantine, having 

no positive effect or worsening behavioural symptoms in FTLD (Mendez et al. 

2007a, Kertesz et al. 2008, Vercelletto et al. 2011). The evidence on disrupted 

serotonergic and dopaminergic systems in FTLD has supported the role of 

psychiatric medication in treating behavioural manifestations of the disease 

(reviewed in Huey et al. 2006). A meta-analysis of selective serotonin reuptake 

inhibitors has shown that these drugs can have significant efficacy in reducing 

behavioural symptoms in FTLD (Huey et al. 2006). Atypical antipsychotics 

(dopamine receptor antagonists), although minimally studied and potentially 

causing extrapyramidal side effects in FTLD (Pijnenburg et al. 2003), are used to 

treat disinhibition and psychotic symptoms in approximately a third of bvFTD 

patients (Lopez-Pousa et al. 2012). 

Pharmacological treatments being very limited, the focus of FTLD treatment 

should be psychosocial in the first line, i.e. managing difficult behaviours by 

behavioural strategies, with pharmacological treatments used as second line if 

necessary (Merrilees 2007). The carers of demented persons are especially 

burdened by their subjects’ behaviour when it comes to FTLD compared with AD 

(de Vugt et al. 2006). Therefore, intervention programmes targeted at carers might 

relieve burdens and reactions to challenging forms of behaviour of patients with 

FTLD (Mioshi et al. 2012). 

2.4 Neuropathology of frontotemporal lobar degeneration 

The diagnosis of definite FTLD requires histopathological confirmation (or a 

known pathogenic mutation) (Gorno-Tempini et al. 2011, Rascovsky et al. 2011). 

At post-mortem, the FTLD brain is by definition characterised by focal atrophy of 

the frontal lobe, the temporal lobe or both, and occasionally the hemispheres are 

asymmetrically affected. Microscopically, there is loss of pyramidal neurons and 

microvacuolar degeneration in the superficial laminae of the frontal and temporal 

cortices, with a variable degree of cortical gliosis. Subjacent white matter shows 

axonal and myelin loss and gliosis. Patients with concomitant ALS further show 

upper and lower motor neuron loss, corticospinal tract degeneration and Bunina 

bodies. (Cairns et al. 2007). 

FTLD is characteristically a proteinopathy with abnormal protein inclusions 

in the cytoplasm or nuclei of neuronal and glial cells. Thus, specific diagnosis of 

FTLD requires immunohistochemistry (IHC) (Cairns et al. 2007). Based on the 
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immunoreactivity of the inclusions, FTLD can be divided into five pathological 

subtypes, according to the consensus recommendation by Mackenzie et al. (2010) 

(Fig. 3): 1) FTLD with tau-positive inclusions (FTLD-tau), 2) FTLD with tau-

negative, ubiquitin- and TDP-43-positive inclusions (FTLD-TDP), 3) FTLD with 

ubiquitin-positive, TDP-43-negative and fused in sarcoma protein (FUS)-positive 

inclusions (FTLD-FUS), 4) FTLD with ubiquitin-positive, and TDP-43- and 

FUS-negative inclusions (FTLD-UPS), and 5) FTLD with no demonstrable 

inclusions (FTLD-ni, previously known as dementia lacking distinctive 

histopathology, or DLDH). Approximately 40% of all FTLD cases are tauopathies, 

while 40–60% of cases show ubiquitin-positive pathology (FTLD-U). Within 

FTLD-U pathology, the vast majority of cases are TDP-43-positive, whereas a 

minority, approximately 5% of all FTLD cases, show FUS-immunoreactivity. 

Cases with FTLD-UPS and FTLD-ni pathology are scarce. (Josephs et al. 2004, 

Shi et al. 2005, Seelaar et al. 2007, Seelaar et al. 2010, Urwin et al. 2010, 

Baborie et al. 2011, Snowden et al. 2011a). 
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Fig. 3. Histopathological and genetic heterogeneity of the FTLD syndrome. The five 

distinct neuropathological subtypes can be identified using immunohistochemistry: 

FTLD-tau, FTLD-TDP, FTLD-FUS, FTLD-UPS and FTLD-ni. Each of them is further 

subdivided based on the pattern of inclusions. The outer circle links each FTLD gene 

to its underlying pathological subtype. aFTLD-U, atypical FTLD-U; BIBD, basophilic 

inclusion body disease; C9ORF72, chromosome 9 open reading frame; CBD, 

corticobasal degeneration; CHMP2B, charged multi-vesicular body protein 2B; FUS, 

fused in sarcoma protein; MAPT, microtubule-associated protein tau; NIFID, neuronal 

intermediate filament inclusion disease; Other tau denotes additional tauopathies, i.e. 

argyrophilic grain disease, sporadic multiple system tauopathy with dementia and 

tangle-only dementia; PGRN, progranulin; PiD, Pick’s disease; PSP, progressive 

supranuclear palsy; VCP, valosin-containing protein. 
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2.4.1 FTLD-tau 

FTLD-tau entails diseases in which the major abnormal protein, identified by IHC, 

is microtubule-associated protein tau (MAPT) (Fig. 3) (Dickson et al. 2011). 

Under normal conditions, tau is a soluble protein that binds microtubules and 

thereby stabilises the axonal cytoskeleton and regulates axonal transport (Goedert 

2004). Six tau isoforms are expressed in the adult human brain, which is a result 

of alternative messenger RNA (mRNA) splicing of exons 2, 3 and 10 from the 

MAPT gene. The six isoforms differ from each other by their number of 

microtubule-binding domains. The exclusion or inclusion of exon 10 of MAPT 

results in tau molecules with either three or four microtubule-binding repeats in 

the carboxy-terminal half of the molecule (3R tau and 4R tau, respectively) 

(Goedert et al. 1989, Andreadis et al. 1992). 4R tau binds to tubulin more 

strongly than 3R and assembles the microtubules more effectively (Goedert & 

Jakes 1990). In the normal human brain, the levels of 3R and 4R tau are similar 

(Goedert et al. 1989). 

In pathological conditions, tau is hyperphosphorylated, inhibiting 

microtubule assembly and disrupting microtubule organisation, and 

hyperphosphorylated tau self-assembles into insoluble aggregates, i.e. tangles of 

paired helical filaments and straight filaments (Goedert 2004). Tauopathies are 

classified by morphological features of filaments and tangles and the biochemical 

composition of tau-positive inclusions. Characteristic tau-positive neuronal 

inclusions are illustrated in Fig. 4a. In AD, a tauopathy as well, tau-positive 

neurofibrillary tangles (NFTs) are composed of equal amounts of 3R and 4R tau 

(Goedert et al. 1989). PiD, the classic form of FTLD-related tauopathy, shows 

tau-immunoreactive intracellular inclusions (Pick bodies) and swollen neurons 

(Pick cells), mainly of 3R form (Dickson et al. 2011). CBD and PSP are both 4R 

tauopathies with cortical and subcortical pathology of varying extent (Cairns et al. 

2007). Familial tauopathy with MAPT mutations, also known as frontotemporal 

dementia and parkinsonism linked to chromosome 17 (FTDP-17 MAPT) (Foster 

et al. 1997, Hutton et al. 1998), shows variable neuropathological phenotypes 

with features from PiD, CBD or PSP and with tau deposits composed of 3R or 4R 

isoforms or a mix of both isoforms (van Swieten & Spillantini 2007). The 

variability is due to different MAPT mutations (for MAPT mutations, see section 

2.5.1). From a clinical perspective, FTLD-tau is mostly associated with bvFTD 

(Fig. 2). PNFA may also be the presenting phenotype of FTLD-tau, whereas SD is 

rare. Parkinsonism is frequently encountered, whereas symptoms of ALS are rare. 
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(Josephs et al. 2011). Compared with tau-negative FTLD without ALS, patients 

with FTLD-tau have been suggested to have poorer survival (Xie et al. 2008). 

 

Fig. 4. (a) FTLD-tau pathology in a frontal cortex section from a patient with sporadic 

FTLD after immunostaining with monoclonal antibody AT8 against 

hyperphosphorylated tau + haematoxylin counterstain. MAPT mutation screening was 

negative in the patient. Characteristic tau-positive neuronal cytoplasmic inclusions 

appear compact and round or tangle-like (arrow). (b) FTLD-TDP pathology in a 

hippocampal granular cell layer section from an FTLD-ALS patient carrying C9ORF72 

repeat expansion mutation. Immunostaining with monoclonal antibody against 

phosphorylated TDP-43 (p-TDP-43) + haematoxylin counterstain. p-TDP-43-positive 

neuronal cytoplasmic inclusions are mostly compact, round or lens-like (arrows). 

2.4.2 FTLD-TDP 

With advances in IHC, the initial impression that FTLD could be classified only 

as FTLD-tau or DLDH was revoked, as the majority of cases with DLDH 

classification showed immunoreactivity to ubiquitin (FTLD-U) (Jackson et al. 

1996, Josephs et al. 2004). In 2006, the transactive response DNA-binding 

protein with Mr 43 kDa (TDP-43) was identified as the ubiquitinated, pathological 

protein in the vast majority of FTLD-U ± ALS brains as well as in the majority of 

sALS and in some fALS cases too (Arai et al. 2006, Neumann et al. 2006). 

Identification of the common neuropathological background further confirmed 

that FTLD and ALS belong to the same clinicopathological spectrum of disease. 

So far, several genes have been associated with familial FTLD-TDP, including 

PGRN, C9ORF72, and the genes for TAR DNA binding protein (TARDBP) and 
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valosin-containing protein (VCP) (see sections 2.5.2, 2.5.3, 2.5.5 and 2.5.6, 

respectively). 

TDP-43 protein is a 414-amino acid protein encoded by the TARDBP gene. It 

is highly conserved and ubiquitously expressed in various tissues, including the 

brain, and under normal conditions it is localised to the nucleus or shuttles 

between the nucleus and cytoplasm (Arai et al. 2006, Neumann et al. 2006). The 

protein contains two RNA recognition domains and a glycine-rich C-terminal 

region, allowing it to bind to single-stranded DNA, RNA and proteins. The C-

terminal region is vital for interacting with other members of the heterogeneous 

nuclear ribonucleoprotein (hnRNP) family. TDP-43 has a well-characterised role 

in transcription and splicing regulation, and more recently, it has also been 

implicated in stress response, mRNA stabilisation, apoptosis and cell division. 

Under pathological conditions, TDP-43 is redistributed from the nucleus to the 

cytoplasm in hallmark inclusions. (Reviewed in Lagier-Tourenne et al. 2010). 

Microscopically, TDP-43 proteinopathies are characterised by ubiquitin- and 

TDP-43-immunoreactive neuronal cytoplasmic inclusions (NCIs), neuronal 

intranuclear inclusions (NIIs), dystrophic neurites (DNs) and occasional glial 

cytoplasmic inclusions (GCIs) in the frontotemporal neocortex and the dentate 

gyrus of the hippocampus (Fig. 4b). Subcortical pathology is also often found, for 

example in the striatum and substantia nigra. (Cairns et al. 2007). FTLD-TDP can 

be further classified into four histological subtypes (Fig. 3) according to the 

relative proportions of NCIs, NIIs and DNs, following revised consensus criteria: 

Type A with numerous NCIs and DNs predominantly in layer II of the cortex, 

with inconsistent NIIs; Type B with moderate numbers of NCIs throughout all 

cortical layers, but very few DNs; Type C with predominant long DNs in layer II 

of the cortex, with very few NCIs; and finally, Type D with both numerous DNs 

and numerous lentiform NIIs through all layers (Mackenzie et al. 2006a, 

Sampathu et al. 2006, Cairns et al. 2007, Mackenzie et al. 2011b). The subtypes 

have been associated with some consistency with different clinical phenotypes 

and genetic forms of FTLD (Mackenzie et al. 2006a, Sampathu et al. 2006, 

Josephs et al. 2011, Mackenzie et al. 2011b, Rohrer et al. 2011) (Fig. 2). In ALS 

with or without FTLD, similar TDP-43 inclusions are found in the motor cortex, 

cranial nerve nuclei and in the anterior horn cells of the spinal cord (Mackenzie et 

al. 2007). Interestingly, a significant proportion of cases with clinically pure ALS 

show TDP-43 positivity in the extramotor cortex as well (Geser et al. 2008), and, 

vice versa, occasionally, FTLD patients without any clinical evidence of ALS 

show ALS-type NCIs in lower motor neurons (Josephs et al. 2006a). 
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Patients with FTLD-TDP may present with any of the three clinical 

phenotypes, i.e. bvFTD, PNFA and SD. Although bvFTD and PNFA may also be 

a result of FTLD-tau pathology, most cases of SD have FTLD-TDP (Fig. 2). 

Concomitant ALS is mostly associated with underlying FTLD-TDP pathology, 

whereas parkinsonism is an occasional additional feature, with a small proportion 

of the patients presenting with a CBS-like phenotype. (Josephs et al. 2011). 

2.4.3 FTLD-FUS and other pathological subtypes of FTLD 

After the discovery of TDP-43, 5–20% of FTLD-U cases were found to stain 

negatively for the protein (Mackenzie et al. 2008, Roeber et al. 2008, Seelaar et al. 

2010, Urwin et al. 2010, Snowden et al. 2011a). A subset of these patients showed 

a remarkably consistent phenotype of very early-onset, sporadic bvFTD, being 

subsequently referred to as atypical FTLD-U (aFTLD-U) (Mackenzie et al. 2008, 

Roeber et al. 2008, Neumann et al. 2009, Seelaar et al. 2010, Urwin et al. 2010, 

Snowden et al. 2011a). Following identification of mutations in the gene 

encoding the fused in sarcoma (FUS) protein in fALS (Kwiatkowski et al. 2009, 

Vance et al. 2009), FUS was recognised as the accumulating protein in aFTLD-U 

(Neumann et al. 2009), even though no FUS mutations were found in these cases 

(for FUS mutations, see section 2.5.6). Moreover, FUS-positive inclusions have 

now been found in other rare pathological variants of FTLD (Mackenzie et al. 

2011a) (Fig. 3). Like TDP-43, FUS is a ubiquitously expressed multifunctional 

DNA/RNA-binding protein with a large number of RNA targets (Lagier-Tourenne 

et al. 2010). The mechanisms leading to FUS accumulation into NCIs and NIIs 

and neurodegeneration in FTLD-FUS are currently unknown. 

After identification of FTLD-FUS, there still remained a few FTLD cases 

with inclusions that were immunoreactive for ubiquitin and p62 but negative for 

TDP-43 and FUS, now referred to as FTLD-UPS (FTLD with epitopes of the 

ubiquitin-proteasome system) (Mackenzie et al. 2009, Mackenzie et al. 2010) 

(Fig. 2). The majority of FTLD-UPS cases are associated with mutations in the 

gene for charged multi-vesicular body protein 2B (CHMP2B) (Figs. 2 and 3) 

(Holm et al. 2007, Holm et al. 2009, Urwin et al. 2010) (for CHMP2B mutations 

see section 2.5.4). Finally, FTLD with no inclusions (FTLD-ni) is a rare and 

controversial entity (Mackenzie et al. 2009), referring to cases where current IHC 

techniques fail to detect any inclusions. 
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2.5 Genetics of frontotemporal lobar degeneration 

Although the majority of FTLD cases are sporadic, FTLD shows a strong familial 

component, with up to 50% of cases having a positive family history and around 

10–27% of patients showing a distinct autosomal dominant inheritance pattern. 

Among the clinical syndromes, bvFTD and FTLD-ALS are the most heritable 

ones, whereas PNFA and SD are less so. The heritability of FTLD-ALS varies 

from 10 to 60%. (Stevens et al. 1998, Ratnavalli et al. 2002, Rosso et al. 2003a, 

Goldman et al. 2005, Seelaar et al. 2008, Rohrer et al. 2009). In addition to being 

both clinically and pathologically heterogeneous, several genes have been 

implicated in FTLD. So far, eight genes are known to cause FTLD, of which 

seven are autosomal dominant and one is X-chromosomal dominant (Table 2). 

Mutations in MAPT, PGRN and C9ORF72 genes are the three most common 

causes, covering together approximately 20–30% of all FTLD cases and up to 50% 

of familial ones (Goldman et al. 2011, Seelaar et al. 2011, Majounie et al. 2012c) 

(Fig. 2 and Table 2). Mutations in the genes TARDBP, CHMP2B and VCP are 

very rare. Mutations in the genes FUS and ubiquilin 2 (UBQLN2) have been 

associated mostly with ALS, and therefore, their role in the FTLD end of the 

disease spectrum needs further investigation. Each of the genes is discussed in 

more detail in sections 2.5.1–2.5.6. 

From a clinical perspective, genetic testing should be undertaken with great 

caution, as there are many caveats associated with the genetics of dementia 

disorders (Sorbi et al. 2012). Prior to testing, a detailed family history should be 

recorded in each case, bearing in mind the broad phenotypic spectrum of FTLD 

from behavioural and cognitive symptoms to language-predominant phenotypes 

as well as the overlap with ALS and parkinsonism. A family history of mid- or 

later-life psychiatric diseases should also be enquired about. Patients with one or 

more first-degree relatives with a disease on the FTLD spectrum can be 

considered for genetic screening, i.e. inheritance suggestive of an autosomal 

dominant inheritance pattern (Goldman et al. 2011). There can be substantial 

interfamilial and intra-familial variability of phenotype in all genetic forms of 

FTLD, yet certain phenotypic signatures have been identified in association with 

each causal gene (Table 2) and they can be used as guides when deciding which 

genes to screen. Both in clinical and research settings, the ‘common’ FTLD genes, 

i.e. MAPT and PGRN, should be considered for screening first (Goldman et al. 

2011). 
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2.5.1 Microtubule-associated protein tau (MAPT) gene mutations 

In 1994, a family with the dementia-disinhibition-parkinsonism-amyotrophy 

complex was first linked to chromosome region 17q21 (Wilhelmsen et al. 1994). 

Subsequently, several other families with autosomal dominant inheritance and 

linkage to 17q21 were described. They showed a phenotype mostly consistent 

with FTLD and parkinsonism, and thus these families were designated as having 

frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) 

(Foster et al. 1997). The underlying tau pathology in these families pointed to 

MAPT as a potential candidate gene for the linkage. In 1998, extensive 

sequencing of the MAPT gene resulted in the identification of MAPT mutations in 

several FTDP-17 families (Hutton et al. 1998, Poorkaj et al. 1998, Spillantini et 

al. 1998). 

To date, a total of 44 different MAPT mutations have been identified (Cruts et 

al. 2012), and together they account for about 5–10% of all FTLD cases and 10–

25% of familial cases (Goldman et al. 2011, Seelaar et al. 2011) (Table 2). The 

frequency of MAPT mutations varies substantially depending on the population 

studied. MAPT mutations have been reported in Europe, the USA and Japan 

(Cruts et al. 2012), with the highest frequencies found in Europe, especially in the 

Netherlands and the UK (Pickering-Brown et al. 2008, Seelaar et al. 2008, Rohrer 

et al. 2009). The differences in mutation frequencies may reflect true differences 

between populations or they could also result from different methods in case 

ascertainment. In Finland, only one MAPT mutation (p.Ser305) has been found in 

a family with FTLD (Skoglund et al. 2008), and currently, larger cohort studies 

are lacking. 

Mutation spectrum 

The MAPT gene consists of one non-coding exon and coding exons 1–14. MAPT 

encodes MAPT protein of varying length due to alternative mRNA splicing of 

exons 2, 3 and 10, resulting in six different isoforms. Three of the isoforms 

contain three microtubule-binding repeats, encoded by exons 9, 11 and 12, and as 

a result of alternatively spliced exon 10, three isoforms contain four repeats 

(Goedert et al. 1989, Andreadis et al. 1992). The MAPT protein, its function and 

role in neurodegeneration, is discussed in more detail in section 2.4.1. 
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Mutations in MAPT can be roughly grouped into different categories based on 

their positions in the gene, and this in turn defines their effects on tau mRNA and 

protein, and lastly on the composition of the tau deposits, i.e. 3R, 4R or 3R/4R. 

The majority of mutations reside in exons 9–13 and include missense, deletion 

and silent mutations. An additional two mutations have been found in exon 1 

(Poorkaj et al. 1998, Hayashi et al. 2002). Intronic mutations, near the splice-

donor site of the intron following exon 10, are also a common mutation type in 

MAPT. The first type of mutation affects tau–microtubule interactions and fibril 

formation. The second type of mutation alters mRNA splicing. All splice site 

mutations in intron 10 and some coding region mutations in exon 10 disrupt 

normal regulation of the alternative splicing of exon 10 and alter the ratio of 3R 

and 4R tau, mostly leading to increased expression of 4R tau isoforms and to 

formation of inclusions consisting mainly of 4R tau. (Goedert 2005). 

Copy number variations of MAPT are not a common cause of FTLD (Johnson 

et al. 2004, Llado et al. 2007, Skoglund et al. 2009, Ogaki et al. 2012). However, 

partial genomic deletion encompassing exons 6 to 9, and complete duplication of 

MAPT have been described in patients with FTLD (Rovelet-Lecrux et al. 2009, 

Rovelet-Lecrux et al. 2010). Interestingly, microdeletions encompassing MAPT at 

chromosome region 17q21.31 have been identified as a common cause of 

idiopathic mental retardation in people of European descent (17q21.31 

microdeletion syndrome with mental retardation, hypotonia, distinct facial 

features and variable anomalies) (Koolen et al. 2006). 

Clinical aspects 

MAPT mutations are mostly associated with an autosomal dominant pattern of 

inheritance, although a few seemingly recessive and sporadic cases have been 

described in the literature (van Swieten & Spillantini 2007). So far, one de novo 

mutation has been reported (Boeve et al. 2005). The penetrance of MAPT 

mutations nears 100%. Mean age at onset is 52 years, with a wide range of 22 to 

68 years (van Swieten & Spillantini 2007, Seelaar et al. 2008). The phenotypic 

spectrum of MAPT mutations ranges from FTLD with or without parkinsonism to 

more AD-like dementia (Table 2). The most common phenotype is bvFTD, 

whereas PNFA and SD are only rarely seen as sole manifestations of the mutation. 

Memory problems may dominate in the early stages of the disease and lead to 

clinical diagnosis of AD (van Swieten & Spillantini 2007). MAPT mutations have 

also been identified in some familial PSPS and CBS cases (Bugiani et al. 1999, 
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Stanford et al. 2000), suggestive of clinical overlap between FTDP-17, PSPS and 

CBS. MRI scans in MAPT mutation carriers show a symmetrical pattern of 

atrophy in the anterior and medial temporal lobes, with less involvement of the 

parietal lobes (Whitwell et al. 2009a, Whitwell et al. 2012). Postmortem analysis 

invariably shows FTLD-tau pathology (Table 2 and section 2.4.1). 

MAPT haplotypes and neurological phenotypes 

While mutations in MAPT have been identified as the cause of FTDP-17 MAPT 

(Hutton et al. 1998, Poorkaj et al. 1998, Spillantini et al. 1998), MAPT does not 

appear to be mutated in the other FTLD-tau syndromes. Therefore, other 

mechanisms of MAPT involvement might underlie the FTLD-tau syndrome. The 

~900 kb inversion of the MAPT locus as long as 3 million years ago has resulted 

in two major MAPT haplotypes, H1 (direct orientation) and H2 (inverted 

orientation), with no evidence of recombination for 1.5 Mb (Baker et al. 1999, 

Pittman et al. 2004, Pittman et al. 2005, Stefansson et al. 2005). Therefore, each 

haplotype has its own set of polymorphisms. The H1 haplotype is the most 

predominant haplotype in all ethnic groups, having an allele frequency of > 70% 

in European populations, while the H2 haplotype has been associated mainly with 

Caucasian ancestry, with Middle Eastern and European populations having H2 

allele frequencies of about 25%, the Finnish population about 8% and Central 

Asian populations about 5%. In other populations, the H2 allele is practically non-

existent. (Evans et al. 2004). 

The H2 haplotype manifests only minor variability, whereas the H1 haplotype 

shows considerable variation (Stefansson et al. 2005). Conrad et al. (1997) were 

the first to suggest that a common variation within MAPT could be a risk factor 

for PSP. Subsequently, the predominant MAPT H1 haplotype was found to be 

associated with sporadic tauopathies, including PSP (Baker et al. 1999, de Silva et 

al. 2001, Pittman et al. 2005) and CBD (Di Maria et al. 2000, Houlden et al. 2001, 

Pittman et al. 2005). In some studies, a subhaplotype of H1, namely H1c, has 

particularly been linked to PSP and CBD (Pittman et al. 2005). Furthermore, the 

H1H1 genotype or H1 haplotype has consistently been implicated as a risk factor 

of Parkinson's disease (PD) and its dementia (Farrer et al. 2002, Goris et al. 2007, 

Zabetian et al. 2007, Seto-Salvia et al. 2011). 

Even though associations between MAPT haplotype and sporadic tauopathies 

and PD are reported consistently, an association with FTLD lacks consensus. 

Some reports suggest no association (Morris et al. 1999, Ingelson et al. 2001, 
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Panegyres & Zafiris-Toufexis 2002, Sobrido et al. 2003, Zekanowski et al. 2003, 

Bernardi et al. 2006, Laws et al. 2008), while others report a faint association 

with the H1 allele or H1H1 genotype, either with (Ingelson et al. 2001, Verpillat 

et al. 2002b) or independent of APOE (Verpillat et al. 2002b, Hughes et al. 2003) 

(Table 3). Additionally, the H2 haplotype or H2H2 genotype has been found to 

increase the risk of familial FTD (Ghidoni et al. 2006) as well as SD (Short et al. 

2002) (Table 3). The H2 haplotype has also been reported to lower the age of 

onset in FTLD by 1.5 to 5 years, in a dose-dependent manner (Borroni et al. 2005, 

Laws et al. 2007), and there is also evidence of a functional relevance of the 

finding as H2 carriers have shown significantly more extensive hypometabolism 

frontally (Laws et al. 2007, Borroni et al. 2008). 

The mechanism by which the haplotype could affect FTLD is still unknown. 

For the H1 haplotype, two mechanisms have been suggested: the H1 allele 

expresses higher levels of tau (Kwok et al. 2004) or more of exon 10+ (4R) 

MAPT mRNA, leading to a subtle rise of exon 10+ (4R) transcripts in H1 carriers 

(Caffrey et al. 2006). Interestingly, as regards H2, chromosome region 17q21.31 

seems to be associated with a susceptibility to de novo deletions, leading to 

17q21.31 microdeletion syndrome (Koolen et al. 2006). 

2.5.2 Progranulin (PGRN) gene mutations 

After the discovery of MAPT mutations, it was evident that there were FTDP-17 

families with significant linkage to the same chromosomal area, but lacking 

MAPT mutations and showing FTLD-U pathology (Kertesz et al. 2000a). 

Sequencing of the candidate gene region resulted in the identification of 

mutations in the gene encoding progranulin (PGRN) in 2006 (Baker et al. 2006, 

Cruts et al. 2006). Currently, 69 different pathogenic mutations have been 

reported in patients with FTLD (Cruts et al. 2012). PGRN mutations seem to 

account for approximately 5–10% of all FTLD cases and 10–25% of cases of 

familial FTLD (Goldman et al. 2011, Seelaar et al. 2011) (Table 2). Worldwide, 

the frequency of PGRN mutations varies, such that the occurrence is greatest in 

the USA and in some parts of the Central Europe (Cruts et al. 2006, Gass et al. 

2006, Gijselinck et al. 2008, Le Ber et al. 2008, Pickering-Brown et al. 2008). In 

contrast, PGRN mutations are rare in Finland (Krüger et al. 2009). 

The PGRN gene, located at chromosome region 17q21.3, codes for the 593-

amino acid protein PGRN, which is cleaved into peptides called granulins. Both 

granulins and the precursor PGRN regulate cell growth, for example in 
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embryogenesis, wound healing, inflammation and tumorigenesis. PGRN is a 

highly conserved protein expressed in a variety of tissues, including mitotically 

active epithelial, haematopoietic and reproductive system cells. In the brain, 

PGRN is highly expressed in cortical and hippocampal pyramidal cells and 

cerebellar Purkinje cells. In the CNS, PGRN has been implicated in neuronal 

growth and survival. PGRN appears to be upregulated in cases of 

neuroinflammation and CNS trauma, probably through microglia, but the role and 

the mechanism of neurodegeneration are currently unknown. (He & Bateman 

2003). 

Mutation spectrum 

Mutations of PGRN have a common effect of reducing constitutive PGRN levels. 

Although the underlying mechanisms of action may vary according to the 

affected sequence, all pathogenic frameshift, splice site and non-sense mutations 

of PGRN seem to result in non-sense-mediated RNA decay and a loss of 50–75% 

in total PGRN mRNA and protein levels, known as a haploinsufficiency 

mechanism (Baker et al. 2006, Cruts et al. 2006, Gass et al. 2006, Le Ber et al. 

2008). PGRN gene dosage alterations seem to be a rare cause of FTLD (Gass et al. 

2006, Le Ber et al. 2008, Skoglund et al. 2009, Ogaki et al. 2012). However, 

there is a report on an FTLD patient with a heterozygous genomic deletion of the 

PGRN gene and two neighbouring genes, resulting in haploinsufficiency 

(Gijselinck et al. 2008), and a further report on a partial PGRN deletion in two 

siblings, with one presenting with FTLD and the other with PD (Rovelet-Lecrux 

et al. 2008). Overall, the haploinsufficiency mechanism suggests that PGRN 

mutations might lead to neurodegeneration through loss of neurotrophic support 

and inadequate responses to injury and aging (Ahmed et al. 2010). 

Clinical aspects 

The characteristic features of PGRN mutations are summarised in Table 2. 

Approximately 75% of patients with PGRN mutation have a positive family 

history suggestive of autosomal dominant inheritance (Chen-Plotkin et al. 2011). 

The apparently sporadic cases are more likely to represent either age-dependent 

or incomplete penetrance (penetrance 90% by the age of 70 years) than de novo 

mutations (Gass et al. 2006). Mean age at onset is 59 years, ranging from 35 to 87 

years (Gass et al. 2006, Bruni et al. 2007). Compared with MAPT mutations, 
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PGRN mutations generally lead to more heterogeneous phenotypes, with significant 

heterogeneity both inter- and intrafamilially. The mutations manifest most frequently 

as bvFTD, while an alternative diagnosis may be encountered in approximately 25% 

of the cases, including PNFA and parkinsonian syndromes. AD and schizophrenia-

like phenotypes are also possible. (Le Ber et al. 2008, Chen-Plotkin et al. 2011). 

FTLD-ALS is found in 5% of cases, indicating a more infrequent occurrence of ALS 

than in other TDP-43 proteinopathies (25%) (Schymick et al. 2007, Chen-Plotkin et 

al. 2011). To date, SD has not been described with PGRN mutations. In imaging 

studies, patients with PGRN mutations typically show a more asymmetrical and 

temporoparietal-dominant pattern of atrophy compared with MAPT mutations 

(Whitwell et al. 2009a, Whitwell et al. 2012). Regardless of the clinical diagnosis, 

neuropathology in cases with PGRN mutation invariably shows TDP-43-positive 

inclusions, and in more detail, a subtype A pathology (Mackenzie et al. 2006b). 

The link between PGRN and TDP-43 depositions is currently unknown. As a 

consequence of a haploinsufficiency mechanism, plasma PGRN levels are 

significantly lower in both pre-symptomatic and symptomatic PGRN mutations 

carriers than in non-carriers (Coppola et al. 2008, Ghidoni et al. 2008, Finch et al. 

2009). Measurement of plasma PGRN levels predicts a pathogenic PGRN 

mutation with almost 100% sensitivity and specificity (Ghidoni et al. 2012) (for 

FTLD biomarkers, see section 2.3.5).  

PGRN gene variability as a risk factor 

As PGRN null mutations cause autosomal dominant FTLD, it is plausible that 

common genetic variations of PGRN might increase the risk of sporadic FTLD as 

well. Rademakers et al. (2008) have reported that TT homozygosity of a common 

variant, rs 5848, located in the 3´ untranslated region (UTR) of PGRN, increases 

the risk of FTLD-TDP in pathologically confirmed cases without PGRN 

mutations (Table 3). It is suggested that the T allele of rs5848 results in increased 

translational suppression of PGRN in a microRNA-regulated way. A significant 

reduction in PGRN brain and serum levels has been detected in patients carrying 

TT of rs5848, suggesting a mechanism similar to that of loss-of-function 

mutations (Rademakers et al. 2008, Hsiung et al. 2011). However, an association 

between rs5848 and FTLD could not be confirmed in four other cohorts of FTLD 

patients (Simon-Sanchez et al. 2009, Rollinson et al. 2011b). Thus, further studies 

are needed to confirm the initial finding. 
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2.5.3 Chromosome 9 open reading frame 72 (C9ORF72) repeat 
expansion 

Previously, a number of families with phenotypes within the FTLD-ALS 

spectrum had been associated with a locus at chromosome region 9p21 (Morita et 

al. 2006, Vance et al. 2006, Valdmanis et al. 2007, Luty et al. 2008, Le Ber et al. 

2009, Gijselinck et al. 2010, Laaksovirta et al. 2010, Boxer et al. 2011, Pearson et 

al. 2011). Just recently, an extensive search for the causal gene of chromosome 9-

linked FTLD-ALS resulted in characterisation of a non-coding hexanucleotide 

(GGGGCC)n repeat expansion within the gene chromosome 9 open reading frame 

72 (C9ORF72) (DeJesus-Hernandez et al. 2011, Renton et al. 2011). The 

expansion is located in intron 1, between two alternatively spliced non-coding 

exons, 1a and 1b. The expansion can be detected by using a repeat-primed 

polymerase chain reaction (PCR) method in which the expansion produces a saw-

tooth pattern typical of repeat expansion disease (Renton et al. 2011). The current 

detection method does not allow measurement of the exact size of the expansion 

(Renton et al. 2011), but in Southern blotting, the expansion has been estimated to 

have a size range of 700 to 1600 units, compared with less than 23 repeats in 

healthy individuals (DeJesus-Hernandez et al. 2011). However, the exact cut-off 

number of repeats conferring the phenotype and the role of intermediate repeat 

sizes (23 to 700 repeats) are yet to be determined (DeJesus-Hernandez et al. 

2011). The function of the normal gene product of C9ORF72 is not known, yet it 

has been supposed to be involved in RNA metabolism. There are two possible 

reads of the gene: one with an expanded repeat located in the promoter region and 

the other with an expanded repeat located in intron 1, and the proportion of each 

read might be relevant to pathogenesis. Predominance of the first read would 

probably cause inhibition of pre-mRNA transcription and disease through a loss 

of function mechanism, whereas the other read would probably cause toxic RNA 

foci and disease through toxic gain of function. (DeJesus-Hernandez et al. 2011). 

A number of investigators have reported prevalence figures for expanded 

C9ORF72. The C9ORF72 mutation detection study carried out by Renton et al. 

(2011) included two patient cohorts from Finland: one with FTLD patients and 

the other with ALS. C9ORF72 expansion was detected in 29% of the Finnish 

patients with FTLD and in 48% of familial FTLD cases, and the frequencies for 

the Finnish ALS patients were similar to those in FTLD cases (Renton et al. 2011, 

Majounie et al. 2012c). Therefore, C9ORF72 repeat expansion is the most 

frequent mutation causing FTLD with or without ALS, as well as pure ALS, in 
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the Finnish population (Renton et al. 2011). In worldwide sampling, the repeat 

expansion has been detected in 12% of all patients with FTLD and in 25% of 

cases of familial FTLD, with respective frequencies for ALS being 11% and 38%. 

The frequency of repeat expansion among patients with co-occurring FTLD-ALS 

is even higher, i.e. 20 to 40% (Boeve et al. 2012, Hsiung et al. 2012, Mahoney et 

al. 2012a, Snowden et al. 2012b). Interestingly, the repeat expansion has also 

been reported to be present in Finnish, Irish and Italian control individuals, with 

frequencies of 0.2 to 0.6% (Renton et al. 2011, Byrne et al. 2012, Ratti et al. 

2012). 

Clinical aspects 

Penetrance of the hexanucleotide repeat expansion may be variable and is 

reported to be complete only by the age of 80 years (Byrne et al. 2012, Majounie 

et al. 2012c). The reduced and age-dependent penetrance may partly explain the 

relatively frequent association with sporadic cases. Of FTLD patients with 

expanded C9ORF72, approximately 60% have a positive family history of either 

FTLD or ALS, or both (Majounie et al. 2012c). Age at onset may be variable, 

with a mean at 58 years and a range of 30–76 years (Majounie et al. 2012c). The 

average disease duration seems to follow the data reported in connection with 

MAPT and PGRN mutations; the average disease duration in MAPT and PGRN 

mutation carriers varies between six and nine years (Rohrer et al. 2009, Boeve et 

al. 2012), whereas in C9ORF72 expansion carriers, the average disease duration 

has been reported to be six to seven years from symptom onset, with a wide range 

of 1.7 to 22 years (Boeve et al. 2012, Hsiung et al. 2012, Mahoney et al. 2012a). 

Concomitant ALS is associated with shorter survival in these patients as well 

(Boeve et al. 2012, Hsiung et al. 2012). Demographic and clinical characteristics 

of C9ORF72 repeat expansions are summarised in Table 2. 

Based on the initial reports, the presentation of C9ORF72 expansion carriers 

has predominantly been bvFTD. So far, PNFA has only rarely been associated 

with expanded C9ORF72, and SD has not been linked to the mutation at all 

(Renton et al. 2011, Hsiung et al. 2012). The repeat expansion may also cause 

slowly progressive bvFTD (Khan et al. 2012). One of the most interesting 

features of the C9ORF72 repeat expansion has been its frequent association with 

mild psychotic symptoms or even florid psychoses, mostly delusions (Boeve et al. 

2012, Chio et al. 2012, Snowden et al. 2012b). Hallucinations have also been 

reported, and expanded C9ORF72 has been detected in 2% of DLB patients 
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(Snowden et al. 2012a), which might also be a result of clinical misdiagnosis. 

Expanded C9ORF72 is a rare occurrence in other neurodegenerative disorders; 

the expansion has been detected in < 1% of cases of clinically diagnosed late-

onset AD (Majounie et al. 2012b), nor does it seem to contribute to PD (Majounie 

et al. 2012a), even though parkinsonism has been reported to be a relatively 

common feature in FTLD patients with expanded C9ORF72, and PD has been 

found in the relatives of expansion carriers (Boeve et al. 2012, Hsiung et al. 

2012). Ante-mortem diagnosis of AD with prominent episodic memory 

impairment has also occasionally been reported (Dobson-Stone et al. 2012, 

Mahoney et al. 2012a, Mahoney et al. 2012b). The first neuroimaging studies of 

C9ORF72 expansion carriers have revealed a symmetric, widespread pattern of 

atrophy, especially in the frontal and also in the temporal lobes, with involvement 

of the parietal and occipital lobes and the cerebellum as well (Boeve et al. 2012, 

Hsiung et al. 2012, Mahoney et al. 2012a, Whitwell et al. 2012). The associated 

neuropathology of C9ORF72 expansions is mainly of FTLD-TDP type B, but an 

association with type A has also been described (Hsiung et al. 2012, Snowden et 

al. 2012b, Stewart et al. 2012). Interestingly, IHC of the cerebellum in expansion 

carriers has revealed p62-positive but TDP-43-negative neuronal inclusions (Al-

Sarraj et al. 2011). The role of these cerebellar inclusions is currently unknown. 

2.5.4 Charged multivesicular body protein 2B (CHMP2B) gene 

mutations 

CHMP2B-linked FTLD was originally described as familial non-specific 

dementia in a large Danish family with an autosomal dominant inheritance pattern 

(Gydesen et al. 1987). After mapping the disease locus to the pericentromeric 

region of chromosome 3 (Brown et al. 1995), extensive sequencing of the 

candidate gene region resulted in the identification of two mutations in the gene 

CHMP2B in 2005 (Skibinski et al. 2005). Subsequently, a novel CHMP2B 

mutation was also identified in a Belgian family with FTLD (van der Zee et al. 

2007, van der Zee et al. 2008). So far, four definitely pathogenic CHMP2B 

mutations have been identified (Skibinski et al. 2005, Parkinson et al. 2006, van 

der Zee et al. 2007, Lindquist et al. 2008, van der Zee et al. 2008, Cox et al. 2010, 

Cruts et al. 2012), located between or in the last exons of the gene, exons 5 and 6. 

The phenotype of the Danish FTD-3 family is typically bvFTD-like with 

early personality change, compulsive behaviour and apathy, starting at an average 

age of 58 years (Table 2). In the late phase of the disease, patients develop an 
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overt motor syndrome which can include parkinsonian features, dystonia, pyramidal 

signs and myoclonus. Penetrance appears to be nearly complete in the Danish family. 

(Gydesen et al. 2002). Neuropathology shows global cortical atrophy with 

ubiquitin/p62-immunoreactive inclusions that are negative for both TDP-43 and FUS 

(FTLD-UPS) (see section 2.4.3). Overall, CHMP2B appears to be a rare cause of 

FTLD (Cannon et al. 2006, Rizzu et al. 2006). Interestingly, the most recent study 

on CHMP2B mutations revealed missense mutations in 1% of ALS patients with 

lower motor neuron phenotype without signs of FTLD (Cox et al. 2010). 

The exact function of CHMP2B is unknown; however, its gene represents an 

interesting candidate in the pathogenesis of FTLD. CHMP2B is expressed in 

neurons of all major regions of the brain. The gene encodes a component of the 

‘heteromeric endosomal sorting complex required for transport’ (ESCRT) III 

complex that functions in endosomal trafficking and degradation (Urwin et al. 

2009). CHMP2B transgenic mutant mice have shown decreased survival and 

pathological changes similar to those in FTLD-UPS as well as early and 

progressive axonopathy, whereas no changes were observed in wild-type or 

knock-out mice. These results indicate that CHMP2B mutations cause 

neurodegeneration through a toxic gain of function mechanism. (Ghazi-Noori et 

al. 2012). 

2.5.5 TAR DNA-binding protein 43 (TARDBP) gene mutations 

After discovery of the TDP-43 protein in the FTLD-ALS spectrum (Arai et al. 

2006, Neumann et al. 2006), mutation screening of the coding gene, TARDBP, 

resulted in the identification of TARDBP mutations in cases of familial and 

sporadic ALS in 2008 (Kabashi et al. 2008, Sreedharan et al. 2008). Over 30 

mutations have been reported so far (Cruts et al. 2012). The TARDBP gene, 

located at chromosome region 1p36.2, consists of one non-coding exon and five 

coding exons. The vast majority of the reported mutations are located in exon 6, a 

highly conserved glycine-rich, hnRNP-interacting domain of the TARDBP gene, 

possibly interfering with the normal protein–protein interactions of TDP-43 

and/or increasing protein phosphorylation and aggregation. Studies of mutant 

TDP-43 in vitro and in vivo have demonstrated increased C-terminal fragments 

causing aggregation and toxicity. Mutant transgenic animals display phenotypes 

that mimic some features of ALS and FTLD. (Lagier-Tourenne et al. 2010). 

Mutations of TARDBP account for approximately 1–3% of cases of fALS and 

1% of cases of total ALS (Kabashi et al. 2008, Sreedharan et al. 2008); however, 
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FTLD with or without ALS has only rarely been associated with TARDBP 

mutations. In the current literature, there are three reports on pure FTLD cases 

(Borroni et al. 2009, Kovacs et al. 2009, Borroni et al. 2010b) and slightly more 

on ALS-FLTD (Benajiba et al. 2009, Chio et al. 2010, Chiang et al. 2012, Chio et 

al. 2012a, Chio et al. 2012b, Millecamps et al. 2012). Compared with C9ORF72-

associated ALS, FTLD seems to be a rarer accompanying feature in TARDBP-

related ALS (Chio et al. 2012a, Millecamps et al. 2012). Recent studies have also 

revealed that TARDBP mutations can occasionally be associated with 

neurodegenerative disorders beyond ALS-FTLD, such as clinically definite PD 

(Quadri et al. 2011), FTLD-ALS-parkinsonism (Borghero et al. 2011, Quadri et al. 

2011, Mosca et al. 2012) and CBS (Huey et al. 2012). Clinical characteristics of 

TARDBP-associated FTLD are largely unknown because of the small number of 

the cases; yet, bvFTD with or without ALS is the most frequently reported 

phenotype (Table 2, and Table 1 in Paper III) (Benajiba et al. 2009, Borroni et al. 

2009, Kovacs et al. 2009, Chio et al. 2010, Chiang et al. 2012). In line with the 

few reports on ALS patients, the neuropathology of TARDBP-linked FTLD is 

anticipated to be FTLD-TDP, although postmortem data on FTLD patients is 

scarce (Kovacs et al. 2009). 

2.5.6 Additional genes 

While C9ORF72 expansion is the most important genetic cause of FTLD-ALS, 

there are a few other genes, in addition to TARDBP, that have been found to 

account for both FTLD and ALS. In 2009, mutations in the ‘fused in sarcoma 

protein’ (FUS) gene were identified in patients with fALS (Kwiatkowski et al. 

2009, Vance et al. 2009). To date, 23 pathogenic mutations have been identified 

(Cruts et al. 2012) and these mutations seem to account for approximately 5% of 

cases of familial ALS (Kwiatkowski et al. 2009). FTLD may be a very rare 

presenting feature in ALS patients with FUS mutations (Blair et al. 2010, Broustal 

et al. 2010). Only two possibly pathogenic mutations have been found in a patient 

with isolated FTLD (Van Langenhove et al. 2010, Huey et al. 2012), albeit FUS 

pathology is present in approximately 5% of all patients with FTLD (Snowden et 

al. 2011a) (for FTLD-FUS, see section 2.4.3). Almost all cases with FTLD-FUS 

pathology are sporadic (Mackenzie et al. 2008, Neumann et al. 2009, Seelaar et al. 

2010, Snowden et al. 2011a). Therefore, it seems that FUS mutations work 

mainly on the ALS end of the spectrum (Rohrer et al. 2009, Snowden et al. 

2011a). The few reported FTLD cases with FUS mutations have presented with 
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bvFTD phenotype (Table 2) (Blair et al. 2010, Broustal et al. 2010, Van 

Langenhove et al. 2010, Huey et al. 2012). 

Inclusion body myopathy associated with Paget’s disease of the bone and/or 

frontotemporal dementia (IBMPFD) is a rare disorder caused by autosomal 

dominant mutations in the ‘valosin-containing protein’ (VCP) gene (Watts et al. 

2004) (Table 2). Incomplete penetrance of the three classical clinical features is 

common, even within families (Kimonis & Watts 2005). Approximately 30% of 

affected individuals in VCP families have had FTLD, and, moreover, patients 

with isolated FTLD have also been described (Kimonis & Watts 2005, van der 

Zee et al. 2009, Mehta et al. 2012). Mean age at diagnosis of dementia has been 

55 years (Kimonis & Watts 2005, Mehta et al. 2012). To date, 17 pathogenic VCP 

mutations have been described (Cruts et al. 2012). The exact prevalence of 

IBMPFD is unknown; however, overall, VCP mutations are a rare cause of FTLD 

(~1%) (van der Zee et al. 2009). Interestingly, VCP mutations were recently 

identified in fALS patients as well (Johnson et al. 2010). However, it seems that 

VCP mutations are rare in cases of isolated ALS and FTLD, and are more likely 

to be associated with complex, multidisorder syndromes (Miller et al. 2012). 

Interestingly, the only VCP mutations reported in Finland have been detected in a 

family with isolated distal myopathy with frontal type dementia (Palmio et al. 

2011). Pathologically, patients with IBMPFD have a specific FTLD-TDP 

pathology in the brain, namely of type D (Forman et al. 2006b, Cairns et al. 2007, 

Mackenzie et al. 2010). The pathogenesis of IBMPFD is currently unknown, but 

VCP is an ATPase protein associated with diverse cellular activities and has been 

implicated in the ubiquitin-proteasome-mediated degradation of abnormal 

proteins and autophagy, specifically in targeting endoplasmic reticulum proteins 

for degeneration (reviewed in Weihl et al. 2009). 

Mutations in UBQLN2, which encodes the ubiquitin-like protein ubiquilin 2, 

have recently been found to cause dominantly inherited, chromosome-X-linked 

ALS and ALS with FTLD-type dementia (Deng et al. 2011) (Table 2). In some 

ALS-FTLD cases, features of FTLD, mainly behavioural and executive 

abnormalities, precede the motor symptoms (Deng et al. 2011). Only recently was 

a likely pathogenic missense mutation in UBQLN2 identified in a German patient 

with isolated bvFTD (Synofzik et al. 2012). To date, 11 missense mutations in 

UBQLN2 have been reported in fALS ± FTLD cases (Deng et al. 2011, Daoud et 

al. 2012, Synofzik et al. 2012, Williams et al. 2012). Currently, it is difficult to 

estimate UBQLN2 mutation frequency in FTLD, but preliminary results suggest 

that it is a rare genetic cause of the disease. However, in one report 23% of 
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patients with UBQLN2 mutations had concomitant FTLD (Deng et al. 2011), 

suggesting that UBQLN2 mutations are the second most common genetic cause of 

FTLD-ALS after expanded C9ORF72, as TARDBP and FUS mutations are 

associated with FTLD only rarely. Ubiquilin 2 is a member of the ubiquilin family, 

which regulates the degradation of ubiquitinated proteins, and functional analysis 

has shown that UBQLN2 mutations lead to impairment of protein degradation 

(Deng et al. 2011). Cases with UBQLN2 mutations show ubiquilin 2-positive 

neuronal inclusions in the CNS, and interestingly, ubiquilin 2 seems to co-localise 

with ubiquitin, p62 and to some extent with TDP-43 and FUS in these inclusions 

(Deng et al. 2011). 

2.5.7 Genetic risk factors of FTLD 

As the monogenic mutations detected so far account for only about one third of 

all FTLD cases, other genetic factors are yet to be found, both monogenic 

mutations as well as genetic risk factors. The observed phenotypic variability 

within monogenic FTLD, especially within PGRN mutations and expanded 

C9ORF72, suggests that other, still unknown genetic factors modify the 

phenotype. The genetic risks and modifying factors of sporadic FTLD are also 

currently unknown. To date, the H1 and H2 MAPT haplotypes and PGRN rs5848 

polymorphism have been implicated as risk factors of sporadic FTLD (see 

sections 2.5.1, 2.5.2 and Table 3). Yet, both of them warrant further confirming 

studies among larger populations. 

Genetic risk factors can be studied by using various methods. The first studies 

of genetic risk factors of FTLD were conducted via a candidate gene approach, i.e. 

screening polymorphisms in genes that are already implicated in monogenic 

FTLD or genes related to other neurodegenerative dementia disorders. In the post-

genomic era, genome-wide association (GWA) studies as well as whole-genome 

sequencing produce a plethora of associations between common variabilities and 

disease. The primary result of a GWA study is the identification of a locus, a 

genetic region that might be associated with a disease. The association is further 

studied to discover the underlying causal variants. The result of a GWA study 

might not only be the identification of one or several coding changes affecting 

protein functions but also variants affecting transcription and translation or 

variants that are in linkage disequilibrium with the actual causal variant. (Hardy 

& Singleton 2009). In FTLD, only a few GWA candidate susceptibility genes 

have been studied in more detail. Current data on genetic risk factors of FTLD 
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seem most convincing as regards the role of the transmembrane protein 106B 

gene (TMEM106B). In addition to TMEM106B, a few other susceptibility genes 

have been implicated in FTLD by using case-control approaches, with relatively 

modest population sizes. The reported susceptibility genes are listed in Table 3. 

As case-control studies are sometimes hard to replicate elsewhere, the original 

associations need to be replicated in additional populations. 

Table 3. Susceptibility genes implicated in FTLD. 

Gene Chromosome1 Variant2 Odds ratio (95% CI) Reference 

SORT1 1p13.3 rs646776 NA (Carrasquillo et al. 2010) 

GSK3B 3q13.3 rs13312998 3.4 (1.3–8.6) (Schaffer et al. 2008) 

DCUN1D1 3q26.3 rs4859146 4.39 (1.40–13.78) (Villa et al. 2009) 

TMEM106B 7p21.3 rs1990622 0.61 (0.53–0.71) (Van Deerlin et al. 2010) 

NOS3 7q35 rs1799983 1.65 (1.13–2.42) (Venturelli et al. 2009) 

BAG1 9p12 rs706118 0.35 (0.25–0.50) (Venturelli et al. 2011) 

KIF24 9p13.3 rs17350674 3.63 (1.58–8.35) (Venturelli et al. 2010) 

UBAP1 9p13.3 T-G-C haplotype 1.42 (1.08–1.88) (Rollinson et al. 2009) 

DAPK1 9q21.33 rs4878104 0.56 (0.36–0.86) (Tedde et al. 2012) 

NOS1 12q24.2 rs2682826 1.96 (1.11–3.47) (Venturelli et al. 2008) 

MAPT 17q21.1 H1H1 genotype 1.95 (1.18–3.22) (Verpillat et al. 2002b) 

  H2H2 genotype 5.66 (1.37–23.31) (Ghidoni et al. 2006) 

PGRN 17q21.3 rs5848 3.2 (1.50–6.73) (Rademakers et al. 2008) 

APOE 19q13.2 ε2 allele 2.01 (1.02–3.98) (Verpillat et al. 2002a) 

  ε4 allele 2.68 (1.51–4.76) (Bernardi et al. 2006) 

CST3 20p11.2 B haplotype 1.62 (1.18–2.23) (Benussi et al. 2010) 

PRNP 20p13 rs1799990 7.47 (3.06 –18.2) (Li et al. 2005) 
1 The gene locus position according to NCBI Human Genome Build 37.3. 2 When available, the variant 

has been named according to dbSNP. CI, confidence interval; NA, not available. 

Apolipoprotein E 

The apolipoprotein E (APOE) ε4 allele is the most consistent risk factor 

implicated in AD. In FTLD, the role of APOE is controversial. In some studies, 

APOE ε4 has been associated with FTLD (Table 3) (Gustafson et al. 1997, 

Stevens et al. 1998, Borroni et al. 2005, Bernardi et al. 2006) and greater brain 

atrophy (Boccardi et al. 2004), while other investigators have not found this 

(Pickering-Brown et al. 2000, Rogalski et al. 2011b). Studies on the effect of ε4 
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on age at onset have also resulted in somewhat conflicting results; some have 

found an association (Farrer et al. 1995, Minthon et al. 1997) and others have not 

(Pickering-Brown et al. 2000, Borroni et al. 2005). In addition, there are studies 

indicating that the ε2 allele or ε2/ε2 genotype is a risk factor acting either 

independently (Table 3) (Lehmann et al. 2000, Verpillat et al. 2002a) or with the 

MAPT H1 allele (Verpillat et al. 2002b). However, ε2 has also been suggested to 

have a protective effect in FTLD together with the MAPT H1 allele (Bernardi et 

al. 2006). The reason for these discrepancies as regards the association of APOE 

with FTLD is currently unclear, but one explanation could be connected with 

atypical AD cases being misdiagnosed as FTLD and included in some studies. To 

resolve this dilemma, the association would need to be studied in a large and 

well-powered collection of autopsy-confirmed FTLD cases. 

Transmembrane protein 106B 

As a result of the first GWA study on pathologically confirmed FTLD-TDP 

patients, three single nucleotide polymorphisms (SNPs) (rs1020004, rs6966915 

and rs1990622) at the TMEM106B gene locus at chromosome region 7p21 were 

identified as risk factors of FTLD-TDP with or without PGRN mutations (Table 3) 

(Van Deerlin et al. 2010). Subsequently, three other groups of investigators have 

reproduced the GWA findings (Cruchaga et al. 2011, Finch et al. 2011, van der 

Zee et al. 2011), although further confirmation is still needed (Rollinson et al. 

2011a). At the moment, TMEM106B is recognised as a glycosylated type 2 

membrane protein localising to late endosomes/lysosomes and it therefore might 

have a function in protein turnover in endosomes/lysosomes (Lang et al. 2012), a 

compartment already implicated in CHMP2B-associated FTLD (Skibinski et al. 

2005, Lang et al. 2012). It has recently been shown that TMEM106B expression 

is increased in the brains of FTLD-TDP patients in a microRNA-regulated way 

and as a result, this would lead to endosomal-lysosomal dysfunction and also to 

perturbation of progranulin pathways, thereby increasing the risk of developing 

FTLD-TDP (Chen-Plotkin et al. 2012). 
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3 Aims of the study 

In FTLD, a substantial proportion of patients have a family history of the disease, 

and a strong genetic influence can be suspected in pathogenesis of the disease. 

Currently, very little is known about the genetics of FTLD in the Finnish 

population. Revealing the genetic background of FTLD has implications both for 

understanding of the disease pathomechanisms, but there are also clinical 

implications as regards genotype-phenotype correlations and genetic counselling. 

The general aim of this work was to study FTLD in the Finnish population, with a 

focus on molecular genetic aspects. The specific aims of the study were: 

1. To investigate the role of MAPT mutations and haplotypes in a series of 

Finnish patients with FTLD (I). 

2. To determine the frequency of CHMP2B mutations in this cohort (II). 

3. To examine the genetic contribution of TARDBP mutations in patients with 

FTLD (III). 

4. To define the characteristic demographic and clinical features of FTLD 

patients with the C9ORF72 expansion mutation as well as to correlate the 

findings with the rest of the FTLD patient cohort to detect potential genotype-

phenotype correlations (IV). 
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4 Subjects and methods 

4.1 Study subjects 

4.1.1 Patients with FTLD (I–IV) 

This work was a part of a research project aimed at studying the prevalence and 

molecular genetics of early-onset dementia in Northern Finland. The project is set 

at the Memory Clinic of the Neurology Department, Oulu University Hospital 

(OUH), Oulu, Finland. All patients from Northern Ostrobothnia with a clinical 

diagnosis of FTLD examined at the Department of Neurology between 1999 and 

2010 were included in the series. The clinical follow-up period of the patients in 

this work continued until the end of 2011. Based on the Neary criteria (Neary et 

al. 1998), the clinical diagnosis of FTLD was carefully carried out by neurologists 

specialised in memory disorders. Prior to diagnosis, the patients underwent a 

battery of investigations, including neurological examinations, routine screening 

laboratory tests, neuropsychological examination and MRI or computed 

tomography (CT) of the brain. Psychiatric evaluations were carried out in some of 

the patients by a psychiatrist. 

To confirm the diagnosis and in cases of diagnostic uncertainty, 18F-FDG-

PET or 99mTc-HMPAO-SPECT were performed on some of the patients, as well as 

CSF analysis for Aβ1-42, t-tau and p-tau. Electroencephalography (EEG) was 

performed in some of the patients for differential diagnostic purposes. The 

diagnosis of concomitant ALS was carried out following the diagnostic criteria 

defined by Brooks et al. (2000), and most of the patients with symptoms of ALS 

underwent electroneuromyography (ENMG) and in few of them, motor-evoked 

potentials by way of transcranial magnetic stimulation (TMS-MEP) were also 

recorded. 

When possible, the carer of the patient was also interviewed for the history of 

the patient and the current symptoms of the disease. A family history of the 

disease was enquired about from both the patient and the carer. A positive family 

history was defined as at least one first-degree relative suffering from dementia. 

Medical records were available only from some of the relatives studied within the 

project, thus, family history was mainly based on anamnestic information. Age at 

onset was defined as the date at which the patient or carer noticed the first 

appearance of cognitive and/or behavioural changes. The duration of the disease, 
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from estimated symptom onset to death, was defined in all patients who died 

during the study course. 

The demographic characteristics of the patients and controls in Papers I–IV 

are summarised in Table 4. The number of the FTLD patients included in each 

study varied to some extent depending on the study period. The series in Paper I 

was collected at OUH between 1999 and 2006. It included 59 FTLD patients, of 

which 58% had the clinical subtype of bvFTD, 32% PNFA and 10% SD. Six 

patients (10%) also suffered from symptoms of ALS. A positive family history of 

the disease was found in 27% of the patients. Study II involved 72 patients with 

FTLD, of which 66 were outpatients of OUH, collected between 1999–2008, and 

an additional six patients were from the Neuromuscular Diagnostics Unit, 

Department of Neurology, Tampere University Hospital, Tampere, Finland. 

Altogether, 12 patients (17%) suffered from FTLD-ALS. The FTLD phenotype 

distribution was: 65% with bvFTD, 26% with PNFA and 8% with SD. 

The series considered in Study III included 77 patients with FTLD collected 

at OUH between 1999 and 2010. BvFTD was the most common clinical 

phenotype (63%), with PNFA and SD in 25% and 12% of cases, respectively. 

Concomitant ALS was present in nine (12%) patients. There were 30 (39%) 

patients with familial presentation, and in those with familial presentation there 

was a pair of siblings from three different families. Out of the 77 patients, 75 had 

previously been part of the C9ORF72 repeat expansion discovery study by 

Renton et al. (2011) and for the study they had been screened for the C9ORF72 

repeat expansion. 

Study IV involved 73 patients with a diagnosis of FTLD from OUH. The 

collection period was between 1999 and 2010, and they were clinically followed-

up until the end of 2011. The mean (± standard deviation, SD) follow-up period 

was 3.5 ± 2.8 years (range 0.1–11.8 years). The phenotype distribution was: 63% 

with bvFTD, 27% with PNFA and 10% with SD. Concomitant ALS was 

diagnosed in eight (11%) patients. Family history was positive for dementia in 26 

(36%) cases, for ALS in three (4%), and for both in two (3%) cases. In those with 

familial presentation, there were three unrelated sibling pairs. Thus, when taking 

into account only one sibling per family, there were a total of 70 apparently 

unrelated FTLD patients in the cohort. Each of the patients considered in Study 

IV had previously been screened for the presence of the C9ORF72 repeat 

expansion for the study by Renton et al. (2011). 
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4.1.2 Patients with eoAD (I) 

In Study I, a subsample of 122 patients with eoAD was included (Table 4). The 

patients were also recruited at the Department of Neurology, OUH, between 1999 

and 2006 within the EOD project. The diagnostic procedure for the eoAD patients 

was similar to the one for the FTLD patients. NINCDS-ADRDA criteria were 

used to establish a diagnosis of probable AD (McKhann et al. 1984). The criterion 

for the early-onset form of AD was having disease onset before the age of 65 

years. For eoAD, the age at disease onset and positive family history were defined 

as with the FTLD patients. 

4.1.3 Controls (I–III) 

In Study I, the control population consisted of a total of 198 healthy middle-aged 

blood donors (Table 4). Blood samples were obtained from the controls as part of 

blood donations at Finnish Red Cross offices in the capitals of the provinces of 

Northern and Central Ostrobothnia and Kainuu. The donors and their mothers 

were required to be healthy with respect to neurological diseases (Finnilä et al. 

2001). In addition to blood donor samples, samples from healthy elderly controls 

were used in Papers II and III. Samples from healthy elderly controls were 

obtained as part of the same research project from cognitively healthy, aged 

persons who were spouses of demented persons. The control samples in Study II 

were taken from a total of 101 healthy individuals: 27 with a mean age of 79.4 

years, range 67–93, and 74 from blood donors (mean age 52.4 years, range 45–

64). In Study III, control samples were obtained from 27 cognitively healthy 

elderly people (mean age 79.4 years, range 67–93), and 130 from anonymous 

middle-aged volunteer blood donors (mean age 52.3 years, range 45–64). 

4.2 Ethical aspects 

The research protocols were approved by the Ethics Committees of the Faculty of 

Medicine at the University of Oulu (I), the Northern Ostrobothnia Hospital 

District (I–IV), and the Finnish Red Cross (I, III). Written informed consent was 

obtained from all the patients and/or their legal representatives according to the 

Declaration of Helsinki. 
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Table 4. Demographic data on the patients and controls in the original papers. 

Study Group n (male %) Mean age at onset / age at selection 

for controls, years (range) 

Familial cases1 (%) 

Paper I     

 FTLD 59 (49) 58.5 (38–79) 27 

 eoAD 122 (45) 58.2 (38–64) 48 

 Controls 198 (57) 40.6 (19–64) - 

Paper II     

 FTLD 72 (50) 58.9 (43–80) 28 

 Controls 101 (62) 59.7 (45–93) - 

Paper III     

 FTLD 77 (47) 58.5 (38–79) 39 

 Controls 157 (62) 56.9 (45–93) - 

Paper IV     

 FTLD 73 (45) 58.5 (38–79) 36 
1 Cases were regarded as familial if there was positive family history of dementia in at least one first-

degree relative. 

4.3 Clinical and laboratory assessments (IV) 

To evaluate the clinical characteristics associated with C9ORF72 repeat 

expansion, data on clinical features were collected from the patient records of 68 

out of 70 probands for whom clinical records were available (19 carriers and 49 

non-carriers of C9ORF72 repeat expansion). To assess cognitive features 

associated with C9ORF72 repeat expansion, neuropsychological evaluations were 

retrospectively reviewed and rated for 20 C9ORF72 expansion carriers. 

Furthermore, the available brain imaging and neurophysiological data were 

evaluated in expansion carriers. 

4.3.1 Neurological examination (IV) 

Behavioural features (apathy, disinhibition, hypersexuality, aggression, manic 

behaviour and stereotyped behaviour), psychiatric symptoms (psychiatric 

depression, psychosis, delusions, hallucinations and paranoia), significant 

language impairment, extrapyramidal signs (tremor, bradykinesia, rigidity, gait 

impairment and falls) and the first MMSE score at presentation to OUH were 

collected from the records. 
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4.3.2 Neuropsychological assessment (IV) 

Neuropsychological tests were initially carried out as a part of clinical diagnostics 

or follow-up, and therefore no uniform neuropsychological test battery was used 

(see Paper IV, Supplementary Methods 1 for a detailed list of tests). Retrospective 

analysis of data was carried out by a neuropsychologist. Impairments in 

concentration, executive function, verbal knowledge, literacy, verbal memory, 

non-verbal knowledge, non-verbal memory, spatial orientation, constructive and 

fine motor skills were each rated on a five-stage scale (0–4), the weakest fifth 

percentile (score 0) being those with a poor performance in tests and who could 

not be assessed psychometrically in that section. A group median was calculated 

for each sector. The median was selected as the summary statistic as it is less 

susceptible to the effects of outliers in small amounts of data. Medians were 

determined for two groups: 1) the analysed C9ORF72+ group as a whole (n = 20; 

mean duration of symptoms at evaluation, 2.6 ± 2.5 years) and 2) a subgroup of 

nine bvFTD patients in whom the early cognitive profile was available (mean 

duration of symptoms at analysis, 2.6 ± 3.3 years). The remaining 11 patients 

were excluded from the latter analysis because of dementia-staged disease at 

evaluation and/or prominent language symptoms. 

4.3.3 Neuroimaging (IV) 

The MR images of twelve patients with C9ORF72 expansion were available for 

retrospective analysis; one patient was imaged at 0.23T and the rest at 1.5T. MRIs 

were rated for frontal, temporal and parieto-occipital atrophy on a scale of 0 to 3; 

both sulcal and ventricular dilatation were taken into account (Pasquier et al. 

1996). Medial temporal lobe atrophy was assessed by using Scheltens’ scale (0–4) 

(Scheltens et al. 1992). Vascular white matter lesions were scored in a manner 

where periventricular hyperintensity and separate deep white matter 

hyperintensities are rated separately on a 0–3 rating scale (Fazekas et al. 1987). 

Assessment of sulcal and ventricular dilatation was mainly based on axial 2-

dimensional T2 FLAIR images, and medial temporal lobe analysis was based on 

coronal T1-weighted 3-dimensional images. 

Axial CT images of four expansion carriers lacking MR images were 

available for analysis. Frontal, temporal and parieto-occipital atrophy was 

assessed in the same way as in MR images. White matter changes were roughly 

evaluated as absent/mild/moderate/severe. Medial temporal lobe atrophy could 
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not be assessed from CT scans. Both MR and CT images were also evaluated for 

cerebellar atrophy. At the time of brain imaging, the mean duration of symptoms 

was 3.7 ± 3.7 years (range 0.5–15.0 years). 18F-FDG-PET or 99mTc-HMPAO-

SPECT scannings were available on three expansion carriers. 

4.3.4 Neurophysiological assessment (IV) 

Routine 21-channel digital EEG was carried out in seven expansion carriers. 

Quantitative EEG spectral analysis could be carried out retrospectively in three 

patients. Absolute and relative power was calculated for the delta, theta, alpha and 

beta frequency bands for each channel. ENMG examination was carried out in 

four expansion carriers and in two of them TMS-MEPs were also recorded. 

4.4 Neuropathological examination (I, IV) 

In Study I, formaldehyde-fixed and paraffin-embedded postmortem brain samples 

were available for one case with the H2/H2 genotype of the MAPT haplotype. The 

samples were assessed for both macroscopic as well as microscopic changes 

according to routine protocol. IHC was performed against hyperphosphorylated 

tau, Aβ and α-synuclein. In Study IV, postmortem brain and spinal cord tissues 

were available for analysis in two expansion carriers (#16, 17), and one non-

carrier (#23) for comparison. For more detailed data on the evaluated patients, see 

Tables 1 and 4 in Paper IV. IHC using 6-µm histological sections of medial 

frontal gyrus, superior and medial temporal gyrus, hippocampus, brain stem, 

cerebellum and spinal cord was performed with antibodies against 

hyperphosphorylated tau, Aβ, α-synuclein, p62 and phosphorylated TDP-43 (p-

TDP-43). For detailed conditions, see Supplementary Methods 2 in Paper IV. The 

extent of p62 and p-TDP-43 pathology was rated for each region 

semiquantitatively. FTLD-TDP pathology was subtyped on the basis of the 

harmonized classification system (Mackenzie et al. 2011b). In both studies, 

neuropathological analyses were carried out by an experienced pathologist. 
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4.5 Molecular methods 

4.5.1 DNA extraction (I–IV) 

Total genomic DNA was extracted from the leukocytes of EDTA blood samples 

by using QIAamp DNA Blood Kits (Qiagen, Hilden, Germany) or by the standard 

sodium dodecyl sulphate-proteinase K method. 

4.5.2 Polymerase chain reactions (I–IV) 

Primers for the genes were designed according to the published genomic 

sequences available at NCBI GenBank (http://www.ncbi.nlm.nih.gov/genbank/), 

or previously published primers were used. The primer pairs used, or the 

references to publications from which the primer pairs were extracted are given in 

each paper. Polymerase chain reactions (PCRs) were performed with thermo 

cyclers to amplify the gene regions of interest, i.e. the coding exons and flanking 

exon-intron boundaries. PCR products were checked for quality and quantity by 

agarose gel electrophoresis and after that used for sequencing, haplotyping and 

microsatellite analysis. The genes of interest were: MAPT in Paper I, CHMP2B in 

Paper II, TARDBP in Paper III and APOE in Papers I and IV. Note that genetic 

analysis of the C9ORF72 repeat expansion (III–IV) had previously been 

conducted using a repeat primed PCR method described in detail by Renton et al. 

(2011). 

4.5.3 Direct sequencing (I–III) 

To identify and confirm base pair substitutions, PCR-amplified fragments were 

sequenced. Prior to sequencing, the PCR products were purified, using shrimp 

alkaline phosphatase (Fermentas, Burlington, ON, Canada) and exonuclease I 

(Fermentas) (Werle et al. 1994). Direct sequencing was carried out using BigDye 

Terminator v1.1 Cycle Sequencing Kits (Applied Biosystems, Foster City, CA, 

USA) and ABI PRISM 3100 or ABI 3130xl Genetic Analyzer equipment 

(Applied Biosystems). The sequences were analysed using Sequencher Software 

v4.9 (Gene Codes Corporation, Ann Arbor, MI, USA). 
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4.5.4 Apolipoprotein E genotyping (I, IV) 

The APOE genotype as regards the three most common isoforms (ε2, ε3 and ε4) 

was determined by HhaI (Fermentas) digestion of APOE-specific PCR products 

as described previously (Wenham et al. 1991). 

4.5.5 MAPT haplotype determination (I) 

The MAPT haplotype was determined by testing for an intronic 238 bp deletion 

between exons 9 and 10, which is characteristic of the H2 haplotype (Baker et al. 

1999). The haplotypes were assessed by visualising the PCR products on 1.5% 

agarose gels. 

4.5.6 Microsatellite analysis (III) 

To investigate whether the three carriers of the TARDBP p.Ser292del variant were 

descendants of a common founder, an allele-sharing study was performed with 

seven polymorphic microsatellite markers (D1S2663, D1S450, D1S244, 

D1S2736, D1S2667, D1S2740, D1S228) flanking 6.7 Mb around the TARDBP 

gene. All markers were dinucleotide repeats. Microsatellite alleles were typed by 

electrophoresis (ABI 3130xl Genetic Analyzer; Applied Biosystems) using PCR 

fragments obtained with 6-FAM-labelled primers (Applied Biosystems). Primer 

pairs were those reported in the NCBI UniSTS database (http://www.ncbi.nlm. 

nih.gov/unists/). Different dilutions of the PCR products were further mixed with 

deionised formamide and the GeneScan 600 LIZ Size Standard (Applied 

Biosystems). Resulting electropherograms were analysed using Peak Scanner 

software v1.0 (Applied Biosystems). Alleles were defined by direct inspection of 

the electropherograms. 

4.5.7 Screening of MAPT and TARDBP sequence variants (I, III) 

A novel Exon13 +67delAAT polymorphism in the MAPT gene was screened in 

198 controls by PCR using mismatch primers (forward 5'-GAGATCGTGTA 

CAAGTCGCCAGT-3' and reverse 5'-AGAGGGCGGGGGCCGGGTCAAT-3'). 

The amplified fragments were digested with SspI restriction enzyme (Fermentas) 

and then visualized using 5% MetaPhor Agarose (Cambrex Bio Science Rockland, 

Inc., Rockland, ME, USA) (Paper I). 
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Following initial identification, the TARDBP sequence variant 

c.876_878delCAG (p.Ser292del) in exon 6 was screened in 157 controls by PCR 

using mismatch primers (forward 5'-TCAGGGTGGATTTGGTAAT:::AGAG-3' 

[::: indicating the trinucleotide deletion CAG] and reverse 5'-GCATGTA 

GACAGTATTCCTATGGC-3'). The presence of the trinucleotide deletion in one 

or both strands of DNA resulted in a product of 850 bp on 1.5% agarose gels. In 

cases of an 850 bp product, the deletion status of the control sample was 

confirmed by PCR amplification and direct sequencing of exon 6. 

4.6 Bioinformatics (I–III) 

All the identified sequence variants were compared with those reported in the 

Database of Single Nucleotide Polymorphisms (dbSNP) (http://www.ncbi 

.nlm.nih.gov/snp/), the Alzheimer Disease & Frontotemporal Dementia Mutation 

Database (Cruts et al. 2012) and previous publications in the field. The detected 

genetic variations can be named on three different levels, i.e. genomic (g.), coding 

DNA (c.) and protein (p.) levels, and the numbering is relative to a reference 

sequence. In this work, the genomic reference sequences used for the 

nomenclature were: NG_007398.1 for MAPT, NG_007885.1 for CHMP2B and 

NG_008734.1 for TARDBP (I–III). At cDNA level, the nucleotide changes were 

numbered corresponding to the largest TARDBP transcript (NM_007375.3) 

starting at the translation initiation codon (III). At protein level, the numbering 

was relative to the largest protein isoforms: NP_005901.2 for MAPT, 

NP_054762.2 for CHMP2B and NP_031401.1 for TDP-43 (I–III). For each 

variant, the dbSNP accession number (rs code) was also given when available (II–

III). 

The pathogenic potential of the novel TARDBP deletion variant was 

estimated using information on the nature of the deleted amino acid and on the 

conservation of the position amongst species (III). TDP-43-related protein 

sequences were sought via protein BLAST (http://blast.ncbi.nlm.nih.gov/), with 

human TDP-43 (Q13148.1) as the query sequence. Multiple alignment of protein 

sequences was carried out by using ClustalW 2.1 with default parameters 

(http://www.ebi.ac.uk) (Larkin et al. 2007). Phosphorylation probabilities were 

analysed by using NetPhos 2.0 (http://www.cbs.dtu.dk) (Blom et al. 1999) and 

hydrophobicity by using ProtScale (http://web.expasy.org), with Kyte & Doolittle 

amino acid scale and 5-residue window size (Kyte & Doolittle 1982). 
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4.7 Statistical methods 

Statistical analyses were performed with SPSS 16.0 software for Windows (SPSS, 

Inc., Chicago, IL, USA). The results are presented as mean ± SD for continuous 

variables and number of subjects (%) for categorial variables. For statistical 

analyses, the subjects were stratified into two groups on the basis of their MAPT 

genotype: individuals carrying at least one H2 allele (genotypes H1/H2 + H2/H2) 

and non-H2 allele carriers (H1/H1) (I). For the APOE genotype, the subjects were 

stratified into the APOE ε4-negative and APOE ε4-positive groups, i.e. genotypes 

ε2/ε2, ε2/ε3, ε3/ε3 and ε2/ε4, ε3/ε4, ε4/ε4, respectively (I, IV). 

Differences between two groups were assessed by using Student’s t-test for 

continuous variables after testing for normal distribution and Pearson’s χ2 test and 

Fisher’s exact test for categorial variables, as appropriate. Fisher’s exact test was 

used to analyse contingency tables when the expected value was less than five. 

All the p values were two-sided, and the statistical significance threshold was set 

at p < 0.05. In Study I, binary logistic regression analysis was performed to 

estimate the risk of FTLD and eoAD in connection with MAPT haplotype, 

correcting for age, gender and APOE ε4 allele. In Study IV, using logistic 

regression analysis, crude and adjusted odds ratios (ORs) were calculated (the 

latter adjusted by the variables included in the model), with 95% confidence 

intervals (CIs), to evaluate the association of C9ORF72 repeat expansion with 

concomitant ALS and family history of dementia or ALS. In Study IV, survival 

time was analysed by the Kaplan–Meier method and the resulting curves for the 

expansion carriers and non-carriers were compared with the log-rank test. 

Survival time was defined as time from symptom onset to death. Patients who 

were alive at the end of the follow-up period were censored. Patients with 

concomitant ALS were excluded in the survival analysis of expansion carriers vs. 

non-carriers. 
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5 Results 

5.1 Patient characteristics 

Based on the data collection concerning demographic and clinical characteristics 

carried out in Study IV, patient characteristics of the whole cohort were analysed 

to obtain a general view of the cohort of Finnish patients with FTLD. The results 

are shown in Table 5. 

Table 5. Overview of demographic and clinical characteristics of the patients with 

FTLD considered in Study IV. 

Variable1 FTLD patients (n = 70)2 

Gender, M/F (male %) 32/38 (46) 

Age at onset, y 58.6 (7.3) 

Range, y 38–79 

Age at death3, y 69.4 (7.6) 

Survival4, y 13.2 (0.9) 

Positive family history 

Dementia 23 (33) 

ALS 2 (3) 

Dementia and ALS 1 (1) 

Diagnostic delay5, y 2.9 (2.4) 

Follow-up period, y 3.5 (2.9) 

Clinical variant 

bvFTD 43 (61) 

PNFA 20 (29) 

SD 7 (10) 

Concomitant ALS 8 (11) 

MMSE at referral6 23.2 (4.7) 

First symptom7 

Behavioural 31 (46) 

Language/speech 32 (47) 

Memory 49 (72) 

Psychiatric presentation 22 (32) 

Extrapyramidal symptoms7 15 (22) 
1 All data are no. (%) unless otherwise specified. Continuous variables are shown as mean (± standard 

deviation). 2 Data from 70 unrelated probands (IV). 3 Deceased cases, n = 25. 4 Censored cases, n = 45. 
5 Data available on 63 cases. 6 MMSE score 0–30. Data available on 62 cases. 7 Data available on 68 

cases. ALS, amyotrophic lateral sclerosis; bvFTD, behavioural variant FTD; F, female; M, male; MMSE, 

Mini-Mental State Examination; PNFA, progressive non-fluent aphasia; SD, semantic dementia; y, years. 
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5.2 MAPT mutations and haplotypes in FTLD (I) 

Sequencing analysis of exons 1, 2 and 9–13 and the respective exon-intron 

boundaries of the MAPT gene did not reveal any pathogenic mutations in 59 

patients with FTLD examined in Study I. MAPT haplotype was determined for 59 

patients with FTLD, 122 patients with eoAD and 198 middle-aged healthy 

controls. The frequencies of the H2 allele were 11.0% in the patients with FTLD 

and 9.8% in those with eoAD, as opposed to 5.3% in the controls (Table 3 in 

Paper I), whereas the frequencies of the H2-positive genotype (H1/H2 + H2/H2) 

were 20.3%, 19.7% and 9.1% in the respective groups. The frequencies of both 

the H2 allele and the H2-positive genotype were significantly higher among the 

FTLD patients (p = 0.028 and p = 0.018, respectively) and among those with 

eoAD (p = 0.029 and p = 0.006) compared with the controls (Table 3 in Paper I). 

Logistic regression analysis revealed that the relationship between the H2-

positive genotype and FTLD remained statistically significant after correction for 

age, gender and APOE ε4 status (p = 0.050), but the relationship between the H2-

positive genotype and eoAD no longer reached statistical significance (p = 0.115). 

The H2 allele was clustered with familial FTLD, such that a positive family 

history was found in 58% of the FTLD cases with the H2-positive genotype (p = 

0.011). In the FTLD patient group, possession of the H2 allele was not associated 

with earlier age at onset relative to H1/H1 carriers (56.0 ± 6.7 vs. 59.2 ± 6.5; p = 

0.138). 

We detected seven previously reported SNPs that were also associated with 

the H2 haplotype in our cohort (Table 1 in Paper I) as well as six previously 

described SNPs associated with the H1 haplotype (Table 2 in Paper I). 

Additionally, a novel polymorphism, Exon13 +67delAAT (g.134827_134829 

delAAT) in the 3’UTR of MAPT was found to be associated with the H1 allele. 

The frequencies of Exon13 +67delAAT were 9.5% among the FTLD patients with 

the H1 allele, 8.5% in the whole FTLD group, 5.9% in the AD patients and 3.2% 

in the healthy controls. 

The frequencies of the APOE ε4 allele were 42.4% in the patients with FTLD 

and 63.1% in those with eoAD, and compared with the frequency in the controls 

(28.8%), the latter frequency was significantly increased (p < 0.001), but the 

former was less so (p = 0.049). After adjusting for age at onset, gender and MAPT 

haplotype, APOE ε4 was still significantly associated with eoAD, but not with 

FTLD (Table 4 in Paper I). 
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5.3 Genetic analysis of the CHMP2B gene (II) 

No pathogenic mutations were found in the coding exons 1–6 and the respective 

exon-intron boundaries of CHMP2B in 72 patients with FTLD. We detected four 

SNPs of which three had been previously described (Table 1 in Paper II). The 

polymorphisms g.5287C>T (rs2279720) (p.Thr9) and g.27663A>C (rs1044499) 

(p.Thr124) were in perfect linkage disequilibrium. The allele frequency of this 

combination was 4.2% in the patients. The SNP g.23637C>T (rs13199218) 

(p.Thr104) was detected in patients without other polymorphisms, having an 

allele frequency of 6.9%. The SNP frequencies in our patient data were similar to 

those previously reported by Momeni et al. (2006) (Table 1 in Paper II). A rare 

polymorphism, g.5159C>T (rs36098294) in the 5’UTR, was detected in two 

patients (Table 1 in Paper II). However, this polymorphism was also detected in 

the control group. The allele frequency was 1.4% in the patients and 0.9% in the 

controls (Table 1 in Paper II). 

5.4 Genetic analysis of the TARDBP gene (III) 

Mutation screening of exons 1–6 of TARDBP, including exon-intron boundaries, 

did not reveal any definitely pathogenic mutations in 77 patients with FTLD. 

However, a novel heterozygous sequence variation was detected; a trinucleotide 

deletion (c.874-878del3) in exon 6, resulting in deletion of serine residue 292. 

The nucleotide sequence coding Ser292-Arg293 in TARDBP is -AGC-AGA-; 

trinucleotide deletion of -AGC- (c.874_876del), GC-A (875_877del) or C-AG 

(c.876_878del) at DNA level all result at protein level in p.Ser292del, leaving the 

sequence AGA and thus the arginine residue unaffected. It is not possible to 

determine exactly which of the positions is deleted; hence, the variant was 

arbitrarily named c.876-878delCAG (p.Ser292del) according to the most 3’ 

position (Fig. 1A in Paper III). In addition to the p.Ser292del variant, only one 

novel intronic TARDBP variant was detected (in one patient): insertion 

NG_008734.1:g. 14428_14429insT (NM_007375.3:c.715-74insT) located 

upstream of exon 6. 

The p.Ser292del variant was identified in two siblings, II-3 (66 years old) and 

II-5 (52). The pedigree of the family is presented in Fig. 1B in Paper III. Both 

patients also carried expanded C9ORF72. At the age of 54 years, patient II-3 

developed compulsive thoughts and stereotyped behaviour relating to food. 

Patient II-5 presented with decline in social conduct, disinhibition, depressive 
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symptoms and mild memory problems at the age of 47. Subsequently, both 

siblings developed severe neuropsychiatric symptoms. No signs of ALS were 

detected. With problems only in executive functions, the cognition of patient II-3 

remained relatively stable for nearly 10 years, while in patient II-5, marked 

deterioration was seen in three years. Their father (I-1) had died of acute 

myocardial infarction at the age of 60. In his last years, he had suffered aggressive 

and impulsive behaviour, but diagnosis of dementia was not made. The mother (I-

2), aged 94, is alive and developed mild memory problems after the age of 90. 

One sister (II-2) died at the age of 67, and she is reported to have suffered from 

progressive dementia. There was no family history of ALS. The p.Ser292del 

variant was also detected in heterozygous form in one healthy control out of 157 

controls screened (0.6%). The control carrying the variant is a male and his age at 

blood collection was 46. He reported himself to be healthy when participating in 

blood donation. Both patients with p.Ser292del shared the 6.7 Mb haplotype 

around the TARDBP gene. The control with the p.Ser292del variant shared the 

same haplotype as the two patients, except for the nearest 5’ marker, D1S2736 

(see Supplemental Digital Content 2 of Paper III for detailed results of haplotype 

analysis). 

P.Ser292 is highly conserved among animals but not in human heterogeneous 

nuclear ribonucleoprotein (hnRNP) paralogs (see Supplemental Digital Content 3 

in Paper III illustrating the conservation of amino acid residues). There is a 

conserved series of glycine residues in human hnRNPs and TDP-43, which in 

TDP-43 are targets of pathogenic mutations in ALS/FTLD (Lagier-Tourenne et al. 

2010). P.Ser292 is an improbable phosphorylation target (17.9%, NetPhos 2.0, 

Blom et al. 1999), and deletion of this residue does not significantly affect local 

hydrophobicity. 

5.5 Clinico-pathological features of FTLD with C9ORF72 repeat 
expansion (IV) 

5.5.1 Demographic and clinical features 

Overall, the C9ORF72 repeat expansion was detected in 22/73 patients, of which 

13 were familial cases and nine sporadic. For demographic and clinical 

characteristics of the 22 expansion carriers see Table 1 in Paper IV. The expansion 

was present in 20/70 (29%) probands; 43% of the probands with a family history 
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of dementia and 21% of the apparently sporadic cases carried the expansion. To 

exclude bias in the association analysis, only one sibling per family was randomly 

included in the analyses, i.e. 20 carriers and 50 non-carriers. Detailed results of 

the association analyses are given in Table 2 in Paper IV. In expansion carriers, 

age at disease onset ranged from 46 to 70 years (mean 58.3 ± 5.9 years). Age at 

disease onset and gender distribution were similar in expansion carriers and non-

carriers. Conversely, a significant difference was observed in the family histories 

of the two groups. A family history of dementia was common in expansion 

carriers (50% of carriers vs. 26% of non-carriers, p = 0.05; crude OR 2.8; 95% CI, 

1.0–8.4). In cases of a family history of dementia or ALS, the OR for C9ORF72 

expansion was 3.5 (95% CI, 1.2–10.3; p = 0.02), and when adjusted for 

concomitant ALS, the odds were even higher (OR 5.2; 95% CI, 1.5–17.9). 

BvFTD was the most common clinical phenotype among expansion carriers (n = 

14; 70%), while there were six (30%) patients with PNFA and none with SD. 

Among non-carriers, the phenotype distributions were 58%, 28% and 14%, 

respectively (p = 0.35). Survival of FTLD patients without concomitant ALS did 

not differ between carriers and non-carriers (p = 0.92). Interestingly, we detected 

one expansion carrier (#14) with an extremely long disease course, nearly two 

decades. 

Concomitant ALS was diagnosed in six (30%) expansion carriers vs. two (4%) 

non-carriers (p = 0.005) and was associated with increased odds of having the 

expansion (crude OR, 10.3; 95% CI, 1.9–56.7). The association was even more 

pronounced when adjusted for family history of dementia or ALS (OR, 16.4; 95% 

CI, 2.6–104.1). ALS was associated with bvFTD in four expansion carriers and 

with PNFA in two. The symptoms of ALS were present or developed within one 

year after the first FTLD symptoms. The site of ALS onset was bulbar in five 

(83%) expansion carriers and spinal in one (17%). The only two non-carriers with 

concomitant ALS had spinal onset of the disease. 

Detailed clinical records were available for 68 probands (19 carriers and 49 

non-carriers). Among the first symptoms, relative-reported memory complaints 

were present in 13 (68%) carriers and in 36 (74%) non-carriers (p = 0.68). At the 

time of referral, the mean MMSE score was similar in both groups (Table 2 in 

Paper IV). During the disease course, mild extrapyramidal symptoms were 

present in five (26%) carriers and 10 (20%) non-carriers (p = 0.75). Behavioural 

symptoms were common in both groups (84% vs. 88%; p = 0.70), apathy (53% vs. 

61%), stereotyped behaviour (42% vs. 39%) and disinhibition (37% vs. 12%) 

being the most common behavioural symptoms. Problems in speech and language 
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were also often encountered (84% vs. 69%; p = 0.21). There was a history of 

major psychosis in four (21%) expansion carriers. Psychosis was their leading 

symptom, and bvFTD was diagnosed within one to five years after psychosis. 

Delusions and auditory hallucinations were the most common psychiatric 

symptoms among expansion carriers; none had visual hallucinations. Psychosis 

was also diagnosed in five (10%) non-carriers (p = 0.25). Preceding the diagnosis 

of FTLD, major depression was suspected in both groups (16% of carriers vs. 20% 

of non-carriers; p = 0.99). None of the patients with psychosis developed 

concomitant ALS. 

5.5.2 Cognitive and imaging features 

Analysis of the early cognitive profile revealed that severe executive dysfunction 

was already present at early stages of the disease (scale 1/4) (Fig. 1B in Paper IV). 

Constructive skills and nonverbal knowledge and memory were also substantially 

affected (2/4). When the C9ORF72 group was analysed as a whole, there was a 

substantial fall in all neuropsychological domains except literacy (Fig. 1C in 

Paper IV). Concentration declined rapidly in all cases (0/4) and was the most 

severely affected domain besides executive functions (1/4). Deficits in fine motor 

skills, nonverbal knowledge, nonverbal memory as well as verbal knowledge 

were also salient (2/4). Verbal memory was slightly affected (3/4). 

The results of visual analyses of brain MR and CT images of the C9ORF72 

expansion carriers are summarised in Table 3 in Paper IV. In the analyses, no 

uniform type of atrophy was detected. However, trends towards two different 

types of atrophy were observed: one with prevalent frontotemporal cortical 

atrophy often associated with frontal horn dilatation, and the other with more 

generalised and prominent ventricular dilation. Cortical atrophy also extended 

occasionally to the parieto-occipital region. Moderate to severe ventricular 

enlargement was detected in 10/16 cases, mainly frontally with various 

combinations. Atrophy was mainly symmetrical. Medial temporal lobe atrophy 

varied from grade 0 to grade 3. Signs of minor cerebellar degeneration were only 

rarely found. Mild changes in white matter were detected. The diagnosis of FTLD 

was confirmed in two out of three expansion carriers imaged with PET/SPECT. 
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5.5.3 Other features 

Two patients with repeat expansion developed epileptic seizures during the 

disease course. Findings in EEG were abnormal in four out of seven patients with 

C9ORF72 expansion. Generalised slowing of background activity was detected in 

two patients. Two patients showed intermittent delta-theta activity in the left 

temporal region. Quantitative EEG spectral analysis of three patients did not show 

any further abnormal activity. In two patients, ENMG revealed findings of 

clinically definite ALS (Brooks et al. 2000). In the remaining two patients, 

abnormal bulbar EMG and TMS-MEP results confirmed the diagnosis. 

There was no statistically significant difference in APOE ε4 allele frequency 

between the expansion carriers and non-carriers (20% vs. 18%; p = 0.78), nor 

were there significant differences in ε2 allele frequency (10% vs. 6%; p = 0.62). 

There were seven (35%) patients with an ε4-positive genotype in the C9ORF72 

expansion group and 17 (34%) in the C9ORF72-negative group (p = 0.98). In the 

C9ORF72 expansion group, APOE ε4 carriers were found both in patients with 

and without ALS (67% vs. 21%). Among expansion carriers, mean age at onset 

was 61.1 ± 5.7 years in ε4 carriers and 56.8 ± 5.6 years in non-ε4 carriers (p = 

0.11). 

Detailed results of neuropathological evaluation of three patients are given in 

Table 4 in Paper IV. The PNFA patient (#16) showed an extremely atrophic 

neocortex and hippocampus in routine staining. One bvFTD-ALS patient (#17) 

had neuronal loss in the frontal cortex, and in the temporal neocortex and 

hippocampus to a lesser extent, while the other (#23) showed no atrophic changes 

in routine staining. Macroscopically, there was no pronounced cerebellar atrophy 

in any of these patients. However, the PNFA patient showed cerebellar gliosis and 

scarce Purkinje cells. The two cases with concomitant ALS had degeneration of 

hypoglossal nuclear neurons and spinal anterior horn cells. Occasional tau-

positive neurons and neuropil threads in the hippocampus were seen in the 

expansion carrier (#17). 

IHC for p-TDP-43 and p62 labelled NCIs, DNs and occasional GCIs in a 

wide range of brain regions. Of note, in the neocortex, p62 staining was less 

intense than p-TDP-43 staining, whereas in the hippocampus the stainings were of 

similar intensity. The patient with PNFA (#16) had FTLD-TDP type B pathology, 

whereas one of the patients with bvFTD-ALS (#17) had type A. The most specific 

findings as regards the expansion carriers were p62-positive, p-TDP-43-negative 

NCIs in cerebellar molecular and granular layers. In the cases with concomitant 
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ALS, p-TDP-43-positive lower motor neuron pathology was detected, yet on a 

small scale for the expansion carrier. Some pyramidal tract pathology was also 

detected in the patient without clinical ALS. 
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6 Discussion 

6.1 Patient characteristics 

The present cohort consisted of a total of 77 FTLD patients of whom 70 probands 

were included in the detailed analysis of demographic and clinical features. In 

general, the patient characteristics of our cohort are in line with those in other 

studies reporting on demographic and clinical features in patients with FTLD. The 

equal gender distribution as well as the average age at onset at 59 years were 

consistent with previous reports (Hodges et al. 2003, Rosso et al. 2003a). 

Compared with other studies, the average survival time from symptom onset to 

death was notably longer in our cohort; average survival was estimated at 13 

years, while others have reported figures of six to 11 years, though with a wide 

range to up to 20 years (Hodges et al. 2003, Rascovsky et al. 2005, Roberson et 

al. 2005, Kang et al. 2010, Borroni et al. 2011b). One possible explanation for the 

observed longer disease duration may lie in the fact that the number of deceased 

cases was low compared with the number of censored cases. Further follow-up is 

required to determine disease duration for the entire cohort reliably. 

A family history of dementia, i.e. a first-degree relative with dementia, was 

present in approximately 30% of the cohort. Traditionally, the definition of 

autosomal dominant inheritance requires an affected second-degree relative in 

addition to a first-degree relative (Goldman et al. 2005). Thus, according to our 

definition, the patients with familial disease in our study had family histories only 

suggestive of autosomal dominant inheritance. Nevertheless, the frequency of 

familial cases is in line with those reported in previous studies, suggesting a 

positive family history in up to 30 to 50% of cases (Stevens et al. 1998, 

Ratnavalli et al. 2002, Rosso et al. 2003a, Goldman et al. 2005, Seelaar et al. 

2008, Rohrer et al. 2009). The proportion of apparently sporadic cases is high 

(~70%). In part, sporadic cases may also reflect cases with reduced penetrance in 

previous generations, or the family history may have been unknown as a result of 

early deceased parents, before the anticipated age at onset of FTLD. In line with 

the results of previous studies (Johnson et al. 2005, Seelaar et al. 2008), bvFTD 

was the most common diagnostic subgroup, accounting for nearly two thirds of 

all cases, whereas PNFA and SD accounted for the remaining one third of the 

cases. The proportion of cases of concomitant ALS (11%) was in line with data in 

a previous report (Lomen-Hoerth et al. 2003). Interestingly, subjective memory 



 

88 

problems were the most common initial complaint by the patient and/or carer. The 

frequent occurrence of subjective memory problems in the early phase of the 

disease is probably a result of lack of concentration and executive dysfunction, 

although it is increasingly recognised that anterograde memory loss can 

occasionally be encountered in cognitive testing of FTLD patients (Hodges et al. 

2004, Graham et al. 2005, Knopman et al. 2005, Piguet et al. 2009, Rascovsky et 

al. 2011). Lastly, a third of the patients in our cohort presented with a major 

psychiatric disorder, which is line with data in a recent study by Woolley et al. 

(2011) reporting frequent prior psychiatric diagnoses in patients with FTLD. 

6.2 The C9ORF72 repeat expansion is a major genetic cause of 
FTLD in Finland 

The C9ORF72 repeat expansion explains nearly 50% of familial and 30% of all 

FTLD cases in the Finnish population. The frequency of C9ORF72 expansion in 

Finland is among the highest in the world, and the sporadic form of the disease is 

also relatively common, as the mutation has been detected in 19% of cases of 

sporadic FTLD (Renton et al. 2011, Majounie et al. 2012c). Worldwide, 

C9ORF72 expansion explains 25% of familial FTLD and 6% of sporadic FTLD, 

with considerable variation between different populations, i.e. 13–48% of familial 

cases and 0–19% of sporadic cases (Majounie et al. 2012c). The high frequency 

of C9ORF72 repeat expansion is likely to reflect the Finnish population history. 

As a result of geographical, cultural and genetic isolation, some hereditary 

diseases are almost entirely absent whereas others are clustered in our population. 

The Finnish disease heritage is a result of two genetic phenomena, namely the 

founder effect and genetic drift. Firstly, there were a small number of original 

founders who carried a limited set of mutations; secondly, there was subsequent 

isolation of the population; and thirdly, the internal migrations of the 1500s by 

small immigrant groups led to small regional sub-isolates. In these settings, the 

founder effect and genetic drift have shaped our gene pool in way that makes us 

genetically more homogeneous than many other populations (Norio 2003). 

Haplotype analysis of C9ORF72 carriers has suggested that all patients with the 

expansion, both familial and sporadic cases, share a common Finnish founder risk 

haplotype (Laaksovirta et al. 2010, Majounie et al. 2012c, Mok et al. 2012), 

which also indicates that the apparently sporadic cases could be cryptically 

related familial cases. The penetrance of the mutation is complete only by 80 

years of age (Majounie et al. 2012c). The reduced penetrance is suspected to be 
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one of the underlying factors of the relatively high frequency of sporadic 

expansion carriers. 

In the present cohort, a wide range of age at onset (from the age of 46 to 70 

years old) was found in cases with repeat expansion, but the average age at onset 

did not significantly differ from that among the non-carriers. Similar mean ages 

and ranges have also been reported elsewhere (Brettschneider et al. 2012, 

Mahoney et al. 2012a, Snowden et al. 2012b). The repeat expansion did not 

significantly affect survival in FTLD patients without ALS, but the number of 

deceased patients was low in our cohort. To date, C9ORF72 expansion has not 

been associated with shorter disease duration in pure FTLD cases (Brettschneider 

et al. 2012), in contrast to C9ORF72-linked ALS (Brettschneider et al. 2012, 

Byrne et al. 2012, Cooper-Knock et al. 2012, Millecamps et al. 2012). As 

expected, ALS was more common in our FTLD patients with C9ORF72 

expansion than without (DeJesus-Hernandez et al. 2011, Renton et al. 2011). The 

bulbar-onset type of ALS seems to be associated with the expansion 

(Brettschneider et al. 2012, Chio et al. 2012a, Millecamps et al. 2012, Snowden 

et al. 2012b, Stewart et al. 2012), and a similar trend was also detected in the 

present study, although we had a low frequency of cases of concomitant ALS. 

Mild extrapyramidal symptoms were relatively common in both patient groups. 

BvFTD was the most common phenotype in patients with repeat expansion, 

and one third of the patients presented with PNFA, the frequency being similar in 

non-carriers. SD was absent in the C9ORF72 group. In previous reports on 

C9ORF72-linked FTLD, bvFTD and FTLD-ALS have been the most frequently 

encountered phenotypes and PNFA has been rare or absent (Boeve et al. 2012, 

Mahoney et al. 2012a, Snowden et al. 2012b). A variety of salient behavioural 

symptoms as well as major psychiatric symptoms were found in both groups. 

Among our expansion carriers, major psychosis was diagnosed in 21% of the 

patients, and it is noteworthy that psychosis may be the first symptom in a 

C9ORF72 carrier, even years before other symptoms. Both mild and florid 

psychotic symptoms have been reported to be common in C9ORF72 expansion 

carriers (Boeve et al. 2012, Chio et al. 2012a, Snowden et al. 2012b). However, it 

is notable that patients without repeat expansion also presented with major 

psychoses with a frequency not statistically different from that in the expansion 

carriers. 

The MR imaging findings did not reveal any uniform profile of atrophy in 

patients with repeat expansion. However, two distinct types of atrophy could be 

extracted: one with prevalent frontal cortical atrophy and the other with more 
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generalized ventricular dilation. Similar ventricular enlargement has been 

reported in a longitudinal MRI analysis of expansion carriers (Boeve et al. 2012, 

Mahoney et al. 2012a, Mahoney et al. 2012b). In general, atrophy was 

symmetrical, which is consistent with previous reports (Boeve et al. 2012, Hsiung 

et al. 2012, Mahoney et al. 2012a, Whitwell et al. 2012). In voxel-based and 

volumetric MRI analyses, C9ORF72 groups have been characterized by 

widespread and varying patterns of atrophy, especially in the frontal and also in 

the temporal lobes, spreading even further to the parietal and occipital lobes and 

to the cerebellum (Mahoney et al. 2012a, Mahoney et al. 2012b, Whitwell et al. 

2012). In our cohort, parietal atrophy was also evident in some cases, whereas 

distinct cerebellar atrophy was not detected. However, our analysis of imaging 

features was based on visual analysis, and because of its nature, we failed to 

detect more delicate patterns of atrophy. 

Neuropathology revealed type A and B FTLD-TDP pathology in our analysis. 

Patients with C9ORF72 repeat expansion have mostly shown FTLD-TDP type B 

pathology and occasionally type A (Hsiung et al. 2012, Snowden et al. 2012b, 

Stewart et al. 2012), but it is not yet known how the pathological subtype 

correlates with the clinical features within C9ORF72 repeat expansion. 

Interestingly, we detected p62-positive, p-TDP-43-negative cerebellar inclusions 

in expansion carriers, as have others (Al-Sarraj et al. 2011). The role of cerebellar 

inclusions is still unknown. There was no evidence of cerebellar motor symptoms 

clinically in this study. Recently, however, C9ORF72 expansion was implicated in 

cerebellar phenotypes, i.e. ataxia syndromes (Lindquist et al. 2012). So far, no 

correlation has been found between cerebellar inclusions and clinical features in 

C9ORF72 expansion carriers. In addition to having important roles in timing and 

sequencing of both non-motor and motor actions, it is now known that the 

cerebellum is associated with a variety of cognitive functions (for review see 

Strick et al. 2009). Resting-state functional connectivity data shows that the 

cerebellum is a part of cognitive networks with parietal association cortices as 

well as prefrontal cortex connections (Stoodley 2012). However, distinct 

contributions of the cerebellum to cognitive tasks are not clear. Interestingly, it 

has recently been shown that C9ORF72-associated FTLD affects subcortical 

networks including the thalamus, cerebellum and globus pallidus (Mahoney et al. 

2012a, Mahoney et al. 2012b, Whitwell et al. 2012) and thus early involvement 

of such regions in the brain could facilitate diffusive spread of the molecular 

pathology responsible for the brain degeneration seen in connection with 

C9ORF72 expansions (Mahoney et al. 2012b). The detection of p62-positive 
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cerebellar inclusions supports the role of the cerebellum as an important region of 

C9ORF72-associated pathology. 

Memory complaints were common symptoms at the time of first presentation. 

However, episodic memory impairment was generally mild, which is in line with 

the results of previous studies (Hsiung et al. 2012, Mahoney et al. 2012a, 

Snowden et al. 2012b). These memory problems may partly be caused by lack of 

concentration and diminished executive skills. However, evident hippocampal 

involvement was also seen in C9ORF72 expansion carriers, as we detected 

hippocampal atrophy in MRI as well as numerous hippocampal NCIs at autopsy. 

Phenotypic variation is wide in C9ORF72 expansion carriers (Hsiung et al. 

2012), and the possible disease-modifying factors are still unknown. It may be 

hypothesized that the length of the expanded allele would be a modifier; however, 

a method for precise measurement of the expanded allele is still lacking. The 

length of the normal allele of the hexanucleotide repeat in C9ORF72 does not 

seem to modify disease phenotype or age at disease onset in expansion carriers 

(Rutherford et al. 2012). APOE ε4 has been shown to enhance brain atrophy in 

disease-specific regions in FTLD patients (Agosta et al. 2009), and more recently, 

in an FTLD-ALS sibling pair linked to C9ORF72 expansion, the APOE ε4 

homozygous patient had more severe cognitive-behavioural symptoms and 

neuropathology than the patient with ε3 homozygosity (Vossel et al. 2012). In our 

study, the ε4 allele did not seem to contribute to phenotype. Nevertheless, the role 

of APOE as a potential disease modifier in C9ORF72-associated FTLD-ALS 

warrants further studies with a larger patient population and correlation to 

neuropathological findings. Anticipation is a phenomenon associated with repeat 

expansion disorders; the size of the expansion correlates with the age of onset and 

disease severity to some extent. In reports on C9ORF72, a trend towards genetic 

anticipation has been suspected (Boeve et al. 2012, Chio et al. 2012a, Gijselinck 

et al. 2012, Hsiung et al. 2012). However, as the current repeat-primed PCR 

method of C9ORF72 expansion detection does not allow measurement of the size 

of the repeat, the phenomenon cannot be reliably studied. 

The present study has some limitations. As we did not enquire about family 

history of disease in more distant relatives, it is possible that as a result of reduced 

penetrance we missed a positive family history in some cases and thus the high 

frequency of sporadic cases may be an overestimation. Further, we could have 

added more value to genotype-phenotype correlations if each patient in the cohort 

had undergone a similar battery of investigations and the symptoms of the 

patients had been collected using a standard structured form. In the 
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neuropsychological assessment, the heterogeneity of the patient cohort and small 

number of the patients did not allow use of sample mean as a characteristic 
statistic, and further, cognitive domains were used instead of reporting single test 

results, as no uniform neuropsychological test battery was used. We might have 

missed some minor neuropsychiatric symptoms, as no standardized measurement 

of neuropsychiatric symptoms was used throughout the cohort, and the varying 

stages of the disease at evaluation may have affected the symptom profile. Lastly, 

visual analysis of brain MR images did not allow further conclusions to be drawn 

from the imaging results. 

In conclusion, a wide range of demographic and clinical features was found 

in our cohort of C9ORF72 expansion carriers. Our results are largely in line with 

the suggested C9ORF72 core phenotype (Boeve et al. 2012, Mahoney et al. 

2012a), with a high frequency of neuropsychiatric symptoms. Yet, in our cohort, 

neuropsychiatric symptoms were not specific to C9ORF72-linked FTLD. With 

our relatively small sample size, we were unable to find any significant 

differences in clinical presentation between the carriers and non-carriers. 

However, there were two notable exceptions to the general rule. In our study, the 

presence of concomitant ALS and a family history of dementia or ALS placed an 

individual at higher risk of carrying repeat expansion in C9ORF72. Analogously, 

the presence of a family history of neurodegenerative disease in combination with 

the presence of cognitive/behavioural symptoms, means a higher risk of expanded 

C9ORF72 in ALS patients (Byrne et al. 2012, Ratti et al. 2012). Families with an 

autosomal dominant pattern of inheritance and patients with both FTLD and ALS 

are highly likely to harbour the mutation. Screening of apparently sporadic cases 

needs further consideration (see section 6.7 for clinical implications). Based on 

our results, language variants may also be considered for C9ORF72 screening, 

although larger patient cohorts are needed to confirm our findings. Future 

investigations of C9ORF72 expansion carriers should include prospective studies 

on the correlation between phenotypic variation and functional imaging, as well 

as histopathological findings. 

6.3 MAPT, CHMP2B and TARDBP mutations are rare in Finland 

No pathogenic mutations in exons 1, 2, 9 to 13 and flanking intronic regions of 

the MAPT gene were identified in our series of FTLD patients. So far, only one 

pathogenic MAPT mutation (p.Ser305), affecting exon 10 splicing, has been 

reported to cause FTLD in Finnish patients (Skoglund et al. 2008). The mutation 
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was identified in a Northern Ostrobothnian family with three affected siblings 

who developed personality and behaviour alterations as well as cognitive decline 

and levodopa-resistant parkinsonism, consistent with the diagnosis of FTDP-17 

MAPT. Besides the group of previously reported common variants, a novel MAPT 

polymorphism, Exon 13 +67 delAAT, was found to be associated with the MAPT 

H1 haplotype and to have an increased frequency in patients with FTLD and 

eoAD, although it was also frequent in the controls, suggesting a non-pathogenic 

nature (Table 2 in Paper I). 

The fact that we did not detect any MAPT mutations in our cohort may 

indicate that MAPT mutations are not a common cause of FTLD in Finland. 

However, the result must be interpreted with caution because of the relatively 

small sample size studied. It is likely that the rare occurrence of MAPT mutations 

in Finland reflects our population history and a considerable founder effect. 

Though we failed to detect any pathogenic mutations in MAPT, we found that a 

substantial proportion of our cases of FTLD is caused by the C9ORF72 repeat 

expansion. Our study is the first in which MAPT mutation frequency in the 

Finnish population has been reported. With the Finnish population history and 

founder effect in mind, further MAPT mutation analysis in patients from other 

regions of Finland is required to confirm our initial finding. We have also 

previously sequenced the coding regions and exon-intron boundaries of the PGRN 

gene in 62 FTLD patients belonging to our cohort without finding any pathogenic 

mutations (Krüger et al. 2009). Subsequent PGRN analysis of the rest of the 

patients (considered in Papers II–IV) gave negative results as well. So far, no 

PGRN mutations have been reported in Finnish patients with FTLD. Worldwide, 

there is considerable variation in MAPT and PGRN mutation frequencies between 

different populations; MAPT and PGRN mutations are relatively rare in other 

Nordic countries as well (Grover et al. 2003, Ostojcic et al. 2004, Chiang et al. 

2008, Lindquist et al. 2009, Skoglund et al. 2011), whereas the MAPT and PGRN 

frequencies are higher in the USA, Belgium, France, the UK and the Netherlands, 

for example (Cruts et al. 2006, Gass et al. 2006, Gijselinck et al. 2008, Le Ber et 

al. 2008, Pickering-Brown et al. 2008, Seelaar et al. 2008, Rohrer et al. 2009). 

The high mutation frequencies in these populations are likely to reflect the 

founder effect. However, differences in patient recruitment methods, e.g. a 

population- or a hospital-based cohort, might also partially explain the results. 

No mutations in the gene coding for CHMP2B were detected in the present 

cohort of FTLD patients. Our finding is in line with those in several other reports 

with negative CHMP2B screening results (Cannon et al. 2006, Momeni et al. 
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2006, Rizzu et al. 2006, Schumacher et al. 2007, Rohrer et al. 2009, Ghanim et al. 

2010), suggesting that CHMP2B mutations are a rare cause of FTLD worldwide. 

Besides a report of an unrelated Belgian familial FTLD patient (van der Zee et al. 

2007, van der Zee et al. 2008), all FTLD patients with pathogenic CHMP2B 

mutations have been linked to a Danish FTD-3 family (Skibinski et al. 2005, 

Lindquist et al. 2008). A rare polymorphism (rs36098294) was detected in the 

non-coding region of exon 1 in our study. The variant was also detectable in the 

controls and thus is more likely to be a non-pathogenic variant. 

In addition to the above, no evident pathogenic mutations in TARDBP were 

found in our series of FTLD patients. A novel TARDBP deletion variant, 

p.Ser292del, was detected in a pair of siblings (discussed in more detail in section 

6.5). Otherwise, the results of TARDBP sequencing confirmed the gene to be 

relatively well conserved. Our results confirm the previously reported rare 

occurrence of TARDBP mutations in patients with FTLD (Rollinson et al. 2007, 

Gallone et al. 2009, Gijselinck et al. 2009, Rohrer et al. 2009, Schumacher et al. 

2009). Currently, there are only three reports on pure FTLD cases with TARDBP 

mutations (Borroni et al. 2009, Kovacs et al. 2009, Borroni et al. 2010b). As with 

the TARDBP gene, both FUS and UBQLN2 mutations have also been associated 

mostly with the ALS end of the FTLD-ALS disease spectrum (Blair et al. 2010, 

Broustal et al. 2010, Van Langenhove et al. 2010, Deng et al. 2011, Huey et al. 

2012, Synofzik et al. 2012). The reason for the apparently dominant involvement 

of the motor system is currently unknown. As yet, no studies have been conducted 

on mutation frequencies of FUS and UBQLN2 in Finnish patients with FTLD-

ALS. Interestingly, the neuronal inclusions found in patients with TARDBP, FUS 

or C9ORF72 mutations have shown ubiquilin 2 immunoreactivity in addition to 

the previously known immunoreactivities for ubiquitin and p62 as well for TDP-

43 and FUS (Deng et al. 2011, Brettschneider et al. 2012). This suggests that 

ubiquitin, p62 and ubiquilin 2 are part of a common pathway involved in the 

formation of intraneuronal inclusions, which subsequently leads to a variety of 

forms of neuronal degradation, including FTLD and ALS (Fecto & Siddique 

2012). 

6.4 The H2 MAPT haplotype is associated with FTLD 

The H2 MAPT allele and the H2-positive genotype (H1/H2 + H2/H2) were 

significantly more frequent in our series of FTLD patients than in the controls. 

Further, the H2-positive genotype was also associated with the familial form of 
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FTLD. Our results indicate that either the MAPT haplotype itself or other genetic 

factors associated with it may represent a risk factor for FTLD in the Finnish 

population. Consistent with our results, Ghidoni et al. (2006) have reported an 

association of the H2 haplotype with familial FTLD in an Italian population and 

additionally, the H2 haplotype has been reported to be associated with a low age 

at onset in FTLD (Borroni et al. 2005, Laws et al. 2007), although we could not 

confirm the effect of the H2 haplotype on age at onset. In the same way, the 

results of functional brain imaging studies have supported the findings by 

showing H2 carriers to have more severe frontal impairment than H1 carriers 

(Laws et al. 2007, Borroni et al. 2008). It has been suggested that the H2 

haplotype could be a disease modulator once the neurodegenerative process has 

started (Borroni et al. 2005, Laws et al. 2007). Of note, the H2 MAPT allele and 

H2-positive genotype were associated with eoAD in our series, but after adjusting 

for age, gender and APOE ε4 status, the association was no longer of statistical 

significance, possibly indicating that the observed positive association with eoAD 

might have been confounded by a strong APOE ε4 effect. 

The MAPT locus and its H1 haplotype have been implicated as a risk factors 

in many neurodegenerative diseases, especially those with tau pathology, i.e. PSP 

(Baker et al. 1999, de Silva et al. 2001, Pittman et al. 2005) and CBD (Di Maria 

et al. 2000, Houlden et al. 2001, Pittman et al. 2005), as well as in PD, a 

synucleinopathy (Farrer et al. 2002, Goris et al. 2007, Zabetian et al. 2007, Seto-

Salvia et al. 2011), whereas associations with late-onset AD have been 

inconsistent (Myers et al. 2005, Mukherjee et al. 2007). The H2 haplotype of 

MAPT has been associated with the 17q21.31 microdeletion syndrome (Koolen et 

al. 2006). In the case of FTLD, investigators have not been able to find clear and 

consistent associations with either the H1 or H2 haplotype and have mainly 

reported negative results (Morris et al. 1999, Ingelson et al. 2001, Panegyres & 

Zafiris-Toufexis 2002, Sobrido et al. 2003, Zekanowski et al. 2003, Bernardi et al. 

2006, Laws et al. 2008). Inconsistencies in MAPT haplotype associations among 

cohorts could reflect the small and heterogeneous study populations. Additionally, 

population stratification has been suggested as one potential source of false-

positive results in case-control studies. In a previous study an H2 allele frequency 

of about 8% in the Finnish population was reported (Evans et al. 2004), which is 

only slightly higher than the frequency in our controls (5.3%) and it is not known 

from which part of the country the samples in the study by Evans et al. were 

collected. In our study, the patients and the controls were from the same region 

and therefore no population stratification could be suspected. As our study has 
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revealed for the first time an association between H2 haplotype and FTLD in 

general, and, further, our sample size was relatively small as regards detection of 

an association with common, low-risk alleles, our results need to be interpreted 

with caution and to be confirmed by others. To study genetic risk factors, future 

work should involve larger study settings with genome-wide approaches (see 

section 6.8 for future perspectives). Additionally, the mechanism by which the 

haplotype could exert its effect on neurodegeneration needs further research. It 

has been hypothesised to be related to an effect on tau expression or to an 

association with other disease-modifying factors. With different transcriptional 

activity in human cell lines, the H1 allele has been suggested to be more efficient 

at driving MAPT gene expression than H2 (Kwok et al. 2004). However, it has 

also been demonstrated to be more of a question of a difference in mRNA splicing, 

the H1 allele expressing more of exon 10+ (4R) MAPT mRNA than the H2 allele 

(Caffrey et al. 2006), or the H2 allele expressing more of exon 3+ mRNA than H1 

(Trabzuni et al. 2012). Both of these mechanisms indicate that by changing 

mRNA splicing, the H1 allele increases tau aggregation whereas H2 decreases it. 

6.5 Novel TARDBP variant 

A novel TARDBP deletion variant, p.Ser292del, was detected in a pair of siblings 

with bvFTD. Our study is the first in which a deletion variant in the coding region 

of TARDBP has been described. The variant is located in exon 6, which seems to 

represent a hotspot for ALS-linked TARDBP mutations (Lagier-Tourenne et al. 

2010), suggesting a pathogenic role of the variant. Further, the same residue, 

p.Ser292, has previously been linked to Chinese patients with familial and 

sporadic ALS carrying a likely pathogenic missense mutation, p.Ser292Asn 

(c.875G>A) (Xiong et al. 2010, Zou et al. 2012). Based on our in silico analyses, 

the variant is unlikely to affect the phosphorylation status of the protein or local 

hydrophobicity, which could drive an increased aggregation tendency. However, 

there is a conserved pattern of glycine residues spanning the affected p.Ser292 

site that is even more prominent in human hnRNP paralogs than in TDP-43 

proteins of various species (Supplemental Digital Content 3 in Paper III) 

(Biamonti et al. 1994). Considering that glycine-rich domains in hnRNPs A1 and 

A2/B1, as well as in TDP-43, are known to have a role in protein–protein 

interactions and that small amino acids are important at protein interaction 

surfaces (Mayeda et al. 1994, Cartegni et al. 1996, Buratti et al. 2005, 

D'Ambrogio et al. 2009), we propose that this protein region might function in 
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protein–protein interaction function, which is important for neuronal cells. The 

variant p.Ser292del changes the spacing of these glycine residues, and therefore 

may have a more prominent effect on the presumed protein–protein interaction 

than any missense mutation affecting only one of the glycine residues. Owing to 

the absence of DNA from family members, we could not determine whether the 

TARDBP deletion variant segregated with the disease in the family. The fact that 

TARDBP p.Ser292del was detected in one healthy middle-aged control (0.6%) 

speaks against the pathogenicity of the variant. However, we cannot exclude the 

possibility that the control subject may develop cognitive or neuropsychiatric 

symptoms later on. Due to geographical, cultural and genetic isolation, Finns 

represent a genetically homogeneous population, and the control with p.Ser292del 

originated from the same area as the two patients. Haplotype analysis suggested a 

common founder for the p.Ser292del variant. 

Interestingly, both patients with the p.Ser292del variant of TARDBP also 

carried the C9ORF72 expansion, and the repeat expansion was assumed to be the 

disease-causing mutation in the siblings. In connection with this, two studies have 

now been published concerning a combination of the C9ORF72 repeat expansion 

and a missense mutation of another gene: one study describes two Sardinian 

probands with ALS-FTLD carrying the C9ORF72 expansion and TARDBP 

p.Ala382Thr mutation (Chio et al. 2012b), and the other reports two expansion 

cases with FTLD carrying two novel missense mutations, in PGRN (p.Tyr294Cys) 

and in PSEN2 (p.Ile146Val) (Ferrari et al. 2012). The ALS-FTLD proband with 

paternal C9ORF72 expansion and maternal TARDBP mutation had a much 

younger age at disease onset than the parents, suggesting a genetic burden in the 

proband. In contrast, the phenotype and age at onset of our two siblings did not 

differ from those associated with typical bvFTD, and no signs of ALS were 

detected. As there have been reports of reduced penetrance both in C9ORF72-

associated FTLD-ALS as well as in FTLD caused by the TARDBP p.Ala382Thr 

mutation (Orru et al. 2012, Majounie et al. 2012c), further studies are required to 

evaluate the roles of coexisting mutations in FTLD. 

In conclusion, our data does not support a direct pathogenic role of the 

p.Ser292del variant in TARDBP. However, we cannot fully dismiss the idea that 

the p.Ser292del variant does not have any role in the disease, e.g. as a disease-

modifying factor. To evaluate the possible consequences of having the 

p.Ser292del variant, further functional studies are needed. 
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6.6 Methodological considerations 

Our cohort is highly representative of FTLD during the period 1999–2010 in the 

area of Northern Ostrobothnia, since almost all the patients with early-onset 

dementia (onset < 65 years) were referred to the Memory Clinic at OUH for 

diagnosis. It is notable that the numbers of patients investigated varied by study as 

a result of differing collection periods, and in Study IV, also because of available 

C9ORF72 screening results. Our study population also included a few patients 

with disease onset after the age of 65 years, but owing to the small number of 

these patients, no further assessment could be made on the features of late-onset 

FTLD specifically. All the patients in the series were carefully examined and 

followed up to verify diagnosis. As a result of careful differential diagnosis and 

extensive follow-up (3.5 ± 2.9 years [range 0.1–11.8 years]), the diagnostic 

accuracy can be expected to be high. However, it is of note that there is a 

possibility of misdiagnosis as the diagnoses were based on clinical, cognitive and 

imaging features. A significant minority of patients presenting with FTLD are 

found to have AD pathology even when atypical AD presentations are accounted 

for (Knopman et al. 2005, Forman et al. 2006a, Knibb et al. 2006, Snowden et al. 

2011b), and on the other hand, we might have missed some FTLD patients as a 

result of heterogeneous presentation of FTLD as well. By the end of the follow-up 

period, 45 out of 70 probands were still alive, and neuropathological examination 

was performed only on five deceased subjects. Thus, our cohort greatly reflects 

the wide range of FTLD presentations seen in clinical practice, compared with 

studies based only on neuropathologically confirmed cases that may sometimes 

be biased towards more atypical cases. 

Since the family history was based on anamnestic information, we could have 

missed some of the familial cases or some reported cases may have been false 

positives. In order to meet the criteria for familial FTLD, it was sufficient to have 

family history of dementia in general in a first-degree relative. Including only 

cases with a family history of precisely known FTLD would probably have 

resulted in exclusion of a significant proportion of our familial cases, as FTLD 

was previously a relatively unknown syndrome. Some of the patients and/or their 

carers noted a family history of psychiatric diseases or ‘odd behaviour’ in their 

parents. However, owing to a lack of parents’ patient records, we were unable to 

disentangle the family history in more detail. In our population history there is 

considerable founder effect in Northern Ostrobothnia; thus we cannot exclude the 

possibility that the familial cases could be distant relatives. In future work, this 
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question could be addressed by using population-based parish records to evaluate 

family histories in more detail. 

With regard to genetic studies, the primers were carefully considered so as to 

cover not only the coding exons but also flanking intronic regions to detect 

variants affecting exon splicing. In Studies II and III, direct sequencing covered 

all the exons and flanking intronic regions, and in Study I, the exons sequenced 

were selected on the basis of the fact that pathogenic MAPT mutations have been 

discovered only in exons 1, and 9 to 13, and exon 2 was randomly selected to add 

data on polymorphisms between H1 and H2 haplotypes. The detected variants 

were confirmed by reverse sequencing, and the detected novel variants were also 

verified by using a second amplicon. As our studies on MAPT, CHMP2B and 

TARDBP (I–III) did not include gene-dosage analysis, copy-number changes 

cannot not be excluded as the cause of FTLD in our patients. However, there is 

only one previous report of a partial genomic deletion and one of a complete 

duplication of MAPT in FTLD patients (Rovelet-Lecrux et al. 2009, Rovelet-

Lecrux et al. 2010), suggesting that they are a rare cause of FTLD. Currently, 

there are no reports of copy number variations in CHMP2B and TARDBP. 

6.7 Clinical implications 

Our study is the first in which the molecular genetics of FTLD in the Finnish 

population has been reported. We have shown that mutations in MAPT and PGRN 

(Krüger et al. 2009), while frequent elsewhere, are rare causes of FTLD in our 

population. Furthermore, the study adds further data on mutation frequencies of 

different FTLD-associated genes worldwide; the study confirms the low 

occurrence of CHMP2B and TARDBP mutations in FTLD. Clinically, an 

important aspect of our study is characterisation of the role of C9ORF72 

expansion mutation in our cohort (Renton et al. 2011) and the clinical features 

associated with the mutation. The genotype–phenotype correlations may help 

diagnose these patients. Secondly, our findings provide guidance for genetic 

counselling and testing of Finnish patients with FTLD. Recently, a few algorithms 

have been suggested for genetic testing for FTLD (Goldman et al. 2011, Cohn-

Hokke et al. 2012, Goldman 2012). The algorithms need to be adjusted to the 

population studied, i.e. the genes to be screened are selected rationally on the 

basis of the phenotype of the patient and the prevalence figures of different 

mutations in the population. In cases of available autopsy information from an 

affected family member, genetic testing can be targeted to certain genes (Table 2). 
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Otherwise, screening for the C9ORF72 expansion mutation should be considered 

first in the Finnish population, and only thereafter should screening for MAPT and 

PGRN mutations be considered. 

Discovery of the C9ORF72 repeat expansion has provided greater 

understanding of the genetics of FTLD and a molecular genetic diagnosis for 

many families suffering from the disease. However, detection of the mutation has 

also brought many questions for the patients and families with expanded 

C9ORF72. The specific aim in genetic counselling in dementia disorders is to 

promote adaptation to the presence or risk of the disease because the impact of the 

disease is devastating both for the patient and the family. As there is no 

prevention or treatment available, the role of counselling is important for the 

adaptation process. Of the patients with expanded C9ORF72, approximately 60% 

have a positive family history of either FTLD or ALS, or both (Majounie et al. 

2012c). However, a significant challenge in genetic counselling is that C9ORF72 

expansion mutations have also been found in sporadic cases, probably reflecting 

reduced penetrance of the mutation (Majounie et al. 2012c). Secondly, the exact 

cut-off number of repeats that confer a phenotype is still unknown (DeJesus-

Hernandez et al. 2011, Renton et al. 2011). Thirdly, the question of possible 

anticipation needs to be addressed. With the present limited knowledge of 

C9ORF72 expansion mutation and the complex risk assessment associated with it, 

the current consensus of opinion as regards clinical genetic testing of C9ORF72 

expansion is that there should be careful consideration (Fong et al. 2012). 

6.8 Future perspectives 

Future studies should focus on characterising the clinical and neuroimaging 

features of C9ORF72-linked FTLD in more detail; evaluating presymptomatic 

carriers may allow detection of the earliest behavioural and neuroimaging 

markers of disease onset. Another important aspect would be to reveal possible 

genetic and/or environmental modifiers of the heterogeneous phenotype within 

the C9ORF72-associated FTLD-ALS spectrum. Even though a considerable 

proportion of our cases of familial FTLD is caused by the C9ORF72 expansion, 

there are still several familial cases without a molecular genetic diagnosis, 

suggesting that there are other unidentified causal genes to be found. Interestingly, 

it has been noted that a significant proportion of the remaining familial cases 

often do not show clear-cut Mendelian inheritance, which poses a challenge for 

future gene hunting (Goldman et al. 2005, Seelaar et al. 2008, Rohrer et al. 2009). 
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Nevertheless, since the start of this study, molecular genetics has taken giant leaps 

ahead. In the near future, next-generation sequencing will allow sequencing of the 

whole exome and genome in these patients and thus open up opportunities to find 

new disease-causing mutations in currently unknown genes. The first GWAS on 

FTLD-TDP patients has already revealed TMEM106B as a risk factor of FTLD 

(Van Deerlin et al. 2010), and further studies have provided functional evidence 

for its role in the pathogenesis of FTLD. In order to discover common genetic 

variants influencing disease risk, an international FTD-consortium is currently 

performing a GWAS on approximately 3,500 samples from clinically diagnosed 

FTLD patients with phenotypes of bvFTD, PNFA, SD and FTLD-ALS (Ferrari et 

al. 2011). 

From a clinical perspective, the main concern as regards FTLD is the lack of 

early diagnosis. In contrast to AD, the current clinical and imaging biomarkers 

available for FTLD often fail to detect the disease at the phase of mild cognitive 

impairment. With the advent of potential disease-modifying therapies, it is of 

utmost importance to develop in vivo biomarkers for determining the pathological 

background of FTLD when no genetic cause can be identified. Recent discoveries 

in molecular genetics and neuropathology of FTLD have brought more 

understanding of the disease mechanisms. At the same time, it is becoming clear 

that different pathological subtypes of FTLD most likely represent separate 

mechanisms targeting distinct but overlapping brain networks. Therefore, to target 

the disease processes themselves, each of these subtypes will probably require 

different treatments. 
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7 Conclusions 

The aim of the present study was to investigate the genetic aetiology of FTLD in 

the Finnish population as well as to detect potential genotype-phenotype 

correlations. The following conclusions can be drawn from this work: 

1. The repeat expansion mutation within C9ORF72 is a major genetic cause of 

FTLD in the Finnish population. The mutation explains 30% of all cases of 

FTLD and over 40% of cases of familial FTLD in our population. In patients 

with FTLD, concomitant ALS and a positive family history of the disease 

increase the possibility of carrying expanded C9ORF72. The C9ORF72 

repeat expansion is characterised by substantial heterogeneity in the 

phenotype, with varying behavioural presentations, including prominent 

psychotic features. However, in our cohort, psychiatric presentations were not 

overrepresented in expansion carriers. Our study also indicates that language-

prominent phenotypes may also be encountered in C9ORF72 expansion 

carriers. 

2. No pathogenic mutations were identified in MAPT, CHMP2B or TARDBP 

genes in our series of FTLD patients. While mutations in MAPT cause a 

significant proportion of cases of FTLD worldwide, they seem to be a rare 

cause of FTLD in the Finnish population. Besides being infrequent in other 

populations, mutations in CHMP2B and TARDBP are rare causes of FTLD in 

the Finnish population as well. 

3. The MAPT locus is a susceptibility factor for the development of many 

neurodegenerative diseases. Yet, in FTLD, the significance of the MAPT 

haplotypes H1 and H2 is still an open question. The H2 MAPT haplotype was 

associated with FTLD in our population. Either the H2 haplotype itself or 

other genetic variations associated with it may be (a) risk factor(s) of FTLD 

in our population. However, to further confirm the detected association of the 

H2 haplotype with FTLD, larger patient cohorts are needed. 

4. While the C9ORF72 expansion mutation explains a substantial proportion of 

cases of FTLD in the Finnish population, over 50% of our familial FTLD 

cases still remain unexplained. Further, the genetic risk factors of sporadic 

FTLD are also largely unknown. This suggests that other genetic factors are 

yet to be identified; both rare and common variants with varying effects on 

disease risk. 
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