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Hereditary Frontotemporal Dementia Is Linked
to Chromosome 17q21-q22: A Genetic
and Clinicopathological Study of Three

Dutch Families

P. Heutink, PhD,*Y M. Stevens, MD,}9 P. Rizzu, MSc,* E. Bakker, PhD,§ J. M. Kros, MD, PhD,
A. Tibben, PhD,* M. F. Niermeijer, MD, PhD,* C. M. van Duijn, PhD,f B. A. Oostra, PhD,*
and J. C. van Swieten, MD, PhDT

Hereditary frontotemporal dementia (HFTD) is a rare autosomal dominant form of presenile dementia characterized
by behavioral changes and reduced speech. Three multigeneration kindreds with this condition, in the Netherlands, were
investigated for clinicopathological comparison and linkage analysis. Frontotemporal atrophy on computed tomographic
scanning and/or magnetic resonance imaging was usually present. Single-photon emission computed tomography
(SPECT) showed frontal hypoperfusion in the early phase of the disease. Brain tissue showed moderate to severe atrophy
of frontal and temporal cortex with neuronal loss, gliosis, and spongiosis. Pick bodies were lacking in all cases of the
3 tamilies. The mean age of onset varied significantly between families. We report here evidence for linkage to chromo-
some 17q21-q22 with a maximum lod score of 4.70 at ® = 0.05 with the marker D175932. Recombination analysis
positions the gene for HFTD in a region of approximately 5 cM between markers D175946 and D17S791. Three other
neurodegenerative disorders with a strong clinical and pathological resemblance have recently been mapped to the same
chromosomal region, suggesting that a group of clinically related neurodegenerative disorders may originate from muta-

tions in the same gene.
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Hereditary trontotemporal dementia (HFTD) is the fa-
milial form of frontotemporal dementia (FTD), a rare,
mostly sporadically occurring and predominantly pre-
senile dementia [1-4]. The characteristic frontal and
temporal lobar atrophy was originally described by Ar-
nold Pick 1n 1892 [5]. Gans [6] in 1923, and later
others, reported families with an autosomal dominant
inheritance pattern [7—10]. A diagnosis of Pick’s dis-
ease, the best known type of FTD, is now set aside for
cases with so-called Pick bodies [11, 12], and several
authors introduced diagnostic descriptions for new
entities of frontal atrophy without Pick bodies [13—
17]. The main clinical features of FTD are personality
changes, a disinhibited and inappropriate behavior,
hyperorality, stereotyped and perseverative behavior,
emotional and social indifference, aspontaneity, loss of

judgment and insight, and speech reduction [1, 13].
Molecular genetic studies of HFTD failed to find mu-
tattions in the genes implicated in Alzheimer’s disease
or the mutation in the prion protein gene involved
in Creutzfeldt-Jacob disease [18-20]. More recently,
linkage to chromosome 17 has been reported in a fam-
ily with disinhibition—dementia—parkinsonism—amyo-
trophy complex (DDPAC), 2 tamilies with progressive
subcortical gliosis (PSG), and a family with pallido-
ponto—nigral degeneration (PPND) [21-23]. The dis-
ease in these families shows a strong clinical and patho-
logical resemblance to HFTD, as reported in this study
[24-20)].

To investigate whether HFTD could also be linked
to the same region on chromosome 17q21-q22, we
performed a linkage study with 3 large families with
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Fig 1. (A) Pedigree of Family I

nation of family members has been omitted for privacy reasons. © =

. (B) Pedigree of Family I11. As the disorder shows clear autosomal dominant inheritance, sex desig-

unaffected; ©* = two different spouses; & = possibly

affected; € = affected (dementia); clinical information insufficient to establish diagnosis FTD; ® = affected (fronto-temporal
dementia); sufficient clinical information and/or pathologically confirmed.

HETD that were ascertained in the Netherlands. Here,
we report evidence for linkage of HFTD to chromo-
some 17q21-q22, the same chromosomal region where

DDPAC, PPND, and PSG have previously been local-

1zed.

Materials and Methods

Family Studies

[n a genetic—epidemiological study of FTD in the Nether-
lands, we aimed to obrain a full ascertainment of FTD pa-
tients by addressing all neurologic, psychiatric, geriatric, and
nursing homes to report their patients twice a year. In this
study, 2 large tamilies (Families I and III) with dementia
were identified, whereas a third one (Family II) was reexam-
ined. These tamilies were selected for linkage analysis because
of their strong clinical and pathological similarities. The sec-
ond family has been described before as hereditary Pick’s
disease, despite the absence of Pick bodies [2—4]. Dementia
1s transmitted as an autosomal dominant disorder in all 3
tamilies [4] (Fig 1B). The clinical picture in atfected individ-

uals meets the criteria for FTD [1]. The age at which behav-
loral changes were reported by more than 1 relative was con-
sidered as age of onset. Diagnosis of living patients was
established using extensive neuropsychological testing and
brain computed tomographic (CT) scanning and/or mag-
netic resonance imaging (MRI); diagnosis of deceased pa-
tients was established either on pathology findings or on
available medical records and tamily interviews.

Family 1

The frst tamily consists of 2 sisters with dementia in the
first generation and 49 of 160 oftspring (28 men and 21
women) of these 2 sisters in the subsequent hve generations
(see Fig 1A). The diagnosis of FI'D was established in 8
living patients. Suthcient clinical information and family his-
tory were available on 18 aftected relatives to allow establish-
ing age of onset and diagnosis of HFT'D, whereas the type
of dementia could not be specified by lack of detailed infor-
mation in the remaining atfected tamily members. A neuro-
psychological assessment was performed in 15 of 18 patients.

Heutink et al: HFTD Maps to Chromosome 17q 151



Ten patients had CT scanning; 3 cases had a single-photon
emission computed tomographic (SPECT) scan and 3 an
MRI scan. Neuropathological examination in all 14 autop-

sied cases confirmed HFTD.

Family 11

This family with HFTD was previously documented by
Schenk and others [2—4]. There are seven generations with
34 affected relatives (14 men and 20 women). CT scans were
performed in 6 patients and SPECT scanning in 1 patient.
Neuropathological examination in 15 patients conhirmed the
clinical diagnosis of HFTD. After the last report another 2

affected cases were identified (V14 and V21) [4].

Family 111

Dementia was first recognized in 1 male, and subsequently
another 29 affected relatives were identifed (see Fig 1B). Rel-
evant clinical data are available on 10 patients, CT scanning
and neuropsychological assessment in 7 patients, and SPECT
scanning in 2 patients. Neuropathological studies in 1 pa-
tient confirmed the diagnosis of HFTD.

After written consent, DNA was isolated from peripheral
blood leukocytes as described by Miller and colleagues [27].
Blood was taken from 5 patients from Family [, 2 patents
from Family II, and S patients from Family III. DNA sam-
ples were also obrtained from 62 healthy relatives with 50%
risk for developing dementa (31, 15, and 16 individuals,
respectively).

This study was approved by the Medical Ethics Commit-
tee of the University Hospital Rotterdam.

Pathology

Brain specimens of different cortical regions, basal ganglia,
and pons from 11 cases (5 from Families [ and II each, and
I from Family III), were reexamined for Pick bodies, bal-
looned cells, and immunohistochemical features. Immuno-
histochemistry included the following antibodies: ubiquitin
(1:125; Novocastra), T (1:400; Dako, no. A 024), an anti-
body against paired helical flaments (PFHs) (1:100; ICN),
an antibody against somatodendritic microtubule-associated
protein (MAP-2) (1:170; Zymed), and B-amyloid antibody
(1:600; Novocastra). Staining with a conventional peroxi-
dase anti-peroxidase method was done. Age- and sex-
matched controls (normal and with Alzheimer’s disease) were
used for comparison.

DNA Studies

Simple sequence length polymorphisms (SSLPs) from chro-
mosome 17q21-q22 were amplified from 50 ng of genomic
DNA. One primer from each pair was end labeled with [y-
“PJATP using T4 polynucleotide kinase. The amplification
was performed essentially as described [28] except for mark-
ers D178946 and D175932 tor which 7.5% dimethyl sulfox-
ide was added to the reaction mix. Analysis of SSLPs was
performed on a denaturing 6% acrylamide gel.
Chromosome 17 markers were obtained trom the CEPH/
Genethon linkage map [29]. Marker order was obtained by
combining data from the CEPH/Genethon linkage map and
the Whitehead physical map [30] and is shown in Figure 2.
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Fig 2. Schematic map of the hereditary frontotemporal demen-
tia (HFTD)-linked region on chromosome 17g21—q22 with
sex-averaged distances based on the CEPH/Genethon linkage
map [29]. For each family, the number of recombinational
events in affected individuals is indicated with an arrow
accompanied by the number of recombinations observed. The
double-sided arrow indicates the minimum critical region for

HEELD,

[able 1. Liability Classes Used in the Linkage Analysis

Liability Class

Penetrance

Class 1 1.00 < married in or affected

Class 2 0.95 < unaftected, at risk >50 yr

Class 3 0.75 < unaftected, art risk, between 40
and 50 yr

Class 4 0.10 < unaftected, at risk <40 yr

Linkage Analysis

Pairwise lod scores were calculated for each family by using
the MLINK program of the LINKAGE programs package
(version 5.1) [31], assuming HFTD to be an autosomal
dominant disease with a gene frequency of 0.0001. The
mean age of onset in the available families was 51 years
(range, 4375 years). The late age of onset was accounted
for by defining 4 liability classes with different penetrance
values (Table 1). Phenocopy rate was estimated to be 0.1%
for individuals older than 50 years of age and 0.01% for
individuals younger than 50 years of age. Muration rate was
set at zero and equal recombination rates for males and fe-
males were assumed because of the variable recombination
ratio between males and females in this region [29, 30].
Marker allele frequencies were kept equal because allele fre-
quencies from the Dutch population were not available. Cal-
culation of pairwise lod scores with allele frequencies calcu-
lated from individuals marrying into the HFTD kindreds
did not substantally alter results (<10%).




Results

Demographic Data and Clinical Features

The age of onset was comparable in Families I and II
(mean, 50.4 and 406.5 years, respectively); all but 1 pa-
tient developed symptoms betore the age ot 57. In
Family III, the mean age of onset was 063.4 years
(range, 5775 years), which is signihcantly ditferent ( p
< 0.001). The mean duration of illness was similar for
the 3 families (8.2—8.7 years; range, 4—16 years). The
mean age of death in Family IIl (71.9 years; range,
63—81 years) again differed significantly (p < 0.001)
from those in Families I and II (58.6 and 54.7 years,
respectively). The mean ages of onset and ot death were
constant over consecutive generations. The male-to-
female ratio of patients in Family II was 2 to 5, but
equal to 1 in Families I and III. There was a remark-
able uniformity in clinical symptoms and progression
of the disease within each family.

Disinhibition, including aggressive behavior, steal-
ing, jocularity, and/or obsessional behavior, was the
presenting symptom in all patients of Family I and
Family II. Loss of initiative was the prominent present-
ing feature in Family Il and developed later in Fami-
lies I and II. Hyperorality, roaming behavior, restless-
ness, and stereotyped behavior developed often during
the course of the illness. Spontaneous speech became
gradually reduced in all, resulting in a state of mutism.
Mild memory problems were common.

Neurological examination was always normal in the
early phase of the disease, except sometimes for frontal
release reflexes. The progression of the disease was
quite similar in these families. Pyramidal and extrapy-
ramidal signs occurred in several patients in the late
phase of the disease (Table 2). Neuropsychological as-
sessment showed frontal dysfunction in all patients of
the 3 families. Perseveration, impaired attention, de-
creased mental shifting, impaired executive skills, and
speech reduction reflecting frontal lobe dystunction
were found in combination with intact orientation and
memory functions at neuropsychological assessment.

Electroencephalography, serum levels of vitamins,
syphilis reactions, and/or thyroid function tests, per-
formed in most patients, were always normal. CT scan-
ning after a mean duration of illness of 2.5 years
(range, 1-5 years) showed frontal atrophy (mild in 6,
moderate to severe in 9 patients) in 15 cases from the
3 families, whereas CT scan was normal in 4 patients.
[ncreased signal intensities in the subcortical white
matter of the frontal lobe on T2-weighted MRI images
were found in 2 patients of Family I. Frontotemporal
hypoperfusion on SPECT was found in all 6 investi-
gated patients.

The brain weights at autopsy from Families I and
[1 were strongly reduced (mean, 1,035 and 920 gm,
respectively); 1 case of Family IIT was 1,170 gm. Mod-
erate to severe atrophy of the frontal lobe was present

Lable 2. Comparison of Clinical and Pathological Features
Between Three Chromosome 17—linked Neurological
Disorders and Three Families with Hereditary
Frontotemporal Dementia

PPND  DDPAC PSG HETD

Number of patients 26 12 S 49
Mean age of onset (yr) 43 45 46 51
Presenting symptoms

Personality and behav- 10 12 6 49

loral changes

Demennta S - — —

Parkinsonism 14 | - —
Subsequent manifestations

Dementia 26 12 S 49

Supranuclear palsy 5 = = =

Extrapyramidal signs 25 11 7 10

Pyramidal signs 16 3 l 7

Amyotrophy = = =
Neuropathology n=4 n=06 n=7 n=30
Macroscopy

Fronta :.ltl'{_lpl"l}f 4" 6 7/ 30
Microscopical 1n-

volvement

Frontal cortex T + + + + + +

Temporal cortex T + + + + + +

Caudare nucleus + nm o +

Substantia nigra 4 G 4 0
Hippocampus + + + =

Amygdala + + + nm e

Thalamus T nm P e

Spinal cord nm + + —

Ballooned cells nm + — -

Pick bodies nm nm — -

Numbers indicate the number of patients for whom feature was observed.

nm = not mentioned; — = not affected; ¥ = not generally affected;

—

+ = generally affected; ++ = prominently affected; * = mild general-
ized atrophy described. PPND = pallido—ponto—nigral degeneration;
DDPAC = disinhibition—dementia—parkinsonism—amyotrophy com-
plex; PSG = progressive subcortical gliosis; HFTD = hereditary fronto-
temporal demenua.

in all cases of Families I to III, as well as atrophy of
the anterior part of the temporal lobe. The caudate
nucleus was atrophied in 9 cases of Families I and II
each, and in 1 patient of Family III. Neuronal loss,
gliosis, and spongiosis were found in the frontal and
temporal cortex, in the absence of senile plaques and
neurofibrillary tangles. The substantia nigra was degen-
erated in 4 brains of Families I and II each, and in 1
patient of Family III. Neuronal loss in the olivary nu-
clei was found in 3 brains. Some cases of Families I
and 11 showed white matter changes (demyelination
and/or gliosis). Ballooned cells in the cortex and/or
basal ganglia were found in a number of cases of Fami-
lies I and II, whereas these cells were absent in 1 case
of Family III. Pick bodies were lacking in brains of the
3 families, except sporadically in 1 brain from Family
[I. At reexamination of 10 available brain specimens,
no Pick bodies were found at all. Immunohistochemi-
cal studies were negative for T or ubiquitin. In 2 pa-
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lable 3. Two-Point Lod Scores for Chromosome 17 Markers and HFTD

Recombination Fraction (®)

Marker Family 0.000 0.010 0.050 0.100 0.200 0.300 0.400
D175953 [ —3.96 —1.31 —0.59 —0.29 —0.04 0.02 0.08
[l =125 =1 14 =177 —{).52 =25 =010 —1.0)2
[11 =S —1.96 —1.35 —0.87 —0.36 =02 =0.02
Total =743 —4 .41 =27 —1.68 =065 —=0.20 —0.04
D175925 [ —().45 =0.37 —0.19 —0.05 0.07 0.08 0.05
[ —8.16 =il 2] — (.54 —0.29 —0.10 —0.03 —0:01
[11 —1.89 —1.70 —1.17 —0.76 —(0.30 —0.08 0.01
Toral —10.48 —3.28 —1.90 —1.10 =0):33 —0.03 0.05
175933 [ B8 1Y) =133 —0.63 —i0.54 014 —0.06 (3.0
[ —8.14 —0.63 —().02 0.16 0.20 0.11 0.03
[1] —0.96 —).83 —0.406 —{).21 0.00 0.04 0.01
Toral =} 2465 ~ DA =) 1] —0.41 0.06 0.09 0.03
[D175946 [ 1.88 1.84 1.67 1.43 0.95 0.48 0.12
[ 0.34 0.33 0.29 0.24 0.17 0.10 0.04
[11 —=2.30) —1.96 —1.20 —0.71 —0.24 —0.06 —0.01
Tortal —(0.08 0.21 0.76 0.96 0.88 0.52 0.15
D175800 [ —10:35 =}, 52 ={).23 0.14 —(0.04 0.00 0.01
[l =018 =0.18 =S =) 1.2 —0.07 —().03 =001
[I] 0.92 0.94 0.98 0.96 Q.7 0.47 0.15
Tortal 0.39 0.52 0.60 0.70 0.66 0.44 0.15
D17S934 [ 2.76 ERv 4 2.50 2.22 1.58 0.91 0.32
[ 1555 55 le23 1.10 0.82 0.49 0.16
[[] 0:.17 0.20 0.27 0.26 0.16 0.05 =10.02
Tortal 4.28 4.24 4.00 3.58 2.56 1.45 0.46
D175932 [ 2.64 2.59 2.38 2.10 1.49 0.86 0.29
[1 1.61 1457 .44 .27 0.90 0.50 0.14
[11 —3.98 0.36 0.39 0.96 0./9 0.47 0.14
Total 0. 27 4.52 4.71 4.33 3.18 183 0.57
D17S5951 | 2.0 2.05 1.93 1.74 1.26 0.71 0.21
11 0.68 0.67 0.61 ():55 0.3/ .21 0.07
[11 —0.45 =~} 25 0.08 0.27 0.34 .22 0.0/
Toral 2.30 2.43 2.62 2.54 1.97 1.14 0.35
D17S791 | L5 1.54 1.42 1.25 0.85 0.46 0.16
Il 0.80 0.77 0.68 0.57 0.38 0.21 0.07
] — 5112 —0.70 0.05 0:31] 0.38 0.25 0.08
Tortal — 2T 1.61 215 2.13 .61 0.9] 0.31
D17S788 [ =25 =079 == 0.03 0.12 0.08 0.02
[ —i00 —0:42 0.17 0.34 0.36 0.2 0.0/
] =1303 —=2.86 = 55 =1).72 —0.19 —0.02 0.01
Toral oo =327 —1.55 —{).35 0.29 0.29 0.10
D17S790 [ —1.82 —0.02 0.60 0.77 0.73 0.48 0.18
[ — oo —().20 0.38 0.53 0.50 0.33 (.12
[T] —5.62 —1.43 =74 —0.45 —0.19 —0.09 =003
Toral — oo =165 0.24 0.85 1.04 0.72 0.27
D17S787 [ 2.60 2.57 2.43 2.20 1.65 1402 0.39
[ — 00 —0.41 0.18 0.35 0.37 0.24 0.08
[1] —8.40 —2.46 —1.47 —=i00.92 —=i0.35 —=0.11 —(3.03
Tortal — oo —0.30 1.14 1.63 1.67 15 0.44

HETD = hereditary frontotemporal dementia.
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tients scattered mild diffuse and granular staining for
MAP-2 was visible in both neurons and glia.

Linkage

Three linkage reports [21-23] of variable forms of

frontal lobe dementia prompted us to investigate
whether the families with HFTD described in this
study were linked to the same region on chromosome
17q21-q22. We selected 12 SSLPs from the CEPH/
Genethon linkage map. There was a discrepancy in
marker order between the CEPH/Genethon linkage
map and the Whitehead physical map for markers
D175932 and D175934 (29, 30]. In our study we used
the marker order obtained by physical mapping darta
from the Whitehead map. Positive lod scores were ob-
tained for a number of markers in the region for all 3
families. Table 3 summarizes the pairwise lod scores
between HFTD and the 12 chromosome 17q markers.
None of the individual families was powerful enough
to provide significant evidence for linkage by itselt, but
with the combined data of the 3 families signihcant
lod scores were obtained for the marker D178932
(Z = 4.70 at © = 0.05) and D175934 (Z = 4.28
at © = 0.00).

A substantial part of the information that contrib-
uted to these lod scores in these families comes from
unaffected individuals that are at risk for the disease.
We therefore reanalyzed D175932 and D178934, giv-
ing all the unaffected individuals a diagnosis unknown.
The maximum lod score obtained with this analysis for

marker D175932 was 2.99 at ® = 0.00. For marker
D17S934, the maximum lod score obtained was 3.46
at ® = 0.00.

The marker order and intermarker distances of the
available genetic and physical maps do not always con-
cur. Therefore multipoint linkage analysis can generate
a confidence interval that later would prove to be inac-
curate. To strengthen our findings, we performed hap-
lotype analysis for all 12 markers positioned according
to the physical map. In a number of cases the haplo-
type of the markers for the affected individuals could
not be determined because of the unavailability of first-
degree relatives (data not shown). As a result it could
not be determined whether marker alleles were identi-
cal by descent (IBD) or just identical by state (IBS).
To determine the size of the critical region for the gene
responsible for HFTD, we therefore compared marker
data for affected individuals only (Fig 3A-C).

The 5 patients from Family I share a common allele
for 6 of the markers tested (see Fig 3A). On the centro-
meric side, no sharing was found for D178953,
D175925, and D17S5933, and D175946. On the
telomeric side, no sharing was obtained for D175790
and D17S787. The 2 patients in Family II (see Fig
3B) share a common allele for all 12 markers that were
tested. and no recombination event could be detected

by comparing inherited alleles. The linkage analysis,
however, revealed recombination events in this family
for markers D17S788, D175790, and D17S5787 (see
Table 3). In Family III (see Fig 3C), the patients share
at least one allele for almost all markers except for
markers D17S5791, D17S788, and D17S787. At least
two recombination events must have taken place in this
family, since only 3 of 5 patients share a common allele
for D17S791.

These data place the HFTD locus telomeric from
D175946 and centromeric from D17S5791. The dis-
tance between both markers is 5 cM on the sex average
linkage map (see Fig 2) [29]. A common ancestor for
the 3 families could not be traced genealogically. The
patients from the 3 families do not share a common

disease haplotype. This indicates that HFTD in the 3

families is caused by independent murtational events.

Discussion

The 3 families with HFTD described in this study
show strong clinical and pathological similarities. All
patients presented with behavioral changes followed by
mutism, and sometimes by pyramidal and/or extrapy-
ramidal signs in the final phase. Selective atrophy of
the frontal and temporal lobe is the characteristic tea-
ture on CT/MRI and at neuropathological examina-
tion in all 3 families. Anterior hypopertusion on
SPECT was a common finding. The unitying patho-
logical feature in all 3 families was the selective tronto-
temporal atrophy with aspecific features. Although bal-
looned cells were present in some cases, Pick bodies
were lacking in all.

There are also some clinical differences between the
3 families. The mean age of onset in Family III was
significantly higher than in the other 2 families. Disin-
hibition was the presenting clinical symptom in Fami-
lies I and II, but in patients of Family IIl, loss of
initiative was the first symptom. Caudate atrophy,
degeneration of the substantia nigra, and white matter
involvement found in some brains of the 3 families
might reflect intrafamilial phenotypical variation. Simi-
lar observations are reported in hereditary dysphasic de-
mentia and other conditions with a descriptive diagno-
sis [16, 24, 26]. Ballooned cells were present in some
brains of Families I and II. That they were lacking in
the only autopsied case of Family III does not indicate
a pathological distinction from Families I and II, since
ballooned cells were not found in several brains from
these families either.

Family II has been cited as hereditary Pick’s disease
(HPD) in McKusick Mendelian Inheritance of Man
(32]. However, if Pick bodies are essential for diagnosis
of Pick’s disease, according to the criteria, this family
should not be considered to have Pick’s disease, since
Pick bodies were lacking in all cases. It is even doubtful
if other earlier reported families did have HPD, since

Heutink et al: HFTD Maps to Chromosome 17q 155
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4

most of these families did not show Pick bodies [7-
10]. Taking into account the contribution of Arnold
Pick to the recognition of this type of dementia (5],
one might also redefine and reintroduce the diagnosis
of Pick’s disease for all cases with frontotemporal atro-
phy. In that case, frontal atrophy with Pick bodies
should be considered a subtype.

We report linkage of HFTD in 3 Dutch families to
chromosome 17q21—-q22. All families generated posi-
tive lod scores with several markers from this chromso-
mal region. None of the families is informative enough
to generate a significant lod score by itselt, but combin-
ing the data from all families gives significant evidence
for linkage. The clinical heterogeneity of Family Il
compared with Families I and II is not reflected in the
linkage results. Family I1I also generated positive lod
scores for a number of markers (see Table 3). Two
unaffected individuals in this family share part of the
haplotype that is found in patients (data not shown).
These individuals are 70 and 75 years of age respec-
tively, and in the linkage analysis we assumed 95%
penetrance of the disease phenotype at that age. For
this reason these individuals are regarded by the linkage
program as likely recombinant cases, resulting in low
lod score curves that had their peak at a considerable
recombination value from markers. Considering the
later onset of the disease in this family, the linkage
parameters that were used are probably too conserva-
tive for this specific family. It is still unclear whether
these individuals will still develop the disease pheno-
type. Further support that Family IIT is indeed linked
to chromosome 17g21 comes from the fact that all 5
patients share a common allele for more than 20 cM
on chromosome 17q21-q22 (see Figs 2 and 3C).

Comparison of marker alleles revealed recombina-
tion events in affected individuals with a number of
markers. Recombination events with the markers
D17S946 and D175791 define the boundaries of the
critical region. According to the CEPH/Genethon
linkage map, these markers are separated by a genetic
distance of approximately 5 ¢cM. The 3 families do not
share a common “disease” haplotype, suggesting that
independent mutations are responsible for the onset of
the disease in these families.

For a number of markers, it could not be deter-

mined whether the shared alleles were IBD or IBS. We

are currently constructing hybrid cell lines of all avail-

able patients in order to separate the disease chromo-
some and the healthy chromosome. This will enable
us to determine whether shared alleles are IBD or IBS.
These data could reduce the critical region further.

A large number of genes have been localized on
chromosome 17q. Several of them are involved in neu-
rological functions or diseases and could be regarded
as candidate genes for HFTD. Glial fibrillary acidic
protein is an intermediate filament protein that is
highly specific for cells of astroglial lineage (glial fibril-
lary tangles). The level of protein expression is elevated
in patients with Alzheimer’s disease, Down’s syndrome,
and scrapie infection [33—35]. The exact localization
of this gene on chromosome 17q is unclear [36]. The
nerve growth factor receptor (NGFR) is able to bind
nerve growth factors and is an essential component in
the survival and maintenance of sympathetic and sen-
sory neurons (37, 38]. NGFR was located on a single
restriction fragment of 500 kb with the HOX2B gene
[39]. According to the mapping data in the Human
Genome Database [40], the HOX2B gene is localized
within the critical region for HFTD.

The microtubule-associated protein T that was local-
ized on the long arm of chromosome 17 appears to
be involved in the maintenance of axonal cytoskeletal
structure. The gene is expressed in neurons and its
transcript is subject to alternative splicing and posttran-
scriptional modifications. These modifications can lead
to the formation of the PHF, which 1s a major compo-
nent of neurofibrillary tangles. Neurofibrillary tangles
in Alzheimer’s disease [41, 42] and neurofilaments in
Pick bodies, as observed in sporadic patients with
Pick’s disease, stain intensively with antibodies against
phosphorylated T [43]. However, in brain tissue of
cases of HFTD from this study, no Pick bodies were
found: ballooned cells were observed, but they did not
stain with antibodies against T. Genetic mapping on
radiation hybrids places T between markers D175190
and D17S409 [44]. These markers are not part of the
CEPH/Genethon map that was used for this study,
and it is difficult to determine whether T or one of the
other genes mentioned above is localized within the
critical region. We are currently mapping these genes
into the CEPH/Genethon linkage map by using the
GeneBridge 4 radiation hybrid mapping panel [45].

This study demonstrates linkage in 3 families with
HFTD to chromosome 17q21-q22. Recently, linkage

Fig 3. Marker data for chromosome 17q21—q22 markers for all available patients in the 3 families with hereditary frontotempo-
ral dementia. Markers are oriented from the centromeric side to the telomeric side. The hatched boxes indicate the maximum
region of allele sharing between patients. “Alleles that are shared only by some patients in the family. Only relatives leading to a
common ancestor are indicated. (A) Family 1. (B) Family Il. (C) Family I11. Filled symbols represent affected individuals, ques-

tion marks in symbols indicate that insufficient data were available to determine diagnosis, open symbols indicate unaffected

individuals.
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was reported to the same region of the three hereditary
neurological disorders with a very strong clinical and
pathological resemblance (see Table 2): DDPAC [21],
PSG [22], and autosomal dominant parkinsonism and
dementia with PPND [23]. Now an important ques-
tion is whether these chromosome 17q21-q22 disor-
ders are caused by mutations in the same gene or
whether there are different genes in this region that are
responsible for these disorders.

The three conditions show considerable clinical and
pathological overlap with HFTD in age of onset, pre-
senting and subsequent symptoms, and most affected
brain regions [24-26] (see Table 2). All four condi-
tions share a presenile age at onset, and most patients
show personality and behavioral changes as an initial
manifestation. The mean age of onset between families
varies, but this difference is smaller than the intrafami-
liar differences in age of onset. Brain tissue reveals only
general features of degeneration like neuronal cell loss
and gliosis. Pick inclusion bodies are absent in all cases.
Varying degrees of frontal lobe atrophy were present
in all cases of DDPAC, PSG, and HFTD. In the
PPND family, mild generalized atrophy with mild neu-
ronal loss and gliosis was found. Degeneration of sub-
cortical structures (caudate nucleus, hippocampus, and
substantia nigra) showed a rather similar pattern in all
tamilies. There are, however, also some differences
within the “chromosome 17 families.” First, parkin-
sonism was the only presenting symptom in 14 of 26
attected tamily members of the PPND family but only
in 1 of 69 patients of the other families. During the
course of the disease, parkinsonism is also observed in
the majority of the patients with DDPAC and PSG
and in 10 of 49 patients with HFTD. The absence of
parkinsonism in the majority of HFTD patients must
be interpreted with caution because most patients had
their neurological examination in an early phase of the
illness. The actual frequency of parkinsonism might
have been higher in later phase of the illness.

Second, 5 patients from the PPND family had de-
mentia as the presenting symptom, whereas in the
other families these were personality and behavioral
changes. To determine if these manifestations show
overlap requires a detailed comparison of clinical data.
Finally, there was a significant difference in age of on-
set between the first 2 families and the third family of
the present study. Even if there are some clinical and
pathological differences between the phenotypes of
HFTD, DDPAC, and PSG, these are no basis for a
sharp differentiation into separate entities. Also the
presentation of parkinsonism in PPND seems different
from the other families, but it needs additional study
to establish if this is phenotypic variation or locus het-
erogeneity.

At this moment it is unknown if these four condi-
tions are genetically related. The published data do not
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allow definition of an overlapping critical region for
the four disorders. The critical region for the responsi-
ble gene(s) for PSG and DDPAC has not yet been
determined; multipoint linkage analysis for DDPAC
suggested a localization between D17S800 and
D178787, but these borders are based on healthy “at
risk” individuals and must be interpreted cautiously.
The critical region for PPND was determined based
on recombination events in affected individuals. This
region, between markers D17S250 and D175943,
partly overlaps with the critical region for HFTD re-
ported in this study.

The currently available data suggest that all four dis-
orders might very well be caused by different mutations
in the same gene or even by variant expressions of a
single mutation. Another explanation might be differ-
ent genes, localized in close proximity of each other,
being responsible for the four linked neurological
diseases. The answer to this question requires further
dissection of this region and the identification of its
genes.

[n conclusion, HFTD is part of a group of neurode-
generative diseases with striking clinical and pathologi-
cal similarities. The critical regions for all four disor-
ders show considerable overlap on chromosome 17q21.
The available clinical and genetic data suggest that
this group of disorders might be considered pheno-
typic variants of the same disorder. The discussion of
whether the group of “chromosome 17-linked neuro-
logical diseases” should be considered as separate enti-
ties, as subtypes of HFTD, or even hereditary Pick’s
disease, will only be resolved after the identification of
the responsible gene defect for these disorders.

No 2 February 1997

This study was funded in part by the Netherlands Organization for
Scientific Research (NWO project no. 95-10-620) and the JANIVO

Foundartion.

We thank G. J. Breedveld and L. Testers for technical assistance,
Drs C. L. Franke, J. ]J. Groen, and G. P. J. Swinkels for their
important contribution in helping to collect clinical material, Dr
R. Ravid and Dr W. Kamphorst for their help in collecting and
assessing brain specimens. We also acknowledge the assistance of
C. C. J. van Vroonhoven and ]. ]J. M. van Loon in preparing post-
mortem material, Dr K. C. Wilhelmsen for sharing information on
DDPAC, Dr L. A. Sandkuijl for helpful discussions during the
course of this study, and L. P. Kuyt for his contribution to the
genealogical research.

References

l. The Lund and Manchester Groups. Clinical and neuropatho-
logical criteria for frontotemporal dementia. | Neurol Neuro-
surg Psychiatry 1994;57:416-418

. Sanders ], Schenk VWD, Veen van P. A family with Pick’s
disease. Verhandelingen de Koninklijke Nederlandse Akademie
van Wetenschappen 1939; section 2, part 38, no. 3

I



"I

0.

10.

Ll

157

14.

16.

19.

I
2

9
"-JIJ

Schenk VWD. Re-examination of a family with Pick’s disease.
Ann Hum Genet 1959;23:325-333
Groen J], Endez L]. Hereditary Pick’s disease. Second re-exam-

ination of a large ftamily and discussion of other hereditary

cases, with parriculur reference to elcctroencephnlogruph}f and
computerized tomography. Brain 1982;105:443-459

Pick A. Ueber die Bezichungen der senilen Hirnatrophie zur

Aphasie. Prag Med Wochenschr 1892;17:165-167

Gans A. Betrachtungen iiber Art und Ausbreitung des krank-
haften Prozesses in einem Fall von Pickscher Atrophie des
Stirnhirns. Z Gesamte Neurol Psychiatr 1923;80:10-28

. Thorpe FT. Pick’s disease (circumscribed senile atrophy) and
Alzheimer’s disease. ] Ment Sci 1932;78:302-314

Lowenberg K, Boyd DA, Salon DD. Case reports; occurrence

of Pick’s disease in early adult years. Arch Neurol Psychiatry

1939;41:1004—-1020
Malamud N, Waggoner W. Genealogic and clinicopathologic

study of Pick’s disease. Arch Neurol Psychiatry 1943;50:288-

303

van Mansvelt J. Pick’s disease. A syndrome of lobar cerebral
atrophy, its clinico-anatomical and histopathological types.

Thesis. 1954: Enschede: van der Loeft

Brun A. Frontal lobe degeneration of non-Alzheimer type.
Neuropathology. Arch Gerontol Geriatr 1987;6:193-208

Tissot R, Constantinidis ], Richard J. Pick’s disease. In: Vinken

P], Bruyn GW, eds. Handbook of clinical neurology 1985.

Amsterdam: North-Holland Publishing Company, 46:233—

2406

Neary D, Snowden JS, Northern B, Goulding P. Dementia of

frontal lobe type. | Neurol Neurosurg Psychiatry 1988;51:
353-301
Knopman DS, Mastri AR, Frey WH, et al. Dementia lacking

distinctive histologic features: a common non-Alzheimer de-
generative dementia. Neurology 1990;40:251-256

Miller BL, Cummings JL, Villanueva-Meyer ], et al. Frontal
lobe degeneration: clinical, neuropsychological and SPECT
characteristics. Neurology 1991;41:1374—1382

Morris JC, Cole M, Banker BQ, Wright D. Hereditary dys-
phasic dementia and the Pick-Alzheimer spectrum. Ann Neurol
1984;16:455—-4606

Passant U, Gustafson L, Brun A. Spectrum of frontal lobe de-
mentia in a Swedish family. Dementda 1993;4:160—-162
Neary D, Pickering-Brown S, Roberts D, Owen P. Apolipo-
protein E4 alleles and non-Alzheimer’s disease forms of demen-
tia. Neurodegeneration 1993;2:300-301 (Letrer)

Owen F, Cooper PN, Pickering-Brown S, et al. The lobar atro-
phies are not prion encephalopathies. Neurodegeneration
1993;2:195-199

Collinge J, Palmer MS, Sidle KCL, et al. Familial Pick’s discase
and dementia in frontal lobe degeneration of non-Alzheimer
type are not variants of prion disease. ] Neurol Neurosurg Psy-

chiatry 1994;57:762

Wilhelmsen KC, Lynch T, Pavlou E, et al. Localisation of

disinhibition-dementia-parkinsonism-amyotrophy complex to
17q21-22. Am ] Hum Genet 1994;55:1159-1165

Petersen RB, Tabaton M, Chen SG, et al. Familial progressive
subcortical gliosis: presence of prions and linkage to chromo-
some 17. Neurology 1995;45:1062-1067

Wijker M, Wszolek ZK, Wolters ECH, et al. Localization of
the gene for rapidly progressive autosomal dominant parkin-
sonism and dementia with pallido-ponto-nigral degeneration
to chromosome 17q21. Hum Mol Genet 1996;5:151-154
Lanska D], Currier RD, Cohen M, et al. Familial progressive
subcortical gliosis. Neurology 1994;44:1633-1643

29

30.

31

DY

40).

41.

43.

44,

45.

Heutink et al: HFTD Maps to Chromosome 174

Wszolek ZK, Pfeiffer RF, Bhatt MH, et al. Rapidly progressive
autosomal dominant parkinsonism and dementia with pallido-
ponto-nigral degeneration. Ann Neurol 1992;32:312-320
Lynch T, Sano M, Marder KS, et al. Clinical characteristics ot
a family with chromosome 17-linked disinhibition-dementia-
parkinsonism-amyotrophy 1994;44:
1878—1884

Miller SA, Dykes DD, Polesky HE. A simple salting out proce-
dure for extracting DNA from human nucleated cells. Nucleic
Acids Res 1988;16:1215

Weber J1, May PE. Abundant class of human DNA polymor-
phisms which can be typed using the polymerase chain reac-
tion. Am ] Hum Genet 1989;44:388-396

Weissenbach ], Gyapay G, Dib C, et al. A second generation
linkage map of the human genome based on highly informative
microsatellite loci. Nature 1992;359:794-801

Information available through the Whitehead Institute World
Wide Web site (htep://www-genome.wi.mit.edu/)

Lathrop GM, Lalouel JM. Easy calculations of lod scores and
genetic risks on a small computer. Am ] Hum Genet 1984;

36:460-4065

Online Mendelian Inheritance in Man. Caralogs of autosomal

complex. Neurology

dominant, autosomal recessive, and X-linked phenotypes, avail-
able through World Wide Web (htep://www3.ncbi.nlm.nih.
oov/Omim/)

Duguid JR, Bohmont CW, Liu N, Tourtellotte WW. Changes
in brain gene expression shared by scrapie and Alzheimer dis-
ease. Proc Natl Acad Sci USA 1989;86:7260-7264

Grifin WST, Stanley LC, Ling C, et al. Brain interleukin 1
and S-100 immunoreactivity are elevated in Down syndrome
and Alzheimer disease. Proc Natl Acad Sci USA 1989;86:
7611-7615

Wietgreve S, Zupancic M, Hasse A, et al. Cloning of a gene

whose expression is increased in scrapie and senile plaques in
human brain. Science 1985;230:1177-1179

Brownell E, Lee AS, Pekar SK, et al. Glial fibrillary acid pro-
tein, an astrocytic-specific marker maps to human chromosome
17. Genomics 1991;10:1087-1089

Chao MV. Bothwell MA, Ross AH, et al. Gene transfer and
molecular cloning of the human NGF recepror. Science 1986;
232:518-521

Johnson D, Lanahan A, Buck CR, et al. Expression and struc-
ture of the human NGF recepror. Cell 1986;47:545-554
Bentley KL, Ferguson-Smith AC, Miki T, et al. Physical link-
age of Hox 2.1 and nerve growth factor receptor. Cytogenet
Cell Genet 1989;51:961 (Abstract)

Human Genome DataBase, available through World Wide
Web (htep://gdbwww.gdb.org/)

Goedert M. Wischik CM, Crowther RA, et al. Cloning and
sequencing of the cDNA encoding a core protein of the paired
helical Alament of Alzheimer disease: identification as the mi-
crotubule-associated protein tau. Proc Natl Acad Sci USA
1988:85:4051-4055

Kosik KS. Tau protein and neurodegeneration. Mol Neurobiol
1990:4:171-179

Murayama S, Mori H, Thara Y, Tomonaga M. Immunocyto-
chemical and ultrastructural scudies of Pick’s disease. Ann Neu-
rol 1990:27:394-405

Abel K], Boehnke M, Prahalad M, et al. A radiation hybrid
map of the BRCA1 region of chromosome 17q12—q21. Geno-
mics 1993;17:632-641

Gyapay G, Schmitt K, Fizames C, et al. A radiation hybrid
map of the human genome. Hum Mol Genet 1996;5:339-
3406

159




